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Unconventional properties of superconductors

Superconductivity with its various unconventional properties remains one of the classical problems
of physics. Since the quality of known compounds gets largely improved and also new classes of
superconductors are discovered, one is now able to obtain deep insights into the formation of
Cooper-pairs and the resulting characteristic spectroscopic properties. In this section, several re-
search highlights are presented: First, the presence of a magnetic resonance mode below Tc in
Fe-based superconductors can be demonstrated. These measurements were only possible, because
high-quality crystals had been grown. The resonant mode is a strong feedback effect of supercon-
ductivity on the magnetic spectrum. It is intimately related with the response at higher energies
in Resonant Inelastic X-ray Scattering (RIXS) measurements, allowing a quantitative analysis of
the strength of the magnetic pairing glue in the normal state. Analyzing a new class of non-
centrosymmetric superconductors in which both singlet- and triplet-pairing simultaneously occur,
one can find topologically-protected surface states that may be observed by tunneling spectroscopy.
Further it is demonstrated that this technique can also be employed to determine the gap structure
of the two-dimensional electron liquid formed at the interface of LaAIO3 and SrTiO3. These re-
sults may be contrasted with the behavior of conventional superconductors such as doped picene.
Finally, the role of the important Coulomb pseudopotential can be clarified by a modern Dynamical
Mean Field Theory (DMFT) approach.
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Low-dimensional carbon structures

Another important focus of the Institute’s research is the exotic physical properties of low-
dimensional carbon structures, such as fullerenes, carbon nanotubes, or graphene. These materials
are at the crossroad of fundamental research and the search for intriguing industrial applications,
such as the possibility to use carbon nanotubes in nucleic acid biosensors or as minute field-effect-
transistors in future high-performance integrated circuits. Several highlights in this section are
devoted to the unconventional properties of different forms of graphene, where the mechanical,
optical, and quantum-mechanical properties and the possibility to control its electronic structure
by chemical doping are investigated.
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Tailoring the properties of complex materials

Sometimes, it is the structural or chemical complexity of materials that creates their particular prop-
erties: A pair of two-dimensional electron gases may be formed so that coupling of holes and elec-
trons leads to the formation of excitonic BCS states; the optical properties of multilayer structures
can be tuned by external parameters such as temperature or gas composition. Two-dimensional
electron liquids are not only formed at the interface of well-established semiconductors, but also at
the interface of well-tailored perovskite-type oxides, which can reversibly undergo insulator/metal
transitions, and the width of quantum wells can be controlled in order to observe different frac-
tional quantum Hall states. For tailoring complex materials it is important to consider metastable
states, which are represented by so-called ”extended phase diagrams”.
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Materials with technological prospects

Albeit oriented toward a fundamental understanding of materials and device properties, some re-
search fields are of particular technological relevance. This not only comprises the deeper under-
standing of technologically well-established materials, but also the exploration of new approaches
in the development and implementation of new materials. Examples are electrodes and electrolytes
for electrochemical energy conversion devices, such as batteries and fuel cells, unsaturated metal
sites for the catalytic dissociation of oxygen, organic semiconductors for ‘plastic electronics’ and
nano-optical antennas for building single photon detectors.
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Structure and properties of crystalline compounds

Synthesis, characterization and physical understanding of crystalline solids form one of the corner-
stones of the Institute’s research. It is a particular challenge to determine or predict the structures
of complex materials with structural frustration, mesostructured frameworks and crystal lattices ar-
ranged of similar building blocks, as in the case of Na1+xCuO2 Wigner crystals, or those involving
large stable molecules, such as fullerenes. New methods of structural refinement are applied to
characterize compounds with structural instabilities, which can be tuned by chemical substitution
or electron doping. To reach a microscopic physical understanding of the diverse phenomena in
crystalline compounds, first-principles calculations become indispensable, as they possess predic-
tive power in describing electronic structures, vibrational properties of complex clusters, or explain
the lattice distortions in compounds with heavy elements, in which relativistic effects start playing
a major role.
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Electronic correlations

The complex interactions between electrons involving charge, spin, and orbital degrees of freedom
result in strong correlations. Their description often requires a combination of ab initio schemes
and many-body methods; the results may be tested by various experimental techniques. Several
highlights in this section are devoted to unconventional properties of low-dimensional materials
with strong electronic correlations: First, the success of novel ab initio cluster calculations is
investigated which include the full Coulomb vertex for NiO. Next, the interesting Spin-Peierls
transition in TiPO4 both with magnetic measurements as well as with Density-Functional Theory
(DFT) calculations is discussed. The measured anisotropic optical response of NaCu2O2 shows fair
agreement with the results of the LSDA+U method. This section will be closed by an experimental
realization of the two-impurity Kondo problem by using Scanning Tunneling Microscopy (STM)
and by theoretical investigations of a nematic quantum critical point.

Multiplet ligand-field theory using Wannier orbitals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
M. W. Haverkort and O. K. Andersen

Spin-Peierls transition in TiPO4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
J. M. Law, C. Hoch, and R. K. Kremer

Anisotropic optical response of the mixed-valent Mott-Hubbard insulator NaCu2O2 . . . 115
A. Yaresko, Y. Matiks, A. V. Boris, B. Keimer, and O. K. Andersen

A tunable two-impurity Kondo system in an atomic point contact . . . . . . . . . . . . . . . . . . . . . 120
J. Bork, Y. Zhang, P. Wahl and K. Kern

Singular order parameter interaction at nematic quantum critical point . . . . . . . . . . . . . . . 124
W. Metzner and S. C. Thier



Magnetic Resonant Mode in Superconducting RbxFe2−ySe2

G. Friemel, J. T. Park, Yuan Li, J.-H. Kim, B. Keimer, and D. Inosov

Soon after the discovery of arsenic-free iron-selenide superconductors AxFe2−ySe2 (A = K, Rb, Cs), also
known as 245-compounds, their unprecedented physical properties came to light, such as the coexistence of
high-Tc superconductivity with strong antiferromagnetism. The pairing mechanism and the symmetry of the
superconducting order parameter in this family of compounds still remain among the major open questions. In
the majority of other Fe-based superconductors, it is widely accepted that the strong nesting between a holelike
Fermi surface at the Brillioun zone center and an electronlike one at the Brillioun zone boundary leads to the
sign-changing s-wave (s±-wave) paring symmetry. This scenario has been supported by different experimental
methods, such as angle-resolved photoemission spectroscopy (ARPES), quasi-particle interference, and inelastic
neutron scattering (INS). On the other hand, recent theoretical calculations and ARPES experiments on the 245-
system revealed the absence of a holelike Fermi surface at the Brillouin zone center in the electronic structure,
implying that the nesting between the hole- and electronlike Fermi sheets is no longer present. Hence, several
theoretical studies proposed alternative pairing scenarios with a d-wave or another type of s±-wave symmetry.
As a hallmark of sign-changing superconducting order parameter, several authors theoretically predicted a reso-
nant mode in the magnetic excitation spectrum below the superconducting transition, yet its precise position in
momentum space has remained controversial until recently [1,2].

A major complication in treating the 245-compounds theoretically arises from the presence of a crystallographic
superstructure of Fe vacancies that has been consistently reported both from x-ray and neutron diffraction exper-
iments. This

√
5 ×
√

5 superstructure is closely related to the static antiferromagnetic (AFM) order persisting
up to the Néel temperature, TN ≈ 540 K. Although most of the existing band structure calculations have so far
neglected the superstructure, several others have pointed out that it may have a strong influence on the Fermi
surface. However, these pronounced reconstruction effects have not been experimentally confirmed so far. Such
an uncertainty in the Fermi surface geometry and its nesting properties makes it hard to predict the exact location
of itinerant spin fluctuations in reciprocal space. In our recent work [2,3], we have provided experimental insight
by using INS to directly probe the elementary magnetic excitations in superconducting Rb2Fe4Se5 (RFS).

Figure 1: (a) Raw energy scans mea-
sured in the superconducting (1.5 K)
and normal (35 K) states at Q =
(0.5 0.3125 0.5) and (0.5 0 0.5), re-
spectively. (b) Intensity difference be-
tween the superconducting state and
the normal state at three Q-vectors:
(0.5 0.25 0.5), (0.5 0.3125 0.5), and
(0.5 0.5 0.5). While there is no
positive intensity at (0.5 0.5 0.5), a
clear resonance peak (shaded region)
is observed around 14 meV both at
(0.5 0.25 0.5) and (0.5 0.3125 0.5).
(c) Intensity difference of momentum
scans along the Brillouin-zone bound-
ary, measured below and above Tc.
The position of the resonant mode
predicted by Maier et al. [1] is shown
by the arrow. (d) Temperature depen-
dence of the INS intensity at 14 meV
and Q = (0.5 0.3125 0.5) that
demonstrates an order-parameter-like
behavior with an onset at Tc.

For this study, we have used a mosaic of RFS single crystals with a total mass of ∼ 1 g, grown by the Bridg-
man method. The nearly stoichiometric and homogeneous composition with Rb:Fe:Se = 0.796:1.596:2.000
(1.99:3.99:5) has been determined by wave-length dispersive x-ray electron-probe microanalysis. The super-
conducting properties of the sample were characterized by magnetometry, where ∼100% flux exclusion was
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observed in the zero-field-cooled (ZFC) measurement for temperatures up to Tc = 32 K [Fig. 1(a)]. The INS
experiment was performed at the thermal-neutron triple-axis spectrometer IN8 (ILL, Grenoble), with the sample
mosaic mounted in the (HH0)/(00L) or (H00)/(00L) scattering planes. Here and henceforth, we are using
unfolded reciprocal-space notation corresponding to the Fe sublattice, because of its simplicity and the natural
correspondence to the symmetry of the observed signal.

We start with presenting the INS measurements across Tc near the Q = (0.5 0.3125 0.5) wave vector, where
the magnetic resonant mode has been theoretically predicted [1]. Figure 1 (a) displays raw energy-scan spectra
recorded above and below Tc at this wave vector. In the absence of any resonant enhancement, the intensity is
expected to be higher in the normal state due to the influence of the Bose factor at low energies. Already in
the raw data, one can see that this is the case for all data points except a narrow energy region around 14 meV
(inset). To emphasize this effect and to eliminate the energy-dependent background, we plot the temperature
differences of the same datasets in Fig. 1 (b). Also shown are the difference spectra for Q = (0.5 0.5 0.5) and
(0.5 0.25 0.5). A prominent peak (shaded region) is found at }ωres ≈ 14 meV both for Q = (0.5 0.3125 0.5) and
Q = (0.5 0.25 0.5), which we attribute to the magnetic resonant mode. However, no such peak is observed at
Q = (0.5 0.5 0.5). At this wave vector, the data simply follow the solid line, which is the Bose-factor difference
between 1.5 K and 35 K.

Figure 2: (a) Color map of the recipro-
cal space, showing intensity difference
between the superconducting and nor-
mal states at E = 15meV, measured
by the FlatCone detector. (b) The same
map as in (a), rebinned on a 81 × 81
grid, symmetrized with respect to the
mirror planes and smoothed using a
Gaussian filter with 1 pixel standard de-
viation.

To pin down the exact location of the resonance in Q-space, we have measured momentum scans along the
Brillouin-zone boundary at both temperatures. Their difference is presented in Fig. 1 (c) and suggests a maximum
at the commensurate nesting wave vector Qres = (0.5 0.25 0.5), close to the predicted resonance position,
Q = (0.5 0.3125 0.5) [1]. To verify whether the observed redistribution of spectral weight at low temperatures
is related to the superconducting transition, we have also measured the temperature dependence of the resonance
intensity, as shown in Fig. 1 (d). Indeed, an order-parameter-like increase of intensity below Tc is found, which
is accepted as the hallmark of the magnetic resonant mode.

Furthermore, we have also mapped out the resonant enhancement of spin excitations at E = 15 meV in the
(HK0) scattering plane by means of the FlatCone multianalyzer. Figure 2 (a) shows the difference of intensity
maps measured around the Brillouin-zone corner in the superconducting and normal states. In this experiment,
we have observed resonant intensity at all four symmetric positions equivalent to (1/2 1/4 0). In order to reduce
the statistical noise in the data, we have rebinned this data set on an 81×81 grid and symmetrized it with respect
to four mirror planes of the reciprocal space, with subsequent Gaussian smoothing. The resulting intensity map is
shown in Fig. 2 (b) as a contour plot. One sees that the in-plane shape of the resonant intensity takes an elliptical
form, elongated transversely with respect to the vector connecting it to (1/2 1/2 0). The ratio of the peak widths
in the transverse and longitudinal directions results in an aspect ratio of ∼ 2.1 for the resonance feature.

As shown in Fig. 3 (a), this complicated pattern of resonant intensity in Q-space could be successfully repro-
duced by a theoretical calculation of the spin susceptibility based on a d-wave symmetry of the superconducting
order parameter and a tight-binding model that was introduced in Ref. 1 to describe the electronic structure of an
electron-doped AxFe2Se2 (for additional details, see Ref. 3). Such an agreement strongly supports the itinerant
origin of the observed magnetic response, which can be traced back to the nesting of electronlike Fermi pockets,
as indicated in Fig. 3 (b) by black arrows. The measured signal shows no signatures of the

√
5×
√

5 reconstruc-
tion, indicating that it originates in the metallic phase of the sample without iron-vacancy ordering, in line with
the assumptions of our calculation. This distinguishes the newly observed signal from the previously reported
spin-wave excitations in this class of compounds that stem from the magnetic superstructure Bragg positions in
the insulating vacancy-ordered phase and are insensitive to the superconducting transition.

To conclude, we have observed the magnetic resonant mode in RbxFe2−ySe2 below Tc. Our finding suggests
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Figure 3: (a) The difference of the calculated imaginary
parts of the dynamic spin susceptibility for the supercon-
ducting and normal states, taken at the resonance energy,
χ′′
SC(Q, ωres)−χ′′

n(Q, ωres). An isotropic Gaussian broad-
ening has been applied to mimic the experimental resolu-
tion. (b) The Fermi surface in the (HK 0) plane corre-
sponds to the doping level of 0.18 electrons/Fe. The black
arrows are the in-plane nesting vectors responsible for the
resonance peaks revealed in our study.

unconventional pairing with a sign-changing order parameter in the 245-systems, qualitatively consistent with
theoretical predictions made under the assumption of a d-wave pairing and a finite electron doping in the metal-
lic phase volume. It evidences bulk superconductivity in our sample, consistent with the ∼100% flux exclu-
sion observed in the magnetization measurements, but can also be reconciled with the microscopic segrega-
tion, or phase separation, of antiferromagnetically ordered and superconducting phases. The estimated ratios
of }ωres/kBTc ≈ 5.1 ± 0.4 and }ωres/2∆ ≈ 0.7 ± 0.1, where ∆ is the superconducting energy gap, indicate
moderately strong pairing, similar to other Fe-based superconductors.
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Floating-zone growth of KxFe2-ySe2 single crystals 
 

Z. C. Li, W. P. Liu, Y. Liu, G. Friemel, D. S. Inosov, R. E. Dinnebier, and C. T. Lin 
 
The discovery of superconductivity at temperatures above 30 K in KxFe2-ySe2 compounds has 
attracted considerable attention [1]. The crystal structure of KxFe2-ySe2 descends from the well-known 
ThCr2Si2 structure with vacancies at the Fe sites. It was soon found that magnetism and 
superconductivity coexist in AxFe2-ySe2 (A = K, Rb, and Cs) [2-3]. Even in single crystals which show 
full shielding of an external magnetic field below the superconducting transition temperature (Tc), 
antiferromagnetic order is found below the Néel temperature (TN), as high as 500 to 540 K, depending 
on the alkaline element A [3]. Moreover, the microstructure analysis on KxFe2-ySe2 single crystals 
indicates a clear phase separation in the superconducting samples. Two phases in the form of 
parallel lamellae, namely iron-vacancy-ordered and -disordered phases, stack along the c axis 
of the crystal. Furthermore, the temperature dependence of single-crystal x-ray diffraction 

(XRD) in transmission mode reveals a minority non-magnetic phase with a weak 22   
superstructure, in addition to the majority magnetic phase with a ThCr2Si2-type tetragonal 

lattice modulated by the 55   iron-vacancy ordering below 520 K. Therefore, the relation 
between superconductivity and iron-vacancy ordering structure remains a subject of debate.  
 
These complex microstructures make it difficult to grow bulk superconducting AxFe2-ySe2 (A = K, Rb, 
and Cs) single crystals. Success in obtaining superconducting samples strongly depends on the ratios 
of the starting chemical components, particularly on the initial Fe content, as well as heating, cooling 
and growth rates. So far, different techniques such as flux growth and the Bridgman method have 
been used to grow AxFe2-ySe2 (A=K, Rb, and Cs) single crystals [3] with typical procedure as follows: 
First, FeSe precursor was synthesized at 700 °C in an evacuated quartz tube. Then, FeSe precursor 
was ground into powder and mixed with K(Rb,Cs) at a ratio of K(Rb,Cs):Fe:Se=0.8:2:2. The 
mixtures were loaded into a double sealed quartz ampoule and then heated to 1030 °C and kept at this 
temperature for 2 h. A fast cooling rate of 6 °C/h was applied before turning off the furnace at 750 °C. 
However, the as-grown crystals obtained by these methods hardly showed 100% superconducting 
volume, mainly due to the inhomogeneity of the samples, since ordered or disordered vacancy phases 
could be randomly formed due to an uncontrolled thermal distribution of iron vacancies during 
growth under the described conditions. In this study, we report that superconducting KxFe2-ySe2 single 
crystals can be reproducibly grown by the optical floating-zone (OFZ) technique. Single crystals of a 
large size and high quality and high superconducting volume fraction are achievable, offering 
sufficient material for future inelastic neutron-scattering experiments. 
 
The raw materials for the preparation of a feed rod were K (99.95%), Fe (99.995%) and Se (99.999%). 
The feed rod was synthesized by the one-step solid-state reaction method. Elemental K, Fe and Se 
were weighed at a ratio of K:Fe:Se=0.8:2:2, and loaded into an alumina crucible. The elements were 
then sealed in a quartz tube under 400 mbar argon atmosphere and heated to 850 °C for 10 hours. 
Finally, the sintered K0.8Fe2Se2 mixture was ground into a powder. The powder was pressed into a 
feed rod with a cylindrical shape ~6–7 mm in diameter and ~70–80 mm in length with 600 bar of 
hydrostatic pressure. The feed rod was used to grow the crystal directly without the conventional 
process of sintering and pre-melting. A seed rod of 2 cm in length was cut from the feed rod. 
 
The single crystal was obtained in an OFZ furnace with 4×300 W halogen lamps (Crystal System Inc. 
FZ-T-10000-H-III-VPR). The seed and feed shafts were rotated in opposite directions at rates of 20 
rpm. The traveling rate was ~1.0 mm/h. Argon atmosphere was applied during the growth process at 
8 bar. The composition of the crystals was determined by energy-dispersive X-ray spectroscopy 
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(EDX). X-ray diffraction analysis was performed on a Philips Xpert XRD diffractometer using Cu Kα 
radiation λ=1.54056 Ǻ. In-plane resistivity measurements were performed on a Physical Property 
Measurement System (PPMS, Quantum Design). DC magnetic susceptibility was measured using a 
SQUID-VSM magnetometer (Quantum Design). Neutron diffraction experiments were carried out to 
characterize the quality of as-grown single crystals at the IN3 instrument (ILL, Grenoble). 
 
The floating zone method enables us to obtain large and high quality single crystals with a mass of up 
to ~1.8 g. A typical as-grown single-crystal ingot of KxFe2-ySe2 is shown in Fig. 1(a). As can be seen 
in Figs. 1(b) and (c), the cleaved termination of the ~1 cm ingot displays a large crystal grain with a 
shiny surface, while the remaining portion of the ingot appears to be non-crystalline with a bubble-
like structure from the beginning towards the termination. This non-crystalline area has decomposed 
into K-poor K-Fe-Se, as determined by EDX. We also noticed thin filament-like deposits on the 
surface of the ingot throughout the entire growth process. This substance is pure Fe, according to 
EDX analysis. We have also observed that part of the grown ingot underwent decomposition during 
floating-zone growth. This feature strongly suggests that the KxFe2-ySe2 single crystal is quite unstable. 
As the molten zone moves up, the already formed crystal continuously passes through a temperature 
zone, Td, where the crystal begins to decompose, as illustrated in Fig. 1(d). Thus, to avoid passing 
through the decomposition zone the lamp power was switched off towards the end of the growth 
process, resulting in non-decomposed crystal phase at the terminal part of the ingot. Using a 
thermocouple for direct measurement of the temperature distribution below the molten zone, we 
observed accurately that Tm~889, Ti~784 and Td~280 C, for the molten zone, solid-liquid interface 
and decomposition temperatures, as illustrated in Fig. 1(d), respectively. Therefore, as-grown crystals 
can only be obtained by quenching at between ~784 and ~280 C. We also observed that a stable 
molten zone can be formed by optimizing the growth parameters of rotation and traveling velocity. In 
this study, the superconducting KxFe2-ySe2 single crystal could be grown at a traveling velocity of 
~0.8 mm/h under 8 bar of argon pressure. The rotation of seed and feed rods is another important 
factor in producing a molten zone with a homogeneous composition distribution, which is a 
prerequisite condition for forming high quality single crystals.  
                                                                                           

 

 

 
 
 
 
 
Figure 1: (a) As-grown KxFe2-ySe2 single crystal ingot. (b) 
and (c) single crystals were cut off from the ingot (a) and 
cleaved along the growing direction. A shiny surface with 
(00l) orientation can only be observed at the termination of 
the ingot, whereas the remaining part of the ingot had 
decomposed. (d) The schematic drawing illustrates the 
growth process of the KxFe2-ySe2 single crystals, which 
form between the solid-liquid interface temperature, Ti, and 
decomposition temperature, Td, below which the crystals 
undergo a continuous decomposition during crystal 
traveling.   

 
It is interesting to note that the inner diameter of ~5 mm of the grown ingot decomposed at ~280 C, 
while an ingot ring width of about 1–1.5 mm remained in single crystal form, as shown in Fig. 1(b) 
and illustrated by Fig. 1(d), respectively. This phenomenon indicates that the decomposition is caused 
by a great thermal strain occurring in the inner crystal ingot. The fact is that after the crystal formed 
the latent heat of crystallization was hardly released along the radial direction which corresponds to 
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the robust (001) layers, perpendicular to the growth direction of the ingot. Therefore the compound 
decomposed to a K-poor K-Fe-Se.  
 
The single crystals commonly represented an intergrowth of the iron-vacancy-ordered states and -
disordered states along the c-axis, which are characterized by slightly different lattice constants. Our 
XRD pattern was obtained by the (00l) reflections of the K0.80Fe1.81Se2 single crystal, consistent with 
previous results [1], as shown in Fig. 2(a). Three shoulders besides the (008), (0010) and (0012) 
reflections can be discerned, as indicated by the asterisks. This second set of the (00l) reflections is 
related to the phase separation phenomenon. Single crystal powder XRD was performed to interpret 
the structure space group belonging to I4/m, related to the superstructure with the stronger reflections. 
The stronger reflections correspond to the lattice parameters of a = b = 8.688 and c = 14.128 Å that 
are commensurate with the superstructure reflections, indicating that they originate from the vacancy-
ordered insulating phase. Therefore, the second phase with c = 14.134 Å (asterisks) must be attributed 
to the metallic phase without iron-vacancy ordering. The recent study of SR indicates that only a 
small volume (10%) of the sample is responsible for the superconducting phase. Therefore, we 
assume that the longer c-axis of 14.134 Å should be responsible for the superconducting phase with 
the iron-vacancy-disordered states, while the shorter one with a c-axis of 14.128 Å being responsible 
for the superstructure phase with the iron-vacancy-ordered states. 
 

 
 
Figure 2: (a) XRD pattern of K0.80Fe1.81Se2 single crystal. The shoulders located beside the main reflections are indicated by 
the asterisks, which correspond to the possible superconducting phase. (b) Neutron diffraction data showing Rocking curve 
of the (200) structural Bragg peak, indicating a resolution-limited mosaicity of the single crystal. (c) Superstructure Bragg 
reflections originating from the √5 × √5 iron-vacancy ordering. The two peaks correspond to the twin domains with opposite 
orientation of the vacancy superstructure with respect to the parent lattice directions. (d) Magnetic Bragg reflections from 
the two twin domains, measured at room temperature. The solid lines in all panels are Gaussian fits. 
  
Now we turn to the description of magnetism in our samples, which we have characterized using 
single-crystal neutron diffraction. The data presented in Figs. 2(b-d) have been acquired on one piece 
of the as-grown sample with a mass of ~100 mg. The neutron wavevector was set to ki = 2.662 Å-1. 
The sample was mounted in the (HK0) scattering plane and could be additionally tilted using the 
instrument’s goniometers in order to reach the out-of-plane magnetic Bragg reflections. The 
resolution-limited rocking curve measured on the (200) structural Bragg peak, shown in Fig. 2(b), 
indicates that the mosaicity of the sample in the ab plane is of the order of ~0.5° or better. 
 
As we already noted, the superconducting phase in the KxFe2-ySe2 compound typically coexists with 
insulating vacancy-ordered regions that exhibit strong antiferromagnetic ordering at room 
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temperature. In Fig. 2(c), we show two superstructure reflections originating from the 55   Fe-
vacancy ordering. The two peaks at (2/5 4/5 0) and (4/5 2/5 0) correspond to different twin domains 
with the counterclockwise and clockwise rotation of the vacancy superstructure about the c-axis with 
respect to the parent lattice directions in the ab plane, respectively. Their equal intensity indicates that 
the twins with both orientations are present in equal proportions in the sample. The presence of an 
antiferromagnetic order associated with this kind of vacancy superstructure, present at room 
temperature [2-3], is evidenced by Fig. 2(d). Here, we show the (±1/5 8/5 1) magnetic Bragg peaks 
from the two twin domains, measured at T = 300 K. Due to the strong magnetic moment that, 
according to some reports, reaches 3.3 B/Fe, their intensities are very strong despite the nearly 
twofold suppression due to the iron form-factor at this large |Q|. If the correction for the magnetic 
form-factor is taken into account, the resulting magnetic Bragg intensity turns out to be comparable to 
that of the structural reflections in panel Fig. 2(c). 
 
The temperature dependence of the in-plane resistivity ρab of the K0.80Fe1.81Se2 single crystal is shown 
in Fig. 3(a). A clear hump is observed around 220 K. This hump can be shifted by varying Fe content 
in KxFe2-ySe2 single crystals, which has been interpreted in terms of the ordering process of the cation 
vacancies in the nonstoichiometric KxFe2-ySe2. When considering the phase separation scenario, 
however, we suggest that the resistivity hump could result from the competition between the two 
electronic transport channels, i.e., insulating (iron vacancy ordering) and superconducting phases 
(iron vacancy disordering). Below 220 K, ρab shows metallic behavior and the sample enters the 
superconducting state at Tc = 31.7 K. Consistent with the resistivity data, magnetization curves show 
the superconducting transition temperature at Tc = 31.6 K, leading to a near 100% expulsion of the 
external magnetic field in zero field cold below 5 K, as shown in Fig. 3 (b). 
 

 
 
Figure 3: (a) Temperature dependence of the in-plane resistivity ρab of a K0.80Fe1.81Se2 single crystal. Inset shows a 
superconducting transition temperature at around Tc = 31.7 K. (b) Magnetization curves show the superconducting transition 
temperature at Tc = 31.6 K. 
 
The optical floating zone technique can be successfully employed to grow the recently discovered 
KxFe2-ySe2 superconducting single crystals. To avoid decomposition of the as-grown single crystals a 
quenching treatment is applied at the temperature range between 784 and 280 C. Both metallic and 
superstructure phases are observed by the XRD reflections. Resistivity and magnetic measurements 
show a superconducting transition at Tc ~32 K.  
 
References: 
[1] J. G. Guo, S. F.Jin, G. Wang, S. C.Wang, K. X. Zhu, T. T. Zhou, M. He, and X. L. Chen, Phys. Rev. B 82, 180520(R)   
     (2010) 
[2] Z. Shermadini, A. Krzton-Maziopa, M. Bendele, R. Khasanov, H. Luetkens, K. Conder, E. Pomjakushina, S. Weyeneth, V.   
     Pomjakushin, O. Bossen, and A. Amato, Phys. Rev. Lett. 106, 117602 (2011). 
[3] R. H. Liu, X. G. Luo, M. Zhang, A. F. Wang, J. J. Ying, X. F. Wang, Y. J. Yan, Z. J. Xiang, P. Cheng, G. J. Ye, Z. Y. Li,  
     and X. H. Chen, Europhys. Lett. 94, 27008 (2011). 
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Intense paramagnon excitations in a large family of high-temperature
superconductors

M. Le Tacon, J. Chaloupka, M.W. Haverkort, V. Hinkov, S. Blanco-Canosa, M. Bakr, G. L. Sun, Y. T. Song, C.
T. Lin, G. Khaliullin, and B. Keimer

The twenty-fifth anniversary of the discovery of high-temperature superconductivity is approaching without a
compelling theory of the mechanism underlying this phenomenon. After the discovery of an unconventional (d-
wave) symmetry of the Cooper pair wave function in the copper oxides, the thrust of research has been focused
on the role of repulsive Coulomb interactions between conduction electrons, which naturally explain this pairing
symmetry. However, since even simple models based on repulsive interactions have thus far defied a full solution,
the question of whether such interactions alone can generate high-temperature superconductivity is still open.
A complementary, more empirical approach has asked whether antiferromagnetic (AF) spin fluctuations can
mediate Cooper pairing in analogy to the phonon-mediated pairing mechanism in conventional superconductors.
This scenario requires the existence of well-defined AF spin fluctuations in the superconducting range of the
cuprate phase diagram (for mobile hole concentrations 5% ≤ p ≤ 25% per copper atom), well outside the
narrow stability range of AF long-range order (0 ≤ p ≤ 2%). An extensive series of experiments using inelastic
spin-flip scattering of neutrons has indeed revealed low-energy spin fluctuations in doped cuprates (see ref. 1
and refs. therein), but, for cuprate compounds hosting the most robust superconducting states (those that are
optimally doped to exhibit Tc ≥ 90 K), inelastic neutron scattering (INS) experiments have thus far mostly
revealed spin excitations over a narrow range of excitation energies E ∼ 30− 70 meV, wave vectors Q covering
only ∼ 10 % of the Brillouin zone area around the AF ordering wave vector QAF , and temperatures T < Tc.
The energy- and momentum-integrated intensity of these excitations constitutes only a few percent of the spectral
weight of spin waves in antiferromagnetically ordered cuprates, and is thus clearly insufficient to support high-
Tc superconductivity. The apparent weakness of AF fluctuations in optimally doped compounds has been used
as a central argument against magnetically mediated pairing scenarios for the cuprates. This picture is, however,
strongly influenced by technical limitations of the INS method that arise from the small cross section of magnetic
neutron scattering in combination with the weak primary flux of currently available high-energy neutron beams.
Because of intensity constraints, even the detection of undamped spin waves in antiferromagnetically ordered
cuprates over their full band width of ∼ 300 meV has required samples with volumes of order 10 cm3, which are
very difficult to obtain. Doping further reduces the intensity of the INS profiles and exacerbates these difficulties.

Here we take advantage of recent progress in the development of high-resolution resonant inelastic x-ray scatter-
ing (RIXS) in order to explore magnetic excitations in a wide energy-momentum window that has been largely
hidden from view by INS. Experiments on undoped cuprates have shown that RIXS with photon energies at the
Cu L3 absorption edge is sensitive to single-magnon excitations by virtue of the strong spin-orbit coupling of
the 2p3/2 core-hole intermediate state, in excellent agreement with INS measurements. We have applied this
method to the well characterized YBa2Cu3O6+x (YBCO6+x) family. One of the great advantages of RIXS over
INS is that it allows measurements of magnetic excitations with sizable intensity over much of the accessible
reciprocal space, even on very small sample volumes. The results presented here have been obtained on thin
films and on millimeter-sized single crystals far below the volume requirements of INS. Figure 1 shows a sketch
of the scattering geometry of our experiment, as well as RIXS spectra obtained on undoped AF NdBCO6 (Fig.
1 b,c) and underdoped superconducting NdBCO7 (Fig. 1 d,e), for incident photon polarizations in and out of the
scattering plane (π and σ geometries).

For undoped AF NdBCO6, we can decompose the response in the mid-infrared (MIR) region of the spectra
(Fig. 1c) for energy losses below ∼ 500 meV following the method employed in Ref. 2. In the π scattering
geometry, this leads to (i) an intense resolution-limited peak around 250 meV, (ii) a high-energy tail of this
peak centered around 400 meV, and (iii) a weak low-energy contribution around 100 meV. In the σ scattering
geometry, feature (i) is strongly suppressed, which allows us to assign this feature to a single-magnon excitation,
in agreement with theoretical considerations and previous investigations on other cuprates (ref. 2). The weaker
features (ii) and (iii) are associated with higher-order spin excitations and lattice vibrations, respectively. The
energy of the single-magnon feature in NdBCO6 depends strongly on the momentum transfer Q// as can be
seen in Fig. 2a. Fitting our data using the spin-wave dispersion calculated for a bilayer in the framework of
a simple Heisenberg model, we obtain J//=133 ± 2 meV and J⊥=12 ± 3 meV for the intra- and inter-layer
exchange constants, respectively, in excellent agreement with previous INS data. We now turn to the doped
systems, investigated here over a wide range of doping levels: strongly underdoped NdBCO7 and YBCO6.6 (Tc
= 65 K and 61 K, respectively), weakly underdoped YBa2Cu4O8 (Tc = 80 K), and weakly overdoped YBCO7

(Tc = 90 K). Because of their stoichiometric composition and electronic homogeneity, the latter two compounds
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Figure 1: a) Schematics of the scattering geometry. Typical RIXS spectra of undoped AF Nd1.2Ba1.8Cu3O6 (b, c)
and superconducting underdoped Nd1.2Ba1.8Cu3O7 (d,e), obtained at T = 15 K for Q//=0.37 r.l.u., in both π (black
squares) and σ (red squares) scattering geometries.

have served as model compounds in the experimental literature on high-Tc superconductivity, but apart from the
“resonant mode” that appears in YBCO7 below Tc no information has been available on their magnetic excitation
spectra. The broad MIR features seen in Fig. 1d are present at all doping levels in the same energy range as
the single-magnon peak in undoped NdBCO6. They obey the same polarization dependence as the magnon
mode (Figs. 1 e), and are therefore assigned to magnetic excitations. Based on the metallic nature of the doped
cuprates, one expects strong damping of magnetic excitations in the Stoner continuum of incoherent electron-
hole excitations. We have therefore fitted these spectra to Voigt profiles that are the result of the convolution
of the Lorentzian lineshape of excitations with finite lifetime with the Gaussian resolution function. Since the
fits yield excellent agreement with this simple profile (solid lines in Figs. 1 e), we can accurately extract the
energies and half-widths-at-half-maximum (HWHM) of the magnetic excitation as a function of the transferred
momentum (Fig. 3b,c).
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Figure 2: (a) Experimental magnon dispersion in AF
Nd1.2Ba1.8Cu3O6, fitted using the spin-wave dispersion of
a bilayer (thick red line). The dashed lines are the acoustic
(black) and optical (red) spin wave dispersions calculated
using the fitting parameters. The grey area represents
our energy/momentum resolution. (b) Experimental
magnon dispersion in AF Nd1.2Ba1.8Cu3O6, underdoped
Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and
YBa2Cu3O7. Low-frequency INS data recorded from
QAF for YBa2Cu3O6.6 have been added. Lines are
guides to the eye. (c) HWHM of magnetic excitations
in Nd1.2Ba1.8Cu3O7, YBa2Cu3O6.6, YBa2Cu4O8 and
YBa2Cu3O7. (d) Integrated inelastic intensities.

The magnetic excitation energies of doped compounds at the Brillouin zone boundary are nearly identical to the
ones found in NdBCO6. This implies that the in-plane exchange constant J// is not as strongly renormalized with
doping as previously suggested based on extrapolation of lower-energy INS data. Upon approaching the Γ point
(Q// = 0), we observe that the dispersion in the doped compounds is steeper than in NdBCO6. Despite the fact
that Γ and QAF are no longer equivalent in the absence of magnetic long-range order, the RIXS data obtained on
YBCO6.6 nicely extrapolate to the low-energy “hour glass” dispersion around QAF previously extracted from
INS data on samples prepared in an identical manner. The intrinsic HWHM of ∼ 200 meV of the inelastic signal
extracted from our data (Fig. 3c) is much larger than the instrumental resolution and comparable to the magnon
energies, indicating strong damping by Stoner excitations. The damping rate does not change substantially with
Q// and with doping, and, remarkably, the integrated intensity of these excitations is conserved upon doping
from the AF insulator to the slightly overdoped superconductor. We have thus demonstrated the existence of
paramagnons, i.e. damped but well-defined, dispersive magnetic excitations, deep in the Stoner continuum of
cuprates with doping levels beyond optimal doping. Their spectral weights are similar to those of spin waves in
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the undoped, antiferromagnetically ordered parent material.

In order to obtain insight into the origin of this surprising observation, we have performed exact-diagonalization
calculations of the t − J Hamiltonian with J/t = 0.3 on finite-sized clusters.We used clusters with 18 and 20
spins arranged in various shapes to map the (H,K,0) reciprocal plane with sufficient momentum resolution and
convoluted the resulting spectra by a Gaussian function with HWHM 0.1t in order to simulate the experimental
resolution function. The calculated imaginary part of the spin susceptibility is shown in Fig. 3a for different
hole concentrations. In the undoped case, one can distinguish two features: an intense peak corresponding to
the single-magnon excitation, and a weaker feature at higher energy corresponding to higher-order processes.
The single-magnon peak clearly disperses, although its energy is slightly above the value expected from linear
spin-wave theory (dotted lines), due to the finite size of the cluster. In the inset of Fig. 4a, we present the energy-
integrated magnetic intensity in the (H,K,0) reciprocal plane. As expected, the intensity for in the undoped
situation is strongly peaked at QAF , and rather uniformly distributed in the rest of the plane. As holes are
added to the clusters, the magnetic spectral weight strongly decreases only around QAF , but remains essentially
constant everywhere else. This can also be seen in Fig. 4b, where the imaginary part of the energy-integrated
spin susceptibility is plotted as a function of doping. The experimental and numerical data are thus in excellent
agreement.
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Figure 3: a) Imaginary part of the spin susceptibility
resulting from exact diagonalization of the t − J model on
small clusters. The spectra are broadened using a Gaussian
with HWHM= 0.1t. Dashed lines correspond to the
linear spin wave dispersion. Insets: Brillouin-zone-maps
of energy-integrated χ′′ with a common color scale. b)
Energy-integrated χ′′ of the 20-site cluster, normalized to
the number of electrons on the cluster, as a function of
doping. The seven accessible non-equivalent q-vectors for
this cluster are shown in the inset. c) Superconducting tran-
sition temperature resulting from the Eliashberg calculation
for the experimentally determined spin excitation spectrum
of YBCO7 displayed in the inset. Vertical bars account for
the experimentally determined linewidths. The red marks
indicate the influence of momentum-space cutoffs limiting
the maximum distance from QAF of the Q-vectors for
which χ(Q, ω) is included in the calculation.

Armed with essentially complete knowledge of the spin fluctuation spectrum, we have estimated the super-
conducting transition temperature Tc generated by a Cooper pairing mechanism in which the experimentally
detected spin fluctuations play the role of bosonic glue. To this end, we have self-consistently solved the Eliash-
berg equations using the vertex function of the t − J model and the experimental spin fluctuation spectrum of
YBCO7 (inset in Fig. 3c), without adjustable parameters. Figure 4c shows the outcome of the calculation. The
resulting Tc of 170 K is similar to the maximum Tc observed in the cuprates and to another recent estimate based
on the comparison of INS and photoemission data on underdoped YBCO6+x (ref. 1). The agreement with the
experimentally observed Tc of YBCO7 is satisfactory in view of the simplifying assumptions in the calculation,
and in view of a similar level of quantitative agreement reported for Eliashberg calculations of conventional
low-Tc superconductors. In order to resolve the relative contribution of the strongly doping dependent region
around QAF and the high-energy part of the spin susceptibility revealed by RIXS to the pairing strength, we
have introduced momentum cutoffs around QAF in the calculation (Fig. 3c). Clearly, both low- and high-energy
spin fluctuations contribute substantially to the pairing. In underdoped cuprates, vertex corrections are expected
to become essential, reducing the Tc values calculated here. These corrections suppress coupling to magnons in
the vicinity of QAF , leaving the contribution of the higher-energy excitations as a vital source of pairing.
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Topologically protected surface states in non-centrosymmetric
superconductors

A. P. Schnyder, P. M. R. Brydon1, S. Ryu2, and C. Timm1

The hallmark of topological insulators and superconductors is the existence of topologically protected zero-
energy surface or edge states, some of which are of Majorana type. The experimental observation of these edge
and surface states in HgTe/(Hg,Ce)Te quantum wells and in BiSb alloys, respectively, has lead to a renewed
interest in topological states of matter. Recently, we have shown that topologically protected zero-energy states
can also occur at the surface of noncentrosymmetric superconductors [1-3], such as CePt3Si or Li2PdxPt3−xB.
In these remarkable materials, Rashba-type antisymmetric spin-orbit interactions lift the spin degeneracy of
the electronic bands and generate complex spin textures in the electron Bloch functions. In the superconducting
state, the antisymmetric spin-orbit coupling gives rise to the admixture of even-parity spin-singlet and odd-parity
spin-triplet pairing components and, importantly, allows a non-trivial topology of the Bogoliubov-quasiparticle
wavefunctions. Akin to topological insulators, this non-trivial wavefunction topology results in various types of
protected zero-energy states at the edge or surface of noncentrosymmetric superconductors [1-3].

For instance, a fully gapped noncentrosymmetric superconductor with nontrivial topology supports linearly dis-
persing helical Majorana modes at its boundary [1]. In three-dimensional systems, the stability of these Majorana
surface states is protected by an integer (Z) topological invariant, i.e., the three-dimensional winding number
[1], whereas in two-dimensional systems a binary (Z2) topological number guarantees the robustness of the edge
modes. Topologically protected zero-energy boundary modes also occur in noncentrosymmetric superconduc-
tors with line nodes. In particular, we have recently shown that dispersionless zero-energy states (i.e., flat bands)
of topological origin generically appear at the surface of three-dimensional nodal noncentrosymmetric super-
conductors [1,2]. These zero-energy flat bands are confined to regions of the two-dimensional surface Brillouin
zone that are bounded by the projections of the nodal lines of the bulk gap (see Figs. 1 and 2). Apart from these
two-dimensional surface flat bands, certain nodal noncentrosymmetric superconductors also support zero-energy
boundary states that form one-dimensional open arcs in the surface Brillouin zone, connecting the projection of
two nodal rings [3] [see Figs. 1(a) and 2(a)]. Moreover, we have also shown that Majorana surface states can
occur at time-reversal-invariant momenta of the surface Brillouin zone, even if the superconductor is not fully
gapped in the bulk [1,3].
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Figure 1: Surface bound-state spectra at the (100) face
of a C4v point-group noncentrosymmetric superconductor
as a function of surface momentumk‖ = (ky , kz)
with (a) (s + p)-wave, (b)(dx2−y2 + f)-wave, and (c)
(dxy +p)-wave pairing symmetry. The color scale indicates
the energy: black represents zero energy while yellow
represents the maximum energyEmax. The black (gray)
line shows the extent of the projected negative-helicity
(positive-helicity) Fermi surface. (d) Winding number
W(100), Eq. (2), at the (100) face corresponding to the
same parameters as in panel (c). Black (white) indicates
W(100) = +2 (−2), dark blue (gray) corresponds to
W(100) = +1 (−1), while light blue isW(100) = 0. The red
dashed (green solid) lines represent the nodal lines on the
negative-helicity (positive-helicity) Fermi surface.

The topological protection of these zero-energy states that appear at the surface of nodal noncentrosymmetric
superconductors is linked to the topological characteristics of the nodal gap structure via a bulk-boundary cor-
respondence. In fact, the stability of both the zero-energy surface states and the line nodes of the bulk gap is
ensured by the conservation of the same topological invariants. For example, the stability of the nodal lines is

1Technische Universität Dresden, Germany
2University of Illinois, USA
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Figure 2: Surface bound-state spectra at the (101) face of aC4v point-group noncentrosymmetric superconductor as a
function of surface momentumk‖ with (a) (s+ p)-wave, (c)(dx2−y2 + f)-wave, and (e)(dxy + p)-wave pairing symmetry.
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the same parameters as in panels (a), (c), and (e), respectively. Dark blue (gray) indicatesW(101) = +1 (−1), while light blue
is W(101) = 0. The red dashed (green solid) lines represent the nodal lines on the negative-helicity (positive-helicity) Fermi
surface.

protected by the one-dimensional winding number

WL =
1

2π

∮

L

dkl ∂kl

[

arg
(

ξ+
k

+ i∆+
k

)

+ arg
(

ξ−
k

+ i∆−
k

)

]

, (1)

where the integral is to be evaluated along the pathL parametrized bykl. Here,ξ±
k

is the dispersion of the
positive-helicity and negative-helicity bands, respectively, and∆±

k
denotes the gaps on the two helicity bands. If

L in Eq. (1) encircles a line node, thenWL determines the topological charge and hence the topological stability
of the nodal line. The stability of the surface flat band is protected by the very same topological number, namely,
by

W(lmn)(k‖) =
1

2π

∫

dk⊥ ∂k⊥

[

arg
(

ξ+
k

+ i∆+
k

)

+ arg
(

ξ−
k

+ i∆−
k

)

]

, (2)

where the subscript(lmn) parametrizes the direction perpendicular to the surface plane andk‖ (k⊥) denotes the
momentum parallel (perpendicular) to the surface. At a given surface momentumk‖, there appear zero-energy
surface states wheneverW(lmn)(k‖) 6= 0. The integral (1) can be related to the integral (2) by considering a
suitable deformation of the integration path. By such a construction, one can show that the zero-energy flat bands
are confined to regions of the surface Brillouin zone that are bounded by the projections of the nodal lines of the
bulk gap.

Beside the integer topological charge (1), nodal lines in noncentrosymmetric superconductors can also carry a
binary (Z2) topological charge determined by the so-called two-dimensionalZ2 topological invariant. We have
shown in Ref. [3] that thisZ2 topological charge gives rise to one-dimensional arcs of zero-energy surface states,
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Figure 3:Tunneling conductance spectra for the (100) and (101) interfaces of aC4v noncentrosymmetric superconductor
with (a) (s + p)-wave gap symmetry, (b)(dx2−y2 + f)-wave gap symmetry, and (c)(dxy + p)-wave gap symmetry.

terminating at the projection of the nodal lines onto the surface Brillouin zone. Finally, noncentrosymmetric
superconductors can also support Majorana surface states, whose stability is guaranteed by the so-called one-
dimensionalZ2 topological number [2,3].

In Fig. 1 we illustrate the topologically protected surface states for the (100) face of aC4v point-group non-
centrosymmetric superconductor for several different pairing symmetries. In the case of(s + p)-wave pairing
and (dx2−y2 + f)-wave pairing we observe zero-energy arc surface states connecting the projections of two
nodal rings [see Figs. 1(a) and 1(b)]. In contrast, for (dxy + p)-wave pairing we do not find any arc surface
states, but instead there are zero-energy flat bands in several regions bounded by the projected line nodes of the
positive-helicity and negative-helicity gaps [see Fig. 1(c)]. The zero-energy states lying outside the projected
positive-helicity Fermi surface (gray line) are associated with a non-trivial winding numberW(100) = ±1 as
shown in Fig. 1(d). The zero-energy surface states lying inside the projected positive-helicity Fermi surface,
on the other hand, are doubly degenerate and have winding numberW(100) = ±2. The latter states occur in
the region where the gap has predominantly singlet character, and hence are due to the same mechanism as the
zero-energy surface states in a puredxy-wave superconductor.

The bound states at the (101) surface shown in Fig. 2 display a much more interesting topological character.
For the(s + p)-wave case [Fig. 2(a)] we find that flat zero-energy bands occur within the projected nodes
of the negative-helicity Fermi surface. These zero-energy states are associated with a finite winding number
W(101) = ±1 [see Fig. 2(d)]. Besides the surface flat bands there are also arc surface states which connect
the projections of the topologically charged nodal rings. The presence of higher angular-momentum harmonics
[Figs. 2(b) and 2(c)] results in the appearance of additional regions of zero-energy states due to the nodes of
both the positive-helicity and negative-helicity gaps. All of these states correspond to a winding number of
W(101) = ±1, as can be seen by comparing the bound state spectra, Figs. 2(b) and 2(c), with the winding
number calculations, Figs. 2(e) and 2(f), respectively.

Let us now examine the signatures of the arc surface states and of the zero-energy surface flat bands in tunneling-
conductance spectra. In Fig. 3 we present the conductance spectra for tunneling into aC4v point-group noncen-
trosymmetric superconductor through (100) and (101) interfaces for(s + p)-wave, (dx2−y2 + f)-wave, and
(dxy + p)-wave pairing symmetry. Several features of these spectra are noteworthy. For the (100) surface we
observe a broad hump-like feature in the tunneling conductance for the(s + p)-wave and(dx2−y2 + f)-wave
pairing states, which is a signature of the arc surface states. In the(dxy + p)-wave case, in contrast, we find
a zero-bias conductance peak well separated from the bulk density of states. For the (101) surface all pairing
symmetries show a zero-bias conductance peak, which is a key experimental signature of the topologically pro-
tected surface flat band. For the cases of(s + p)-wave and(dx2−y2 + f)-wave pairing, however, we note that
the zero-bias conductance peak is superimposed on a hump-like feature. This signals the continued existence of
arc surface states in these systems, in agreement with Fig. 2.

To summarize, the topologically protected surface flat bands manifest themselves in scanning tunneling spec-
troscopy as a zero bias conductance peak, while the arc surface states lead to a broad, hump-like feature centered
around zero bias in the conductance spectra. Both features exhibit a pronounced dependence on surface ori-
entation, which not only provides characteristic fingerprints of the orbital and spin pairing symmetries in these
materials, but also directly evidences the topological properties of the system. Besides the tunneling conduc-
tance, the surface flat bands and arc surface states also profoundly affect other surface and interface properties
of NCSs, such as Josephson tunneling, the nonlinear Meissner effect, and surface thermal transport. The inves-
tigation of these interesting boundary properties are left for future work.
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Tunnel spectroscopy of superconducting oxide interfaces

C. Richter, H. Boschker, W. Dietsche, M. Hagel, and J. Mannhart

By joining LaAlO3 and SrTiO3, a conducting two-dimensional electron liquid (2-DEL) is formed at 
the contact area where these insulators meet [1]. At low temperatures this liquid is a two-dimensional 
superconductor [2] in which superconductivity surprisingly coexists with magnetic order [3–5]. 
Although interface superconductors are rare and have been recognized as candidates for supercon- 
ductivity at  very high temperatures (see, e.g., [6, 7] for recent publications), knowledge of the 
superconducting phase at the LaAlO3–SrTiO3 interface is very limited. To gain direct information 
about this unusual two-dimensional superconductor, we explored it with the powerful method of 
tunneling spectroscopy. We hereby were able to measure the spectrum of the longitudinal (LO) op-
tical phonons as well as the value of the superconducting gap.

Figure 1: Cross-sectional  sketch of a typical  sample. The 
tunnel junction is provided by the SrTiO3–LaAlO3–Au 
trilayer. The recessed Au/Ti  plugs  provide ohmic contacts to 
the 2-DEL. The Ag is used to apply a back-gate voltage to 
the SrTiO3 substrate.

Figure 1 shows a cross-sectional sketch of the tunnel junctions that we designed and built  for this 
purpose. The LaAlO3 layers, which generate the electron liquid and at the same time are used as tun-
nel barriers, were deposited on TiO2-terminated SrTiO3 substrates. To achieve a sizable tunnel cur-
rent, most of the LaAlO3 films were grown to comprise only four monolayers of LaAlO3. This is the 
minimal thickness necessary to induce the interface electron liquid. On top of this LaAlO3 film, we 
deposited metallic layers of Au, AuPd, or YBa2Cu3O7–x. Most  of the film growth was performed by 
pulsed laser deposition (LaAlO3, YBa2Cu3O7–x) and rf-sputtering (Au) at Augsburg University. To 
minimize the density of interface states, all deposition processes were performed in situ. The samples 
were subsequently patterned via photolithography into ring-shaped tunnel junctions with outer dia-
meters of between 0.4 and 1 mm. A photograph of a tunnel junction is shown in Fig. 2 and a trans-
mission-electron-microscope cross-sectional image of another sample is shown in Fig. 3. In this sam- 
ple design, electric fields generated by voltages applied to the back of the SrTiO3 substrates can be 
used to tune the superconducting state by changing the carrier density of the two-dimensional elec-
tron system [8]. The measurements were performed in a dilution refrigerator at  the Max Planck 
Institute for Solid State Research.

Figure 2: Optical micrograph of wire-bonded ring-shaped 
Au–LaAlO3–SrTiO3 tunnel junction. The narrow outer ring 
and the inner circle of the device are Au-covered Ti plugs to 
contact the 2-DEL; the broad golden ring between them is 
the Au top electrode of the tunnel junction. It  has been 
deposited onto the LaAlO3 thin film, which serves as  a tun-
nel barrier between the top electrode and the 2-DEL. The 
outer ring has an outer diameter of 0.7 mm.
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Figure 3: Scanning transmission electron microscopy image (high-angle annular dark field) of a sample comprising six 
monolayers of LaAlO3 at high (a) and low (b) resolution (image: Lena Fitting–Kourkoutis, Cornell University).

The Au–LaAlO3–SrTiO3 samples with unpatterned LaAlO3 films had superconducting interfaces. All 
of the five tunnel junctions grown on two different chips showed good tunnel characteristics. For this 
reason we will focus in the following on these samples. The origin of the non-superconducting 
behavior of the patterned samples and of many of the samples with AuPd electrodes remains to be 
explored.

Figure 4: (a) I(V) tunnel characteristic of a typical sample 
measured at  4.3 K. The voltage characterizes the voltage 
applied to the interface 2-DEL. (b) Normalized differential 
conductance dI/dV / (I/V) measured in the normal-conduc-
ting  state (4.3 K) and given in dimensionless units. The 
arrows mark the energies of the SrTiO3 longitudinal optical 
(LO) phonons. 
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A typical I(V ) characteristic taken at 4.3 K is shown in Fig. 4a and the corresponding characteristic of 
the normalized differential conductance dI/dV / (I/V) (V) in Fig. 4b. The polarity of the applied voltage 
was chosen to characterize the sign of the voltage applied to the interface. Thus, at  positive voltages 
electrons tunnel into unoccupied states of the n-type 2-DEL. For V < 0 (electrons tunneling out of 
interface states) the dI/dV / (I/V) (V) characteristic is shaped by inelastic tunneling processes. In this 
case, the electron tunneling is assisted by SrTiO3 longitudinal optical phonons, which generate peaks 
in the dI/dV (V) curves at energies with large phonon density of states (DOS) as marked in Fig. 4b 
[9]. For V > 0 elastic tunneling prevails. This part  of the spectrum reflects the 2-DEL’s density of 
unoccupied states. The 2-DEL’s DOS shows a strong energy dependence around the Fermi energy EF, 
which resides only ~10 meV above of the conduction-band edge.

Figure 5: Typical dI/dV(V) characteristic of a Au-LaAlO3–
SrTiO3 tunnel junction measured at low temperatures 
(50 mK). The blue and green lines  show best  fits to  the 
characteristics expected for BCS-type s-wave supercon-
ductors and s+d wave superconductors. The best of the 
three fits is obtained using the s-wave BCS DOS plus a 
conductance shift of –0.35 mS.

Figure 6 (a): Measured  tunnel  spectra as  a function of temperature (circles) and best  fits using the “shifted s” model (lines). 
The inset shows the temperature dependence of the superconducting gap Δ (T ) obtained from the fits. The resistive Tc of this 
sample equals ~150 mK. The superconducting gap is still clearly  visible at  250 mK. (b): tunnel spectra measured as a 
function of gate voltage applied to the back (bottom) side of the 1-mm-thick SrTiO3 substrate (50 mK). The solid  lines show 
best fits to the measured data (circles). The inset  shows the gate-voltage dependence of the superconducting gap Δ (Vbg) 
obtained from the fits. Positive voltages enhance the 2-DEL’s electron density, but reduce the gap Δ.
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At low temperatures the tunneling provides direct information on the superconducting state. Figures 
5 and 6 show a dI/dV (V ) tunneling characteristic at 50 mK, well below the superconducting transi- 
tion. The characteristic reveals a clear superconducting gap and allows the gap of the 2-DEL to be 
measured for the first time: it  equals Δ (50 mK) ~ 35 µV. This value is derived from fitting the data 
with a modified BCS s-wave quasiparticle density of states as described below. The gap’s tem-
perature dependence is shown in the inset  of Fig. 6a. The gap vanishes only at  280 mK and is 
therefore found well above the resistive Tc of 150 mK. This behavior agrees with the predicted be-
havior of a 2-D superconductor for which the transition into the superconducting state is a 
Berezinskii–Kosterlitz–Thouless (BKT) transition. Above the resistive Tc given by the BKT transi- 
tion temperature and below the critical pair-condensation temperature Tc ~ 280 mK the electrons are 
paired and a gap exists. However, fluctuating vortex–antivortex pairs cause the transport  to be 
dissipative.

Surprisingly, we did not  succeed in achieving a good fit of the dI/dV (V ) characteristics and of the 
Δ (T ) dependence with the canonical BCS model for any order parameter symmetry. We are currently 
exploring whether this problem can be attributed to mundane effects such as measurement noise, 
whether it is caused by parallel tunneling into superconducting and normal domains, or whether it 
points to even more fundamental aspects of the 2-DEL’s superconducting properties.

The device architecture developed offers the advantage that the tunneling spectra can be measured 
while applying a gate voltage Vbg to the back (bottom) side of the 1-mm-thick SrTiO3 substrate. 
Because the gate voltage changes the carrier density of the 2-DEL, the dependence of the 
superconducting properties on the carrier density in the 2-DEL can be measured. Figure 6b shows the 
result of such a study done at 50 mK. Enhancing the carrier density in the 2-DEL by applying 
positive gate voltages causes a reduction of the superconducting gap Δ. 

In summary, we studied the superconducting properties of the 2-D electron liquid at  LaAlO3–SrTiO3 
interfaces by means of tunneling spectroscopy. Our studies reveal a clear superconducting gap with a 
low temperature value of ~35 µV. The gap is present  up to 280 mK, well above the resistive transition 
temperature of 150 mK. We have not succeeded in using the standard BCS theory to describe all of 
the data.
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Superconductivity in doped picene

A. Subedi and L. Boeri

Studying carbon, with its many allotropes and compounds, is one of the most fascinating problems in science. To
mention only physics, before graphene, which was awarded the Nobel prize in 2010 opening exciting perspec-
tives for fundamental and applied research, many other systems, such as nanotubes, fullerenes and intercalated
graphites have played an important role in several fields, including superconductivity. The most recent discovery
is a new class of aromatic superconductors, comprising molecular crystals doped with alkali or alkaline earths.
These are polycyclic aromatic hydrocarbons, i.e. planar molecules formed by a number of juxtaposed hexago-
nal benzene rings (C6H6). The first report of superconductivity regarded picene doped with potassium (K) and
rubidium (Rb), with a maximum critical temperature (𝑇𝑐) of 18 K; after that, superconductivity was also found
in phenanthrene and coronene doped with K (𝑇𝑐=5K and 15 K), phenanthrene doped with strontium (Sr) and
barium (Ba) (𝑇𝑐=5.6-5.8 K) and 1,2:8,9-dibenzopentacene - C30H18 (𝑇𝑐=33 K) doped with K.[1]

Figure 1: (𝑎): A benzene ring (C6H6) is the main building
block of alternant polycyclic aromatic hydrocarbons, such
as picene, phenanthrene, coronene, which superconduct
when intercalated with alkali or alkali metals. (𝑏): The
picene molecule (C22H14) is formed by five rings, juxta-
posed in an armchair fashion; it can also be seen as a small
fragment of H-terminated graphene. (𝑐): In the crystal,
the molecules are arranged in a herringbone fashion in the
(𝑎, 𝑏) plane, and stacked along the 𝑐 direction. The unit cell
is monoclinic and contains two formula units. The figure
shows a side view.

At the moment, the nature and range of parameters for superconductivity in intercalated hydrocarbons is strongly
debated; it is however clear that they are strongly related to two families of carbon superconductors: graphite in-
tercalation compounds (GICs), which are conventional, BCS-like superconductors [2] and alkali-doped fullerenes
(𝐴3𝐶60), which instead have a rich phase diagram determined by a non-trivial interplay between strong local
electron-phonon (𝑒𝑝) and on-site Coulomb correlations in a highly non-adiabatic regime. [3]

In this work, we performed first-principles calculations of the electronic structure, phonon and 𝑒𝑝 interaction of
doped picene in the rigid band approximation (RBA), using Density Functional Perturbation Theory (DFPT),
complementing previous theoretical and experimental studies which have focused on electronic properties and
correlations. We showed that picene, and most likely other intercalated hydrocarbons, belongs to the same class
of strongly correlated 𝑒𝑝 superconductors as the fullerenes, for which a local approach that includes both the 𝑒𝑝
coupling and Coulomb correlations on an equal footing is more appropriate than the standard Migdal Eliashberg
(ME) approach. [4]

Picene (C22H14) is a polycyclic aromatic hydrocarbon formed by five benzene rings in an armchair arrangement
- Fig. 1 (𝑎 − 𝑏). Solid picene is an insulator, with a gap of ∼3.3 eV, which can form in either monoclinic or
orthorhombic structure; the superconducting samples, with an average doping of 𝑥 = 3 K or Rb atoms per
molecule (K/Rb𝑥C22H14) are also monoclinic (𝑃21 space group). The unit cell contains two picene molecules
placed in a herringbone arrangement in the (𝑎, 𝑏) plane which are then stacked along 𝑐 direction - Fig. 1 (𝑐). The
shortest intermolecular C-C distance is 3.5 Å within the 𝑥𝑦 plane and 3.9 Å along 𝑧, which are more than twice
the typical intramolecular nearest-neighbour C-C distance of 1.4 Å. In the doped superconducting crystals, the
𝑎 axis expands while the 𝑏 and 𝑐 axes shrink. It is inferred from this that the dopants most likely occupy intra-
layer positions since inter-layer intercalation would have caused the 𝑐 axis to expand. However, the detailed
experimental structure of doped picene, including the precise determination of doping, is not available. For
this reason, we simulated the effect of doping using the rigid band approximation (RBA) and did not include
explicitely the dopants in the calculations; we performed calculations in the monoclinic 𝑃21 structure of undoped
picene, [1] relaxing the the internal coordinates; this yielded a dynamically stable structure, with real phonon
frequencies.

Our calculated electronic structure agrees well with previous DFT calculations;[4] in undoped picene, a gap of
∼2.4 eV separates the bonding valence bands from the anti-bonding conduction bands which, in an energy range

1

– 20 –

asen
Rechteck



0 800 1600 2400 3200

(cm
-1

)

H (xy)
H (z)

C (xy)
C (z)

1 2 3 4
5

6

1 2 3

654

Figure 2: Vibrational properties of solid picene. From top
to bottom: Partial C and H contribution to the phonon eigen-
vectors of a picene molecule. Phonon DOS of (undoped)
solid picene. The numbers mark the energy positions of
selected modes, whose Γ-point eigenvectors are shown in
the bottom panel. (1) low-frequencies out-of-plane, bend-
ing modes (𝜔 ∼55 cm−1); (2) and (3), breathing modes,
with 𝜔∼260 and ∼585 cm−1; (4) and (5), C-H bending and
C-C bending and stretching modes ( 𝜔 ∼1390 and ∼1625
cm−1); (6) high energy in-plane C-H bond stretching modes
(𝜔 ∼3200 cm−1).
Modes 4 and 5, in red, give the highest contribution to the
𝑒𝑝 coupling, shown in Fig. 3.

of ∼ ±3 eV around the middle of the gap, have mostly C 𝑝𝑧 character. They are lumped into small subsets with
very small in- and out-of-plane dispersion reflecting the molecular nature of the solid. In superconducting picene
(K/Rb3.3C22H14) the ∼3 electrons donated from the alkali atoms to each molecule populate a subset of 4 bands
immediately above the gap. These bands have a total bandwidth of ∼ 0.3 eV and derive from a combination of
the two lowest unoccupied molecular orbitals (LUMO and LUMO+1), which have a small energy separation of
∼66 meV in the molecule. The energy separation between the two highest occupied molecular orbitals (HOMO
and HOMO-1) is instead higher (∼ 170 meV) so that the four corresponding bands in the solid are grouped in
two subsets of two bands separated by a gap of ∼ 0.1 eV. In our work, we have studied within the RBA the effect
of doping electrons or holes into the states immediately above (LUMO∗) and below (HOMO) the gap.

For all dopings, we used the phonon spectrum of undoped solid picene, whose properties are summarized in
Fig. 2. Most of the phonon branches of solid picene have very little dispersion, which reflects the molecular na-
ture of the solid. The dispersive intermolecular modes (acoustic, translations and rotations of picene molecules)
make up most of the phonon Density of States (DOS) for frequencies below ∼85 cm−1. The remaining modes
are intramolecular vibration of carbon (C) and hydrogen (H) atoms and their general character can be inferred
from the top two panels of Fig. 2, which show the calculated partial eigenvectors of an isolated picene molecule.
The modes below ∼800 cm−1 are due to in- and out-of-plane vibrations involving both C and H atoms that cause
only small changes in the bond length between neighbouring atoms. The vibrations between ∼800 cm−1 and
∼1300 cm−1 are mostly out-of-plane, while the modes between ∼1300 cm−1 and ∼1600 cm−1 have C-H bend-
ing and C-C bending and stretching character. The spectral distribution of modes in this region is very similar to
that of graphene and (intercalated) graphites. The modes very high in energy (∼3200 cm−1) have in-plane C-H
bond stretching character. Representative examples for each class are shown in the bottom panel of Fig. 2.

Fig. 3 summarizes the results of calculations of the 𝑒𝑝 coupling for hole and electron doped picene, which we
have used to evaluate the contributions of phonons to the superconducting pairing. The procedure we have
used is non-standard, due to the large size of the system (72 atoms/unit cell). In fact, the estimate of the two
fundamental quantities in the Migdal-Eliashberg theory for 𝑒𝑝 superconductivity, i.e. the 𝑒𝑝 Eliashberg spectral
function 𝛼2𝐹 (𝜔) and for its inverse moment, 𝜆 = 2

∫ ∞
0

𝑑𝜔𝛼2𝐹 (𝜔)/𝜔, require dense grids in reciprocal space
for in k- (electrons) and q- (phonons) space integration, which is unfeasible for systems that contain more than
8-10 atoms. However, in doped picene we could perform the calculation with affordable grids in momentum
space, exploiting the molecular nature of the crystal. [4] We found indeed that, due to the weak momentum
dependence of the 𝑒𝑝 matrix elements, it is possible to factorize the dimensionless 𝑒𝑝 coupling parameter 𝜆
as 𝜆 = 𝑁(𝐸𝐹 )𝑉𝑒𝑝, where the density of states 𝑁(𝐸𝐹 ) is determined by intermolecular interactions and the
𝑒𝑝 coupling strength 𝑉𝑒𝑝 is essentially an intramolecular quantity. Similarly, it is possible to define a spectral
function for the 𝑒𝑝 coupling strength 𝑉𝑒𝑝, 𝛼2𝐹 (𝜔) = 𝛼2𝐹 (𝜔)/𝑁(𝐸𝐹 ). The two intramolecular quantities
𝛼2𝐹 (𝜔) and 𝑉𝑒𝑝 converge much faster as a function of k-mesh than the intermolecular 𝑁(𝐸𝐹 ). To eliminate
the noise coming from pathological regions of the DOS, we evaluated 𝑉𝑒𝑝 and 𝛼2𝐹 (𝜔) for different fillings 𝑥 of
the electronic bands, as shown in the two insets of Fig. 3; here red and blue refer to doping with holes (−𝑥) and
electron(+𝑥), respectively. The values of 𝑉𝑒𝑝 thus determined are fairly constant with 𝑥 within a single subset
of bands, as one would expect for an intramolecular quantity. We obtain 𝑉𝑒𝑝 = 150 ± 20 meV for holes and
𝑉𝑒𝑝 = 110± 5 meV for electrons.

Before discussing the implications for superconductivity, it is insightful to analyze the 𝑉𝑒𝑝 spectral function
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Figure 3: (Color online) Upper Panel: Spectral distri-
bution of the 𝑒𝑝 matrix elements of solid picene, doped
with holes (red) or electrons (blue). The two insets show
the doping dependence of the corresponding 𝑒𝑝 coupling
strength 𝑉𝑒𝑝 =

∫
𝜔−1𝛼2𝐹 (𝜔)d𝜔 for different values

of doping 𝑥. Lower Panel: Electronic DOS per picene
molecule, in states/(meV spin) as a function of doping 𝑥.
The total 𝑒𝑝 coupling constant 𝜆 as a function of doping is
given by 𝜆(𝑥) = 𝑁(𝑥)𝑉𝑒𝑝.

𝛼2𝐹 (𝜔), which is shown in the upper panel of Fig. 3. The 𝑉𝑒𝑝 spectral function has two main peaks at ∼1400
cm−1 and ∼1600 cm−1, which correspond to modes that bend C-H bonds and stretch C-C bonds (modes 4
and 5 in Fig. 2). Additionally, we also find smaller coupling to modes lower frequencies (𝜔 < 800 cm−1).
Our estimate of the coupling excludes two contributions: that of modes below 100 cm−1, which are explicitely
excluded in the integration of 𝜆, because they are not intra-molecular modes, and thus require a more careful
q- and k- integration, and the effect of the dopants - Rb,K - which cannot be treated in our RBA. In graphite
intercalation compounds (GICs), where there is a substantial contribution of intercalant character to states near
the Fermi level, the dopants reduce the 𝑒𝑝 coupling to carbon bond stretching modes, but also provide some
additional coupling to low-lying Einstein phonons. [2] These two effects balance each other to leave 𝜆 basically
unchanged, while 𝜔ln is reduced due to the additional weight at low frequencies. We expect a similar effect in
the case of picene, although smaller in magnitude.

Accurate values of 𝜆 = 𝑉𝑒𝑝𝑁(𝐸𝐹 ) as a function of doping in picene can be obtained using the DOS shown in
the lower panel of Fig. 3, which has been obtained using a (8)3 k-grid and tetrahedron method. For 𝑥 = 3, we get
𝑁(𝐸𝐹 ) = 7.06 states spin−1 meV−1, 𝜆 = 0.78 and 𝜔ln = 1021 cm−1. Using 𝜇∗ = 0.12 and the McMillan formula
for 𝑇𝑐, as it is commonly done to obtain a reasonable estimate of the 𝑇𝑐 for conventional superconductors, we
obtain a critical temperature 𝑇𝑐 = 56.5 K, which is more than three times the experimental value. Reasons and
consequences of this discrepancy are discussed below. In the case of hole doping, the 𝑇𝑐’s are lower due to
smaller values of DOS. For 𝑥 ∼ −1.33, with the same value of 𝜇∗ = 0.23, 𝑁(𝐸𝐹 ) = 4.31 states spin−1 meV−1,
𝜆 = 0.65 and 𝜔ln = 890 cm−1, and we obtain a maximum 𝑇𝑐 of 6 K.

These relatively high McMillan 𝑇𝑐’s that result from strong 𝑒𝑝 coupling to a few high-energy carbon bond-
stretching phonons indicates that superconductivity in alkali-doped picene and other hydrocarbons is most likely
phonon-mediated, and related to that of other superconductors that contain carbon and boron, such as MgB2,
boron-doped diamond, and GICs. This first conclusion is confirmed by two other calculations of the 𝑒𝑝 coupling
of doped picene, using different approximations - RBA and frozen-phonons, and linear response with Wannier
functions for the a metastable LDA structure of K3C22H14 - which have appeared in literature after our work. [4]
All calculations find a similar magnitude of the coupling, but a different spectral distribution (the calculation
which includes dopants finds a q-dependent coupling associated to the low-energy intercalant phonons).

However, it is important to stress that the estimates of 𝑇𝑐 based on Migdal-Eliashberg theory must be taken
with care in this case. In fact, we have seen that the bandwidth of the conduction bands (𝑊 ∼ 300 meV for
electrons and ∼ 1 eV for holes), the frequencies of strongly coupled phonons (𝜔𝑝ℎ ∼ 200 meV), the 𝑒𝑝 coupling
strength (𝑉𝑒𝑝 ∼ 110-150 eV), all have similar magnitudes, close also to that of Coulomb repulsion (𝑈 ∼ 1.2
eV), estimated by other authors. In this range of parameters, the two most important approximations in Migdal-
Eliashberg theory of superconductivity, Migdal’s theorem and the Morel-Anderson scheme for the screening of
the Coulomb repulsion, are invalid. In fullerenes, this regime of parameters gives rise to a variety of interesting
phenomena, the most spectacular being the occurrence of 𝑒𝑝 superconductivity near a Mott insulating phase,
well captured by theoretical studies of local models of interacting phonons and electrons in the non-adiabatic
regime. [3] Intercalated picene, and other intercalated hydrocarbons, are also a strong candidates for this kind of
strongly correlated, non-adiabatic 𝑒𝑝 superconductivity. The experimental situation is still premature to verify
this claim, but several tests are possible for this hypothesis. For example, Migdal-Eliashberg theory would predict
a smooth behaviour of superconductivity as a function of doping and pressure that is governed essentially by the
value of the electronic DOS at the Fermi level. On the other hand, strongy correlated local models would predict a
phase diagram where superconductivity exists in close proximity to a possible Mott insulating state, which could
be tuned by doping or by a change in the intermolecular hopping driven by pressure or intercalation of isovalent
atoms with different sizes. A very exciting prospect is the possibility of studying a wider range of intercalated
hydrocarbons by changing the number and arrangement of benzene rings. This could be an interesting avenue
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for independently tuning the 𝑒𝑝 coupling and bandwidth and degeneracy of the conduction bands and obtaining
an extensive mapping of the parameter space for strongly correlated 𝑒𝑝 superconductors. The recent reports of
superconductivity in other intercalated hydrocarbons, are very encouraging in this sense.[1]
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Accuracy of Migdal-Eliashberg theory and Coulomb pseudopotential

J. Bauer, J. E. Han and O. Gunnarsson

The Migdal-Eliashberg (ME) theory provides a very successful method for describing conventional supercon-
ductors, where the pairing is driven by a phonon-induced attraction. This theory is based on Migdal’s theorem,
stating that vertex corrections can be neglected if the phonon energy scale (𝜔0) is much smaller than the elec-
tronic energy scale (𝐷). This should be true even if the dimensionless effective electron-phonon coupling 𝜆 is
much larger than unity, as long as (𝜔0/𝐷)𝜆 ≪ 1. Thus vertex corrections are neglected in ME theory, which is
a huge simplification.

An important issue for conventional superconductors is why the weak phonon-induced attraction can drive super-
conductivity in spite of the large Coulomb repulsion. Morel and Anderson [1] and others showed that retardation
effects play an important role. Due to the very different energy scales for electrons and phonons, the destructive
effects of the Coulomb interaction on superconductivity can be dramatically reduced. This is included in ME
theory as a strongly reduced Coulomb pseudo potential [1]

𝜇∗ =
𝜇

1 + 𝜇log(𝐷/𝜔0)
, (1)

where 𝜇 = 𝜌0𝑈 , 𝑈 is a typical Coulomb interaction, 𝜌0 is the density of states at the Fermi energy and 𝐷 is half
the band width. Since 𝜔0 ≪ 𝐷, 𝜇∗ can be small even if 𝜇 is very large.

In spite of the huge success of ME theory questions have been raised about its validity. Several groups have
peformed accurate calculations for the Holstein model. From these calculations it was concluded that ME theory
may break down already for small values of 𝜆 ∼ 1/2, even if 𝜔0/𝐷 is very small. ME theory would then not
apply to strong-coupling superconductors with 𝜆 ∼ 1 − 3. Below we reconsider these results for the Holstein
model used in earlier approaches.

The electron-phonon interaction is expected to be treated very accurately in ME theory, thanks to Migdal’s
theorem. The treatment of the Coulomb interaction is much harder, due to the absence of a theorem equivalent
to Migdal’s theorem. Morel and Anderson treated the Coulomb interaction in a similar way as the electron-
phonon interaction is treated in ME theory, although the neglect of vertex corrections for the Coulomb interaction
is questionable. For instance, we have studied the retardation effects due to higher subbands in alkali-doped
fullerides [2]. Following the Morel and Anderson approach we found that the higher sub bands greatly reduce
𝜇∗. This is an unphysical result, and it is due to the neglect of vertex corrections [2]. Below we consider the
renormalization of 𝜇∗ for the Hubbard-Holstein model.

The effective electron-phonon coupling strength 𝜆 [3] is of crucial importance for the understanding of the
accuracy of ME. It is defined as

𝜆 = 2

∫ ∞

0

𝛼2𝐹 (𝜔)

𝜔
𝑑𝜔, (2)

where the pairing function 𝛼2𝐹 (𝜔) is defined

𝛼2𝐹 (𝜔) =
1

𝜌0

∑
kk′

∣𝑔kk′ ∣2𝜌ph
k−k′ (𝜔)𝛿(𝜇− 𝜀k )𝛿(𝜇− 𝜀k′ ), (3)

in terms of the electron-phonon coupling constants 𝑔kk′ and the phonon spectral function 𝜌phq (𝜔) for the wave
vector q. Here, 𝜀k is the energy of an electronic state with the wave vector k and 𝜇 is the chemical potential.
We also define a bare coupling, 𝜆0, which is obtained from Eq. (2) if the spectral function 𝜌phq (𝜔) is replaced by
results for noninteracting phonons. The effective 𝜆 is typically larger than the bare 𝜆0, due to a renormalization
of 𝐹 (𝜔) and the effective phonon frequency 𝜔𝑟

0 [3].

We first study the accuracy of ME theory, neglecting the Coulomb interaction [4]. We address the Holstein
model, using the dynamical mean-field theory (DMFT). We consider the model for infinite dimension, where
DMFT becomes exact. The results are compared with ME theory. We use a semielliptical electron density of
states with the band width 2𝐷 and the bare phonon frequency 𝜔0 = 0.05𝐷.

Fig. 1 shows 𝜆 as a function of 𝜆0 for the Holstein model. The figure illustrates how 𝜆 grows much faster than
𝜆0 for 𝜆0 ≳ 0.3. The rapid increase in 𝜆 is partly due to the spectral weight 𝜌phq (𝜔) being shifted to lower
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energies, lowering 𝜔𝑟
0 . Due to the 𝜔 in the denominator of Eq. (2) this increases 𝜆. A second contribution is

the normalization 𝑤𝐷 of 𝜌phq (𝜔), which increases approximately as 1/𝜔𝑟
0 . For 𝜆0 = 0.464 (shown by a vertical

dashed line) there is a transition to bipolaron insulator. Conventional superconductors therefore correspond to
parameters in the range 𝜆0 < 0.464. This range contains values for the effective 𝜆 ∼ 1 − 3 observed for
strong-coupling superconductors.

0 0.1 0.2 0.3 0.4 0.5
0

1

2

3

4

5

6

7

8


0



 

 

DMFT
ME

0 0.5
0

2

4

6


0

w
D

Figure 1: Effective 𝜆 as a function of bare 𝜆0. The
inset shows the normalization 𝑤𝐷 of the phonon spectral
function.

For practical uses of ME theory, the information about the phonons and their coupling to the electrons is typically
obtained either from experiment or from density functional calculations. In both cases the input is the effective
𝜆 and renormalized phonons. To test the accuracy of ME theory we therefore follow this approach and obtain
the phonon information from DMFT. We then calculate the superconductivity gap in ME theory and compare
this with exact DMFT results.

Fig. 2 shows the superconductivity gap as a function of the effective 𝜆. ME theory agrees to within a few per
cent with DMFT up to the largest values of 𝜆 studied. We therefore conclude that ME theory indeed is accurate
if the Migdal condition, expressed in effective quantities, (𝜔𝑟

0/𝐷)𝜆 ≪ 1, is fulfilled. In Fig. 2, (𝜔𝑟
0/𝐷)𝜆 ≲ 0.05

is much smaller than unity.
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Figure 2: Superconductivity gap as a function of effective
𝜆 according to ME theory and DMFT. The inset shows the
relative deviation of ME theory.

We now turn to the Coulomb pseudo potential 𝜇∗. To address superconductivity we need to calculate the pairing
susceptibility 𝜒. A divergence of 𝜒 signals that the system goes superconducting. 𝜒 can be expressed in terms
of the irreducible vertex Γ as

𝜒 = 𝜒
1/2
0 (1− 𝜒

1/2
0 Γ𝜒

1/2
0 )−1𝜒

1/2
0 ≡ 𝜒

1/2
0 𝐴𝜒

1/2
0 , (4)

where 𝜒0 is a noninteracting propagator consisting of a product of two dressed Green’s functions. If the vertex is
calculated to lowest nontrivial order in the electron-phonon interaction, ME theory is obtained. In a similar way
Morel and Anderson [1] studied Γ to lowest order in the Coulomb interaction. To proceed, we can project out
higher frequencies from the matrix 𝐴 and obtain an effective 𝐴 only containing frequencies smaller than, say, 𝜔0.
This describes the effects of retardation. Considering just the lowest order in 𝑈 , neglecting the electron-phonon
interaction and assuming a constant density of states, we obtain the Morel-Anderson result in Eq. (1). While the
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limitation to the lowest order contribution to Γ in 𝜆 is justified by Migdal’s theorem, this justification does not
apply for the Coulomb interaction. We have therefore calculated the vertex to second order in 𝑈 for the Hubbard
model assuming a constant density of states.

Based on the result in Eq. (1), we may guess that 𝜇∗ takes the form

𝜇∗ =
𝜇+ 𝑎𝜇2

1 + 𝜇log( 𝐷
𝜔0

) + 𝑎𝜇2log(𝛼 𝐷
𝜔0

)
. (5)

Here 𝑎 = 𝜒0/𝜌0 = 1.38 is a prefactor describing the importance of the second order term in the absence of
retardation effects. The second order term should also contribute to retardation effects and therefore we have
added a new term in the denominator. However, due to a different frequency dependence for the second order
term we expect retardation effects to be weaker. This is supposed to be described by 𝛼 < 1.

Calculating Γ up to second order in 𝑈 leads to terms in 𝜇∗ to infinite order. These terms can be calculated
analytically up to order 𝑈3. We can then identify terms order by order in Eq. (5) and determine 𝛼 = 0.10.
This small factor is a measure of the less efficient retardation effects of the second order contribution. This
result together with numerical calculations are shown in Fig. 3. Since the Ansatz by construction is correct
to order 𝑈3, it agrees with the numerical calculations up to moderate values of 𝜇 ∼ 0.4. The second order
contribution increases 𝜇∗ appreciably. Furthermore, the numerical calculation shows that 𝜇∗ does not saturate
as 𝜇 is increased.
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second (𝜇𝑐2 = 0.2756) order contributions. 𝜇𝑐1 and 𝜇𝑐2

were chosen so that the same 𝜇∗
𝑐 was obtained in the two

calculations for 𝐷/𝜔0 = 10.

Fig. 4 shows 𝜇∗ as a function of 𝐷 for Γ calculated to first or second order in 𝑈 . The value of 𝑈 was adjusted
in the two calculations so that 𝜇∗ is the same for 𝐷/𝜔0 = 10. Although the retardation effects are less efficient
for the second order contribution, the reduction of 𝜇∗ as a function of 𝐷 is very similar, as can also be derived
from Eqs. (1, 5). Similar conclusions can be drawn from a complimentary calculation, where an approximate
analytical solution for the pairing equation is derived.

To summarize, the Morel-Anderson theory makes two main predictions: i) as 𝐷 is increased for fixed 𝑈 , 𝜇∗

goes to zero and ii) as 𝑈 is increased for fixed 𝐷/𝜔0, 𝜇∗ saturates at the value 1/log(𝐷/𝜔0). Fig. 4 illustrates
that i) remains true when the second order contribution is added but Fig. 3 shows that i) is violated, i.e, 𝜇∗ does
not saturate as 𝑈 is increased.
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Label-free nucleic acid biosensors using carbon nanotubes 
 

T. Kurkina, A. Vlandas, A. Ahmad, K. Kern and K. Balasubramanian 

 
Single-wall carbon nanotubes (CNTs) belong to a unique class of one-dimensional nanostrcutures 
due to their all-carbon structure coupled with their very high aspect (at least 1000:1) and surface-to-
volume ratios. Unlike bulk wires, charge variations on the surface of CNTs cause distinct changes in 
their electronic properties. These aspects make CNTs promising components for electrical 
biosensors. [1] Electrical biodetection methods are continuously being sought for, in order to 
miniaturize device footprint to obtain sensors in a compact and portable format. Furthermore, bulky 
optical reading instruments that are required with current technologies can be avoided. Here we 
demonstrate a highly sensitive biosensor for the detection of nucleic acids. It is based on the use of 
CNT field-effect devices and is capable of detecting as low as 2000 copies of deoxyribonucleic acid 
(DNA) molecules in a 30 microlitre sample droplet. 
 
Label-free methods for the detection of DNA have been demonstrated in many configurations, the 
majority of which are based on field-effect or electrochemical detection. Although the use of a label 
is avoided in these sensors, the limit of detection is of the same order of magnitude as with optical 
detection techniques. This implies that a pre-amplification step using polymerase chain reaction 
(PCR) is necessary. Our CNT-DNA-biosensors show a detection limit in the attomolar range, which 
is two orders of magnitude lower than that demonstrated with silicon nanowires and five orders of 
magnitude better than previously reported carbon nanotube sensors. 
 

 
Figure 1: DNA biosensor based on 
CNTs. (a) Photograph showing the 
chip carrier with the sensor chip 
covered with a polydimethylsiloxane 
(PDMS) microchannel containing a 
test solution. (b) AFM image of the 
sensor area showing CNTs trapped 
between two electrodes. (c) 
Schematic illustration of the sensor 
chip showing lead electrodes, the 
electrode gap and the microchannel. 
 

 
Figure 1 shows an overview of the assembled CNT field-effect device for the sensor trials. Electrode 
gaps made of platinum were prepared on 4” wafers using photolithography. Individual chips were cut 
out of this wafer. CNTs were trapped in the electrode gaps from an aqueous dispersion using AC 
dielectrophoresis. Subsequently the electrode regions were passivated with silicon oxide in order to 
ensure that only the nanotubes are in contact with the solution. The liquid is delivered to the sensor 
chip through a microchannel that is fixed on the chip. An Ag/AgCl reference electrode acts as a gate 
in order to measure the electrical characteristics in a liquid-gated or electrochemically gated 
configuration. 
 
In order to specifically detect target DNA sequences through hybridization, a complementary probe 
sequence needs to be immobilized on the nanotube surface. We have performed this using an 
electrochemical approach in two steps. Firstly, the nanotubes were coated with a layer of (poly) 
aminobenzoicacid through electropolymerization. This results in a surface filled with carboxyl 
groups. The carboxyl groups are utilized to attach the probe DNA in a second step through 
carbodiimide chemistry. [2] Furthermore, the carboxyl groups serve as a protective coating to 
minimize direct non-specific binding of DNA on to the highly hydrophobic nanotube surface. A key 
advantage of this functionalization approach is that the probe DNA is exclusively attached in a site-
specific manner on to the nanotube surface, which is key to attain high sensitivity. 
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The sensing trials were performed at varying concentrations of 24-base pair target DNA in 10 mM 
potassium phosphate buffer containing 0.1 M NaCl. The complex impedance (with magnitude and 
phase components) of the contacted nanotube constitutes the sensor response, which is measured in a 
frequency range of 200 Hz to 2 MHz. The frequency response is measured at varying liquid gate 
voltages to characterize the field-effect behavior. [3] The use of high-frequency detection ensures 
very low noise. This coupled with the stable Ag/AgCl reference electrode provides for a good 
stability and the same sensor can be used for repetitive sensor trials. 
 

 
 

Figure 2: Sensivity of CNT-DNA-sensors. (a) Gate dependence of resistance (magnitude of impedance) at a frequency of 1 
kHz in buffer solution (initial) and for varying concentrations of complementary target DNA (cDNA) in buffer. The 
threshold voltage shifts to more negative voltages as the cDNA concentration increases. (b) Calibration plot showing the 
shift in threshold voltage as a function of DNA concentration for both complementary and non-complementary (ncDNA) 
sequences. It is apparent that the response for cDNA is linear over a broad concentration range and is distinct from that of 
ncDNA. A detection limit of 100 aM can be extracted from this calibration curve. 
 
Figure 2(a) presents the sensor response (at one frequency) of the CNT-DNA-sensors to varying 
concentrations of DNA. The CNT bundles incorporated in the contacted bundles exhibit a quasi-
metallic behaviour, whereby the resistance (ZMagnitude) can be modulated as a function of the 
liquid gate voltage. Upon binding of the complementary DNA sequence on to the probe DNA on the 
CNT surface, the transfer characteristics are shifted towards negative voltages. This can be explained 
by considering that the binding of the complementary target leads to an increase in surface charge 
density. This results in a shift in the gate voltage characteristics analogous to the working principle of 
an ion-sensitive field-effect transistor (ISFET). 
 
It is also apparent from fig.2 that the shift in the gate characteristics increases with increasing 
concentration of complementary DNA (cDNA). We have also tested the sensor response with non-
complementary DNA (ncDNA) sequences. These two responses are compared in the calibration 
curve in fig. 2(b). The sensor response for the ncDNA is negligible (much less than 20 mV, which is 
the maximum drift in our sensors) in comparison to the cDNA, signifying a high degree of selectivity 
to the target sequence of interest. Furthermore, a concentration as low as 100 aM could be 
unambiguously detected using this sensor. This corresponds to less than 2000 DNA molecules in our 
30 microlitre sample droplet. This is the lowest detection limit reported until now for the direct label-
free detection of DNA. 
 
The capability to detect such trace amounts of DNA motivates the evaluation of this strategy in 
realistic biological samples. As a first step in this direction, we have investigated the sensor response 
in a heterogeneous mixture of three different ncDNA sequences (each at 3 fM) and one target cDNA 
sequence (at 200 aM). The threshold shift of the sensor response with and without the target 
sequence is shown in fig.3. It is apparent that cDNA at a concentration of 200 aM and comprising 
just 2% of the heterogeneous sample was able to generate a significant threshold shift of around 65 
mV. These measurements signify the unique combination of high selectivity and ultralow detection 
limit of our sensors and soars hope for the direct detection of low quantitites of DNA without the use 
of PCR in realistic samples. 
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Figure 3: Attomolar target DNA differentiation in a 
heterogeneous DNA mixture: Sensor signal (threshold 
shift) for a heterogeneous mixture of three different 
DNA sequences (each at 3 fM, total concentration: 
9fM) without (1) and with (2) addition of 200 fM 
complementary DNA. The cDNA amounts to just 2% 
of the total DNA in the mixture. The CNT-DNA-sensor 
is capable of differentiating this small amount from the 
non-complementary background present at a much 
higher concentration of 9fM. This signifies a very high 
selectivity coupled to an ultralow detection limit. 
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Unipolar Circuits Based on Individual-Carbon-Nanotube Transistors 
 

Hyeyeon Ryu, Daniel Kälblein, Hagen Klauk 
 
Nanoscale field-effect transistors (FETs) that employ an individual semiconducting carbon nanotube 
as the charge-carrier channel hold great potential for the realization of high-performance integrated 
circuits on glass or flexible polymeric substrates. There are two principal approaches to the design of 
integrated circuits based on field-effect transistors: In complementary circuits, both p-channel FETs 
and n-channel FETs are combined, while in unipolar circuits all FETs are of the same carrier type 
(i.e., either p-channel or n-channel FETs). In terms of static power consumption and noise integrity, 
complementary circuits are fundamentally superior to (and thus in principle preferred over) unipolar 
circuits. However, while there are many reports on p-channel carbon-nanotube FETs with excellent 
performance and stability [1-3], the realization of n-channel carbon-nanotube FETs with adequate 
performance and stability remains an unresolved challenge, so that integrated circuits based on 
carbon-nanotube FETs are often implemented in a unipolar topology with resistive load elements 
instead of n-channel FETs [1-3]. To realize unipolar carbon-nanotube circuits with good static and 
dynamic performance on glass or polymeric substrates we have developed a fabrication process in 
which transistors based on individual semiconducting carbon nanotubes are monolithically integrated 
with load resistors based on thin vacuum-evaporated and lithographically patterned carbon films. For 
the realization of the load resistors we have taken advantage of the fact that thin films of vacuum-
evaporated carbon have a relatively large Ohmic resistance that matches well with the on-state and 
off-state resistances of the carbon-nanotube FETs. 
 
To fabricate, characterize and integrate a large number of individual-carbon-nanotube transistors and 
thin-film carbon resistors, an array of metal probe pads and alignment markers was defined on the 
substrate. For each transistor a narrow gate electrode was then defined by electron-beam lithography 
and vacuum evaporation of 30 nm thick aluminum, connecting each gate electrode to one of the probe 
pads allocated for each transistor. The gate electrodes were then covered with a thin gate dielectric 
composed of oxygen-plasma-grown AlOx (3.6 nm thick) and an octadecylphosphonic acid self-
assembled monolayer (2.1 nm thick) [2,3]. The electron-beam resist was then removed by lift-off. 
Single-walled carbon nanotubes produced either by the high-pressure carbon monoxide (HiPCO) 
method or by the arc-discharge method and purchased from commercial sources were then randomly 
dispersed on the substrate from a liquid suspension that had been thoroughly sonicated and 
centrifuged prior to use. Using scanning electron microscopy (SEM), one individual carbon nanotube 
was then located on each of the patterned gate electrodes, its location and orientation was registered 
with respect to the alignment markers, and a pair of Ti/AuPd source and drain contacts was defined 
for each transistor by electron-beam lithography, metal evaporation, and lift-off. The transistors have 
a channel length of 300 to 400 nm. 
 
To fabricate the load resistors, rectangular areas or meanders overlapping two adjacent probe pads 
were defined by electron-beam lithography, and a carbon film with a thickness of about 50 nm was 
deposited by vacuum evaporation and patterned by lift-off. Figure 1a shows a photograph of a glass 
substrate, an optical microscopy image of an array of transistors and load resistors fabricated on a 
glass substrate, and an SEM image of a carbon-nanotube transistor. Each substrate contains up to 35 
nanotube transistors and up to 105 thin-film carbon resistors. 
 
The current-voltage characteristics of all transistors and resistors in each array were then measured in 
ambient air at room temperature. The yield of functional nanotube transistors with an on/off current 
ratio of at least 104 (for VDS = -0.1 V) is usually around 30% in the case of mixed (semiconducting 
and metallic) carbon nanotubes produced by the HiPCO method, 50% in the case of mixed nanotubes 
produced by the arc-discharge method, and about 80% in the case of sorted semiconducting nanotubes 
(IsoNanotubes-S, provided by NanoIntegris). Figure 1b shows the current-voltage characteristics of a 
transistor based on a semiconducting carbon nanotube produced by the arc-discharge method 
fabricated on a glass substrate. This transistor has an on/off current ratio of 107 for VDS = -0.1 V and 
an on/off current ratio of 5104 for VDS = -1 V. The transconductance is 6 µS and the subthreshold 
swing is 80 mV/decade. 
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Figure 1: 
(a) Photograph of a glass substrate, optical microscopy image of an array of carbon-nanotube 
transistors and thin-film carbon load resistors, and SEM image of a carbon-nanotube transistor. 
The local gate electrode, the source and drain contacts, and the gate/source and gate/drain overlap
areas are clearly visible.  
(b) Transfer and output characteristics of a transistor based on an individual semiconducting
carbon nanotube produced by the arc-discharge method and fabricated on a glass substrate. 

 
The simplest integrated circuit is the inverter which consists only of a field-effect transistor and a load 
resistor. Figure 2a shows the circuit schematic and a photograph of an inverter based on a carbon-
nanotube transistor and a thin-film carbon load resistor with a resistance of 120 MΩ fabricated on a 
glass substrate. Because the load resistors are patterned directly between the probe pads for the output 
node (VOUT) and the supply voltage (VDD) node, there is no need for an additional process step to 
define interconnects. Figure 2b shows the static transfer characteristics and the small-signal gain of 
this inverter measured at a supply voltage of -1 V. As can be seen, the output signal swings 
completely from 0 V to VDD (> 0.99 V) as the input voltage is changed between the on-state and the 
off-state of the transistor. The small-signal gain reaches about 15. 
 
Owing to the fact that the load resistors are monolithically integrated with the transistors on a glass 
substrate, the parasitic capacitances are very small, and so the integrated inverters are able to switch 
large signals with relatively short delay. Figure 2c shows the dynamic response of an inverter to an 
input signal with a frequency of 2 MHz. When the input potential is changed from -1 V to +1 V, the 
transistor switches from the on-state to the off-state, and since the load resistance is smaller than the 
off-state resistance of the transistor, the output node is charged through the load resistor to the supply 
potential (-1 V). To minimize the time required for this transition, which is determined not only by the 
parasitic capacitances, but also by the load resistance, the load resistor of this inverter was designed to 
have a relatively small resistance (1.2 M). The signal delay associated with charging the output node 
through the load resistor can be estimated by fitting an exponential function to the falling edge of the 
output signal of the inverter. In Fig. 2c this yields a signal delay of 100 nsec, which is significantly 
shorter than the signal delay of the carbon-nanotube circuits reported by Bachtold et al. [1], which 
were limited by the parasitic capacitances associated with the cables connecting the transistors to 
external load resistors. When the input potential is changed from +1 V to -1 V, the transistor switches 
from the off-state to the on-state, and since the on-state resistance of the transistor is smaller than the 
load resistance, the output node is discharged through the transistor to ground potential. The signal 
delay associated with this transition can be estimated by fitting an exponential function to the rising 
edge of the output signal of the inverter. In Fig. 2c this yields a signal delay of 12 nsec, which is the 
shortest signal delay reported for unipolar integrated circuits based on carbon-nanotube transistors. 
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The inverters shown in Fig. 2b and 2c require a positive input voltage (>0.2 V) to switch the transistor 
into the off-state, but the output voltage of the inverter is never positive, which means that the input 
and output voltages of these inverters do not match. As a result, this type of inverter cannot be 
cascaded, i.e. the output of this inverter cannot drive the input of an identical inverter. The reason for 
the positive switching voltage of these inverters is that our carbon-nanotube transistors often have a 
slightly positive threshold voltage (about +0.2 V for the transistor shown in Fig. 1b). Therefore we 
have designed and fabricated inverters with an integrated level-shift stage that consists of two thin-
film carbon resistors (see Fig. 2d). The purpose of the level-shift stage is to shift the (negative) input 
signal by a few hundred millivolts towards a more positive potential required to switch the transistor 
into the off-state. As a result, inverters with integrated level-shift stage have matching input and 
output levels, i.e. inverters with level-shifting switch for input voltages between 0 V and -1 V and 
produce output voltages between 0 V and -1 V (see red curve in Fig. 2e). 
 

 

 

Figure 2: 
(a) Schematic and optical microscopy image of an inverter composed of a carbon-nanotube transistor 
and a thin-film carbon load resistor.  
(b) Static transfer characteristics of an inverter with a load resistance of 120 MΩ.  
(c) Output response of a carbon-nanotube inverter to a square-wave input signal with a frequency of 
2 MHz. The load resistance is 1.2 M. By fitting an exponential function to the rising edge of the
output signal, a time constant of 12 nsec is extracted for the switching delay of the transistor.  
(d) Circuit schematic of an inverter with an integrated level-shift stage.  
(e) Static transfer characteristics of inverters without (blue line) and with level-shift stage (red line). 

Using our carbon-nanotube transistors and thin-film carbon resistors we have also realized a 
sequential circuit. In sequential circuits, the output signal depends not only on the present input (as in 
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combinational circuits), but also on the history of the input. Sequential circuits of transistors based on 
individual-carbon nanotubes have to our knowledge not been previously reported. Figure 3 shows the 
circuit schematic and the electrical response of an SR NAND latch (a type of flip-flop) based on 
carbon-nanotube transistors and thin-film carbon resistors. The circuit operates as follows: Applying a 
brief LOW pulse (pulse width 20 msec) to the S input causes the output (Q) to switch from the HIGH 
state (-1.5 V) to the LOW state (~0 V). This state information is stored in the latch, so that the output 
remains LOW until a LOW signal is applied to the R input which switches the latch (and the output) 
back to the HIGH state (see Fig. 3). 
 

 

 

Figure 3: 
Circuit schematic and input-output 
characteristics of an SR NAND latch 
realized using individual-carbon-nanotube 
transistors and thin-film carbon resistors. 

 
In summary, we have fabricated unipolar integrated circuits using field-effect transistors based on 
individual carbon nanotubes with large transconductance (>1 µS), large on/off ratio (>104) and short 
switching delay time constants (12 nsec). Load resistors were realized using vacuum-evaporated and 
lithographically patterned carbon films that provide a resistance between 300 kΩ and 100 MΩ and 
good linearity of the current-voltage characteristics. To account for the slightly positive threshold 
voltage of the transistors, an integrated level-shift stage based on two additional thin-film carbon 
resistors was implemented. Fast integrated circuits like these are potentially useful for a variety of 
large-area electronics applications on arbitrary substrates, for example flexible information displays or 
conformable sensor arrays. 
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Thermal fluctuations of crystalline membranes and ripple formation in
graphene

N. Hasselmann

Crystallinemembranes are two-dimensional membranes whose constituent particles form a crystalline mesh. A
good example is free standing graphene where carbon atoms form a membrane with a hexagonal lattice struc-
ture. What distinguishes crystalline membranes from conventional two-dimensional crystals is the embedding
in a three dimensional space which allows for fluctuations not only within the two internal dimensions of the
membrane (in-plane modes) but also for fluctuations in the direction perpendicular to the plane of the membrane
(out-of-plane or flexural modes) [1,2]. As in conventional crystals, crystalline membranes have, at least at small
length scales, a finite shear modulus besides a finite bulk modulus.

The coupling of in-plane and out-of-plane fluctuations gives rise to an exotic elasticity of the membrane. In the
infrared limit, the elastic properties are highly unusual. These include the absence of any finite elastic constants
in the thermodynamic limit, a negative Poisson’s ratio (i.e., if the membrane is compressed in one direction,
it also shrinks in the other direction), and fluctuations characterized by a large anomalous dimension. At high
temperatures the fluctuations become eventually so large that the membrane undergoes a crumpling transition
from a so-called flat phase, in which the average direction of the vector normal to the membrane is non-vanishing
(i.e. the membrane spans a well-defined two-dimensional plane), to a crumpled state in which the normals are
not ordered. Despite more than two decades of research, there is still no consensus on the nature of the crumpling
transition.

Free standing graphene, which is a mono-atomic two-dimensional crystal, should be an ideal crystalline mem-
brane. On the theoretical side, a negative Poisson ratio and anomalous fluctuations have been seen in Monte
Carlo (MC) simulations based on an realistic effective many-body interaction of carbon atoms. While anoma-
lous fluctuations have not yet been seen in experiments, they have been observed in simulations [3]. One of
the most surprising experimental outcome of experimental investigations of free standing graphene were the ob-
servation of ripples in graphene sheets with a characteristic scale50 − 100Å, which where also reproduced in
MC simulations. Ripple formation has often been argued to have its origin in the coupling of the elastic modes
(phonons) to the electronic degrees of freedom which are gapless Dirac quasiparticles. Here we argue instead
that ripples are a direct result of the nonlinear elasticity of the membrane and their presence should be viewed as
a confirmation of the theory of crystalline membranes [1].

Since we want to analyse the behavior of the membrane not just at very small momenta but also at intermediate
scales relevant for ripples, we analyse the membrane fluctuations also beyond the small momentum regimeq → 0
where they become anomalous. For this, we use a nonperturbative renormalization group (NPRG) approach
[1,2]. Perturbative RG approaches, such as field theoretical RG, rely on an expansion in a small parameter.
Such a parameter is however not readily available for physical crystalline membranes. Different perturbative
approaches, based e.g. on aε-expansion where the difference of the internal dimensionalityD of the membrane
and the upper critical dimension (which is four) is the expansion parameter, or a1/d expansion whered is the
dimension of the embedding space, have produced conflicting results.

We describe the in-plane modes by standard elasticity theory which is, to lowest order in the elasticity tensor,
characterized by the two Lamé constantsµ andλ, with the bulk modulus given byµ+ λ and the shear modulus
by µ. The embedding into three-dimensional space gives rise to a bending energy which is described by an
additional bending constantκ. Starting point of our analysis is a commonly used Landau-Ginzburg ansatz for
the energy functional of crystalline membranes,

H =
κ̃

2

∫

d2x (∂a∂aR)
2
+

∫

d2x
[ r̃0
2
(∂aR)2 +

µ̃

4
(∂aR · ∂bR)2 +

λ̃

8
(∂aR · ∂aR)2

]

, (1)

where thefirst term, proportional to the bending constantκ̃ = κ/(kBT ), describes the bending energy and the
remaining terms describe the stretching part withµ̃ = µ/(kBT ) and λ̃ = λ/(kBT ). Here,R(x) is a 2 + 1
dimensional vector parameterizing the2 dimensional membrane which is embedded in a2 + 1 dimensional
space, see Fig. 1. The presence of an UV cutoff, which arises from the underlying lattice structure, is implicitly
assumed. The model (1) can be tuned through the crumpling transition by varying the parameterr̃0. The flat
phase is characterized by a finite order parameterma,0 :=

〈

∂aR
〉

6= 0 of magnitudeJ = |ma,0|. For positive
values of̃r0 a crumpled state is realized with no broken symmetries.
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Figure 1: ParameterizationR(x) of the membrane.
The mappingR(x) is from the two-dimensional vector
x = (x1, x2) to the three-dimensional embedding space of
the membrane (membrane shown with green contours).

The NPRG approach is based on an exact flow equation for the cutoff dependent effective average actionΓΛ,
which yields the fully renormalized irreducible vertices in the limit ofΛ → 0. Initially, ΓΛ0

= H, but for
Λ < Λ0 the coupling constants̃κ, µ̃ andλ̃ will aquire a momentum dependence. We thus write the ansatz [1,2]

ΓΛ =
1

2

∫

dDx dDx′κ̃Λ(x− x
′)∂2

aR(x)∂2
bR(x′)

+

∫

dDx dDx′

[

µ̃Λ(x− x
′)Uab(x)Uab(x

′) +
1

2
λ̃Λ(x− x

′)Uaa(x)Ubb(x
′)
]

, (2)

whereUab = (1/2)(∂aR · ∂bR − ma,0 · mb,0) is the stress tensor. The advantage of this ansatz is that all
relevant symmetries of the model are explicitly obeyed. Furthermore, the flow equations corresponding to the
ansatz (2) are unique and can be solved numerically, without any further approximation. In Fig. 2 we show
the complete momentum dependence for the out-of-plane fluctuationsGhh(q) =

〈

|hq|2
〉

whereh are the out-
of-plane distortions of the membrane. We chooseT = 300 K, with initial values for the elastic constants
appropriate for graphene taken from previous MC investigations. The data from MC simulations [3], based on a
highly realistic carbon-carbon interaction potential, are also shown. It is obvious that the agreement is excellent
throughout the entire momentum regime and deviations appear only close to the Bragg momentum.
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Figure 2: Results for the out-of-plane fluctuations
q2Ghh(q) from NPRG (solid, black) [1] and MC simula-
tions [3] (dashed, red). A crossover from the perturbative
q−4 scaling at large momenta to the anomalous scaling
q−4+η in the small momentum regime is clearly visible.
The crossover momentum isqG ≈ 0.08Å

−1
. The large

peak in the MC data corresponds to a Bragg vector of the
lattice.

For large momenta, the out-of-scale fluctuations follow theq−4 behavior of the non-interacting theory, whereas
for very small momenta the fluctuations are strongly renormalized and behave asq−4+η with a large anomalous
dimensionη ≈ 0.85, a value also consistent with the MC simulations. Both the anomalous regime and the
perturbative regime are characterized by an algebraic decay of correlations and do not reveal any characteristic
length. However, the crossover between these two regimes occurs at a finite Ginzburg or crossover scaleqG

which we find to beqG ≈ 0.08Å
−1

. This corresponds to a real space length scale of about80Å, which is just
the characteristic scale of ripples which have been observed both in MC simulations and in experiments. This
therefore suggests that ripples in free standing graphene have their origin in the nonlinearity of the elastic theory
of crystalline membranes. Moreover, a perturbative analysis of the crossover scale reveals that it is approximately
given byqG ∝ (K0kBT )

1/2/κ, whereK0 is the (bare) Young’s modulusK0 = 4µ(µ+ λ)/(2µ+ λ). Thus,qG
scales with temperature asqG ≈

√
kBT , assuming that the bare elastic constants do not change with temperature.

TheNPRGapproach can also be used to investigate the nature of the crumpling transistion at which the mem-
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Figure 3: RG flow of the anomalous dimension as a
function of the cutoffΛ, for different initial values of the
parameter̃r0 (labels 1-6). There are two different fixed
points. The one withη ≃ 0.85 corresponds to the flat
phase whereas the one withη ≃ 0.63(8) corresponds to
the crumpling transition.

brane loses the orientational order of its normals. Note that the crumpling transition plays no role for graphene
since the graphene layer would be destroyed at temperatures much smaller than the crumpling transition. The
transition is however an important issue in statistical mechanics and it is still not well understood. It is not even
clearly established whether the transition is of (weakly) first or of second order. All previous RG approaches
to the transition have dealt only with a finite number of coupling constants. Our NPRG ansatz, which includes
infinitely many coupling terms, is thus expected to yield more reliable results.

In our numerical analysis of the NPRG flow equations we find, besides the fixed point of the flat phase, another
fixed point at which the order parameterJ vanishes and which describes the vicinity of the crumpling transition
[2], see Fig. 3. The presence of this fixed point is a signature of a second order phase transition. We find an
anomalous exponentηcr ≈ 0.63(8), whereas the order parameter vanishes with the critical exponentβ ≈ 0.22.
We further determine the thermal exponentν ≈ 0.69 and the Poisson’s ratio at the transition isσ ≈ −0.71(5),
rather close to the smallest possible value−1. The values of the critical exponents are in reasonable agreement
with those obtained from simulations where a second order transition is found.

In summary, we investigated for the first time the full momentum dependence of crystalline membranes, using
a nonperturbative renormalization group approach. We find a second order crumpling transition and determined
the critical exponents. Choosing bare values of the elastic coupling constants appropriate for graphene, we fur-
ther find excellent agreement with MC simulations. The out-of-plane fluctuations are characteristed by a single
crossover scale which coincides with the rippling scale of free standing graphene. Ripples are thus interpreted
as a direct manifestation of the nonlinear nature of the membrane elasticity, which would make them precursors
of anomalous fluctuations which are expected at smaller momenta.
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Excitonic Fano resonance in free-standing graphene

D.-H. Chae, T. Utikal, S. Weisenburger, D. Ullrich, P. Herlinger, J. Smet, and M. Lippitz

Graphene, a one-atom-thick layer of carbon atoms arranged in a honeycomb lattice, exhibits extraordinary ma-
terial properties which are closely connected to its atomic structure. Using optical spectroscopy, one can get
insight into the electronic structure of graphene and especially gain a deeper understanding of the nature of the
excited states. Such an investigation is of essential importance on the route toward applications of graphene
in optoelectronics, for example in modulators or detectors. Most of graphene’s physical properties can be ex-
plained by a tight-binding model of uncorrelated electrons. The characteristic band structure which results from
this model is shown in Fig. 1. Due to the linear dispersion relation at the K point, where the so-called Dirac
cones are formed, the optical absorption in the infrared is constant. It can be expressed in terms of fundamental
constants only as A≈ nπα, where n is the number of graphene layers andα ≈

1
137 denotes the fine structure

constant in vacuum.

Here, we demonstrate that the common non-interacting particle picture fails to describe the absorption spectrum
of free-standing graphene in the visible and ultraviolet regime [1]. However, the asymmetric shape of the promi-
nent peak in the UV can be understood when many-body effects like electron-hole interactions are taken into
account [3]. We show that our experimental data can be described quantitatively over a broad spectral range with
a simple Fano model. In this picture, a discrete exciton state forms near the saddle point M in the band structure
and couples to the continuum of states descending from the saddle point.

To fabricate the free-standing graphene monolayer and bilayer samples, the flakes are first exfoliated from natural
graphite using the sticky tape method and are transferred on a silicon dioxide substrate. The number of layers
can be identified by the optical contrast in a microscope and by Raman spectroscopy. The sample is then spin-
coated with a 500 nm thick layer of a transparent plastic (PMMA). To achieve the free-standing character of the
graphene flakes, 8µm diameter holes are written on top of the flakes using electron beam lithography and the
silicon dioxide substrate is etched in a sodium hydroxide solution. Figure 2a shows a microscope image of a
measured graphene flake.

The optical transmission of the free-standing graphene flakes is measured with a confocal microscope (see Fig.
2b). With a light source combining a deuterium and a halogen lamp, spectra can be taken over a broad range
of photon energies from 1.5 to 5.5 eV. The light is focused onto the sample by an all-reflective Cassegrain
objective. The transmitted light is collected by a UV objective and analyzed with a spectrometer consisting of a
monochromator and a CCD camera. The ratio of the transmitted light intensity through the graphene layer to the
transmitted light intensity through an empty reference aperture gives the transmittance T. Since the reflectance
of the free-standing sample is negligible, the absorbance can be determined as A = 1 - T.

The measured transmission spectra for monolayer and bilayer graphene are shown in Fig. 3a. At photon en-
ergies below 2 eV, the absorption spectra are almost flat and approach the predicted values ofπα and 2πα for
the monolayer and the bilayer sample, respectively. Towards higher energies, the absorption slowly increases
until it reaches a peak at approx. 4.5 eV. Beyond the resonance, it steeply decreases again, which results in an
asymmetric line shape. The fact that a peak arises in the UV which shows an asymmetric line shape agrees

M

K

Γ

E
r

Figure 1: Electronic band structure of graphene. Dirac
cones with a linear dispersion relation form at the K points.
At the Γ point, in the center of the Brillouin zone, the
conduction band reaches its maximum. A saddle point
is found at the M point. The excitonic state is marked
schematically by a dot.
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Figure 2: (a) Optical microscope image of a measured graphene layer taken in transmission mode. The free-standing
flake on top of the PMMA aperture can be identified due to graphene’s opacity ofπα ≈ 2.3%. (b) Schematic view of the
experimental setup.

with the findings from ellipsometric measurements as well as recent measurements of the optical conductivity of
supported graphene [2].

To model the measured data, we first draw on the commonly used picture of uncorrelated electrons which pre-
dicts a symmetric line shape of the peak in the UV. However, this cannot be brought into agreement with our
measurement as is shown in the close-up in Fig. 3b. Hence, the single particle picture fails to describe the
absorption spectrum of free-standing graphene in the visible and UV regime and we conclude that many-body
effects need to be taken into account.

As it is known from semiconductors, an excitonic state can form near a saddle point in the band structure. The
excitonic resonance is at an energy slightly below that of the saddle point. In graphene, this discrete state near
the M point in the band structure overlaps with the continuum of states descending from the saddle point down
to the Dirac point, the so-called Dirac continuum (see Fig. 1). When a discrete state couples to a continuum, the
classical theory by Fano can be used to model the system. The resulting absorption spectrum has the form

AFano(E) = C

„

1 +
q2

− 1

1 + s2
+

2qs

1 + s2

«

= C
(s + q)2

1 + s2
. (1)

An illustrative interpretation of the Fano resonance is that of an interference between the transition to the discrete
state and to the continuum. The three terms in the parantheses of Eq.(1) correspond to the constant absorption
of the Dirac continuum, the discrete state, and the interference. Here, the discrete exciton state is modeled as
Lorentzian resonance of widthγ and energy Er and determines the parameter s = 2 (E-Er) / γ. The asymmetric
line shape of the absorption peak is caused by the interference term. The Fano parameter q is given by the ratio
of the transition probabilities to the discrete state and to the continuum. C is an overall scaling factor. As can be
seen from Fig. 3a, the model excellently fits our measured data for both monolayer and bilayer graphene.

From the fit parameters, the absorption in the low energy limit can be calculated and turns out to be in good
agreement with the predicted integers ofπα. Moreover, we can estimate the exciton binding energy from the
difference between the resonance energy Er and the energy of the saddle point (see Fig. 3a). With 400 meV,
the exciton binding energy in monolayer graphene seems to be substantially higher than in bilayer graphene,
for which a value of 250 meV is obtained. This behavior can be explained by a screening effect: the screening
ability of the electrons in a material depends on the density of states near the Fermi energy, i.e. near the Dirac
point K in the band structure of graphene. While the density of states at the K point vanishes for a monolayer, it
is constant and nonzero for a bilayer. The screening ability of the electrons is therefore larger in bilayer graphene
and the binding energy of the exciton is expected to be reduced compared to monolayer graphene. This finding
is in line with the behavior that has been observed for materials of different dimensionality: in three-dimensional
bulk metals, strong screening prevents the formation of excitonic states, whereas excitons can clearly be found
in one-dimensional metallic carbon nanotubes.

In conclusion, we investigated the role of electron-hole correlations in the absorption of free-standing graphene
using optical transmission spectroscopy from the near-infrared up to the UV regime. The asymmetric peak in the
UV can be described by a Fano model which includes an excitonic resonance near the saddle point in the band
structure that couples to the Dirac continuum. In contrast, the common single particle picture of non-interacting
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Figure 3:(a) Absorbance (= 1 - transmittance) spectra of free-standing monolayer and bilayer graphene (black thick lines)
are well described by a Fano model (blue thin lines). The difference between the resonance energy Er of the discrete state
and the saddle point energy (van Hove singularity, vH) determines the exciton binding energy. (b) Close-up of the monolayer
spectrum (black thick line) with the Fano fit (blue thin line) compared to a model neglecting electron-hole correlations (red
dashed line).

electrons gives a symmetric line shape and thus cannot describe our measurement. Remarkably, the Fano model
fits the measured data all the way down to low energies where the expected values of nπα are reproduced. This
fact suggests that the optical response of graphene is fully determined by the topology of the band structure,
whereas its detailed shape seems to be less relevant.
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Quantum Hall effect in twisted bilayer graphene

D.S. Lee, C. Riedl, T. Beringer, K. von Klitzing, U. Starke, and J.H. Smet

The quantum Hall effect (QHE) in monolayer graphene is distinct from that of the traditional two-dimensional
systems with massive electrons as a result of the linear dispersion and chiral nature of the Fermi Dirac charge
carriers. Hall conductivity (σxy) quantization is observed at filling ν = ±2,±6,±10, · · ·, where σxy = (e2/h)ν,
because all Landau levels (LLs) are fourfold degenerate due to the spin and valley degrees of freedom. Moreover,
the lowest LL is pinned at zero energy and its fourfold degeneracy is shared equally among holes and electrons.
Bilayer graphene with AB-stacking on the other hand exhibits different Hall conductance plateaus: σxy =
(e2/h)νtot, νtot = ±4,±8,±12, · · ·. Charge carriers are still chiral, but near zero energy no longer follow a
linear dispersion. They occupy a parabolic band structure due to the electronic coupling between the two layers.
Because two different orbital states have both zero energy, the zero energy mode is eightfold degenerate. All
other LLs are only fourfold degenerate as in a monolayer. These drastic changes in the electronic structure and
the quantum Hall effect when going from a single to a bilayer of graphene, suggest that twisted bilayers are bound
to exhibit rich physics as the introduction of a twist angle between the two layers away from the commensurate
Bernal stacking gradually reduces the electronic coupling between the layers. How does the transition from
monolayer to Bernal bilayer behavior occur? What happens to the Landau level spectrum? Here we address the
quantum Hall effect in twisted bilayer graphene [1].

While the magnetotransport in twisted bilayers has remained largely unexplored, theory has extensively ad-
dressed the changes in the electronic structure. According to theory, two Dirac cones appear near the K and
K ′-points in the Brioullin zone with a twist angle dependent separation. The linear dispersion is preserved near
zero energy. As a result of the coupling between the states of the adjacent Dirac cones, a saddle point forms in
the bandstructure, which gives rise to a van Hove singularity in the density of states with a twist angle dependent
van Hove energy. Moreover, the Fermi velocity gets renormalized. Even though the dispersion is still linear as
in a monolayer, the eightfold degeneracy of the zero energy Landau level mode seen in commensurate Bernal
graphene is topologically protected and not lost in bilayers with rotational disorder [2].

Our studies were performed on twisted bilayer graphene obtained by transferring material from the graphitized
C-face of SiC. Graphene layers on this face of SiC are stacked in a turbostratic fashion with angular distributions
centered around ±2.2◦ and 30±2.2◦. The graphene growth was conducted by heating a 4H-SiC chip in a furnace
with rf induction up to about 1300 ◦C. Figure 1(a) shows an atomic force microscopy (AFM) image of the
sample. An adhesive tape was used to transfer the graphene layers to a Si substrate covered with a 300 nm thick
oxide layer (Fig. 1(b)). Bilayers were identified from the contrast in optical microscopy. After transfer, source
and drain electrodes as well as four voltage probes in the geometry seen in Fig. 1(c) were fabricated with electron
beam lithography and by evaporation of Cr/Au. The turbostratic stacking of the transferred graphene layers was
confirmed in Raman spectroscopy. Previous Raman studies demonstrated that the distinguishing feature between
misoriented and commensurate Bernal bilayers is that for misoriented layers the 2D peak is not composed of four
components, but only a single line as for monolayer graphene. The Raman data in Fig. 1(d) are in agreement with

500 nm

1

2

3

In
te

n
s
it
y
 (

a
.u

.)

Raman Shift (cm   )1

6040

2000 3000

FWHM(2D) (cm   )1

d

5 mμ 2 mμ

SiC

5 mμ

SiO2

1

2

3

25001500

a b c

Figure 1: (a) An AFM image of multilayer epitaxial
graphene grown on the C-face of SiC. (b) An optical
microscope image of the graphene flakes mechanically
exfoliated from SiC to SiO2. (c) A representative AFM
image of the fabricated devices. (d) Spatially resolved
Raman spectra measured for the twisted bilayer flake
transferred to a SiO2 substrate. The incident light is
generated by a 488 nm Ar+ laser and the spot size is
around 400 nm. The left panel shows a map of the
FWHM of the 2D Raman peak. The Raman data in the
right panel are the representative spectra for the different
regions seen in the color rendition.
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these previous observations. The 2D peak is located near 2700 cm−1 and fits to a single Lorentzian. We however
note that the full-width-half-maximum (FWHM) of the 2D peak varies across the sample. This inhomogeneity
is illustrated in the color rendition on the left. A narrowing of the 2D peak is also accompanied by a drop of
the ratio of the 2D mode to G mode Raman strength (see right panel). Previous Raman studies on bilayers
with rotational disorder have attributed this line width narrowing and amplitude increase to modified conditions
for the double resonance process as the coupling between the graphene layers is varied and the electronic band
structure changes. We conclude that the electronic coupling in our sample is position dependent.

Figure 2 shows the Hall conductivity as a function of the density induced by the back-gate voltage, Vbg. The
total density is calculated from napp = α(Vbg − VN), where α = 7.2 × 1010 cm−2V−1 and VN = 18.5 V is
the offset voltage to reach charge neutrality. The coefficient α is known from studies on monolayers using the
identical substrate. The Hall conductivity is quantized to values equal to σxy = i(e2/h) with i = ±4,±8, · · ·.
This sequence is identical as for a commensurate Bernal bilayer. This can not be understood if the two layers
are considered fully decoupled. If the density is assumed identical in both layers, the 8e2/h plateau cannot be
explained. If the densities are unequal, Hall plateaus are no longer locked to integer multiples of e2/h.

In order to understand why the QH behavior in a twisted bilayer, despite the linear dispersion at low energy,
resembles that in Bernal stacked bilayers, the LL spectrum was calculated numerically using a continuum ap-
proximation [3] and taking into account the lowest energy band of both layers. For the LL calculation we
assumed the most frequently observed twist angle, θ = 2.2◦. Figure 2(b) displays the calculated LL spectrum.
For comparison, the LL spectrum for a commensurate Bernal bilayer is also plotted in Fig. 2(c). These spectra
differ substantially. The gap between the zero energy mode and the first higher or lower lying LL is much larger
than the other level spacings. This is similar to the monolayer case in which the LL energy scales with

√
|n|

(n is the level index) due to the linear dispersion relation. At low B-fields when the LL energy is less than the
van Hove energy (0.1 eV), energy levels are eightfold degenerate. In addition to the fourfold spin and valley
degeneracy, there is an extra twofold degeneracy due to the split Dirac cones in twisted bilayers. This extra
degeneracy is lifted at higher fields for all the LLs except for the zero mode. The eightfold degeneracy of the
zero mode is topologically protected in the entire range of B [2]. Hence, for high fields the degeneracy of the
LLs is the same as that for Bernal stacked bilayer: eightfold for the zero energy mode and fourfold for others.
Our observation of the ν = 4 and 8 QH plateau provides experimental evidence for this theoretical prediction.

Surprising are the densities at which the Hall plateaus appear. For a commensurate Bernal bilayer, the Hall
transition from 4e2/h to 8e2/h occurs at a density near 6eB/h. Subsequent Hall plateau transitions are equi-
distantly spaced with a period of 4eB/h because of the fourfold degeneracy of the non-zero energy LLs. In the
the twisted bilayer data the transition from 4e2/h to 8e2/h takes place at a much larger density than 6eB/h.
Fits of the Hall conductivity at high density have been included as dashed lines in Fig. 2(a) and illustrate that
these fits do not cross zero density at zero Hall conductivity. For example, at 5 T, the transition from 4e2/h to
8e2/h appears at ∼ 1.8 × 1012 cm−2 although it is expected at 6eB/h∼ 0.7 × 1012 cm−2. In Fig. 3(a), the Hall
conductivity is replotted by rescaling the napp-abscissae in units of 4eB/h. The dashed line marks the position
of the Hall transitions for a Bernal bilayer Hall plateau sequence. Clearly, the transition from 4e2/h to 8e2/h is
“delayed”. For subsequent Hall plateau transitions no additional significant shifts are observed. This behavior
suggests the existence of a pool of localized states, which do not contribute to the Hall conductivity. They also do
not count towards the degeneracy of the zeroth energy mode, but need to be filled in addition to all states of the
zero energy mode before the next LL is broached. Apparently, the density induced by the back-gate is composed
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of two contributions: napp = ntr + nloc. Here ntr is the density that contributes to Hall transport and nloc is the
amount of localized charge that does not contribute to the Hall conductivity. When the magnetic field is altered,
also nloc changes. The localized charge nloc has been extracted as shown in Fig. 3(a) by subtracting 6eB/h
from the density at which the Hall conductivity changes from 4e2/h to 8e2/h. It follows a

√
B dependence

(Fig. 3(b)), whereas the LL degeneracy scales linearly with B. The extracted nloc for holes is not significantly
different from that for electrons.

We attribute this unusual QH behavior to a random spatial variation of the interlayer coupling. Imagine a dis-
ordered system in which those regions where the graphene layers are weakly coupled form a continuous sea.
Islands where the layers are strongly coupled are dispersed within this sea. Consider the extreme case, where the
domains with strong coupling possess the LL spectrum of a commensurate Bernal bilayer, while in the weakly
coupled region the spectrum resembles that of a monolayer in the sense that the LL spacing at low energies
is much larger. These two spectra are plotted in Fig. 3(c). For the sake of simplicity we took the spectrum of
a monolayer, although we still have some coupling. The fully decoupled scenario would be in contradiction
with the observed Hall data. The more closely spaced levels in the domains with strong interlayer coupling
must be filled before the second LL of the region with weak interlayer coupling gets populated. The charge
carriers occupying these domains with strong interlayer coupling are localized and do not contribute to the
Hall conductivity. If one assumes a parabolic band for these domains, their density can be approximated as
nloc = (Acoupled/Atot)Dcoupled∆E. Here Atot and Acoupled are the total sample area and the area with strong
interlayer coupling and Dcoupled is the constant density of states at B = 0 in the region for strong interlayer
coupling. ∆E is the energy separation between the zero energy mode and the second LL of the weakly coupled
region. This energy gap scales with the

√
B and hence also nloc grows as

√
B. Even though this model is

certainly oversimplified, it captures the dependence of nloc on B observed in experiment (Fig. 3(c)). The ques-
tion remains of whether other evidence is available for a spatially inhomogeneous coupling strength between
the layers. The Raman data in Fig. 1(c) points to the existence of domains with different electronic structures.
This may be a result of strain arising after growth during cool down. A non-periodic spatial variation of the
electronic structure will also occur if the twist angle does not correspond to a commensurate rotation angle so
that no periodic Moire pattern forms.
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Figure 3: (a) The Hall conductivity as a function of density in units of 4eB/h. Black dashed line: Hall conductivity for a
Bernal bilayer. (b) Localized charge density nloc for holes (open circles) and electrons (solid circles) as a function of

√
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Dashed line is the linear fit of the data for holes. (c) Schematic illustration of the LLs for regions with strong and weak
interlayer coupling. The energy gap between the zero mode and the next LL, E01 of the decoupled region is shaded in gray.
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Ambipolar doping in quasi-free epitaxial graphene on SiC(0001)
controlled by Ge intercalation

K.V. Emtsev, C. Coletti, S. Forti, and U. Starke

Growth of epitaxial graphene (EG) on Silicon carbide (SiC) wafers is considered among the most promising
routes for large scale graphene fabrication. On SiC(0001) as-grown EG resides on top of a (6

√
3×6

√
3)R30∘

reconstructed interface layer. This interface layer consists of carbon atoms in a graphene-like honeycomb ar-
rangement which, however, due to strong covalent bonds to the SiC substrate does not exhibit a graphene-like
electronic structure. It is often referred to as buffer or zerolayer (ZL). The interface contains a high density of
surface states that induce a very high electron doping level in the range of 1⋅1013 𝑐𝑚−2 in the overlying graphene
layers. An elegant way to circumvent the influence of this interface was recently demonstrated by passivating
the interface states with hydrogen [1]. Upon hydrogen intercalation the buffer layer is relieved from the substrate
and turns into quasi-free standing graphene as the formerly covalent bonds are broken and all Si atoms of the
SiC are saturated with hydrogen. In the present work we show that Ge not only can intercalate between the ZL
and the SiC(0001) substrate, but the electronic structure of graphene can even be tuned and patterned [2]. After
annealing a Ge covered ZL-sample, the 𝜋-bands characteristic for a decoupled graphene layer appear where be-
fore the ZL was electronically inactive. Most interestingly, two symmetrically doped (n- and p-type) phases are
obtained depending on the preparation conditions. A coexistence of the two phases within the graphene sample
is possible, so that the engineering of lateral p-n junctions can be attempted and unconventional effects such
as Klein tunnelling appear accessible. The (6

√
3×6

√
3)R30∘ reconstructed SiC(0001) surface was prepared by

annealing SiC samples at T=1400 ∘C in an radio-frequency (RF) furnace under an argon atmosphere [3]. De-
position of up to five monolayers (ML) Ge was carried out in ultra-high vacuum (UHV) using a Knudsen cell.
Subsequently, the samples were annealed at temperatures between 600 ∘C and 1100 ∘C while the intercalation
process was monitored by low-energy electron diffraction (LEED) and x-ray photoelectron spectroscopy (XPS).
The electronic structure of the graphene layers was investigated by high resolution angle resolved photoelec-
tron spectroscopy (ARPES) at the Swiss Light Source (Villigen, Switzerland). Low-energy electron microscopy
(LEEM) and photoelectron microscopy (PEEM) as well as 𝜇-LEED and 𝜇-XPS experiments were performed at
the MAX Radiation Laboratory (Lund, Sweden).
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Figure 1: (a,c) LEED patterns and (b,d) C 1s core level
spectra taken from the initial (6

√
3×6

√
3)R30∘ recon-

structed SiC(0001) surface (a,b) and after deposition of 5
ML of Ge followed by vacuum annealing at T=720 ∘C (c,d).
In the LEED images the reciprocal lattice vectors of the SiC
and graphene lattices are indicated as (𝑠1, 𝑠2) and (𝑔1, 𝑔2),
respectively. The C 1s core level spectra were acquired us-
ing a photon energy of 380 eV. Experimental data are shown
as open (red) dots, fitted by the solid (black) lines. In panel
(b) the fitted components are also shown (grey lines).

The typical (6
√
3×6

√
3)R30∘ LEED pattern of the as-grown buffer layer is shown in Fig. 1(a). It contains

sharp spots of the SiC substrate and the graphene like carbon adlayer together with intense superstructure spots
which reflect the large commensurate reconstruction of the adlayer ontop of the SiC(0001) surface. The covalent
bonding to the substrate is revealed in the C 1s core level spectrum in Fig. 1(b) which – in addition to the SiC
bulk peak – exhibits two components which correspond to carbon atoms in the buffer layer with (S1) and without
(S2) chemical bond to the SiC substrate, respectively [4]. Deposition of 5 ML of Ge and subsequent annealing
to 720 ∘C results in a complete disappearance of the initial (6

√
3×6

√
3)R30∘ reconstruction as evident from the

LEED pattern in Fig. 1(c). In the C 1s core level spectra the S1 and S2 components are now converged into a
single sharp peak (G) resembling pristine 𝑠𝑝2-hybridized carbon in free-standing graphene, and the signal of the
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Figure 2: Photoemission valence band
maps vs energy and electron momentum
in the vicinity of the K̄-point (k=0) of the
graphene Brillouin zone taken after depo-
sition of 5 ML of Ge followed by vacuum
annealing at (a) T=720 ∘C, (b) 820 ∘C, and
(c) 920 ∘C. The photon energy was 90 eV.

SiC substrate is significantly reduced (See Fig. 1(d)). Obviously, the Ge atoms migrate under the buffer layer,
thereby break its covalent bonds to the Si atoms of the SiC substrate, and the reconstruction of the carbon layer
is lifted.

The electronic band structure around the K̄-point of the graphene Brillouin zone was measured for different
stages of the intercalation and annealing process. The initial buffer layer is electronically inactive and shows no
graphene-like 𝜋-bands. Intercalation of germanium at the interface with SiC leads to the appearance of sharp 𝜋-
bands as expected for pristine graphene as shown in Fig. 2. We find that depending on the preparation conditions
(differences in the initial Ge coverage or annealing temperature) the decoupled graphene exhibits two stable
phases characterized by p- or n-type doping, cf. Fig. 2(b) and (d). At an annealing temperature of T=720 ∘C as
used for the data shown in Fig. 1 graphene exhibits a hole doping of p=4.1 ⋅ 1012 𝑐𝑚−2 while further increase
of the annealing to T=920 ∘C inverts the doping to an electron type with a concentration of n=4.8 ⋅ 1012 𝑐𝑚−2.
As judged from Ge 3d core level spectra (not shown) annealing is accompanied by a gradual loss of germanium
from the surface until it vanishes above 1020 ∘C. Hence, the two phases should correspond to different amounts
of intercalated Ge atoms. Indeed, both phases can be prepared at the same temperature of T=720 ∘C simply
by varying the initial germanium coverage. From XPS we estimate intercalation of approx. one monolayer of
Ge atoms (for Ge: 1 ML=7.4 ⋅ 1014 𝑐𝑚−2) necessary for the n-phase while about two monolayers of Ge are
required in order to produce p-type graphene. At the same time we note that the probability of the intercalation
is not 100 %. So, deposition of Ge corresponding to around 3 ML thickness results in n-type graphene after
intercalation while thicker films lead to a p-type doping. Presumably during the annealing process Ge partially
sublimates from the surface. Interestingly, a coexistence of the p- and n-doped graphene band structures, i.e.
of p- and n-doped graphene regions on the surface, can be generated at intermediate temperatures as shown in
Fig. 2(c). This observation implies that a lateral structuring of p-n junctions can be induced in epitaxial graphene
by controlling the composition of the interface. Moreover, the p-n junctions induced by a varying degree of
Ge intercalation display a nearly symmetric charge distribution (see Fig. 2(c)). The reason for the development
of the two distinct phases can only lie in the different thickness of the interfacial Ge layer. A doping effect of
Ge droplets can be ruled out, since droplets are only occasionally present on top of graphene as controlled by
monitoring possible oxidation in the Ge 3d core level after exposing the samples to ambient conditions. Also, a
covalent interaction of the Ge with the graphene layer is absent as judged from the C 1s core level spectra.

LEEM micrographs taken before and after the intercalation process are shown in Fig. 3(a) and (b). On the initial
sample ZL-regions extend homogeneously over surface terraces of the order of several micrometers in width.
Only very small inclusions (<3 %) of ML graphene (dark grey lines in Fig. 3(a)) are observed along the terrace
step edges. After the intercalation (Fig. 3(b)) the microstructure of the terraces remains principally unchanged.
LEEM reflectivity curves [5] as shown in Fig. 3(c) clearly demonstrate the development of a quasi-free graphene
monolayer on these terraces upon intercalation. While the initial (6

√
3×6

√
3)R30∘ surface has a fairly flat

featureless spectrum, the decoupled layer exhibits a dip in the electron reflectivity at energies between 2 and
3 eV as expected for ML graphene [1,5]. The similarity of spectra obtained from different terraces on the sample
(boxes shown in panels (a) and (b)) corroborates the homogeneity of the decoupled graphene layer.

Insight into the mechanism of the germanium penetration can be obtained by LEEM measurements carried out
in situ during the annealing process. The series of micrographs in Figs. 3 (d)-(f) shows that the intercalation
process proceeds fast over a complete terrace, while at the terrace edges it appears to be kinetically limited until
an initiating transformation step occurs. The surface was quenched during the intercalation process in order
to reveal the microscopic details of the transformation. A characteristic image of the incomplete intercalation
process is shown in Fig. 3 (g). Three characteristic areas are distinguished by the contrast and can be identified
by 𝜇-LEED snapshots. The dark area corresponds to an unconverted surface (covered with Ge) as it shows the
full (6

√
3×6

√
3)R30∘ reconstruction (panel h). The bright area is fully converted and shows only the graphene
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Figure 3: LEEM micrographs of: (a) the ini-
tial (6

√
3×6

√
3)R30∘-SiC(0001) surface and

(b) quasi-free standing graphene obtained by in-
tercalation of Ge atoms. (c) LEEM reflectivity
curves collected from different areas of the ini-
tial surface (upper curves) and of the Ge inter-
calated graphene (lower curves) as indicated by
squares in (a) and (b). (d-f) LEEM micrographs
obtained during the transformation at 720 ∘C
with ≈ 30 sec difference. (g) LEEM micro-
graph of the quenched surface, i.e after incom-
plete intercalation imaged with a smaller field
of view. (h-j) 𝜇-LEED snapshots (43 eV) of the
dark, bright and grainy areas of panel (g), cor-
responding to an unconverted Ge covered sur-
face (6

√
3), a fully converted graphene phase

(G) and a partially converted area (6
√
3+G)

quenched in the transformation process, respec-
tively.

diffraction pattern (panel i). The image in panel (j) is obtained from the greyish area and displays a superposition
of the (6

√
3×6

√
3)R30∘ and the (1×1) graphene diffraction patterns, indicating an inhomogeneous transition.

The transition region consists of densely packed grains of approx. 50 nm in size which, presumably, are small
areas where the germanium is already intercalated and is covered with graphene islands. With time these in-
tercalation seeds anneal out and gradually coalesce into a continuous graphene layer when the transformation
is completed, cf. Fig. 3 (b). This suggests that the intercalation process proceeds by rupturing the domains of
the initial (6

√
3×6

√
3)R30∘ layer which provides a pathway for local in-diffusion of germanium to the inter-

face. In such a way no macroscopic diffusion of germanium takes place in contrast to conventional intercalation
processes in graphite. At the same time the mobility of carbon species on top of the germanium layer is high
and allows complete healing of the graphene grains. Apparently, this intercalation mechanism is favored on the
buffer layer graphene due to its higher chemical reactivity with respect to that of pristine graphene. Indeed,
the presence of a significant number of 𝑠𝑝3-like coordinated carbon atoms makes the layer more susceptible for
chemical reactions.

As described above further annealing reverts the doping of graphene from p- to n-type. This process coincides
with a partial loss of germanium from the surface as observed by XPS, i.e. a partial de-intercalation. The mixed
p/n-phase appears to be particularly interesting as it represents a coexistence of lateral graphene p-n junctions
on the surface. In Fig. 4 we compare the LEEM micrographs taken at the same position on the sample of the
initial p-phase graphene (panel a) and after nucleation of the n-phase graphene upon annealing to 820 ∘C (panel
b). Surprisingly, the process is not initiated at the step edges but rather on the terraces as seen in Fig. 4(b).
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Figure 4: Formation of graphene p-n junctions
by partial de-intercalation of germanium atoms
from the interface with the SiC(0001) surface:
(a, b) LEEM micrographs of the same area on
the sample taken before and after nucleation of
the n-doped graphene phase upon annealing at
T=820 ∘C. Dark inclusions in (b) correspond
to the n-doped graphene islands embedded into
the p-doped graphene sheet. (c, d) LEEM mi-
crograph and PEEM Ge 3d intensity map taken
at a later stage of the graphene n-phase forma-
tion. Bright (dark) regions in (c, d) correspond
to p-doped (n-doped) graphene regions. (e, f) 𝜇-
LEED patterns of the p- and n-doped graphene
areas. The reciprocal lattice vectors of the SiC
and graphene lattices are indicated as (𝑠1, 𝑠2)
and (𝑔1, 𝑔2), respectively.

3

– 46 –

asen
Rechteck



Roughly circular islands of 100 nm or less in size of the n-doped graphene appear to be embedded in the p-
doped graphene terraces. As the annealing temperature increases the n-doped areas grow in size and begin to
coalesce thus forming extended regions as shown in Fig. 4(c) taken at a later stage of de-intercalation. A PEEM
micrograph of the Ge 3d core level taken at the same location is shown in Fig. 4(d). There is a significant contrast
in intensity of the Ge 3d core level signals for the two graphene phases and hence, the amount of germanium
located underneath graphene layer is notably different. As noted above, the n-phase is characterized by a thinner
interfacial Ge layer than the p-phase. The equivalence of the surface features imaged in PEEM and LEEM
is quite obvious in Figs. 4(c) and (d). We note that in both phases (n and p) one can still observe fractional
order spots of the (6

√
3×6

√
3)R30∘ periodicity (see Figs. 4 (e,f)), however, much weaker than for the initial,

reconstructed surface (compare to Fig. 1(a)). These spots can be attributed to the double diffraction of electrons
at the atomic potential of the substrate and the graphene lattice, even in the absence of reconstruction. They are
inherent for any epitaxial SiC-graphene system with the (6

√
3×6

√
3)R30∘ registry of substrate and adlayer due

to the strong scattering cross section of low energy electrons. In the present case, however, they appear very
weak due to additional attenuation by the germanium layer. As we can also see from the 𝜇-LEED patterns the
interfacial Ge-layer does not produce any additional reconstruction in either case.

The lack of preferential desorption of germanium atoms from the step edges during de-intercalation is surprising,
since the diffusion coefficients for intercalants along the basal plane are generally several orders of magnitude
higher than those perpendicular to graphene planes. The latter requires formation of substitutional sites (point
defects) in the graphene plane which is energetically much more costly. In fact, we find that the eventual pattern
of p-n areas to some extent depends on the cooling speed which supports the idea that Ge atoms are mobile
underneath graphene at quite low temperatures. Apparently, after completion of the intercalation process (p-
phase in Fig. 3 (b)) no germanium out-diffusion is allowed at the steps that suggests continuity of the freestanding
graphene islands over the neighboring terraces. This is also supported by the occasional observations of strain
relaxation pleats in the decoupled graphene film formed after cooling that in many cases run across substrate
steps (not shown). The present results indicate that the loss of germanium at temperatures above 800 ∘C occurs
via formation of Ge interstitial sites in the graphene lattice with their subsequent sublimation from the surface.

In conclusion, ultrathin germanium buffer layers can be introduced at the interface between the (6
√
3×6

√
3)R30∘-

reconstructed layer and the SiC(0001) surface by atomic intercalation. The dilated interface decouples the
(6
√
3×6

√
3)R30∘ layer from the SiC surface and recovers the electronic structure of graphene. A quasi-free

standing graphene monolayer develops and shows moderate p- or n-doping depending on the amount of Ge in-
tercalated. The transformation from the p- to the n-doped phase develops on a 100 nm scale so that mesoscopic
lateral p-n junctions can be fabricated on epitaxial graphene.
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Josephson Currents in the Bilayer Exciton Condensate
X. Huang, W. Dietsche, M. Hauser, K. von Klitzing

Reducing the dimension of an electronic charge system from three to two leads to the emergence of intriguing
phenomena like the integer and fractional quantum Hall effect (QHE) or special forms of superconductivity .
Two-dimensional electron gases (2DEG) in GaAs quantum wells embedded in AlGaAs buffer layers are unique
because of their extreme high purity characterized by electron and hole mobilities of several million cm2/Vsec.
In recent years it has been demonstrated, both experimentally and theoretically, that bilayers produced from two
2DEGs in such a system can even undergo a transition into a BCS state where (quasi)-excitons of full and vacant
electron states play the role of the Cooper pairs. This novel state exhibits signatures of both the QHE and of a
Josephson-like coherent coupling between the layers [1].

In conventional superconductors it is well known that two Josephson junctions connecting two superconductors
show quantum interferences because the junctions are coupled via the coherence of the groundstate wavefunc-
tion. It is a long-standing question if a similar coupling can be realized in the bilayer excitonic BCS state. Here
we report that it is indeed possible to manufacture devices where almost no electric current flows between two
different Josephson circuits but where the exchange of ground state excitons leads to an intricate coupling be-
tween them. These devices are ring-shaped (Corbino) structures as shown in Fig. 1(a) where contacts can be
placed at different edges of the sample. Therefore, almost no electrical current flows between the two edges in
the excitonic BCS state.
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Figure 1: (a) Schematic of the Corbino device. Individ-
ually controlled currents can be fed in by contacts placed
at the inner and the outer edge, respectively. The currents
are measured both at the inputs and the outputs of the de-
vice. Voltages between the two layers and between the
edges are measured by separate contacts, not shown in the
schematic. (b)-(e) Current-voltage characteristics measured
with the Corbino device at 𝜈𝑇 = 1 temperatures below 50
mK. The respective configurations are shown in the inserts.
Nearly no current is flowing if contacts at separate edges are
used, even with voltages up to 2 mV (b) and (c). With con-
tacts at the same edge, a Josephson-like I/V is measured, (d)
and (e).

For our experiments we use bilayer quantum Hall systems consisting of two 2DEGs based upon MBE-grown
GaAs/AlGaAs heterostructures separated by a few nm. Charge densities and the perpendicular magnetic field
𝐵 are set such that the filling fraction of the Landau levels 𝜈 = ℎ𝑛/𝑒𝐵 is approximately 1/2 in each layer. At
high temperatures or at large separations, the two layers behave like independent 2DEGs. At smaller interlayer
separations the electrons and holes (the occupied and the vacant states in the respective lowest Landau level)
become correlated forming excitons which condensate in a BCS-like state at temperatures below a few 100 mK.
This state prevails even if the tunneling probability between the layers is negligibly small as long as the 𝑑/𝑙𝐵
ratio is less than about 2 where 𝑑 is the average distance between the 2DEG layers and 𝑙𝐵 =

√

ℏ/𝑒𝐵 is the
magnetic length. The excitonic condensate state is usually called the 𝜈𝑇 = 1 state.

Transport and tunneling measurements are shown in Fig. 1(b)-(e). Current-voltage (I/V) characteristics are
obtained with the different contact configurations indicated by the respective inserts. In Fig. 1 (b), current is fed
into the outer edge of the upper layer and led out from the inner edge of the same layer. At small voltages, the
electric conductance across a layer is very small because only a very small charge current flows between the two
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edges. In the configuration Fig. 1(c) the tunnel conductance is also very small because charges still have to flow
from edge to edge in this arrangement.

In contrast, the conductance increases by more than three orders of magnitude if current contacts at the same
edge are used, Fig. 1 (d) and (e). This Josephson-like tunneling terminates at a critical current 𝐼𝑐 and is a direct
consequence of the coherent BCS-like excitonic condensate [2]. A popular picture of this Josephson current is
based upon an Andreev-reflection like process where electrons injected into one layer "reflect" electrons out of
the other layer, thereby forming excitons, i.e. an extra electron in one layer and an extra hole in the other. The
excitons propagate as a dissipationless counterflowing current before tunneling removes the excess charges. In
a recent theory, both the size of the Josephson conductance and of the critical current were connected to the
magnitude of the small but finite bare tunneling probability and to a correlation length which is finite because of
merons induced by defects [3].

It is important to note that the critical currents measured at the two edges (and also the conductances if the
slopes in Fig. 1(d) and (e) are analyzed) are almost the same. This is striking, because the two edges are nearly
completely electrically isolated from each other, as is evident from the results of in Fig. 1 (d) and (e). The fact
that the two tunneling characteristics are identical cannot originate from edge phenomena because the lengths of
the two edges differ by a factor of 2.7. Rather, the Josephson tunneling in the 𝜈𝑇 = 1 state is a consequence of
the excitonic groundstate which extends over all of the sample area.

In an excitonic Josephson tunnel experiment, the density of the groundstate excitons is brought out of equilibrium
by the Andreev-like process mentioned above where the tunneling current is thought to be equivalent to the
creation of extra excitons. The relaxation of the excess excitons via the small but non-zero tunneling leads to
an equilibrium density of these. An important and interesting feature of the excess excitons in the 𝜈𝑇 = 1 state
is that they may have different "polarities", depending on the direction of the generating tunnel current. Rather
than to rely on the tunneling process it should also be possible to reduce the excess exciton density by injecting
excitons with opposite polarisation. This way one should be able to reach much larger critical currents than it is
possible with one pair of contacts only.
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Figure 2: (a) Tunneling current-voltage characteristics of
the outer contacts with different constant currents passing
through the inner contacts. The critical currents through the
outer contacts are increased (decreased) if an additional cur-
rent flows through the inner contacts in the opposite (same)
direction. (b) Upper and lower (positive and negative) crit-
ical currents measured at the outer contacts as function of
the Josephson current passing through the inner ones (black
dots).

We have realized this by using all four current contacts shown in Fig. 1 (a). The I/V-characteristic at the outer
edge is measured as before while a constant current is passed across the two layers at the inner edge. Results
for different inner currents are shown in Fig. 2(a). Clearly, the tunneling I/V curves are shifted up and down
depending on the current applied to the inner edges. Note, that a negative (positive) current 𝐼𝑖𝑛𝑛𝑒𝑟 increases
(decreases) the respective positive (negative) critical current at the inner edge. Interestingly, the respective
change of the 𝐼cs is equal to the value of the 𝐼inner. This linear dependence of 𝐼𝑐 on 𝐼𝑖𝑛𝑛𝑒𝑟 becomes even clearer
from Fig. 2(b) where the positive and negative critical currents are plotted as function of the inner current. It
demonstrates the linear dependence of 𝐼𝑐 on the inner Josephson current over the whole current range probed
here.
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Figure 3: Tunneling characteristics with very large com-
pensating currents passing through the inner contacts. The
whole Josephson current regime can be shifted above zero
current.

In Fig. 3 the range of the compensating currents is extended even further. It shows several I/V characteristics
measured at the outer edge with compensating currents up to -16nA (the voltages of the different curves are off-
set for clarity). Amazingly, with compensating inner currents exceeding -9nA, both end points of the Josephson
current range are now positive and the Josephson effect is now only observed if both current sources are simul-
taneously operating. Thus, measuring the traces of Fig. 3 requires the simultaneous increase of the oppositely
directed currents at both edges up to the desired (inner) compensating current. Then the outer current is varied
to trace one half of the I/V. Afterwards, all currents are set to zero, the procedure repeated, and the second half
of the I/V measured.

Increasing the critical currents even further was not possible. It is intriguing to claim that at currents exceeding
±16𝑛𝐴 at the two edges, the excitons reach a critical velocity which, taking the charge density in the layers as
the density of the excitons, would be about 20 cm/s. However, it is more likely that a more trivial phenomenon
limits the Josephson tunneling at large compensating currents namely parasitic voltages which build up 𝑏𝑒𝑡𝑤𝑒𝑒𝑛
the edges and cause an inter-edge charge current.

In conclusion, we have used Corbino devices to separate electric charge currents from the flow of charge-neutral
excitons which form the BCS-like groundstate in the Quantum-Hall bilayers at 𝜈𝑇 = 1. In the bulk of the Corbino
devices, the electric charge transport is effectively blocked while the excitons propagate nearly dissipationless.
Equal critical currents at the two edges are have been found which is once more evidence that the excitonic
Josephson current is a bulk effect.

Injecting oppositely polarized excitons at the two edges of the Corbino device leads to a dramatic enhancement
of the critical Josephson currents because they compensate each other. The "natural" relaxation process of the
excess excitons, namely the tunneling, remains active with compensating currents and determines the range
between upper and lower (positive and negative) critical currents.

Our most important result is that the Josephson currents in the excitonic condensate can be controlled by the
density and the polarity of the excitons which are injected into the Corbino structure. This is not conceivable in
superconductors where only one type of a Cooper pair exists and the pair density can not be varied over a large
range. More generally speaking, we demonstrated the interaction of two differerent currents via an excitonic
condensate rather than electromagnetic fields or charged particles.
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Tunable one-dimensional photonic crystals based on metal-organic 
framework, silica and titania nanoparticles as sensing platforms 

 
I. Pavlichenko, A. Ranft, A. T. Exner, G. Scarpa, P. Lugli, F. Hinterholzinger, J. M. Feckl, T. Bein 

and B. V. Lotsch 
 
“Smart”, stimuli-responsive photonic crystals (PCs) for label-free biological, chemical and physical 
sensing applications have recently garnered significant attention from various scientific communities, 
such as photonics, materials chemistry and biotechnology and represent a fast growing research field. 
Particular interest is attracted by conceptually simple, yet versatile one-dimensional PCs, christened 
Bragg stacks (BSs), which are interference-based optical multilayer structures consisting of a 
periodic stack of layers of two different materials featuring high and low refractive indices, 
respectively. The sensing approach is based on the utilization of such PCs as tunable optical filters 
capable of dynamically changing their refractive properties when in contact with an analyte of 
interest, or when exposed to external stimuli such as temperature, electric and magnetic fields, etc. 
Due to the periodicity of the dielectric lattice of the multilayer structure, which creates a periodic 
potential for photons in one dimension, the optical spectra of BSs exhibit a forbidden wavelength 
range for photons with particular energies, called the photonic stop band. The position of the stop 
band can be modulated by varying the optical thickness (the product of refractive index (RI) and 
physical thickness) of the layers in response to an external stimulus. In this report we propose 
photonic crystals designed in particular for vapor and temperature sensing based on the deposition of 
metal-organic framework/titania and silica/titania multilayers, respectively.  
 
Temperature sensing: SiO2/TiO2 photonic crystals  
 
Here we demonstrate a thermally tunable and environmentally responsive optical filter derived from 
nanoparticle-based TiO2/SiO2 one-dimensional photonic crystals.[1] The mechanism of the thermal 
tunability is based on the thermo-optic effect (TOE), i.e. the dependence of the refractive index on 
temperature.   
 

 
 

  
 
Figure 1: Top image: SEM images showing the relationship between the structural color of the TiO2/SiO2 Bragg stacks and the thickness of 
the layers spin-coated at a) 2500, b) 4500, c) 5500 rpm with an acceleration of 1500 rpm s-1. Left: Magnification of the cross-section image 
‘a’ to demonstrate the porous morphology of the layers. The porosity calculated by spectroscopic ellipsometry using the Lorentz-Lorenz 
equation and toluene as adsorptive is 10 % for TiO2 and 25% for SiO2. Bottom image: Transmission spectra of the TiO2/SiO2 BS shown in 
Fig. 1(b), demonstrating a blue shift in the temperature range between 15 °C and 60 °C and at various relative humidities (RH): 25%, 45% 
and 55%. The relative humidity was measured at 20 °C. Spectra between 25 °C and 60 °C are omitted for clarity. The black double arrow 
indicates the magnitude of the shift in toto. Reprinted with permission from [1]. Copyright {2012} American Chemical Society. 
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The sol-gel method affords a relatively simple, fast and low-cost synthetic pathway to produce SiO2 

and TiO2 nanoparticles for the assembly of 1D PCs with high optical and structural quality and 
porous constituent layers. The BSs were obtained by bottom-up assembly based on sequential spin-
coating suspensions of nanoparticles on glass substrates. Apart from the high thermo-optic 
coefficient (TOC) of TiO2, an additional benefit of SiO2/TiO2 PCs stems from their self-cleaning 
properties provided by the photoactivity of TiO2 particles under UV irradiation, and their porosity-
driven superwetting behaviour. The scanning electron microscopy cross-section images of the BSs 
are shown in Fig. 1, top image.  The layers of TiO2 and SiO2 can be identified as bright (higher 
electron density) and dark stripes, respectively. Varying “structural” colors of the PCs shown arise 
from variation of the lattice parameters resulting from different spin-coating rotation speeds.  
To realize the temperature tuning, the BS, deposited on a transparent glass substrate, was placed on 
thermoelectric heaters and connected to a resistance thermometer capable of tracking the actual 
temperature. The BS was positioned between the monochromator and the detector such that the 
incident beam was normal to the surface of the sample.  Notably, the shifts observed were 
significantly larger than those expected to be induced by the thermo-optic effect alone, with the 
literature values of TOCs reported for TiO2 and SiO2 resulting in shifts of less than 2 nm between 15 
°C and 60 °C.  In order to explore the nature of the observed enhancement effect, the experiments 
were performed under ambient conditions (RT, 20 °C) with varying relative humidities (RH) of 25 
%, 45 %, or 55 % (Fig.1, bottom image). The inherent porosity of nanoparticle BSs due to 
interparticle voids provides a quick response pathway to the humidity of ambient air (Fig. 2).  
Notably, the shift is significantly enhanced with increasing relative humidity of the environment, 
thereby amplifying the thermal response and thus, sensitivity of the Bragg stack. The magnitude of 
the spectral shift increases more than fourfold from 4.4 nm to 21.9 nm with a change in relative 
humidity from 25% to 55% in the temperature range between 15 °C and 60 °C. 
 

 

Figure 2: Effect of a change in humidity on the Bragg stack stop band position at constant temperature. Several cycles are shown to 
demonstrate the reversibility of the water adsorption and desorption. The black arrow indicates 11 nm red shift upon increasing RH from 
40% (A) to 80% (B).  The scheme on the left demonstrates the increase of the water content in the BS pore network upon augmenting the 
RH, which results in the enlargement of the effective refractive index of the layers. Reprinted with permission from [1]. Copyright {2012} 
American Chemical Society.     

 
We assume that at lower temperatures (T < 30 °C) the shifting behaviour is governed by a 
combination of water adsorption/desorption processes and the thermo-optic effect, whereas at higher 
temperatures (T > 30 °C) the shift is dominated by the thermo-optic effect and, thus, is essentially 
linear. Owing to their high inherent porosities and ease of fabrication, nanoparticle-based BSs offer a 
great potential for the development of sensitive, label-free photonic crystal temperature and humidity 
sensors. 
 
Vapor sensing: Metal-organic framework photonic crystals  

Here we introduce a novel one-dimensional photonic architecture, based on a metal-organic 
framework (MOF) and TiO2 nanoparticles, which is used to translate molecular adsorption into an 
optical response.[2] Additional functionality is imparted to the system by combining textural 
mesoporosity arising from the nanoparticle based layers with inherent microporosity provided by the 
MOF material. As a microporous material, the intensively studied zeolitic imidazolate framework 
ZIF-8 was chosen, which is expected to contribute to enhanced size- and chemoselectivity of the 1D 
MOF PC.[3] 
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The preparation of the Bragg stack was pursued by spin-coating alternatingly colloidal suspensions 
of ZIF-8 and TiO2 onto silicon substrates. ZIF-8 nanocrystals were synthesized from solutions of 
Zn(NO3)2 · 6 H2O and 2-methylimidazole in methanol at high ligand to metal ratio and by separating 
the particles from the solvent by centrifugation after 30 minutes. TiO2 nanoparticles were prepared by 
adding Ti(OEt)4 to aqueous HNO3 under stirring and heating to 80 °C for 8 hours and subsequent 
centrifugation. Colloidal suspensions for the spin-coating protocol were obtained by redispersing the 
particles in defined volumes of DMF, thereby enabling the adjustment of the film thickness by the 
particle concentration in the suspensions. After each deposition, the films were thermally treated at 
200 °C in order to ensure a solvent-free architecture. 
The realisation of the multilayered architecture is confirmed by cross-sectional scanning electron 
microscopy (SEM). In Figure 3 (left) a representative three-bilayer Bragg stack composed of 
alternating ZIF-8 and TiO2 layers deposited on a silicon substrate is shown. The X-ray diffraction 
(XRD) pattern of the ZIF-8/TiO2 composite likewise confirms the successful integration of ZIF-8 
into the 1D PC (Fig. 3, bottom, middle). 

 
       
Figure 3: Left: Cross-sectional SEM image of a three-bilayer Bragg stack composed of ZIF-8 layers with an average thickness of 200 nm 
and titanium dioxide layers with an average thickness of 50 nm. Middle: X-ray powder diffraction patterns of a three-bilayer Bragg stack, 
revealing the existence of ZIF-8 embedded in the photonic structure, in comparison to simulated data. TiO2 shows no XRD signature owing 
to its amorphous nature. Bottom, right: Reflection spectra of a three-bilayer Bragg stack upon exposure to ethanol vapor. 

 
The integration of a microporous MOF material into photonic architectures together with metal oxide 
layers derived from colloidal solution deposition is supposed to create a unique molecular sieving 
platform featuring not only size- but also chemoselectivity. The optical response of the MOF Bragg 
stack to the infiltration of volatile guest molecules was investigated by vapour sorption experiments. 
According to the optical Bragg equation, the uptake of guest species into the porous layers is 
supposed to increase the optical thickness of the multilayer and, hence, to induce a color change 
corresponding to a shift of the optical spectrum. In Figure 3 (right) the reflectance spectra of the 
Bragg stack are depicted for the analyte-free system and after the adsorption of ethanol vapour at the 
highest partial pressure (p/p0 ~ 1.0), respectively. The spectral position of the stop band is red-shifted 
from λ ~ 740 nm to λ ~ 840 nm, thus clearly demonstrating the interaction of the analyte with the 
photonic architecture. The above results indicate the translation of molecular recognition into a 
readable optical signal without the use of any reporter systems, and hence, label-free optical sensing. 
We expect that the concept of MOF-based photonic architectures will extend the scope of 
chemoselective optical transducer systems owing to the great variety and tunability of MOFs or 
related microporous materials. 
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Field-effect devices utilizing the two-dimensional electron liquid generated 
at LaAlO3 – SrTiO3 interfaces

C. Richter and J. Mannhart

Silicon field-effect  transistors (FETs) are the backbone of modern electronics. They are three-terminal 
devices with current and voltage gain and are characterized by a vanishing back-action from the output 
to the input, to name two of their key features. In recent  years, complex oxides have become materials 
of interest for the drain-source (DS) channels of FETs [1]. All-oxide FETs are explored to enhance the 
functionality of FETs and to investigate possible ways to overcome the scaling limitations of silicon-
based devices.

Among possible oxide DS channels, the metallic layers generated at  oxide interfaces [2,3] form a 
special category, as they are thin, two-dimensional, and possibly correlated electron systems with a 
low carrier density and typically high mobilities at low temperatures (10 cm2/Vs at 300 K for LaAlO3–
SrTiO3 interfaces and up to 50,000 cm2/Vs at  2 K) [4,5]. Indeed, large electric field effects [6] were 
found early on in the guinea pig oxide 2D interface, the n-type LaAlO3–SrTiO3 interface [2]. Owing to 
the 1-mm-thick SrTiO3 substrates used as gate dielectrics in those studies, turn-on voltages of VG = 60 V 
were needed to switch the devices. In another approach, nanometer-sized lateral field-effect devices 
were fabricated by using the tip of a scanning force microscope to write conducting lines into 
LaAlO3–SrTiO3 interfaces [7]. In these studies, much smaller gate voltages, a few volts, were found to 
be sufficient to switch the interfaces.

The large band gap (5.6 eV) and the high dielectric constant of the LaAlO3 films (εr ~ 18) [8] make it 
possible to use the LaAlO3 layers directly as a gate dielectric in a planar geometry. A cross section of a 
device is sketched in Fig. 1. In these devices, owing to the LaAlO3–SrTiO3 polar discontinuity, the 
LaAlO3 gate dielectric induces a phase transition in the DS channel, turning it from an insulator into a 
metal. The YBa2Cu3O7 used as gate contact  reduces the channel's carrier density by adding an 
effective built-in voltage to the gate. The applied gate voltage VG is used as usual to change the 
channel conductivity by changing the channel's carrier density, allowing the depletion of the channel 
into the insulating phase. Following this idea we have fabricated field-effect devices that  operate at 
300 K with VG < 1 V and show both voltage and current gain.

 

Figure 1: Sketch of a cross section of a device (a) and elec-
tron microscope image of a typical sample (b). The colors 
were added. The horizontal lines within the LaAlO3 layer 
(LAO) symbolize the nine monolayers of LaAlO3, the stan-
dard thickness of gate dielectric in this study, grown on a 
SrTiO3 substrate (STO). The red line denotes the location of 
the cross section shown in (a);  the numbers indicate the gate 
widths  in  micrometer. The two-dimensional electron liquid 
shown in  pale gray in (b) is also present  under the 
YBa2Cu3O7 (YBCO) gates (dark gray).

– 54 –



The samples were fabricated via reflective high-energy electron diffraction controlled pulsed laser 
deposition to grow 9-unit-cell-thick LaAlO3 layers on Ti-terminated SrTiO3 substrates using a single 
crystalline LaAlO3 target. Subsequently, as gate electrodes 40 nm of YBa2Cu3O7 were grown in situ. 
The in situ growth of YBa2Cu3O7 was chosen to lower the density of the interface states at  the LaAlO3 
surface. The LaAlO3 was patterned using the photolithography technique described in Ref. [9], the 
YBa2Cu3O7 by photolithography and etching in 0.5 % H3PO4. Electrical contacts to the interface were 
provided by Ar-ion milled holes refilled in situ with sputtered titanium; gold contacts to the gates were 
deposited by ex situ sputtering. 

Figure 2:  Gate–voltage (VGS)-dependent IDS (VDS) charac- 
teristics of a device (channel length 60µm, channel width 
1600 µm) measured in  a four-point  configuration at room 
temperature. 

The layout of the sample and a micrograph are shown in Fig. 1. The channel width was 1600 µm, their 
lengths varied between 200 and 20µm. Four samples were fabricated in this manner, and their 
properties were found to be reproducible and stable for durations of several months. All measurements 
were performed in darkness to avoid photo-excited carriers. As a precaution against reducing the 
SrTiO3, measurements above room temperature were performed in 400 mbar of O2; at all other 
temperatures, measurements were performed in the He atmosphere of a cryostat.

Figure 3: IDS (VDS) characteristics of a device measured in four-point configuration at  –100, 20, and 100°C. The measurement 
was performed on a device with channel length of 40 µm and channel width of 1600 µm.
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For all measurements presented here, the gate leakage current  IG < 150 nA was small on the scale of 
the drain-source currents IDS. Figures 2 and 3 show the IDS (VGS) dependences of two devices. The DS 
channels are self-conducting at all temperatures investigated (Fig. 3). As expected for n-type channels, 
positive (negative) voltages applied to the gate (VG > 0) increase (decrease) IDS (Figs. 2–4), a change of 
VG by 700 mV causing a change of IDS by four orders of magnitude. The ratio R (VGS = –330 mV)/R  
(VGS = 180 mV), where R is the DS resistance at  VDS = 0, exceeds 150 at room temperature. With a 
dielectric constant εr = 18 of LaAlO3 films [8], a gate voltage of 300 mV is estimated to change the 
channel carrier density by ~1012/cm2. We therefore calculate that, at room temperature and VGS = 0, the 
density of mobile charge carriers equals ~1012/cm2, which suggests that  the presence of YBa2Cu3O7 
depletes the LaAlO3–SrTiO3 interface, in agreement with a previous report  [10]. With decreasing 
temperature, the characteristics display an enhancement of the conductivity at  positive VGS and a 
reduction of the turn-on voltage, reflecting the increase of the interface conductance and a reduction of 
the mobile carrier density with cooling. The saturation mode was not reached by the VDS applied in 
these studies.

Figure 4: Drain-source current IDS measured as a function of 
gate voltage VGS. The inset  shows the gate current IGS as a 
function of gate voltage VGS for IDS = 0. The data was taken 
at room temperature on the device shown in Figs. 2 & 5 
(channel length 60 µm, channel width 1600 µm).

Figure 5: VDS measured  as a function of applied gate voltage 
VGS at room temperature. The measurement was performed 
on  the device shown in Figs. 2 & 4 (channel length 60 µm, 
channel width 1600 µm). The inset shows G = ΔVDS /ΔVGS 
calculated as a derivative on a logarithmic scale.

Figure 5 shows for a set of IDS values the dependence of VDS on VGS, again at 300 K. The G = ΔVDS /
ΔVGS (VGS) dependence is displayed in the inset. As shown, a voltage gain of G > 1 is readily obtained, 
with G ~ 40, for IGS = 5 µA and VDS = 450 mV, to give an example. 

In summary, using LaAlO3–SrTiO3 bilayers we have fabricated all-oxide field effect  transistors with 
current and voltage gain. The FETs were operated up to 100°C. Our studies show that  the transport 
properties of a 2D electron system generated at  an oxide interface can be effectively controlled by 
using gate fields induced by a top-gate configuration. As the gate dielectric is then only a few 
monolayers thick, the devices can be operated with small gate voltages, the lower limits of which 
remain to be explored. Optimization of the DS channel and the gate stack are suggested to further 
enhance the performance of such oxide field-effect  devices. We note here that an ultrathin gate stack 
comprising two unit cells of LaAlO3 and two unit  cells of SrTiO3 already generates a 2D electron 
system [11].
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The fractional quantum Hall effect in wide quantum wells

J. Nübler, B. Friess, K. von Klitzing and J. Smet

Currently, there is a strong interest in the even-denominator fractional quantum Hall state at filling factor
𝜈 = 5/2, observed in state-of-the-art GaAs based two-dimensional electron systems. This interest stems from
the potential relevance of this ground state for topological quantum computation resulting from the non-Abelian
statistics its quasi-particle excitations are predicted to obey. Pairing of composite fermions into a p-wave super-
conductor is presently considered the most likely scenario for the appearance of this incompressible state. The
5/2-state is usually studied in heterostructures with a single heterointerface or relatively narrow quantum wells
where electrons occupy only the first subband. By widening the quantum well the physics is enriched, since
it is possible to populate the second subband of the quantum well as well. This adds an additional degree of
freedom. The second subband hosts another two-dimensional electron system that may interact with the one in
the first subband and charge may be transferred from one to the other. Here, we have investigated the fractional
quantum Hall states and in particular the 5/2-state under these conditions in a density tunable two-dimensional
electron system. It is a widespread believe that the population of a second subband is detrimental for the quality
and hence the observation of fragile Coulomb correlation physics as an additional channel for scattering, inter-
subband scattering, is opened up. We can not confirm this and instead demonstrate that the system continues
to exhibit the 5/2 state in the lower subband even if the second subband becomes occupied but only when the
quantum well is wide enough [1].
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Figure 1: (a) Color plot of the longitudinal resistance of a two-dimensional electron system in an 80 nm quantum well. In
the lower density range the second subband (2SB) of the host quantum well is not yet occupied. When it becomes populated
at higher densities, we observe an interplay of quantum Hall states from both subbands, among them the 𝜈 = 5/2 state of
the first subband (1SB). (b) The Hall resistance for exemplary densities shows a vanishing of the plateau at total filling 5/2
upon population of the second subband. Yet, the plateau corresponding to 5/2-filling of the first subband alone is preserved.

Magnetotransport experiments were carried out on Hall bars with an 80, 60 or 50 nm wide quantum well and an
in-situ grown backgate to tune the electron density. Figure 1(a) shows the longitudinal resistance in the density
versus magnetic field plane measured on the 80 nm quantum well sample. Panel (b) shows the Hall resistance
for selected densities. At lower densities electrons occupy only the first subband (1SB) and a 5/2 quantized
Hall state is observed. At higher density when also the second subband (2SB) is populated the 5/2 state for
the total electron density looses its quantization. The longitudinal resistance no longer vanishes and the Hall
plateau disappears in accordance with previous observations [2]. The system becomes compressible, because
total filling 5/2 corresponds to two compeletely filled LLs in the first subband, while only the lowest LL in the
second subband is half filled. This situation closely resembles the composite fermion metallic state at filling
factor 1/2 in a single subband system.

Upon occupation of the second subband at 𝑛 = 2 × 1011/cm2 the QHE features of the lower subband re-
main at approximately constant 𝐵, indicating that the additional electrons go mainly into the second subband.
Consequently, as the second subband density increases, various integer and fractional quantum Hall states are
observed associated with this subband, some of which are indicated in Fig. 1. Even though at total filling factor
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5/2 no quantization occurs, the 5/2 state of the first subband persists as an incompressible quantum Hall state
over a wide range of fillings of the 2SB: the longitudinal resistance still vanishes and the Hall resistance still
shows a plateau at filling factors (𝜈1SB = 5/2, 𝜈2SB > 0). Yet, the plateau is found at progressively lower 𝑅𝑥𝑦

as is expected when the total density increases. Even though the 5/2 state is known to be very fragile, we find
it surprisingly undisturbed by the presence of the partially populated 2SB. The present density tunability allows
to vary the filling factor of the second subband between 0 < 𝜈2SB ≲ 1. The activation energy, obtained from
temperature dependent studies, along the line of constant filling factor 𝜈1SB = 5/2 as a function of the total
density do not show a change in the activation energy when the second subband gets populated. This energy
seems independent of the 2SB filling.

A narrower quantum well of 50 nm width shows a very different behavior. The data for this well width are
displayed in Fig. 2. Here, no independent quantum Hall states associated with the first and second subband
are observed. Instead, the longitudinal resistance features follow the total density. However, the strength of the
FQHE changes upon population of the second subband: When the highest occupied Laudau level belongs to
the second subband, the 7/3 and 8/3 state strengthen while the 5/2 state looses its quantization as in the 80 nm
quantum well for the same reason. We conclude that the quantum well width is a crucial parameter to observe
the 5/2 state even when the second subband becomes populated.
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Figure 2: In a 50 nm quantum well sample the quantum
Hall features follow the total electron density, even
when the second subband is occupied. However, the
strength of various FQHE states changes: the 𝜈 = 5/2
state looses its quantization upon second subband popula-
tion, whereas its neighbouring 7/3 and 8/3 states strengthen.

In order to understand the importance of the quantum well width we numerically calculated the wavefunction
shapes of the first and second subband within the quantum wells as displayed in Fig. 3. It can be seen that the
spatial separation of the wavefunctions is much larger in the wider quantum well. This has important impli-
cations. Our observation of a 5/2 state in the 1SB at a non integer filling of the 2SB implies that the topmost
occupied LLs of both SBs are partially filled. They must be pinned at the same energy. If they are not, it
would be energetically favorable to transfer electrons from one subband to the other. Charge transfer is however
accompanied by a relative shift of the LLs of both subbands and hence both levels will get aligned. Then the
levels remain pinned to each other when changing the density until one of the LL becomes full or completely
depleted. The amount of charge transfer required to produce a given relative shift of the Landau levels is smaller
the further the effective distance between the wavefunctions. We conclude that in general for narrower QWs
more charges need to be transferred between the two SBs in order to align their topmost partially filled LLs. At
the same time the total charge that can be transferred is limited by the degeneracy of the LLs and charge transfer
will stop when either one of the SBs reaches the nearest integer filling factor. All in all, the parameter range
in which LLs of both SBs are simultaneously only partially filled shrinks with decreasing QW width. Only in
wide quantum wells, can both two-dimensional electron systems with partially filled upper levels co-exist over
an extended range of density. A quantitative calculation of the electrostatic energy needed to transfer charges
from one subband to the other (see [1]) reproduces our experimental results well and highlights the importance
of the quantum well width.
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Figure 3: Wave functions of the first and second subbands
within the quantum wells. The effective spatial displace-
ment involved in intersubband charge transfer, 𝑑eff , is in-
dicated as arrows and depends strongly on the quantum
well width. Furthermore, the spatial overlap of the sub-
band wavefunctions is strongly reduced in the wider quan-
tum well.

We further investigated the QHE in the presence of an in-plane magnetic field by tilting the sample with respect
to the magnetic field axis. The observed changes in the magnetoresistance traces again strongly depends on the
quantum well width: For the widest quantum well the in-plane field had only minor effects on the strength of the
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quantum Hall states. This was drastically different for a quantum well with an intermediate 60 nm width, which,
in the absence of tilt, showed strong independence of both subband quantum Hall states very similar to Fig. 1
(data not shown). For this sample a tilt angle of only 10 degrees was sufficient to destroy the independence of the
subband quantum Hall states, yielding a picture similar to Fig. 2 with all quantum Hall states determined by the
total density alone, even when the second subband was occupied. This can be understood as a consequence of the
spatial overlap of the subband wavefunctions in the quantum well: An in-plane field mixes different subbands
and Landau levels, provided that they overlap in space. In the very wide quantum well this overlap is practically
zero, and so is the effect of a tilted field. In the 60 nm quantum well the spatial overlap was significantly different
from zero, which leads to substantial coupling in a tiled field, destroys the subband independence and makes the
two subband system act as one single layer.

In conclusion, we have shown that in the transition region of single layer to bilayer quantum Hall effect systems
the interplay of Landau level quantization and intersubband charge transfer leads to interesting new effects. In
particular, we can observe various fractional quantum Hall states associated with the electrons residing in the
first subband while continuously changing the electron density in the second subband. The existence of FQHE
states in close proximity to an independent 2DES of variable density (formed by the 2SB electrons) may enable
studies of their interaction.
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A universal representation of the states of chemical matter including metastable 
configurations in phase diagrams 

 
M. Jansen, I.V. Pentin, J.C. Schön

Encoding equilibrium states of matter in the format of phase diagrams is among the basic, and at the same time 
most fruitful concepts in solid state and materials chemistry. Its appealing stringency is related to the fact that any 
equilibrium state of matter, as characterized by its phase content (defined by the phases present, their compositions, 
and concentrations) and the respective components' activities, is unambiguously determined by fixing the set of 
independent variables of state, p (or V), T, xi-1 for a system constituted of i components. In many fields of science 
and technology, analyzing chemical processes in terms of phase diagrams and equilibrium thermodynamics has 
proven an invaluable tool. In spite of the impressive success of such an approach in specific areas, it fails seriously 
in addressing the full "real" materials world, since most of the matter around us stays trapped in metastable, in 
many cases quite persistent, states. Even at demanding thermal conditions, e.g. prevailing in gas or steam turbines, 
many of the materials employed are not in equilibrium. Quite generally, it is easy to demonstrate that metastable 
materials are of substantial relevance: durable diamond is metastable at ambient conditions, glasses constitute an 
economically significant class of matter, and (metastable) amorphous ceramics can outperform thermodynamically 
stable crystalline ones with respect to the overall set of properties relevant for high-temperature applications. As a 
consequence, a holistic consideration of a given chemical system, e.g. for the purpose of synthesis planning, needs 
to include both the equilibrium and the metastable states.  
 
Thus it would be highly desirable to address metastable states of matter in a similarly rational way as 
thermodynamically stable ones and to put both on a comparable footing [1]. Regarding the most popular 
presentation of equilibrium phase diagrams that are obtained by projecting the lowest parts of the Gibbs energy 
surfaces of the competing thermodynamically stable phases onto the space spanned by the variables (p, T, xi), such 
an objective would imply to perform an analogous procedure for metastable matter. After identifying all chemical 
compounds and phases that are capable of existence - the first step in our approach to planning solid state and 
materials synthesis [2] (c.f. Jahresberichte 2004, 2009) - , one would determine their free energies as a function of 
the thermodynamic boundary conditions, and directly derive graphical representations (analogous to equilibrium 
phase diagrams) from this information. Noteworthy, such a procedure requires involving the temperature-
dependent lifetime of the metastable state under consideration as a further parameter. 
 
Obviously, when including both, metastable and equilibrium states of matter, in the same graphical representation, 
the occurrence of a phase at a given point in thermodynamic space will have two fundamental consequences. (1) 
While p, T, and xi continue to be variables of state and thus to unambiguously determine the physical state of fully 
equilibrated matter, they merely act as boundary conditions describing metastable states that allow to calculate e.g. 
their free enthalpies. (2) Since metastable states evolve with time passing, and eventually will have transformed to 
the respective ground states, life times need to be considered (and eventually to be added to graphical 
representations of phase diagrams that include metastable states). The full scenario can be conclusively addressed 
in terms of ergodicity. Thermodynamic equilibrium corresponds to a globally ergodic state, while metastable states 
can be associated with locally ergodic regions in the space of atom configurations that can be defined for a given 
temperature, pressure and observation time. Such a region is that part of the energy landscape of a chemical system, 
which at the given temperature and pressure, and for a given observation time, can be in local equilibrium. If the 
system is in local equilibrium for a sufficiently long time, while residing in the locally ergodic region, physical 
measurements on the system will yield reproducibly thermally averaged results on the observational time scale. For 
all practical purposes, this is the appropriate definition of calling the material at hand a metastable compound, and 
thus the locally ergodic regions on the landscape correspond to the compounds capable of existence for the given 
observational time scale and thermodynamic boundary conditions.  
 
Recently, we have developed a general strategy to predict and compute equilibrium phase diagrams in the low-
temperature regime including both crystalline and solid solution phases without recourse to any experimental 
information [3] (c.f. Jahresberichte 2007, 2010). This approach employs a combination of global explorations of 
the energy landscape of the system for many different compositions, using empirical potentials, and local 
optimizations of the structure candidates determined, on the ab initio level. By analyzing the set of local minima 
found using the CMPZ algorithm, families of structurally related local minima can be identified, and we can 
deduce the existence - or non-existence - of thermodynamically stable and metastable solid solution-like phases or 
ordered crystalline modifications in the system. Next, the excess Gibbs energies are obtained by fitting the 
enthalpies of formation computed on ab initio level for many different compositions, and by adding the 
configurational entropy in case of solid solution-like phases.  
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As an example to illustrate the construction of such an "extended phase diagram", we consider the low-temperature 
part of the phase diagram of the quasi-binary system LiBr-NaBr. Several hundred global optimization runs using 
simulated annealing were performed for a number of different cation compositions (3:1, 2:1, 1:1, 1:2, 1:3) with up 
to 8 formula units each, at a pressure of 0 Pa. For each composition, the set of low-energy structures found could be 
divided into four sets of structure candidates that a) belonged to the same binary structure family, i.e. the NaCl-, 
NiAs-, wurtzite- and 5-5-type, respectively, and b) exhibited very small energy differences between the candidates 
within each family (c.f. Figure 1 for the E(V) curves of these four families). This strongly indicates that for 
temperatures above approximately 1 K four (meta)stable solid solutions will be found. To explore the energy 
landscape of all four phases in more detail, many additional structure candidates belonging to each structure family 
were generated by permutation of the cation positions followed by two local optimization runs: first with the 
empirical potential, and subsequently on ab initio level. As a next step, we calculated the enthalpy of formation for 
the four structure families j (j = 1, 2, 3, 4) for each composition x according to equation 1: 
 
ΔfH(j)(Li1-xNaxBr) = 〈E(j)(Li1-xNaxBr)〉 - (1-x)E(j)(LiBr) - xE(j)(NaBr)                   (1) 
 
Here, 〈E(j)(Li1-xNaxBr)〉 is the average energy of the structure candidates belonging to the particular structure family 
j, E(j)(LiBr) and E(j)(NaBr) are the (calculated) energies of the boundary compounds LiBr and NaBr in the 
corresponding structure family, respectively, and x is the fraction of NaBr in the overall composition. Based on the 
fit of ΔfH(x) with a Redlich-Kister polynomial for all four structure families, we calculated Gibbs energies by 
including the ideal entropy of mixing of the solid phases, S = -R[xlnx + (1-x)ln(1-x)]. 
 

 

 

Figure 1: E(V) curves for the LiBr-NaBr system, 
showing four families: red - NaCl, black - NiAs, blue - 
Wurtzite, and orange - 5-5-type. 
 
 

 
The resulting ΔGf(x) for the globally and three locally ergodic states of solid LixNa1-xBr are plotted in Figure 2b). At 
300 K, the thermodynamically stable NaCl-family as well as the metastable NiAs- and Wurtzite-families develop 
pronounced miscibility gaps, while for the 5-5-family complete miscibility is found (see Figure  2a). For the ground 
state NaCl-family the computational results can be validated by comparison with experimental data, where the 
agreement between the location of the miscibility gap by experiment and interpolated by CALPHAD on the one 
hand, and the calculated one on the other is quite good, considering the typical error of about ±100 K for such 
calculations. 
 
For the locally ergodic (metastable) states, their lifetimes, which depend on the temperature prevailing, need to be 
included. Using measurements of the probability flow on the energy landscape with the threshold algorithm, one 
can estimate the temperature range, over which a particular metastable phase can exist for a given time tobs. This is 
shown in Figure 3c), where for an observation time tobs ≈ 103 sec one finds an approximate stability range up to a 
temperature Tlimit ≈ 300 K, Tlimit ≈ 30 K, and Tlimit ≈ 30 K, for the NiAs-type, wurtzite-type and 5-5-type phase, 
respectively. For shorter times, the regions where the three metastable phases are observable will extend to 
somewhat higher temperatures, while for longer times, e.g. years, the regions will rapidly shrink towards lower 
temperatures. We note that all the computational results agree with the - admittedly scarce - experimental 
knowledge available: Besides the quantitative agreement with the experimental miscibility gap of the 
thermodynamical ground state (rock salt modification), LiBr has been shown to exist as a metastable wurtzite-type 
polymorph, and LiBr-LiI form a metastable wurtzite-type solid solution with a large miscibility gap. Clearly, there 
remains a great challenge to the experimentalist to synthesize the feasible metastable phases in a chemical system 
and to measure their lifetimes as function of the thermodynamic boundary conditions. 
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Figure 2: a) Section of Gibbs energy surfaces based on DFT-LDA-VBH data for the LiBr-NaBr system at 300 K; b) Gibbs 
energy surfaces based on DFT-LDA-VBH data for the LiBr-NaBr system, together with projection of the 
thermodynamically stable phase in the (T, x)-plane (dotted curve); c) Gibbs energy surfaces restricted to the (T, x) ranges, 
for which the four solid solution phases are locally ergodic on a time scale of O(103) sec. The order of the energy surfaces 
is the same in a), b) and c).. 
 
Nevertheless, although thus the validation and practical application of extended phase diagrams is 
still a task for the future, this kind of graphical representation allows us to include all metastable 
relevant phases, in principle, and thus encompasses the full richness of the phase-realm of a chemical 
system, where we stress again the supreme importance of the observational time scale. While the 
"extended phase diagram" is more difficult to visualize than a simple equilibrium phase diagram 
(which corresponds to the tobs → ∞ cross section of the extended phase diagram, of course), we do 
not think that it is more complex than typical quaternary, or even higher component equilibrium 
phase diagrams, which also can only be visualized by more or less complicated two- or three-
dimensional sections. But due to the inclusion of all metastable phases in a chemical system together 
with their lifetimes, the "extended phase diagram" can serve as a true guide to the materials chemistry 
of the chemical system.  
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LiFePO4: From single crystals to nanostructures 
 

C. Zhu, K. Weichert, L. Gu (Beijing, CAS), and J. Maier 
 

Batteries based on the light, small and very electropositive element lithium are undoubtedly 
significant devices for our technology-based society. Among the materials of interest, FePO4 is 
one of the most important materials in this context. On discharging it transforms to LiFePO4 
which can be reversibly delithiated on charging. Unlike electronic devices not only electronic 
carriers are relevant, but also ionic carriers as to enable mass transport and electrochemical 
reaction. In spite of the importance, examples of systematically studying the charge carrier 
chemistry in battery-relevant materials are extremely rare. In our work that essentially started 
with the growth of large LiFePO4 single crystals we were able to perform such studies on both 
LiFePO4, and more recently FePO4 [1]. As we found, the former intrinsically conducts electrons 
by a hole- and lithium ions by a vacancy-mechanism whereas excess electrons and lithium 
interstitials are predominant in FePO4. These thorough defect-chemical studies based on pure, Al-
, Si- and Na-doped materials enabled a quantitative interpretation of the ionic and electronic 
conductivities as well as of chemical Li-diffusion coefficients as a function of lithium activity 
(cell voltage), temperature and acceptor or donor doping content. Figure 1 gives the dopant-
dependence of both LiFePO4 and FePO4 that is in full accordance with our experimental results. 
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Figure 1: Dependence of defect concentrations in LiFePO4 and FePO4 on acceptor (A) and donor (D) content. Please 
note the symmetry that is highlighted by the colors. The symmetry is immediate consequence of the fact that the 
charge carriers in LiFePO4 are Li-vacancies and electron holes while in FePO4 they are Li-interstitials and excess 
electrons. 
 
Figure 2 displays a snapshot of our recording the interface motion when LiFePO4 transforms into 
FePO4 on chemical delithiation. The growth turns out to be diffusion-controlled but the FePO4 
formed being highly porous and penetrated by cracks owing to the large volume changes [2]. 
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Figure 2: Formation of a transparent FePO4 

layer at the surface of a LiFePO4 single crystal 
induced by chemical delithiation and observed 
by optical microscopy (negatives of the pictures 
are shown for better contrast). Solid line marks 
the solid/solution interface, dashed line the 
LiFePO4/FePO4 interface. The interface motion 
could be clearly followed as a function of time. 
(Inset: Square of thickness L2 of the FePO4 
layer as a function of time t). The kinetics is 
controlled by diffusion through a porous FePO4 
structure. From Ref. [2]. 
 

Besides faster transport kinetics, the avoidance of such mechanical complications is a great 
advantage of nano-structured electrodes. In order to study effects of size on voltage and phase 
transformation we prepared nano-crystalline and amorphous nano-crystals as well as nano-wires 
[3]. 
 
As in previous studies of us we can attribute the significant e.m.f. variation for the amorphous 
material to the loss of long-range order or alternatively to capillary effects of crystallites with 
vanishing size. The e.m.f. variations of crystals in the range of 10-100nm are due to variations in 
surface chemistry (surface tension) rather than size. 
 
A further interesting feature of nano-crystals or amorphous particles is the varied equilibrium 
storage behavior. There are various examples and explanations in the literature of substantial 
variations in miscibility gap up to the observation of complete miscibility. A recent observation 
of us made the picture even more colorful [4], it showed that at least parts of the nano-tubes 
showed a staging behavior; for a material which under macroscopic condition would be in the 
middle of the miscibility gap, we observed by high resolution TEM (Fig. 3) absence of de-mixing 
and occupation of every other row similar as in graphite. Obviously the formation of interfaces is 
— relative to the bulk contribution — so costly in these wires that it is avoided. 
 

 
 

Figure 3: High resolution aberration corrected TEM results for LiFePO4 nanotubes showing Li ions of partially 
delithiated LiFePO4 at every other row. (a) Pristine material with the atomic structure of LiFePO4 shown at inset; 
(b) fully charged state with the atomic structure of FePO4 given for comparison; and (c) half charged state 
showing the Li staging. Note that Li sites are marked by yellow circles; and the delithiated sites are marked by the 
orange circles. From Ref. [4]. 
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The fact that the latter phenomenon can be conceived equally well as ordering of point defects, 
forming precursors of interfaces or as internal heterostructures shines light on the exciting 
intermediate thermodynamic situation of such systems in which the difference between phases 
and components is blurred and hence the difference between compositional and morphological 
complexity. 
 
References: 

 

[1] Zhu, C., K. Weichert and J. Maier. Advanced Functional Materials 21, 1917–1921 (2011). 

[2] Weichert, K., W. Sigle, P. van Aken, J. Jamnik, R. Amin, T. Acartuerc. U. Starke and J. Maier. Journal of the 

American Chemical Society, DOI: 10.1021/ja207124a. 

[3] Zhu, C., Y. Yu, L. Gu, K. Weichert and J. Maier. Angewandte Chemie International Edition 50, 6278–6282 (2011). 

[4] Gu, L., C. Zhu, H. Li, Y. Yu, C. Li, S. Tsukimoto, J. Maier and Y. Ikuhara. Journal of the American Chemical 

Society 133, 4661–4663 (2011). 

– 66 –



Novel semi-solid electrolytes for Li-based batteries  
 

C. Pfaffenhuber, K. Weichert, A. Wohlfarth, K.-D. Kreuer, and J. Maier  

 
Electrolytes of relevance for high performance batteries have to fulfill a variety of restrictive criteria: 
Not only is high Li+ conductivity a necessary condition to avoid too high losses, also an anion contri-
bution as low as possible is desired as otherwise concentration polarization occurs [1]. Furthermore, 
the electrolyte should be mechanically stable. Beyond that, it should wet the electrodes, which is 
particularly crucial if nano-structured electrodes are used, as best achieved by liquid electrolytes. It 
goes without saying that the electrolytes must be — at least kinetically — stable against the electrode 
phases and of course not being too costly or environmentally problematic. Based on our theoretical 
and experimental work we offer two solutions.  
 
1) One elegant material class are the “soggy sand electrolytes” which we proposed. They show a 
semi-solid consistency but can still penetrate nano-structures (cf. Fig. 1 and Fig. 2c). 
 

 
 

Figure 1:.The figure shows a confocal microscopy picture of the silica network during formation process (top, left hand 
side), the time evaluation of the overall ion conductivity (top, right hand side), the steady-state conductivity for soggy sand 
electrolytes (together with cationic transference numbers) as a function of silica content (bottom, left hand side) and the 
current lines along clusters and within electrolyte as obtained from modeling (bottom, right hand side).  
 
They derive from usual liquid salt containing liquid solvents by adding fine-dispersed nano-particles 
that are surface-acidic enough as to adsorb the anions. Since as a consequence of adsorption ion pairs 
are dissociated within the space charge zone they show under certain conditions higher Li+ conduc-
tivities than the pure electrolyte. The same is true for the transference number. In this way transfer-
ence numbers can be increased from typically 40% to 80%, as indicated in Fig. 1c. Recent work of us 
concentrated on borate esters and particular on oligo methylene glycol as solvent. 
A critical point is network stability in these soggy sand electrolytes. Recently the combination of a 
variety of methods such as laser confocal spectroscopy, rheological measurements, electrochemical 
investigations together with Monte-Carlo and Finite Element calculations allowed us to achieve quite 
a complete picture [2]. 
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The initially rather stable colloidal dispersion develops into a percolating network (see Fig. 1a). This 
network formation could be followed by in-situ conductivity measurements (see Fig. 1b). Studying 
the kinetics of network formation is certainly an achievement that is of general interest in many other 
areas of physics and chemistry such as colloid chemistry and physics. 
 
Once the network is formed it coarsens via surface diffusion which is a self-decelerating process (as 
the number of next neighbors appears in the activation energy) and in some cases practically comes 
to a stand-still (see stationary curve 1c). This is obvious from the experiment as well as from Monte-
Carlo simulation. Figure 1d displays current-lines calculated via finite-elements using a typical frac-
tal cluster from Monte-Carlo simulations. The time-dependence of the calculated (2D) conductivity 
semi-quantitatively matches the experimental (3D) results. 
 
2) An even more efficient immobilization of the anions is naturally achievable by covalent bonding 
(see Fig. 2b). Here we ion-exchange the proton in proton-conducting polyelectrolytes (Fig. 2a) by 
Li+. We used novel sulfonated poly(phenylene-sulfone) polymers invented by us earlier. Conductivi-
ties achieved in this way are even better than in the previous case and the transfer number is practi-
cally 100%. As the necessary exchange of water by organic solvents leads to partial dissolution, the 
consistency is, as in the previous case, semi-solid guaranteeing good contact to the electrodes [3]. 
 

 
 

Figure 2: Similarity of the local situation in polymeric proton conductors (top left hand side) with the soggy sand electro-
lytes (bottom, left hand side). Ion exchange of proton vs. lithium ion (top, right hand side) leads to excellent pure cation 
conductors (bottom, right hand side).  
 
A future challenge is a detailed understanding of the concentration and mobility of free and bound 
species and their behavior during polarization which can be achieved on the basis of the concept of 
“conservative ensembles” which was constructed as to handle transport of species which undergo fast 
internal reaction processes [4]. In order to achieve this we are combining impedance measurements, 
polarization measurements, PFG-NMR measurements for F- and Li-nuclei as well as modeling. 
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Searching for fast oxygen exchange kinetics: (Bi,Sr)(Fe,Co)O3- perovskites 
 

A. Wedig, R. Merkle, B. Stuhlhofer, H.-U. Habermeier, E. Heifets, J. Maier 
 
Our interest in the exchange reaction of oxygen between the gas phase and oxides is twofold: (i) to 
understand the mechanistic details of one of the "simplest" gas-solid reactions - which nevertheless 
exhibits an astonishing complexity in terms of reaction pathways, (ii) to use this knowledge for 
improving electrochemical devices which rely critically on a fast oxygen incorporation rate such as 
cathodes for solid oxide fuel cells (SOFC). In order to clarify the reaction mechanisms we combined 
various experimental techniques with phenomenological as well as ab-initio modelling. In addition to 
stability issues, SOFC cathode materials should allow for rapid oxygen incorporation on the whole 
electrode surface area, as well as quick ion transport through the electrode to the electrolyte. In the 
perovskites of interest the ionic conductivity is enabled by oxygen vacancies.  
 
Investigating a whole class of mixed conducting perovskites showed that not so much the adsorption 
but rather ionization, dissociation and incorporation into vacancies are slugghish steps (red arrows in 
Fig. 1). In the typical cathode materials that show a high electronic conductivity it is the latter step 
that is limiting. Obviously for this step oxygen vacancies are crucial. We found that it is not only the 
concentrations of these defects that are important for the chemical kinetics, but also their mobilities 
since relevant adsorbed oxygen species are quite immobile and it is rather the vacancy that seeks Oad 
than vice versa [1]. Hence it is - as for bulk transport - the conductivity, i.e. concentration  mobility, 
that needs to be optimized [2]. 
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Figure 1: Scheme of possible reaction 
pathways for oxygen incorporation. 
Depending on the characteristics of the 
actual material, different branches are 
taken, and different steps are rate-
determining. 

low vacancy concentration
e.g. (La,Sr)MnO3-:

high vacancy concentration
e.g. (Ba,Sr)(Co,Fe)O3-:

green: fast steps
red: rate-determining step

 
The importance of both factors for the surface exchange rates is depicted in Fig. 2 which summarizes 
experimental results from several perovskite materials studied in our group. Moving from 
(La,Sr)MnO3- to (La,Sr)(Co,Fe)O3- perovskites it is mainly the strong increase of the oxygen 
vacancy concentration which accelerates the surface reaction by two orders of magnitude (the 
mobility remains constant). Going from (La,Sr)(Co,Fe)O3- to (Ba,Sr)(Co,Fe)O3- the increasing 
mobility of oxygen vacancies - as measured in separate diffusion experiments - makes the main 
contribution to the increase in reaction rate. (The origin of this increased vacancy mobility in 
(Ba,Sr)(Co,Fe)O3- could be traced back to a combination of geometric and electronic factors by DFT 
calculations)[3]. 
 
While (Ba,Sr)(Co,Fe)O3- perovskites exhibit fast oxygen exchange, their use as SOFC cathode is 
impeded by drawbacks such as carbonate formation, detrimental phase transformation and unwanted 
reactivity with the electrolyte materials. Taking the criterion of a high oxygen ion conductivity as a 
guideline, we turned to (Bi,Sr)(Fe,Co)O3- [4] owing to a high concentration (due to Sr2+ acceptor 
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doping on the Bi3+ site) and mobility (due to the high polarizability of Bi3+) of oxygen vacancies 
while avoiding Ba2+ which is largely responsible for the drawbacks of (Ba,Sr)(Co,Fe)O3-.  
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Figure 2: Effective rate constants for oxygen 
exchange between gas phase and several 
mixed-conducting perovskites with different 
concentrations and mobilities of oxygen 
vacancies. 
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At low to moderate Sr content x  0.5 iron in Bi1-xSrxFeO3- is present essentially in the 3+ oxidation 
state, only for high Sr concentration a significant fraction of Fe4+ is found. Thus the Sr acceptor 
dopants are largely compensated by a comparably high concentration of oxygen vacancies leading to 
ionic conductivity. The electronic conductivity in the range of 0.1-10 S/cm (depending on x, T, and 
pO2) is lower than for (La,Sr)FeO3- or (La,Sr)CoO3- perovskites. In contrast to the Ba-contaning 
perovskites, Bi1-xSrxFeO3- does not form significant amounts of carbonates in air, it has a lower 
thermochemical expansion coefficient and it starts to react with the YSZ electrolyte only at 
temperatures higher than typical SOFC operation. 
 
To allow for a reliable comparison of effective rate constants - unaffected by the hardly reproducible 
morphology of porous films - the (Bi,Sr)(Fe,Co)O3- perovskites are prepared as dense films on YSZ 
single crystal substrates as oxygen ion conducting electrolyte by Pulsed Laser Deposition. The films 
with 150-450 nm thickness are polycrystalline with a lateral crystallite size of  100 nm.The effective 
rate constant k of oxygen exchange was determined by electrochemical impedance spectroscopy. The 
diameter Rs of the semicircle in the spectra (Fig. 3) yields the rate constant k  (Rs)

-1 at various 
temperatures and oxygen partial pressures (pO2).  
 

 
 
 
 
 
 
 
 
 
 
 
Figure 3: (a) Sketch of sample: YSZ coated on both 
sides with mixed conducting perovskite film. Applying 
an AC voltage leads to oxygen in- and excorporation on 
the perovskite surface. (b) Impedance spectrum of a 
Bi0.5Sr0.5FeO3- film on YSZ. The large semicircle 
corresponds to the resistance Rs caused by the oxygen 
exchange surface reaction, the axis intercept is related to 
the ionic conductivity of the YSZ electrolyte. 
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Within the series of Bi1-xSrxFeO3- perovskites, the measured oxygen exchange rate increases with 
increasing Sr content (Fig. 4a). A partial substitution of Fe by Co strongly enhances the electronic 
conductivity and accelerates the oxygen exchange further. This is different from La1-xSrxFe1-yCoyO3- 
perovskites studied previously [7] where the Co content has a minor effect, and thus the effective rate 
constants of Bi1-xSrxFe1-yCoyO3- are higher in particular for Co-containing compositions. 
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Figure 4: (a) Effective rate constant k for the surface oxygen exchange reaction of La1-xSrxFe1-yCoyO3- [7] and Bi1-xSrxFe1-

yCoyO3- perovskites. (b) Correlation of k with oxygen ion conductivity. Ba0.5Sr0.5FeO3- and SrFeO3-: k and ionic 
conductivity from [1], La0.6Sr0.4FeO3-: k from [7], ionic conductivity from [1], Bi0.5Sr0.5FeO3-: k from the present study, 
ionic conductivity estimated from [5,6]. 

 
When the approach of a vacancy to an adsorbed oxygen species is rate-determining for the surface 
reaction, an increase of the ionic conductivity is expected to lead to a linear increase of the reaction 
rate. Fig. 4b shows that indeed a correlation between rate constant and ionic conductivity is found for 
the series of (La,Sr,Ba)FeO3- perovskites (the slope is slightly smaller than 1, as additional effects 
such as changes in the oxygen adsorption enthalpy influence the rate).  
 
In short, we combined experimental techniques (in particular impedance spectroscopy) with 
phenomenological modelling (on the level of master equations) and DFT calculations to elucidate the 
mechanism of oxygen reduction and incorporation on mixed conducting perovskites. The 
interpretation resulted in a well-defined search strategy. As a result of a targetted research, we have 
been led to the (Bi,Sr)(Fe,Co)O3- perovskites which indeed prove to be a promising electrocatalyst 
for high temperature fuel cells.  
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Modeling enzyme function at surfaces 
 

S. Stepanow, N. Lin, A. Dmitriev, J. Honolka, and K. Kern 

 
The high chemical reactivity of unsaturated metal sites is a key factor for the development of novel 
devices with applications in sensor engineering and catalysis. Open metal sites in nanostructured 
coordination compounds are also central in the research for sustainable energy concepts, e.g., the 
efficient and sustainable production and conversion of chemical fuels. Coordinatively unsaturated 
metal ions also play a key role in several biological processes, e.g., dinuclear metal centers are a 
common structural feature in the cofactor of many metalloproteins controlling respiration or 
metabolism. Several of these fundamental units are based on carboxylate-bridged Fe ions that 
catalyze the dissociation of molecular oxygen allowing the participation of oxygen into a large 
variety of chemical reactions controlling important processes such as the oxidation of methane to 
methanol, the conversion of nucleotides to deoxynucleotides, or the conversion of alkanes to alkenes. 
The structural characterization of these carboxylate-bridged iron units has been the subject of 
extensive work, and even more efforts have been dedicated to the understanding of their reaction 
mechanisms, a formidable challenge due to the complexity of the biological environment. 
 

 
 

Figure 1: STM images of the pristine (a,c,d) metal-organic coordination networks and exposed to oxygen (b,e,f). Reaction 
of mono-iron (a-b) and di-iron (d-f) networks with molecular oxygen as a function of O2 dosage (in Langmuir, L). Purple 
spheres represent the Fe centers in panel a and c. In panel b selected pristine and O2-modified units are highlighted by blue 
and red circles, respectively. Image sizes: (a,c) 3.5 x 3.5 nm2, (b) 8 x 8 nm2, (d,e,f) 14.3 x 14.3 nm2. STM imaging 
conditions: I = 0.1 nA, U = 0.3-0.5 V, and T=300K. 
 
Here, we explore the reactivity of coordinatively unsaturated metal centers under well-controlled 
conditions. This approach is based on supramolecular engineering of surface-confined coordination 
networks that display close structural analogies with the cofactors of non-heme enzymes.[1] We 
synthesized a two-dimensional array comprising of mono- and di-iron sites coordinated to the 
carboxylate groups of terephthalic acid (TPA) on a Cu(100) surface. The process of oxygen 
adsorption and dissociation is studied combining scanning tunneling microscopy (STM), x-ray 
absorption spectroscopy (XAS), and density functional theory (DFT) calculations. The latter 
identifies a novel mechanism for O2 dissociation controlled by the cooperative catalytic action of two 
Fe2+ ions. The high structural flexibility of the organic ligands and the mobility of the metal centers 
are shown to be essential for the functionality of these active centers.  
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Figure 1a and c show high-resolution STM images with superposed structural models of the mono- 
and di-iron coordination networks. The STM images in Fig. 1d-f reveal the structural modification of 
the di-iron networks as a function of O2 exposure at 300 K (partial O2 pressure of 3 x 10-8 mbar). The 
initially highly ordered di-iron structure (Fig. 1d) gradually collapses with increasing oxygen dosage 
(Fig. 1e,f). At this partial pressure the reaction proceeds in the order of minutes. The active response 
of di-iron centers contrasts with the behavior of the mono-iron centers, which selectively bind 
oxygen molecules but do not undergo a structural transition even at larger doses of O2 (Fig. 1b).[2] 
Such a drastically different behavior of mono- and di-iron centers illustrates the extreme sensitivity 
of the O2 dissociation reaction with respect to their atomic structure.  
 

 

Figure 2: High-resolution STM topograph of 
the di-iron network before oxygen exposure 
(a) and oxygen modified phase after 27L of 
O2 exposure (b), corresponding equilibrium 
geometries (c and d) and simulated STM 
images predicted by the DFT calculations 
(insets, e and f). Color code: carbon in grey, 
Fe in purple, oxygen in red, hydrogen in cyan, 
and Cu in light blue. 

 
Figure 2a displays a high-resolution STM image of the pristine di-iron structure together with the 
corresponding equilibrium structure predicted by DFT calculations (Fig. 2c). The molecule-surface 
coupling enforces the planar adsorption of the ligands. Each di-iron unit is coordinated by two 
chelating axial and by two bridging carboxylates with respect to the Fe-Fe axis. This results in a 
distorted square-planar Fe coordination with a Fe-Fe spacing of 4.45 Å and a height of 2.06 Å over 
the surface. The strong Fe-carboxylate bonding results in an increased height of the Fe atoms 
compared to isolated Fe adatoms (1.51 Å). The metal ions are in a high-spin Fe2+ state. Figure 2b 
shows a characteristic modified arrangement that is observed at the initial steps of oxygen exposure 
and appears more and more often with increasing oxygen dosage. At sufficiently high oxygen 
exposure disorder induced by the diffusion of the adsorbates is observed. In the modified structure 
the di-iron configuration persists but the axial ligands are displaced by ~2 Å with respect to the di-
iron axis. The lowest energy structure predicted by DFT for this arrangement is shown in Fig. 2d. We 
presume that the O* atoms resulting from the O2 dissociation become the fourth ligand, which 
recovers the four-fold coordination. The simulated STM image (Fig. 2f) is in good agreement with 
the experimental findings showing that the predicted structure is indeed compatible with the presence 
of two additional O* atoms (dashed circles in Fig. 2b and d). We note that instead of a single O*, 
molecular O2 would result in strong features in the STM image. The calculated position of the O* 
atoms is below the plane of the ligands and in contact with the Cu surface. Thus, we correlate the 
shift of the axial ligands with the presence of O* adatoms. Upon reaction of the di-iron unit with 
dioxygen the Fe net charge (Löwdin) decreases by ~0.16e while the O* charge increases by 0.44e 
with the carboxylate oxygen atoms nearly unaltered. This charge transfer from the Fe ions is 
attributed to the change of the oxidation state from +2 to +3. The theoretical analysis is supported by 
the XAS investigations of the Fe L-edge for the pristine and oxygenated networks (not shown here). 
 
The minimum energy reaction path for the adsorption and dissociation of oxygen predicted by the 
DFT analysis is reported in Fig. 3. The calculations show that the relevant mechanism is governed by 
the reactivity of the dinuclear Fe centers rather than the Cu substrate. Moreover, the non-reactivity of 
the mono-Fe phase excludes the reaction channel via the Cu surface since the small cavities in the 
mono-iron structure would lead to a similar reaction path. The numerical simulations predict that an 
O2 molecule adsorbs on one of the Fe2+ ions with a binding energy of 0.79 eV. The large initial Fe-Fe 
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distance prevents the direct formation of a Fe-O-O-Fe bridging intermediate (Fig. 3b) that is usually 
considered for these systems. Instead, another O2 molecule can be accommodated on the second 
metal center of the same unit, with a binding energy of 0.57 eV. The first dissociation starts from this 
very stable O2-Fe-Fe-O2 configuration (Fig. 3c) and constitutes the rate-limiting step (Fig. 3d). The 
activation energy of the dissociation of the first O2 is 0.74 eV, while the second molecule requires 
only 0.25 eV (Fig. 3e). The reason for this lower value lies in the specific dinuclear structure of the 
reaction center. While breaking the O-O bond of the second molecule a new O2 molecule forms from 
the recombination of O atoms located on the neighboring Fe ion (Fig. 3e). This meta-stable Fe-O-O-
Fe bridging configuration is different from the single O2 bridging case discussed above (Fig. 3b). It is 
now stabilized by the concerted displacement of the metal centers induced by the presence of the O 
adsorbates. This signifies the high flexibility of the di-iron unit. In the last step of the reaction the 
newly formed oxygen molecule desorbs leaving an O atom on each of the metal centers. Finally the 
axial ligand displacement further lowers the total energy by 1.3 eV (per Fe center) and requires an 
activation energy of 0.53 eV. This yields the experimentally observed structure (Fig. 2b). 
 

 
 

Figure 3: Reaction mechanism for O2 dissociation predicted by the DFT calculations. The relative energies of the reaction 
intermediates (a-f) as well as the activation barriers are expressed in eV.  
 
The different reactivity displayed by mono- and di-nuclear Fe centers towards dioxygen dissociation 
stems from both structural and electronic effects, namely the presence of the bridging ligands and the 
ability to assist multi-electron processes. In this context, the reaction mechanism we propose 
establishes a new element into the structure/function relationship of these active sites: Besides 
bridging ligation, the reactivity of dinuclear sites is controlled by the structural flexibility of the 
organic ligands as well as by the possibility of the metal centers to undergo coordinated structural 
displacements. The mechanism proposed here differs in several aspects from other dinuclear Fe 
systems. Most reactions involve the presence of bridging O2 across the Fe centers. This bridging 
configuration is present also in our reaction mechanism, however it originates from two O2 molecules 
interacting with the dinuclear site. The likelihood of forming the bridging dioxygen strongly depends 
on the distance between the Fe ions which can vary in the range from 2.85 Å to 5.01 Å in other 
systems. Moreover, the square-planar structure of the surface supported model complex is distinct 
from the 3D coordination environment of the synthetic di-iron complexes. Here, the surface enforces 
the co-planar coordination of the components. The supporting surface might play a role similar to 
steric hindrance ligands in 3D compounds and stabilizes the unsaturated four-coordinated structure. 
Further, it provides a source of electrons for the reactions. Besides these differences, the key 
structural resemblance with the carboxylate-bridged dinuclear iron complexes is still remarkable.  
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In conclusion, our results provide a direct correlation between the reactivity of di-iron active sites and 
the concerted displacement of metal centers and ligand flexibility. Our study reveals the interaction 
of di-iron coordination networks supported on a metal surface with O2 and identifies a novel reaction 
mechanism. This mechanism displays a cooperative catalytic action of the Fe ions, is rate-limited by 
the first O2 dissociation, and exploits the structure of the dinuclear site. Since the di-iron structure 
displays carboxylate ligand shifts analogous to that exhibited by synthetic biomimetic systems and 
biological metalloenzymes sensitive to dioxygen, our characterization and conclusions may be useful 
for the design of artificial units capable to mimick the function of enzymes’ active sites.[3] 
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Flexible low-voltage organic transistors based  
on a novel, high-mobility organic semiconductor 

 
Ute Zschieschang, Ulrike Kraft, Reinhold Rödel, Mirsada Sejfic, Hagen Klauk 

 
Organic thin-film transistors (TFTs) are of interest for a variety of large-area electronics applications, 
such as flexible active-matrix displays and conformable sensor arrays [1]. Among the challenges in 
the development of  high-performance organic TFTs, especially on flexible polymeric substrates, is to 
realize organic TFTs that simultaneously provide a large field-effect mobility, a large on/off current 
ratio, and a steep subthreshold swing. 
 
The reason why a large field-effect mobility is desirable is that it determines the maximum frequency 
at which a field-effect transistor can be operated [2]. In organic TFTs the largest field-effect mobilities 
are typically obtained by using organic semiconductors that condense into thin films with a favorable 
crystal structure and a low defect density; such as pentacene, dioctyl-benzothienobenzothiophene 
(C8-BTBT), and dinaphtho-thienothiophene (DNTT) [3]. 
 
The on/off current ratio is the ratio between the on-state drain current and the off-state drain current of 
the transistor. Maximizing the on-state drain current is desirable, because this maximizes the rate at 
which intrinsic and parasitic capacitances are charged and discharged during rapid switching events. 
Minimizing the off-state drain current is important, since this minimizes the charge leakage and hence 
the loss of information from the display or sensor element during the frame refresh time. While the 
on-state drain current is directly proportional to the field-effect mobility, the off-state drain current 
can be minimized by avoiding charge leakage through the semiconductor and through the gate 
dielectric of the transistor. Charge leakage through the semiconductor can be minimized by choosing 
a semiconductor with a large HOMO-LUMO gap (to block the undesired injection of minority 
carriers from the drain contact) and by purification of the semiconductor (to eliminate bulk impurities). 
Avoiding charge leakage through the gate dielectric is straightforward if the gate dielectric is either 
sufficiently thick (to eliminate direct tunneling and to minimize Fowler-Nordheim tunneling and 
Ohmic currents) or grown at a sufficiently high temperature (to produce a dense, defect-free insulator). 
For example, organic TFTs with SiO2 gate dielectrics grown at temperatures above 800 ºC or using 
spin-coated polymer gate dielectrics with a thickness of several hundred nanometers can have on/off 
current ratios as large as 1010.  
 
However, high process temperatures interfere with the goal of manufacturing organic TFTs on 
flexible polymeric substrates (which typically have a glass transition temperature below 150 ºC), and 
thick gate dielectrics usually have a rather small capacitance per unit area, which results in a large 
operating voltage and a poor subthreshold swing. The reason for the latter is that the subthreshold 
swing is determined by the ratio between the density of trap states at the semiconductor/dielectric 
interface and the capacitance per unit area of the gate dielectric. Organic TFTs on polymeric 
substrates that provide low charge leakage, low operating voltages, and a steep subthreshold swing 
therefore require a gate dielectric that is dense, defect-free, has a large capacitance per unit area, and 
can be produced at temperatures below about 150 ºC. To realize flexible organic TFTs that 
simultaneously provide a large field-effect mobility, a large on/off current ratio, and a steep 
subthreshold swing we have therefore combined a novel high-mobility organic semiconductor with a 
high-capacitance gate dielectric that is based on a thin, oxygen-plasma-grown aluminum oxide layer 
and a solution-processed organic self-assembled monolayer, both of which are obtained at 
temperatures below 100 ºC. 
 
The transistors were fabricated on 125-µm-thick, flexible, transparent polyethylene naphthalate (PEN) 
film. Aluminum gate electrodes with a thickness of 20 nm were deposited by thermal evaporation in 
vacuum through a polyimide shadow mask and briefly exposed to an oxygen plasma to create an AlOx 
layer with a thickness of 3.6 nm, followed by immersing the substrate in a 2-propanol solution of 
tetradecylphosphonic acid in order to form a 1.7-nm-thick self-assembled monolayer (SAM) on the 
AlOx surface. The result is a dense AlOx/SAM gate dielectric with a thickness of 5.3 nm and a 
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capacitance of 800 nF/cm2 that allows the TFTs to operate with relatively low voltages of about 2 to 3 
V [1-3]. A 20-nm-thick layer of the organic semiconductor 2,9-didecyldinaphtho[2,3-b:2’,3’-
f]thieno[3,2-b]thiophene (C10-DNTT; chemical structure shown in Fig. 1a) that was recently developed 
at Hiroshima University and was purified by temperature-gradient sublimation prior to use was then 
vacuum-deposited at a substrate temperature of 80 ºC and patterned using a shadow mask. Compared 
with the more common organic semiconductors pentacene and DNTT, the decyl substituents in C10-
DNTT force the molecules into a tighter solid-state packing with enhanced overlap of the delocalized 
molecular orbitals, which creates the possibility for larger carrier mobilities in the plane parallel to the 
substrate surface. C10-DNTT also has a relatively large HOMO-LUMO gap of almost 3 eV that is 
beneficial for achieving a small off-state drain current and hence a large on/off current ratio. 
 
However, the long aliphatic substituents protruding from the conjugated core of the C10-DNTT 
molecules also impede the charge transport in the vertical direction and hence the efficient exchange of 
charge carriers between the C10-DNTT molecules and the Au source and drain contacts located on top 
of the semiconductor layer. Strategies to alleviate this effect and provide improved charge exchange, 
reduced contact resistance, and increased effective field-effect mobility include the introduction of 
area-selective contact doping at the interface between the semiconductor and the metal contacts [2]. 
Therefore, a 1-nm-thick layer of the strong organic molecular dopant NDP-9 that has been developed 
by Novaled [2], a 2-nm-thick layer of the non-alkylated organic semiconductor DNTT [3], and another 
1-nm-thick layer of NDP-9 were sequentially deposited onto the C10-DNTT layer through a shadow 
mask prior to depositing the Au source and drain contacts through the same shadow mask. By 
depositing the NDP-9 / DNTT / NDP-9 stack and the Au contacts through the same shadow mask, the 
doping effect is confined to the contact regions of the transistors, which is important to maintain  a 
large on/off current ratio (see Fig. 1b for a schematic cross-section of the completed TFTs). 
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C10-DNTT (20 nm) 
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NDP-9 (1 nm) 

 

 

Figure 1:  
(a) Chemical structure of the organic
semiconductor C10-DNTT.  
(b) Schematic cross-section of the
C10-DNTT transistors with NDP-9
contact doping. 

 
Figure 2 shows the current-voltage characteristics of a C10-DNTT TFT with NDP-9 contact doping on 
a flexible PEN substrate. The TFT has a channel length of 30 µm, a field-effect mobility of 
4.3 cm2/Vs, a maximum gate current of 0.4 pA, an off-state drain current below 0.1 pA, an on/off 
current ratio of 108, and a subthreshold swing of 68 mV/decade. To our knowledge these are the 
largest on/off current ratio, the steepest subthreshold swing, and the second-largest field-effect 
mobility reported for a flexible organic TFT. Researchers at Nanyang Technological University 
Singapore recently reported a field-effect mobility of 6.4 cm2/Vs for flexible pentacene TFTs which 
also operate with low voltages (3 V), but these TFTs show a somewhat larger off-state drain current 
(100 pA), a smaller on/off current ratio (2105), and a less steep subthreshold swing (160 mV/decade). 
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Figure 2:  
Electrical characteristics of a 
flexible C10-DNTT TFT with 
a channel length of 30 µm 
and a channel width of 
100 µm. The transistor has a 
field-effect mobility of 
4.3 cm2/Vs, an on/off current 
ratio of 108, and a 
subthreshold swing of 
68 mV/decade. 

 
To evaluate the dynamic performance of the flexible C10-DNTT TFTs we have designed and 
fabricated 5-stage ring oscillators composed of unipolar inverters based on a saturated-load design. 
The static transfer characteristics of such an inverter are shown in Fig. 3a. Figure 3b shows the signal 
propagation delay per stage as a function of the supply voltage measured for flexible ring oscillators 
with two different design rules. When the TFTs have a channel length of 30 µm and a gate-to-contact 
overlap of 30 µm, the signal delay measured at a supply voltage of -3 V is 25 µsec per stage (blue data 
points in Fig. 3b), whereas when the TFTs have a channel length of 10 µm and a gate-to-contact 
overlap of 15 µm (which are the smallest lateral dimensions attainable with our polyimide shadow 
masks), the signal delay measured at a supply voltage of -3 V is 5 µsec per stage (red data points in 
Fig. 3b). This is the shortest signal delay reported for an organic ring oscillator at supply voltages 
below 7 V. 
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Figure 3: 
a) Static transfer 
characteristics of an 
inverter with saturated 
load based on C10-DNTT 
TFTs on a flexible PEN 
substrate.  
b) Signal propagation 
delay as a function of 
supply voltage of flexible 
5-stage ring oscillators 
based on C10-DNTT TFTs 
with channel lengths of 
30 µm and 10 µm. 
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Optical Nano-Antennas 
 

Ralf Vogelgesang, Moritz Eßlinger, Worawut Khunsin, and Klaus Kern 

 
Over the past few years, an exciting development in nano-optical research has set in with the 
recognition that metallic nanoparticles with their plasmon resonances may be used in a fashion very 
similar to the way electrical engineers of the twentieth century have developed radio-frequency (RF) 
antennas. This introduces the concept of optical nano-antennas. Following many of the same rules 
that apply to RF antenna design, also the properties of optical nano-antennas can be tailored to fulfill 
desired functions. 
 

 
 

Figure 1: The conventional scheme for Radio-Frequency (RF) communication achieved by RF antennas. A popular type of receiving 
antenna is the Yagi-Uda antenna. On the right, two such antennas are displayed, pointing in different directions. Both consist of one active 
element (a folded-dipole), a passive reflector, and several passive director elements. Their line of sight indicates the direction towards an 
emitting radio tower, such as the famous radio tower of Stuttgart, Germany, seen on the left. 

 
Like their RF counterparts, nano-optical antennas may be seen as impedance matching devices 
between free space radiation and the radiation/photon source. In receiving mode the antenna is able 
to confine free space radiation to a subwavelength region in the vicinity of the structure. With the 
control of emission rates and directions of quantum emitters like individual molecules or quantum 
dots at the nanoscale – enabling efficient coupling to more conventional optical technologies – could 
have technological applications in building single photon detectors on the nanoscale. This is 
especially interesting for the development of the sources needed in quantum cryptography. 
 
A particularly promising geometry for tailoring the emission pattern is the Yagi-Uda antenna design, 
named after Shintaro Uda and Hidetsugu Yagi from Tohoku University, Japan, who patented their 
concept in 1926. Yagi-Uda antennas used to be ubiquitous sights in urban landscapes. Being the most 
popular choice in terrestrial TV and radio broadcasting systems, nearly every rooftop featured one or 
more of these devices (Figure 1). To this day, they are widely used in RF communication because of 
their high maximal directivity.  
 
Operational implementations of nano-optical antennas have only recently been demonstrated in 
emission mode. Antenna directionality was nicely proven in these works by far-field spectroscopic 
imaging of the reciprocal space. In our work we investigate experimentally the properties of nano-
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optical antennas in reception mode with a near-field microscope. This allows us to draw direct 
conclusions about the exact antenna mode of operation, which may otherwise only be inferred from 
simulations mimicking experimental results. Having studied individual antenna elements in the past 
[1], we recently began fabrication and characterization of a variety of Yagi-Uda antennas [2,3]. In 
Figure 2 we show representative results from measurements with our cross-polarization apertureless 
Scanning Near-field Optical Microscope (aSNOM). 
 

      
 

   . 
 

Figure 2: (a) Composition of a nano-optical Yagi-Uda antenna and experimental setup: The nanoantenna is fabricated on a 
glass substrate and illuminated by a weakly focused s-polarized (green arrow) radiation (λ = 1064 nm) under an oblique 
incident angle (grey arrow). The normal components of the near-fields surrounding the antenna elements (blue and red 
arrows) can couple to a mode of a sharp AFM tip. They are scattered back and recorded in the far-field. The measured 3D-
topography is shown on the right. (b-d) real part of the optical signal superimposed onto the topography at different 
incidents of time: (b) 0° phase, (c) 64° phase, (d) 128° phase. 
 
With the aSNOM being able to measure both amplitude and phase, we can reconstruct the field 
evolution of the time-harmonic reception processes. Figure 2b-d show the real part of the E-fields 
measured above the antenna at different snapshots in time. The electric field strength at the specific 
incident of time is color coded as texture on top of the 3D topography shown in Figure 2a. Figure 2b 
shows the fields at the incident of time that we denominate with the phase of 0° where the two 
directors light up. The two directors show one positive and one negative field lobe with a field node 
in between them. The feed element shows a rather weak field amplitude, indicating that the fields are 
close to the point in time where the sign of the field amplitude flips. Interestingly, the reflector shows 
a dipole pointing in the opposite direction with respect to the directors. Figure 2c shows the situation 
64 phase degrees later in time. All antenna elements show the same color scheme, indicating that the 
dipole moments have the same orientation. The feed element is at its maximum field strength, 
brighter than all the other elements at any time. Finally, Figure 2d shows the E-fields another 64° 
later where the reflector reaches its maximum. The field strength of the feed element is already 
declining and the dipole moments of the upstream lying directors have already flipped. 
 
The far-field directivity of an antenna emission can also be studied by nearfield optical microscopy. 
It is quantified by the expression 

( , )
( , ) 4

( , )

P
D

P d

θ φθ φ π
θ φ

=
Ω∫

 

which is the power ( , )P θ φ  per unit solid angle emitted in a given direction divided by the emitted 
power per solid angle by an isotropic source of equal total radiated power. Thanks to the Rayleigh-
Carson reciprocity theorem, a highly directive emission antenna is also able to collect radiation 
efficiently from defined directions. Thus, by investigating a given antenna under illumination from 
different directions, the directivity can be mapped out. 

– 81 –

asen
Rechteck



3 
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Figure 3: The emission pattern of a substrate supported Yagi-Uda nanoantenna coupled to a dipole emitter. Left: 
Horizontal cut through the emission pattern of Yagi-Uda antenna on the air side of the substrate under the angle accessible 
to our aSNOM. Right: 3D plot of the emission pattern. The cone indicates the illumination angle of our setup. 
 
Figure 3 shows a typical directivity plot. Our oblique incident illumination scheme gives us access to 
a cone-shaped part of the radiation pattern with an opening angle of approximately 140° as indicated 
on the right. The conical cut through the emission pattern shown on the left exhibits a strong 
directionality. When we extract the reception characteristic for illumination under varying angles, 
taking the supporting substrate into account, we observe excellent qualitative agreement. 
 
In summary, we have experimentally observed the detailed function of nano-optical Yagi-Uda 
antennas in the nearfield. Such structures show strong directionality in receiving mode. In the phase 
channel of our near-field images we observe the capacitive coupling of the director elements and the 
inductive coupling of the reflector element. Upon forward illumination of the antenna, the 
constructive interference of scattered light by these elements leads to a strong field enhancement at 
the position of the feed element. 
 
The interpretation of amplitude and phase dynamics of the Yagi-Uda nanoantenna elements is 
analogous to their RF counterpart. This suggests that modification of existing RF antenna theories 
should make it possible to transfer most of the RF engineering design rules also to nanoantennas. 
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Disorder in Rare Earth Metal Halide Carbide Nitrides 
 

A. Simon, C. Schaloske, and Hj. Mattausch 

 
Structural frustration in a rod packing exhibits analogy to frustration effects in antiferromagnetic 
systems. Like the spins in a triangular Ising net, rods with periodic contour may arrange randomly. 
Such frustration effects are observed in rare earth metal carbide nitride halides composed of C2 
centered RE6 octahedra and N centered RE4 tetrahedra. These can be connected in varying sequences 
to form infinite rods or fragments of rods. Two types of rods are essential which are depicted in 

Fig. 1. The first is composed of alternating single octahedra and double tetrahedra [ott]. They are 
aligned in a parallel fashion in the structure of β-Gd4I6CN to form a Kagomé-type arrangement of 
triangles and hexagons with additional rods centering the hexagonal channels. Every third rod of the 
latter type is rotationally disordered. The other type of rod formed from alternating double octahedra 

and double tetrahedra [oott] occurs in phases characterized as Y6I9C2N. We show structural 
variants which exhibit different degrees of disorder on micro- and nanoscale. 
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Figure 1: Side view of (top) a rod (C2)(N)2Ce8I6, 

notation [ott] and (bottom) (C2)2(N)2C12I18, notation 

[oott]. 
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The hexagonal structures of the phases with compositions Ce6I9C2N and Ce4I6CN, respectively, are 
closely related in their metrics and mainly differ by a stepwise change of disorder. The common 
feature of the structures is the Kagomé-type pattern depicted in figure 2. It seems to be identical in 

the projection along [001] although the constituents are different, namely [ott]-type rods in the 

structure of Ce4I6CN and [oott]-type rods in the case of Ce6I9C2N. The rods are connected via 
iodine bridges. The atomic positions with respect to the c axis are identical for different rods, and the 
connections are exclusively between one octahedron apex and the waist of an octahedron in an 
adjacent rod. 

1


1


 
The question arises what causes the different degrees of disorder in the phases discussed. (i) The 
distances in the Ce-I-Ce bridges within the Kagomé-type framework are approximately 0.3 Å shorter 
than those involving the rods inserted into the hexagonal channels. Hence, the comparably weaker 
bonding favors rotational disorder. (ii) There exists a triangular arrangement of contoured rods with 
minima and maxima in diameter at identical height along c for all of them. A close packing of such 
rods can be optimized by mutually shifting them along c with a positional ratio 1:2 in each triangle. 
Such a condition corresponds to maximal frustration and obviously partly occurs as indicated by the 
results of structure refinement and the significant excess electron densities observed. (iii) The first 
coordination shell, the hexagonal channel, for all inserted rods is identical, no matter whether there is 
order or disorder. However, provided the channel adjusts marginally to the respective rod orientation, 
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then interaction within the triangular arrangement is possible, and the second coordination shell 
becomes important. (iv) Indeed, sketches of the ordering patterns presented in figure 3 give evidence 
for an influence via the symmetry of the second coordination shells in the structures of ´- and ß´´-
Ce6I9C2N as well as Ce4I6CN. Figure 3 also presents a hypothetical case of total order for all rods 
inserted into the Kagomé-type framework. 
 

 
 

Figure 2: Projections along [001] of (a) ß´´-Ce6I9C2N, (b) ´-Ce6I9C2N, (c) Ce4I6CN and (d) -Gd4I6CN. 
 
 

 

Figure 3: Schematic disorder patterns of the structures 
of (a) ß´´-Ce6I9C2N, (b) ´-Ce6I9C2N, (c) -Gd4I6CN 
and (d) RE6I9C2N hypothetical, ordered. 
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Mesostructured Imidazolate Frameworks 
 

S. C. Junggeburth, K. Schwinghammer, K. S. Virdi, C. Scheu, B. V. Lotsch 
 
 
Metal-organic frameworks (MOFs) are crystalline hybrid framework materials composed of 
inorganic metal “nodes” bridged by rigid organic linkers, thereby featuring exceptionally high 
surface areas and porosities. Despite the successful synthesis of a plethora of intricate framework 
topologies, a major objective in current MOF chemistry is the extension of pore sizes from the 
micropore (> 2 nm) to the mesopore regime (2 – 50 nm). In contrast, siliceous materials constitute a 
large class of inorganic materials spanning different pore size regimes with pore topologies on the 
micro-, meso- and macroscale. Here, microporous zeolites and mesoporous silica represent the most 
famous of such ordered siliceous materials.[1] While zeolites have already found MOF analogues 
named zeolitic imidazolate frameworks (ZIFs), featuring zeolite-like framework topologies, materials 
that combine metal-organic building blocks with supramolecular templates such as those found in 
mesostructured silica materials are still elusive.  
Therefore, the combination of mesophase synthesis, which employs surfactants as supramolecular 
templates, with the solvothermal synthesis of MOFs and especially ZIFs is one promising avenue that 
may ultimately afford mesostructured materials with hierarchical, i.e. micro and meso, porosity. Here 
we describe the first representative of a mesostructured zinc coordination polymer with imidazolate 
linkers, which has been obtained by an inverse microemulsion-based synthesis.[2]  
 
Different zinc imidazolate-based hybrid materials were obtained by combining aqueous zinc acetate 
and imidazole (IM) or methylimidazole (MeIM) solutions with a solution containing 1-hexanol, n-
heptane and cetyltrimethylammonium bromide / chloride (CTAB/CTAC) or other 
trimethylalkylammonium bromide surfactants with different chain lengths (C10 to C18) as 
emulsifying agents. The products were obtained as white precipitates after refluxing the reaction 
mixture at 100 °C for 2 h and are denoted mesostructured imidazolate frameworks, MIFs, (MIF-1: 
Zn/MeIM/CTAB, MIF-2: Zn/IM/CTAB) in the following in order to stress their relationship to ZIFs. 
Chemical analysis and spectroscopic evidence infer that the materials are hybrid structures composed 
of zinc imidazolate coordination polymers interleaved with organic surfactant slabs inducing a high 
level of order and a pronounced layered character [2].  
 

      
 

Figure 1: Left: XRD powder patterns of lamellar MIFs with different surfactants/ligands: a) CTAB/MeIM (MIF-1), b) 
CTAC/MeIM, and c) CTAB/IM  (MIF-2). The first peaks correspond to the basal spacing of the mesostructures, 
demonstrating their lamellar morphology. Right: XRD powder patterns of MeIM-based MIFs obtained using different 
surfactants with varying chain lengths (C13H30NBr - C21H46NBr). The systematic shift in the basal spacings suggests the 
incorporation of the surfactants and corroborates their role as templates. Copyright ©2012 by John Wiley & Sons, Inc. 
 
Figure 1 shows the X-ray powder patterns of different MIFs, highlighting their layered stucture. The 
00l reflections are systematically shifted to lower angles as the ligand or halogenide size (Fig. 1, left) 
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and the surfactant chain length increases (Fig. 1, right), thereby suggesting the role of the surfactants 
as templates. The peaks indexed as 001 (2θ = 3.2° for MIF-1 and 2θ = 3.4° for MIF-2) infer lamellar 
structures with a basal spacing of d001 = 27.19 Å for MIF-1 and d001 = 26.33 Å for MIF-2. The 
incorporation of the surfactants is also clearly evidenced by infrared and solid-state NMR 
spectroscopy. While both spectroscopies show that the imidazole ligands are deprotonated as in ZIFs, 
the 13C NMR chemical shifts of the methylene carbons around 33 ppm suggest that the surfactants 
adopt an all-trans conformation, which points to an ordered, close packed surfactant arrangement as 
likewise found in other lamellar mesostructures.  
 
Elemental analysis (EA) turned out to be a helpful tool in obtaining more detailed information on the 
type and dimensionality of the “inorganic” substructure based on zinc-imidazolate coordination 
polymers. As the composition of the MIFs was determined as [Zn2+] : [IM-] : [Br-/Cl-] : [CTA+]  = 1 : 
1 : 2 : 1 (CTA+ = C19H42N

+) by EA and energy dispersive X-ray spectroscopy (EDX), the tentative 
molecular formula of MIF-1/2 can be given as [Zn(MeIM)2/2Br2]CTA / [Zn(IM)2/2Br2]CTA, 
respectively. Therefore, the incorporation of excess halogenide ions, together with the assumption of 
a tetrahedral Zn coordination environment and electroneutrality suggest the formation of zinc 
imidazolate chains with composition Zn(IM)2/2 rather than zinc imidazolate networks with 
composition Zn(IM)4/2 as observed in ZIFs. As a working model, we assume anionic corner-sharing 
Zn(IM)2/2Br2

- chains that are electrostatically bonded to positively charged CTA+ ions, a motive that 
has earlier congeners in the literature.[3]  
 
Transmission electron microscopy (TEM) imaging of the MIFs is hampered by the strong beam 
sensitivity of the samples. Nevertheless, selected area electron diffraction (SAED) images could be 
recorded by using very short acquisition times. D values d1a, d1b for MIF-1 and d2a, d2b for MIF-2 
were determined to be 11.43±0.45 Å, 9.55±0.35 Å and 10.98±0.90 Å, 8.95±0.95 Å, respectively (Fig. 
2, left), assuming orthorhombic metrics in both cases. The value 10.98 Å has been reported in the 
literature as the translational parameter of a zigzag zinc imidazolate chain,[3] suggesting that the 
found values represent the in-plane (i.e. a and b) lattice parameters of the respective unit cells. 
 

 
 

Figure 2: Left: SAED image of MIF-1, taken parallel to the c-axis. Due to the beam sensitivity of the sample only short 
acquisition times could be realized, resulting in noisy patterns. Right: Structural model of MIF-2 viewed along [010], 
constructed with the Visualizer tool of the program Materials Studio. An AAA-type stacking model is used for simplicity. 
Copyright ©2012 by John Wiley & Sons, Inc. 
 
Figure 2 (right) shows a tentative model for the structure of MIF-2 (MIF-1 may be constructed 
analogously), put together with the software package Materials Studio based on the spectroscopic, 
EA and diffraction results and assuming orthorhombic metrics. According to EA, we infer that 
[ZnBr2(IM)2/2]n chains rather than [Zn(IM)4/2]n nets constitute the “inorganic” slabs. The metrics of 
the unit cell was extracted from XRD and TEM, respectively, yielding a = 10.98 Å and b = 8.95 Å, 
and c = 26.33 Å. The metrics of the ab-plane is consistent with two [ZnBr2IM]n

- zigzag-chains 
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running along the a axis, while the b parameter is given by the spacing of adjacent chains.[3] As for 
the organic slab, we assume an interdigitated monolayer arrangement with antiparallel stacking of 
surfactant cations, which are inclined with respect to the c axis by ≈ 62° as similarly found in 
crystalline CTAB, rather than a tail-to-tail bilayer arrangement. Although we cannot distinguish 
between an AAA-type stacking of the surfactants with a basal spacing of 26.3 Å (00l: l=n) and an 
ABAB-type stacking with a doubled basal spacing of 52.6 Å and extinction of the l=2n reflections, 
an AAA-type stacking is used here as working model. The SAED images imply perfect registry 
between the organic and inorganic slabs, which is rarely observed in lamellar mesophases.  
 

 
 

Figure 3: Left: XRD patterns illustrating the structural evolution of ZIF-8 after refluxing MIF-1 in EtOH at 100 °C for 
different times. a) Untreated, b) 5 min, c) 10 min, d) 1 h, e) 2 h, and f) simulated powder pattern of ZIF-8. Right: SEM 
image of MIF-1 treated with EtOH at 100 °C for 2 h. ZIF-8 nanoparticles of roughly 100 nm are visible, corresponding to 
diffraction pattern e) in Figure 3 (left). Copyright ©2012 by John Wiley & Sons, Inc. 
 
Besides their high thermal stability of up to 300 °C, the behaviour of MIFs upon extraction of the 
surfactants is remarkable. When MIF-1 is treated with ethanol at 100 °C, it is converted into pure 
nanocrystalline ZIF-8 within minutes. Figure 3 (left) demonstrates the gradual formation of ZIF-8, 
which is presumed to proceed by heterogeneous growth and direct conversion of MIF-1 rather than 
dissolution of MIF-1 and growth of the new phase. The conversion process was followed by scanning 
electron microscopy imaging and reveals the coexistence of a lamellar structure (MIF-1) with ZIF-8 
nanoparticles at intermediate growth stages, while after 2 h only agglomerates of ZIF-8 nanoparticles 
with sizes around 100 nm are observed (Fig. 3, right) [2].  
 
The facile transformation of MIF-1 into ZIF-8 indicates a close topological relationship between the 
two materials, although the exact structure of the MIFs needs to be further ascertained. With the 
presented zinc imidazolate mesophases we have transferred the concept underlying mesostructured 
silica materials such as the MCM phases (mobile compound of matter) to zinc imidazolates, which 
may be rationalized by the similar Si-O-Si and Zn-IM-Zn bonding geometries. Thus, the structural 
analogy between microporous ZIFs and zeolites has been extended to mesostructured silica materials 
on the one hand, and mesostructured zinc imidazolates on the other hand.  
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Prediction of new structure candidates for quasi one-dimensional Wigner 
crystals Na1+xCuO2 (0  x  1) by enumeration  

 
J. Nuss, N. Z. Ali, U. Wedig, and M. Jansen 

 
The still young family of quasi one-dimensional mixed valent sodium cuprates(II/III), Na1+xCuO2 [1], 
represents intrinsically doped Mott insulators, i.e. they show unperturbed periodicities, and thus are 
well suited for experimentally and theoretically studying phenomena related to charge, spin and 
orbital ordering in mixed valent oxocuprates. Most interestingly, Na3Cu2O4 and Na8Cu5O10 have been 
shown to represent first unambiguous manifestations of Wigner crystallization and to display one-
dimensional collinear magnetic structures [2]. These compounds appear to belong, together with the 
parent compound NaCuO2, to a homologous series Na1+xCuO2, with x = 0, 0.5, 0.6, and to feature 
characteristic sodium and CuO2 partial structures. These partial structures extend quasi one-
dimensionally along the same crystallographic direction. Since the number of sodium atoms varies 
with the number of Cu2+ present, these constitutive structural elements can be regarded as couples of 
vernier scales with independent periodicities along the direction of their extension. 
 
Combining the structural elements in all sodium cuprates known up to now, has enabled us to derive 
a general structural building principle that provides predictive potential [3]. The crystal structures of 
NaCuO2, Na3Cu2O4, and Na8Cu5O10 differ in their Na/CuO2, and thus also in the Cu2+/Cu3+ ratios. 
The widely variable Na/CuO2 ratio determines the periodicity D along b (direction of the chains of 
the edge sharing CuO4 units), which corresponds to the smallest common multiple D = n×d1 = m×d2 
between the average Na—Na and Cu—Cu distances d1 and d2, respectively, along this direction. d1 
and d2 can be regarded as the scales of the counterparts of a vernier slide gauge. The propagation 
vector q = d1/d2, which can also be expressed as q = (1+x)/2, maps both sides of the vernier scale onto 
each other. 
 
The different periodicities in each representative thus far known can be expressed as 3×d1 = 4×d2 for 
Na6Cu4O8 (Na3Cu2O4), and 4×d1 = 5×d2 for Na8Cu5O10. This series can easily be expanded by 5×d1 = 
6×d2 for 'Na10Cu6O12' (Na5Cu3O6), 6×d1 = 7×d2 for 'Na12Cu7O14', 7×d1 = 8×d2 for 'Na14Cu8O16' 
(Na7Cu4O8), 8×d1 = 9×d2 for 'Na16Cu9O18', and so on. The respective general term is n×d1 = (n+1)×d2 
based on the chemical formula Na2nCun+1O2n+2, and n  3. For n < 3, the big differences between d1 
and d2 result in unreasonable Na—Na and Cu—Cu separations. The general algorithm given also 
includes the still elusive 'Na2CuO2' with d1 = d2 and n  . Here, we analyse the systematics of these 
super structures [3]. 
 
The structure of NaCuO2 may be regarded as the basic structure of the Na1+xCuO2 family, showing 
the shortest translational vector along the CuO2 chain direction. Its characteristic features are chains 
of edge-sharing CuO4 squares along b, and layers of slightly distorted edge-sharing NaO6 octahedra 
(o), c.f. Fig. 1a. The structure can be regarded as a slice of the NaCl structure, providing tetrahedral 
voids oriented up and down within the layers (t+, t–). 
 

 
Figure 1: Crystal structure of 
NaCuO2 (a) and Na3Cu2O4 (b). Top: 
view along [2 0 1], bottom: view 
along [0 1 0]. Colour code: O = red, 
Cu = blue, green spheres represent 
the sodium atoms in octahedral 
(grey polyhedra, a), and square 
pyramidal environment (red 
polyhedra, b), yellow spheres 
represent the sodium atoms with 
tetrahedral coordination (blue 
polyhedra, b). 

 

– 88 –

asen
Rechteck



Increasing the Na/Cu ratio generates the principal topological challenge of how to stuff NaCuO2 with 
additional sodium atoms without changing its main structural building principle. The tetrahedral 
voids (t) between the occupied, virtually regular neighbouring octahedra (o) can not be filled 
additionally, because the resulting Nao—Nat distances are too short. The space needed can be 
generated, however, by a distinct elongation of the octahedra, which then are better described as two 
face-sharing square pyramids (p+, p–). Such a slight displacive structural change indeed provides 
additional sites for sodium atoms. When filling the pyramidal voids of two neighbouring octahedra 
(p+, p+) the opposite tetrahedral void (t–) becomes accessible, and a sequence 'p+, t–, p+' results, 
accommodating 1.5 times more sodium per copper atom than in NaCuO2. Only edge-sharing of 
polyhedra is required, and the Nap—Nat distances (300 pm) are even longer than the original Nao—
Nao distances in NaCuO2 (275 pm). This is exactly the situation realized in Na3Cu2O4. Fig. 1b 
shows its structure in polyhedral representation. The sodium repetition unit can be coded as 'p+, t–, p+, 
p–, t+, p–' (short form '2p+,2p–'), at x = 1/2. For the composition Na5Cu3O6, the repetition unit is 'p+, t–, 
p+, t–, p+, p–, t+, p–, t+, p–' (3p+,3p–), at x = 2/3, and Na8Cu5O10 can be addressed as a combination of 
Na3Cu2O4 and Na5Cu3O6 with the sequence '3p+,2p–' at x = 3/5, c.f. Fig. 2.  
 

 

Figure 2: Schematic representation 
of a step wise replenishment of 
sodium in NaCuO2. O6 oxygen 
octahedra (o) built up by two face-
sharing pyramids (p+, p–) in grey, 
O4 tetrahedra (t+, t–) in blue. White 
and black dots represent Cu2+ and 
Cu3+, located above the 
corresponding octahedral edges. 

 
All members of the Na1+xCuO2 family known so far can be described in this way, and obviously, 
following such a structural principle exclusively generates discrete compositions. Applying the recipe 
to derive new possible compositions (given in quotation marks in Fig. 2) leads for example to 
'Na7Cu4O8' (4p+,4p–), c.f. Fig. 2 and 3. 
 

 Figure 3: Distribution of sodium in 
the octahedral layers of oxygen, 
showing the possible variants by 
filling square pyramidal and 
tetrahedral voids, resulting in a 
layer of edge sharing pyramids (red) 
and tetrahedra (blue), exclusivly. 
The fragments of Na3Cu2O4, 
Na8Cu5O10, and Na5Cu3O6 show the 
experimental structures [1, 4], while 
Na12Cu7O14, Na7Cu4O8, and 
Na2CuO2 are locally optimized 
structures derived from the 
predicted ones [3]. 

 
It is obvious that even elusive 'Na2CuO2' can exist in the topology of a stuffed NaCuO2 structure, x = 
1. In this case all square pyramidal voids (p+) and all tetrahedral voids (t–) are occupied (see Fig. 3). 
Interestingly, such a structure candidate for 'Na2CuO2' represents a completely new type of structure. 
 
Moreover, a rule for the charge ordering of Cu2+ and Cu3+ can be derived. Cu3+ is most favourably 
placed when p– follows p+, and vice versa. This sounds arbitrary, on first view, but it appears 
reasonable, when comparing the various stuffed Na-O layers. Pronounced spatial gaps result, when p– 
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switches to p+, and freedom is given to the oxygen atoms to approach the copper sites, providing 
shorter Cu—O distances, thus satisfying the requirement for Cu3+ (Fig. 3). This simple building 
principle reproduces the correct charge ordering for all known Na1+xCuO2 compounds, and allows 
predicting new possible constitutions (Fig. 4). 
 

 

Figure 4: Charge ordering patterns in the CuO2 chains 
of known and predicted Na1+xCuO2 compounds. The 
repetition units, with respect to the unit cells, are 
marked for each chain. 

 
The hypothetical Na1+xCuO2 structures derived by the given recipe reflect the topology of the 
assumed charge ordering; however, they do not display any structural details such as the different 
Cu—O distances for Cu3+ and Cu2+ sites. Thus, the structure candidates derived qualitatively need to 
be subjected to a geometry optimisation using quantum chemical tools [3]. Such an investigation 
would reveal at the same time whether the configurations identified are at least kinetically stable. For 
this purpose, local structure optimizations at the DFT level were performed on Na12Cu7O14 and 
Na7Cu4O8. In addition, the structures of NaCuO2 and Na2CuO2 were investigated, in order to derive 
signatures for the different copper states, and, in the case of NaCuO2, to judge the suitability of the 
applied computational approach to describe the structures of these cuprates. Indeed, the computed 
and the experimental structural data of NaCuO2 are in fair agreement. As expected, the Cu—O 
distances in Na2CuO2 are significantly larger than in NaCuO2. The computed spin density provides a 
clear signature of the valence state of copper. The spin charge is zero for Cu3+ in NaCuO2, but 0.47 
for Cu2+ in Na2CuO2. In the mixed-valent compounds the predicted Cu2+ sites have a spin charge of 
0.39 to 0.46, whereas at the Cu3+ sites it is less than 0.1. Notably, the spin density converges to the 
predicted patterns, although the calculations were started without a bias. This is also true for the 
Cu—O distances at the various sites, which show the same ratio as in the experimentally known 
mixed-valent structures. The calculations on Na12Cu7O14 and Na7Cu4O8 not only converge to the 
predicted charge order (Fig. 4), but also result in local minima on the energy landscape, showing 
them to be structure candidates capable of existence. 
 
The recently synthesized Na5Cu3O6, with a hole filling factor of 1/3 (Cu3+) complies with the concept 
presented. All structural characteristics that have been predicted are confirmed by single crystal X-
ray diffraction. Interestingly, in this case the experimental magnetic susceptibility data can be 
modelled only, when excitations across the Wigner gap are assumed [4]. 
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Structural and Electronic Ordering Phenomena in Fullerides. 

 
K. Yu. Amsharov and M. Jansen 

 
The chemistry of fullerenes offers a lot of potential that still remains but partially exploited. With 
respect to the field of solid state chemistry of fullerenes, their ability to easily form anions and to 
develop covalent intermolecular bonds is particularly interesting. In most cases, the resulting anions 
are open shell species, which gives rise to a variety of fascinating electronic effects in fulleride based 
extended solids, such as superconductivity or ferromagnetism. The mechanisms behind these 
collective properties are not yet fully clarified, however, have been tentatively associated with certain 
local electronic structures. For C60, and also for many other highly symmetric fullerene cages, the 
frontier orbitals are highly degenerate, which upon reduction may get unequally occupied. Such a 
scenario inevitably should result in a Jahn-Teller effect (JT), which is assumed to play a crucial role 
in the fulleride properties.  
 
Single-crystal X-ray structure determination is the most definitive experimental technique for 
detailed structural analysis and exploration of fulleride properties in the solid state. Nevertheless the 
progress in this field has been slowed by the difficulty in the synthesis of high quality single crystals. 
As a rule the fulleride crystals are frequently twinned and suffer from orientational disorder of the 
sphere-like C60 anions. To broaden the basis for in depth studies of the interesting physics and 
chemistry of fullerides, we have started a project aiming at the synthesis and characterization of 
diverse fullerides that are stable at room temperature and form structures containing ordered anions. 
Using different cationic building blocks, it is possible to generate low dimensional structures that 
allow for direct fulleride–fulleride interactions, resulting in interesting collective electronic states. 
 
 

 

 
Figure 1: (top) ORTEP-presentations of an ordered dimer 
at 125 K in [K(dibenzo-18-crown-6)]4 (C60)5·12THF . 
Ellipsoids are shown at the 50% probability level. 
(bottom)  Electrostatic potential of an isosurface of the 
electron density of the dimer in the singlet state in the 
trans-conformation (DFT, B3LYP, 6-31G basis set). 
The electrostatic potential distribution within the dimer 
shows that the negative charge is predominantly 
distributed over the fluorene fragments (two hexagons 
fused with a pentagon), mainly driven by the 
aromatization of the pentagon in the fluorene fragments. 
Thus, the slight advantage of the anti- as compared to 
the gauche-conformation, resulting from the specific 
charge distribution displayed within the dimer, seems to 
generate significant selectivity during crystallization, 
which is in contrast to the earlier claim that C60 dimers 
should exist as a mixture of the anti- and gauche-
conformations. 
 

We have demonstrated the efficiency of the “break-and-seal” approach for the synthesis of high 
quality fulleride single crystals, allowing the investigating of structural transformations in fulleride 
solids. Using a [K(dibenzo-18-crown-6)]4 (C60)5·12THF single crystal, the ordering of the fullerene 
species along with the partial dimerization of two fullerene ion-radicals into (C60)2

2- dimers has been 
monitored while cooling.[1] For the first time, a crystal structure containing a fully ordered C60 dimer 
dianion has been obtained, thus allowing for an analysis of the molecular geometry and electronic 
structure. The negative charge within the dimer dianion is localized on a fluorene fragment adjacent 
to the sp3-hybridized C-atoms and not delocalized over the entire C60 cage (Figure 1). Remarkably, 
the fullerene molecules in this structure are present in three different bonding states: uncharged C60, 

anion-radicals C60
-• and dianions (C60)2

2-, which is without precedent in fullerene chemistry. 
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Temperature-dependent measurements of the magnetic susceptibility at different magnetic fields 
confirm the phase transition observed crystallographically, and allow an unambiguous charge 
assignment to the different C60 species in the [K(dibenzo-18-crown-6)]4 (C60)5·12THF.  
 

 
 
Figure 2: a) (top) ORTEP plot of the C60 anion radical in [Cs(THF)4]C60 at 50 K. Displacement ellipsoids are drawn at 50% 
probability level. (bottom) Sandwich-like [Cs(THF)4(η

6-C60)2/2] fragment showing Cs+ coordinated by four THF and two 
C60

-• molecules. Hydrogen atoms are omitted for clarity. Only sumanene fragments of C60 are presented. b) (top) Projection 
of the crystal structure along [010] showing C60-Cs individual chains (coded by blue and red colors) and layers of C60

-•. The 
unit cell is shown in black. THF molecules are omitted for clarity. (bottom) C60 layer with square shaped arrangement of the 
fullerene molecules. The short intermolecular C•••C contacts of less than 3.3 Å are marked by dashed lines. 
 
Recently we have demonstrated the synthesis of fully ordered [Cs(THF)4]C60 single crystals, which 
have allowed us to monitor for C60

-• the structural and electronic implications of the JT theorem, in 
particular to directly observe the transition from static to a dynamic JT effect.[2] The anionic and 
cationic building units in [Cs(THF)4]C60, are the radical anion C60

-• and cationic [Cs(THF)4]
+, where 

four THF molecules act as monodentate ligands forming a square-planar complex. Each fullerene 
anion is twofold coordinated by Cs, resulting in a linear chain of alternating cations and anions 
(Figure 2).  The packing of the respective chains gives a square 2D-fullerene net, where each C60

-• 
has four fullerene neighbors with short center-to-center intralayer distances of about 9.94 Å, while 
the shortest interlayer separation is substantially larger and amounts to 13.09 Å. Two of the 
coordinated THF molecules partially protrude into inter-fullerene voids, preventing the anion radicals 
from dimerization. Such an atypical square-shaped organization of fullerene anion radicals with short 
inter fullerene contacts have been regarded sufficient to manifest 2D-metallic behavior. 
 
The precise structural information as obtained from 50 K diffraction data  clearly gives evidence for a 
static JT distortion of C60 fullerene in [Cs(THF)4]C60. An inspection of bond lengths in C60

-• reveals a 
significant degree of deviation from the ideal Ih symmetry, indicating some systematic symmetry 
reduction as required in terms of the JT theorem. The deviations of the 6:6 carbon-carbon bond 
lengths as compared to unperturbed C60

 was found to be systematic, and is fortunately not biased by 
the crystallographic site symmetry of C60

-• (C1). Relative to neutral C60, the average length of the 6:6 
bonds is increased from 1.383 Å to 1.396 Å whereas the average of 5:6 bond lengths is reduced from 
1.453 Å to 1.449 Å. These changes are consistent with the nature of the now partially occupied t1u 
LUMO of C60 which is antibonding with respect to 6:6 bonds and bonding with respect to 5:6 bonds.  
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Figure 3: Observation of the transition from static to 
dynamic Jahn-Teller effects in [Cs(THF)4]C60. (top) 
Temperature dependence of the molar magnetic 
susceptibility (M) and inverse molar magnetic 
susceptibility (1/M)  of [Cs(THF)4]C60 . Insets show 
the EPR lines for LT and HT phases. (bottom) The 
temperature dependence of the global anisotropy of C60

-

• cage. Circle insets show schematically the relative 
direction of elongation in the fullerene cages within the 
square fullerene layer. For an evaluation of the degree 
of ellipsoidal distortion from the ideal sphere the 
anisotropy effect has been considered as a difference 
between longest and shortest carbon-to-carbon 
diameters. The anisotropy value of about 0.04 Å lays 
between the values experimentally found for pristine 
C60 (0.02 Å) and C60 dianion (0.07 Å). 

 
 
The structural findings have been corroborated by temperature dependent magnetic susceptibility and 
EPR measurements. Magnetic measurements were performed in the 2-360 K range. Over the ranges 
15–90 K and 160–360 K, the molar magnetic susceptibility can be fitted by the Curie–Weiss law M 

= C/(T-)+0  with a constant 0 =2×10-4 emu mol-1. The  value was found to be -17 K for low-
temperature region (LT), and -23 K for the high-temperature region (HT). The C value of 0.27 emu K 
mol-1,  which corresponds to the contribution of about 75% of the spins from the total amount of C60, 
remain the same for both phases. The EPR spectrum of the HT phase shows a broad isotropic signal 
with a peak-to-peak line width of about ca. 150 G (g = 2.0002 ) which decreases dramatically to ca. 6 
G for the LT phase (75 K) and shows a remarkable anisotropy. Such a behavior is associated with a 
transition from static to dynamic JT effects. The anisotropic nature of the spectrum of the LT phase 
indicates evidence for static C60⎯ distortion from Ih symmetry whereas for the HT phase the effect 
appears to be dynamic on the EPR time scale, and an isotropic signal is observed. Due to dynamic 
averaging of ellipsoidal JT structures the anisotropy collapses and gives effective icosahedral 
symmetry (pseudorotation). Although the static-to-dynamic transition is well accepted, no direct 
evidence of this transformation in fullerides has been reported so far. The structural transformations 
in the system were analyzed in the phase transition region by means of X-ray crystallography. 
Neither irregular changes in the lattice parameters, nor in the relative position and orientation of 
individual molecules have been observed. However, a detailed analysis reveals that fullerene 
molecules undergo remarkable deformations and assume an ellipsoidal form at low temperature. The 
results of anisotropy changes are visualized in Figure 3, showing the transition to occur at the same 
temperature range found by magnetic measurements. The anisotropy factor of about 0.030Å found 
for the HT phase is close to the anisotropy factor observed for pristine C60. Decreasing the 
temperature causes an increase in the anisotropy in the interval of 130-160 K to ca. 0.048 Å which 
remains constant during further cooling.  
 
The quality of the single crystals obtained has allowed the direct monitoring of phase transitions by 
means of X-ray analysis. The high quality X-ray data provide structural information sufficient to 
confirm charge distribution and even JT distortion in the C60 anion radical.  
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Symmetry mode based parametric Rietveld refinement of the structural 
phase transition of CuInSe2 

 
M. Müller and R. E. Dinnebier. 

Symmetry modes provide an alternative method to describe crystal structures. Using the fact that 
many crystal structures can be described as a distorted version of a higher symmetric parent structure, 
the traditional atomic positions, occupancies or lattice parameters are no longer used. Instead, all 
structural features are described applying symmetry modes. This can be of particular interest if 
structural changes during a real phase transition are studied. The symmetry modes of one given type 
belonging to the same irreducible representation (irrep) comprise an order parameter. The 
decomposition of a crystal structure in terms of symmetry modes can nowadays be done using web-
based software programs like ISODISTORT (http://stokes.byu.edu/isodistort.html) or 
AMPLIMODES (http://www.cryst.ehu.es/cryst/amplimodes.html) 

The behaviour of an order parameter over a phase transition can be conveniently described using 
Landau theory. Within Landau theory the thermodynamic state of the system and the free-energy 
difference that stabilizes the low-symmetry phase (the excess Gibbs free energy) are described in 
terms of thermodynamic order parameters. In case of a second-order (a.k.a. continuous) phase 
transition, the order parameters have a value of zero in the high symmetry phase and increase 
continuously after the temperature T falls below the transition temperature Tcrit, whereas for first-
order (a.k.a. hysteretic) phase transitions an order parameter can abruptly "jump" to a non-zero value. 
The order parameter's dependence on temperature T can be modelled satisfactorily by an empirical 
power law of the form: 


critTTfQ  ,          (1) 

where β is the critical exponent, and f is a power law coefficient. Typical values of β are ½ for 
ordinary scalar second-order transitions, or ¼ for a transition at the tricritical point that marks the 
boundary between first and second-order transitions. 

Parametric Rietveld refinement offers great possibilities in the study of symmetry modes and order 
parameters from in-situ powder diffraction data. Instead of refining a series of powder patterns 
independently and fitting an empirical or physical model to refined values, the functional dependency 
is introduced in the refinement and the parameters of the function are refined directly. The benefit of 
parametric Rietveld refinement in comparison to traditional sequential Rietveld refinement is that the 
correlation between parameters and the final standard uncertainty can be reduced and simple 
physically meaningful constraints and restraints can be introduced.  

CuInSe2 shows a ferroelastic phase transition from a tetragonal (space group dI 24 ) low-symmetry 
structure to a cubic (space group mF 34 ) parent structure at a temperature of 808 °C. The low 
symmetry structure is formed by a doubling of the cubic parent structure in one direction (denoted as 
c-axis) and a slight tetragonal distortion causing an elongation of the c-axis and consequently a 
compression of the a-axis (Fig. 1). Additionally, the position of the selenium atom changes from a 
special (4c, mF 34 ) to a more general Wyckoff position (24g, dI 24  , which is equal to the Wyckoff 
position 8d in space group mF 34  ). In the low symmetry phase copper and indium occupy distinct 
positions (Wyckoff position 4a and 4c respectively), while in the high symmetry phase they are 
occupationally disordered at those positions. 
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Figure 1: Crystal structure of tetragonal CuInSe2. 
The pink arrows indicate the directions of the 
tetragonal distortion; the black arrows indicate 
the movement of the selenium atoms (red). The 
two different cation positions are given by blue 
atoms. Cation position 1 (Wyckoff position 4a; 

dI 24 ) ((blue atom with black dot) is preferred 
by copper, while cation position 2 (Wyckoff 
position 4b; dI 24 ) (blue atoms) is preferred by 
indium in the low symmetry phase). 
 
 

In order to describe these changes within the crystal structure three different types of symmetry 
modes are necessary. Two strain modes s1 and s2 are able to model the changes of the lattice 
parameters; one displacive mode a1 is responsible for the position of the selenium atom and an 
occupancy mode causes the ordering of copper and indium atoms to distinct crystallographic 
positions within the low symmetry structure. The ISODISTORT software was used to obtain a set of 
equations which connect the symmetry mode amplitudes and the individual structural parameters.  

For Rietveld refinement, temperature dependent powder diffraction data of CuInSe2 were recorded at 
the ID15B high energy beamline at the ESRF synchrotron radiation facility in Grenoble, France. The 
sample was prepared by solid state reaction and sealed in a silica tube to prevent evaporation. During 
the measurement the sample was heated from 300 °C to 875 °C, and one measurement was 
performed every degree. Further experimental details can be found in Schorr & Geandier [1]. 

For parameterisation of the symmetry modes, the measured temperature range was divided into three 
sections: a low temperature range (tetragonal space group), the transition region, and a high- 
temperature range (cubic space group). Linear functions, power law behaviour (1) and refineable or 
fixed values were used in order to model the behaviour of the symmetry modes.  

Symmetry mode based Rietveld refinements were performed in sequential and parametric manner. A 
plot of the parametric refinement is shown in Fig. 2. Almost flat difference plots indicate that the fits 
are satisfactory both in the sequential as well as in the parametric Rietveld refinement. A comparison 
of the Rwp values for both types of refinement shows that the same quality of fits is obtained. 

All four parameters a1, s1, s2 and occ could be modelled in good agreement with the values obtained 
for sequential Rietveld refinement (Fig. 3). In case of sequential refinement the a1 parameter shows a 
slight deviation form the ideal value of zero in the cubic phase, though this only causes a deviation in 
the x-position of the Se atom of 0.004. The s2 parameter shows large values for the estimated 
standard deviations (esd’s) in the cubic phase.  
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Figure 2: Plot of the parametric Rietveld refinement of the phase transition of CuInSe2 in the temperature range from 786 
°C to 828 °C. Observed and calculated intensities and their differences are plotted for all temperature in steps of 1 °C. 

This is also seen in the refinement of the isotropic displacement parameter. In the tetragonal phase all 
displacement parameters increase with temperature as the thermal vibration increases. In the region 
of the phase transition the two parameters for the different cation positions, which are clearly 
different in the tetragonal phase, approach each other, and in the cubic phase copper and indium have 
the same isotropic displacement parameter. 

 

 
Figure 2: Comparison of values obtained in the parametric (black line) and sequential (red circles) Rietveld refinements. (a) 
Values obtained for s1 show very good agreement for the whole temperature range. (b) Values for s2 parameter and 
respective esd’s (c) the a1 parameter shows good agreement in the low temperature and transition region (d) Values for the 
occupancy of Wyckoff position 4a ( dI 24  ) with copper.  

According to the symmetry mode decomposition with ISODISTORT the primary order parameter of 
this transition is the W1 mode, which is responsible for the changes in the atomic position of 
selenium. The critical exponent β obtained in the modelling of this mode (a1) gives a value of 

– 96 –

asen
Rechteck



4 

0.24(1). This indicates a tricritical displacive phase transition. The isothermal strain s1 is related to 
the primary order parameter in this manner: Qs1 ~ Qa1² as expected for the spontaneous strain in co-
elastic phase transitions. The critical exponent obtained in parametric Rietveld refinement is 0.49(2). 
These behaviours are also reflected in the isotropic displacement parameter.  

For the two remaining parameters occupancy occ and strain s2 critical exponents of 0.28(1) and 
0.16(5) respectively are observed. Values lower than 0.25 can be obtained for dynamic order-disorder 
transitions or for first-order transitions, while a critical exponent of about 0.3 indicates a three-
dimensional ordering phenomenon according to the Ising model.  

So, the present phase transition combines an order-disorder and a displacive transition as stated 
before by Schorr and Geandier (2006) [1]. A comparison of the results obtained in the present study 
with the results previously obtained by Schorr and Geandier shows that in all cases the power law 
exponents are in agreement within the esd’s.  

Assuming the validity of the underlying model, parametric Rietveld refinement can offer a more 
detailed understanding of the analyzed system. The implementation of equations to describe the 
evolution of parameters, as shown for the symmetry modes in the present work, reduces the 
estimated standard deviations leading to more reliable results even in case of lower quality diffraction 
data. 
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Tuning the structural instability of SrTiO3 by Eu doping: the phase 
diagram of Sr1-xEuxTiO3 

 
A. Bussmann-Holder, J. Köhler, R. K. Kremer 

 
Recently we have shown that the almost multiferroic system EuTiO3 undergoes a structural phase 
transition at TS=282K from cubic to tetragonal [1]. This transition is analogous to the one of SrTiO3 
at TS=105K, where the oxygen octahedral rotations freeze out due to the softening of a transverse 
acoustic zone boundary mode. Besides of this similarity between SrTiO3 and EuTiO3, also others 
exist, namely a strong zone-center optic mode softening reminiscent of a ferroelectric instability, 
however, suppressed by quantum fluctuations [2, 3]. Both compounds have almost the same lattice 
constants since the ionic radii of Sr and Eu are the same. As such it is rather amazing that TS in the 
Eu compound is more than doubled as compared to the transition temperature of SrTiO3.  
 
In order to explore the origin of this distinction, we have characterized the phase diagram of  
Sr1-xEuxTiO3 as a function of x experimentally by electron paramagnetic resonance (EPR) techniques 
and resistivity measurements. Theoretically a lattice dynamical study of the phase transitions has 
been performed and complemented by density functional calculations for the end members of the 
system. From these studies we come to the conclusion that the dynamics of both systems are very 
different: While STO is in the displacive limit with a shallow broad double potential, ETO obeys 
order-disorder dynamics characterized by a deep and narrow double well potential, see Figure 1. 
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Figure 1: The local double-well potential of STO (black 
line) and the one of ETO (blue line). The model 
parameters of ETO are the same as those of STO with a 
mass enhancement factor of 1.73 applied to m2 to account 
for the heavier Eu sublattice and new self-consistently 
derived double-well defining parameters.  

 
 
Both EPR and resistivity data show distinct anomalies in their temperature dependencies, which are 
related to the structural phase transition (Figure 2). From these anomalies the phase diagram has been 
constructed which is shown in Figure 3.  
 

 

Figure 2: Temperature dependence of the EPR line 
width for Sr1-xEuxTiO3 samples with x = 0.03 ≤ x ≤1. 
The arrows indicate the structural phase transition 
temperature, TS.  
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Figure 3: The phase diagram of Sr1-xEuxTiO3 as determined 
from the line width broadening (Fig. 2) and calculated 
theoretically (dashed line). 
 

 
 
Obviously a nonlinear dependence of TS on x is realized, appearing as a kink in the EPR line width 
for x0.5, whereas a minimum in the line width at TS is seen for x0.25. These differences in the 
temperature dependencies of the line widths are due to a crossover from metallic to semiconducting 
behavior between x=0.25 and x=0.5 as evidenced by the resistivity measurements (Figure 4). 
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Figure 3: Normalized resistance r/r0 as a function of inverse temperature with r0 = r(T = 300 K) for x  0.5. The inset shows the 
same for the sample with x=0.25.  
 

 
The results from lattice dynamical calculations and density functional theory explain the x-dependent 
structural phase transitions in terms of a crossover of the dynamics from displacive to order-disorder, 
since the double-well potentials change from broad and shallow to deep and narrow with increasing x 
(Figure 1). Simultaneously, the elastic constants are altered from very soft to hard due to optic-
acoustic mode-mode coupling for small x and absence of this coupling for x0.25. Both theoretical 
results are mapped onto each other and almost perfect agreement for the double-well potentials is 
obtained, thus confirming the conclusions about substantial changes in the dynamics. Further 
implications are strong paramagnon-phonon coupling for the Eu rich compounds which enables the 
tuning of the dielectric response by a magnetic field. 
 
 
References: 

[1] A. Bussmann-Holder, J. Köhler, R. K. Kremer, and J. M. Law, Phys. Rev. B 83, 212102 (2011). 

[2] J. L. Lewis, M.-H. Whangbo, J. Köhler, A. Bussmann-Holder, and A.R. Bishop, Phys. Rev. B 84, 184114 (2011) 

[3] S. Kamba, D. Nuzhnyy, P. Vaněk, M. Savinov, K. Knižek, Z. Shen, E. Santavá, K. Maca, M. Sadowski, and J. Petzelt, 
Europhys. Lett. 80, 27002 (2007). 

 
 
In collaboration with: 

M.-H. Whangbo (NC State University, Raleigh, USA) 

H. Keller (Universitty of Zürich, Switzerland) 

 

2 

– 99 –

asen
Rechteck



Density functional analysis of the electronic structure of Cs9InO4:  

Evidence for the presence of a Cs anion  

J. Köhler, A. Simon, C. Hoch  

 
Compounds of the type Cs9MO4 (M = In, Fe, Sc..) [1] are excellent electric conductors, their 
resistivity approaching that of metallic cesium. The complex oxoindate Cs9InO4 can be described in 
terms of an ion/electron counting scheme (Cs+)9[(In

3+)(O2-)4]+4e-. The surplus of electrons is 
associated with the cesium atoms, so the structure can be divided into an ionic part with localized 
electrons in the oxoindate anion and a metallic part with delocalized electrons in the cesium 
sublattice, see Figure 1a). However, the cesium atoms in Cs9InO4 exhibit quite different 
environments so that the valence electron distribution within the metallic part of the structure is 
expected to be highly non-uniform. In Cs9InO4 the shortest Cs–O distances involving the Cs(1), 
Cs(2) and Cs(3) atoms (i.e. 281, 292 and 312 pm, respectively) are similar to those in the structure of 
salt-like Cs2O (i.e. 292 pm), indicating that these Cs atoms behave as Cs+ ions towards oxygen. In 
contrast, the Cs(4) atom is located at the center of a Cs16 cage made up of eight Cs(1), four Cs(2), 
four Cs(3) and two additional Cs(4) atoms from an adjacent cage (Figure 1b) with Cs–Cs distances 
ranging from 531 to 645 pm, similar to what is found for elemental bcc cesium. This analysis of the 
Cs–Cs distances corroborates our view of the metal-metal bonding between the cesium atoms 
resulting in a delocalized electronic system and the ionic bonding to the InO4 entities according to 
(Cs+)9[InO4

5-]+4e-. However, the excess cannot be uniformly distributed among the cesium atoms 
because they have very different environments.  
 

 

 

Figure 1: (a) Projection of the tetragonal crystal 
structure of Cs9InO4 along [001]. The InO4 

tetrahedra are given in blue, and the Cs sublattice in 
yellow. (b) Perspective view of the coordination 
polyhedron around Cs(4) in Cs9InO4 together with 
Cs-Cs distances [pm]. 
 

 
In order to analyze the chemical bonding in more detail we have performed density functional theory 
electronic structure calculations for Cs9InO4. [2] The narrow band in the total density of states (DOS) 
(Figure 2 a) around -14 eV signifies the O 2s states followed by the 5p states of cesium at around -10 
eV with essentially no contribution from indium and oxygen. The bands in the energy range from -6 
to -2 eV originate from the InO4

5- anion (mainly O 2p mixed with In 5s states) as indicated by the 
MO scheme based on Extended Hückel calculations for the highest occupied states of a discrete 
InO4

5- entity, which shows the splitting of the 12 O 2p orbitals of the 4 O atoms, see inset of Figure 
2a). 
 
 

 

 

Figure 2: (a) Total DOS of Cs9InO4 together with the 
MO scheme for the highest occupied states of a discrete 
InO4

5- tetrahedron as inset. (b) Partial DOS plots for the 
different Cs atoms in Cs9InO4.  
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The band gap around – 2eV separates the states with contributions from the InO4 tetrahedra from the 
states with contributions of the Cs atoms, see the partial DOS (PDOS) plots calculated for the Cs 6s 
orbitals of the Cs(1) to Cs(4) atoms in Cs9InO4 shown in Figure 2b). A filling of these bands from 
this band gap up to the Fermi level corresponds to the 4 extra electrons in Cs9InO4. The 6s 
contributions of Cs(1), Cs(2) and Cs(3) lie well below the Fermi level where the O 2p states occur 
because of their Cs-O interactions. For Cs(4), a significant 6s density of states accumulates below the 
Fermi level.  
 
To gain more insight into the bonding between the Cs atoms in the Cs(4)Cs16 cluster of Cs9InO4, we 
have calculated the crystal orbital Hamilton population (COHP) using the LMTO code. The COHP 
curves indicate that there are significant bonding interactions below the Fermi level among the Cs(1), 
Cs(2) and Cs(3) atoms that form the Cs16 cage surrounding each Cs(4) atom (see Figure 3a). The 
associated Cs–Cs distances range from 387 to 490 pm. In contrast, the interactions of the Cs(4) atom 
with the surrounding Cs(1), Cs(2) and Cs(3) atoms are approximately ten times weaker, in agreement 
with the much larger Cs–Cs distances of 531 to 673 pm (see Figure 3b). Below the Fermi level, the 
COHP is positive for Cs(4)–Cs(1) but negative for Cs(4)–Cs(2) and Cs(4)–Cs(3). Given the lower-
lying 6s level of Cs(4) and the higher-lying 6s levels of Cs(1)+, Cs(2)+ and Cs(3)+, one might have 
expected positive COHP for all the Cs(4)–Cs(1), Cs(4)–Cs(2) and Cs(4)–Cs(3) interactions. The 
negative COHP for Cs(4)–Cs(2) and Cs(4)–Cs(3) with long Cs–Cs distances (578 and 663 pm, 
respectively) is due most likely to the counterintuitive orbital interactions of the doubly-filled 6s 
orbital of Cs(4)  with the empty 6s orbitals of Cs(2)+ and Cs(3)+. This point is corroborated by the 
calculation of the electron localization function (ELF) (see below). Thus, the analysis of the COHP 
curves is consistent with the assignment of an anionic Cs(4)-.  
 

 

 

Figure 3: COHP curves for a) the Cs-Cs interactions 
between the Cs atoms forming a Cs16 polyhedron 
around a Cs(4) atom in Cs9InO4 and b) for the 
interactions of the central Cs(4) atoms to the 
surrounding Cs(1), Cs(2), Cs(3) and Cs(4) atoms. 
 

 
We have also analyzed the bonding feature of the Cs(4)Cs16 cage of Cs9InO4 in terms of the electron 
localization function (ELF) based on LMTO band structure calculations. Figure 4 shows a cross-
section view of the ELF around a Cs(4)Cs16 polyhedron in the (002) plane containing the Cs(4), 
Cs(2) and Cs(3) atoms. The presence of local maxima in the space between Cs(4) and Cs(2)/Cs(3) 
atoms indicates electron correlation minima and thus the presence of bonding between Cs(4) and the 
coordinating Cs(2) and Cs(3) atoms, and therefore supports our suggestion that the negative COHP 
for the Cs(4)-Cs(2) and Cs(4)-Cs(3) contacts actually represents bonding and arises from the 
counterintuitive orbital interactions. It is worth mentioning that no other unique attractors were found 
in the valence region at other positions within the Cs(4)Cs16 polyhedra. The ELF analysis is again 
consistent with the description of Cs9InO4 as (Cs(1)+)4(Cs(2)+)2(Cs(3)+)2Cs(4)-[InO4]

5-+2e-.  
 

 

 

Figure 4: Distribution of ELF in the (002) plane calculated with the core 
states included containing the Cs(4), Cs(2) and Cs(3) atoms. The dark blue 
rings correspond to the penultimate shells of the Cs atoms. The occurrence of 
local maxima (i.e., the green regions) in the space between the Cs(4) and 
Cs(2)/Cs(3) atoms indicates multicenter bonds among these Cs atoms.  
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Vibrational properties of colloidal semiconductor nanoclusters
P. Han and G. Bester

Colloidal semiconductor nanocluster research is a rapidly growing field driven by the attractive idea to tailor
material properties by acting on the morphology of the structures. The modification of the optical properties by
merely changing the diameter of colloidal quantum dots is one of the figureheads of nanostructure science. It is
the intense research effort towards the fabrication of nanostructures with favorable properties that has helped to
establish most of the knowledge base we rely on today. The modifications of the electronic and optical properties
by changing the size of the nanoclusters are rather well understood theoretically and well controlled experimen-
tally. However, the effects of temperature on the electronic and optical properties of nanoclusters and hence their
vibrational properties remains largely on open question. A solid understanding of the physical processes involved
is a decisive step for real world applications, in which the physical properties such as temperature broadening,
loss of quantum coherence and relaxation of charge carriers are key components. We have recently calculated
confinement and surface effects on the vibrational properties of III-V and II-VI colloidal nanoclusters based on
first-principles density functional theory (DFT) [1]. We described how the molecular-type vibrations, such as
surface-optical, surface-acoustic, and coherent acoustic modes, coexist and interact with bulk-type vibrations,
such as longitudinal and transverse acoustic (LA, TA) and optical (LO, TO) modes. We could link the vibrational
properties to structural changes induced by the surface and highlight the qualitative differences between III-Vs
and II-VIs. We also derived a set of empirical interatomic potentials for zinc blende III-V semiconductors based
on DFT calculations. These potentials allow us to study the surface relaxation and the vibrational properties of
nanoclusters with experimental sizes, i.e. typically thousands of atoms [2].

The nanoclusters we studied are constructed by cutting a sphere, centered on a cation with 𝑇𝑑 point group
symmetry, from the zinc blende bulk structure and removing the surface atoms having only one nearest-neighbor
bond. The surface dangling bonds are terminated by pseudohydrogen atoms H∗ with a fractional charge. We use
ab initio DFT to optimize the geometry and to calculate the vibrational eigenmodes. The wave function of the
lowest unoccupied molecular orbit (LUMO) states of Ga531As532H∗

412 nanocluster is plotted in Figure 1.

Figure 1: The wave function of the lowest unoccupied
molecular orbital (LUMO) state for a Ga531As532H∗

412 nan-
ocluster with isosurface corresponding to 75% of the maximum
value. The colors blue and red indicate the phase of the wave
functions.

We have calculated the vibrational properties for a series of nanoclusters made of InP, InAs, GaP, GaAs, CdS,
CdSe, and CdTe. In this report, we select InP and CdS clusters as representatives to describe the confinement
and surface effects on the vibrational properties. The results are given in Figure 2 and allows us to make three
observations: First, the III-V materials (illustrated by InP) show a blueshift of LO-, TO-, and LA-derived cluster
modes with decreasing size, while II-VI materials (illustrated by CdS) show no such shifts. Second, the surface
modes tend to completely fill the acoustic-optic phonon gap in II-VIs, in contrast to the situation in III-Vs.
These modes have purely optical character and can be described as “surface optical” modes. Moreover, the
surface modes, which vibrate with frequencies below the lowest core modes, have purely acoustic character and
can be described as “surface acoustic” modes. Third, the “broadening” of the bulk optical phonon branches
induced by the confinement is larger for II-VIs than for III-Vs. These three effects can be understood from the
geometry of the relaxed nanoclusters. We plot in Figure 2 (k)-(n) the nearest-neighbor distances of relaxed III-Vs
and II-VIs as a function of the distance of the respective bond to the cluster center. From Figure 2 (k)-(n), we see
that for III-Vs the surface shells show a successive reduction of bond length, going outward, while II-VIs show a
large bond-length distribution. The overall reduction of bond length in III-Vs along with the positive Grüneisen
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Figure 2: Vibrational density of states (DOS) contributed by core atoms (black) and surface atoms (red) for (a)-(d) InP
clusters, (e) bulk InP, (f)-(i) CdS clusters, and (j) bulk CdS. Bond-length distribution as a function of their distance to the dot
center for (k) InP, (l) CdS, (m) III-Vs, and (n) II-VIs. LDA bulk bond lengths are given as dashed lines.

parameters (describing the change in phonon frequencies with volume) explains the blue shift of the LO-, TO-
and LA-derived cluster modes (first observation above). The lack of shift in the TA modes stems from the small
negative Grüneisen parameter for this branch. We attribute the large bond-length distribution at the surface of
II-VIs to the long-range ionic interaction and connect it to the broadening of optical branches and the filling of
the phonon-gap (second and third observations above).

After looking at the vibrations on the medium and high frequency regions, we now focus on the confinement
effects on the interesting low frequency part of the spectrum. Similarly to classical waves confined in one
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Figure 3: Size-dependent low frequency vibrational
modes for (a) InAs and (b) CdS. Lowest modes
with bulk character (circles), surface acoustic modes
(crosses), lowest breathing modes (triangles), and
experimental results [D. Oron et al Physical Review
Letters 102, 177402 (2009), L. Saviot et al Physical
Review B 57, 341 (1998).] for the coherent acoustic
modes (diamonds). Lowest spheroidal mode according
to the Lamb model (dashed-dotted line), according to
the confined bulk model using the sound velocity of the
TA- (solid lines) and LA-branch (dashed lines).

dimension, the vibrational frequency of the longest wavelength in a nanocluster can be described as 𝑓𝑚𝑖𝑛 =
𝑣/2𝑑. Here, 𝑣 is the velocity of sound and 𝑑 is the diameter of the cluster. In Figure 3, we plot the size-dependent
lowest frequencies 𝑓𝑚𝑖𝑛 calculated from the longitudinal and transverse sound velocities as solid and dashed
curves. As circles and crosses we plot the lowest core and surface modes obtained from the DFT calculations.
We see that the lowest modes with dominant bulk character follow closely the analytic 1/𝑅 dependence. The
surface modes have the lowest frequency since they can run over the surface of the cluster. They are however
strongly affected by the morphology of the surface and their frequencies are not monotonous with cluster size.
One last important type of modes are the so called coherent acoustic modes. These are breathing modes, where
all the atoms vibrate in phase. These modes have been observed via Raman spectroscopy, far-infrared absorption
spectroscopy, and resonant high-resolution photoluminescence spectroscopy, and are now the center of attention
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when the manipulation of spins and the spin-decoherence in nanoclusters is investigated. We plot our results
as triangles in Figure 3, the experimental results as diamonds and the results of the Lamb model as dashed
dotted line. Our results are in good agreement with the experimental results (although our clusters sizes are still
somewhat smaller than experiment in the case of InAs) and with the simple Lamb model.

In summary, we have performed ab initio DFT calculations to study the confinement and the surface effects on
the vibrational properties of III-V and II-VI colloidal nanoclusters with up to thousand atoms. We can identify
the following confinement and surface effects. (i) The LA, TO and LO-derived cluster modes of III-V clusters
significantly blue shift with decreasing cluster size. For II-VI clusters this shift is absent but the broadening of
bulk derived modes is significant and the gap between optical and acoustic phonons is filled by surface modes.
(ii) We can clearly ascribe these observations to the large relaxation of the clusters dominated by: an inward
relaxation of the surface penetrating deep inside the cluster in case of the III-Vs and a large distribution of bond
length at the surface of II-VIs. These strong confinement effects tend to disappear for clusters with more than
1000 atoms. (iii) We find surface optical modes in the phonon gap and surface acoustic modes as the lowest
frequency modes. The coherent acoustic phonons are identified and found to be in good agreement with results
from the Lamb model and experiment. In addition, we have derived a set of empirical interatomic potentials
for the surface relaxation and vibrational mode calculation of III-V nanoclusters. These potentials allow us to
extend our research to the realm of nanoclusters with up to ten thousand atoms.
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Relativistic effects on homonuclear triel clusters 

 

U. Wedig, J. Nuss, V. Saltykov, Dasari. L. V. K. Prasad, F. Wang, and M. Jansen 

 

The theory of relativity cannot be neglected if structures and properties of compounds containing 

heavy elements are discussed. The assumption of a constant speed of light implicates an increase of 

the mass and thus of the momentum of the electrons, especially close to the nucleus, amounting to 

more than 20% for the heavy elements belonging to the groups 13 – 18. One of the consequences is a 

relative shift of the atomic orbital energies in comparison to the values obtained from non-relativistic 

calculations, thus stabilizing s- and p-states and destabilizing d- and f-states. The impact of this effect 

on the crystal chemistry and the properties of compounds containing heavy elements has been studied 

extensively in M. Jansen’s department during the last years.  It was shown that the charge transfer 

between the components of intermetallic phases of the noble metals gold and platinum with alkaline 

or alkaline earth elements is rather large, leading to isolated and Zintl-like noble metal anions. Even 

intermetallic salts like Cs2Pt have been synthesized. The investigation of lead and bismuth 

compounds under high pressure resulted in the characterization of a variety of new phases associated 

with the inert pair effect, which is a consequence of the stabilization of the atomic s-states. 

 

The inert pair effect becomes apparent too when regarding clusters built from elements of group 13, 

the triel elements. In these clusters each atom contributes three valence electrons to the formation of 

intra-cluster (skeletal) bonds as well as of exo-bonds, connecting ligands or neighbouring clusters. 

The total number of valence electrons doesn’t suffice to generally form local two- or three-center 

bonds. The bonding in these electron-deficient clusters can be best rationalized by applying Wade’s 

rules, defining closo-, nido- and arachno-clusters et cetera, with 2n+2, 2n+4 and 2n+6 skeletal 

electrons. When the s-valence electrons become more localized with increasing nuclear charge, they 

contribute less to exo- or skeletal bonds. Two consequences arise: Isolated ionic clusters are 

observed, and the formal charge has to be rather high, in order to fill up a sufficient number of 

skeletal orbitals. Despite the high charge, the total number of skeletal electrons is often too low so as 

to fit into Wade’s scheme. In this case, the clusters are denoted as hypoelectronic. Various examples 

of hypoelectronic Tl-clusters are given below. For a long time it had been an open question, if 

isolated hypoelectronic cluster also exist with the lighter triels. For the first time we now have 

characterized such a cluster-type with indium in Cs22In6(SiO4)4 [1], showing that a certain inert pair 

effect cannot be neglected even in the fifth period of the periodic table (Fig. 1). 

 

 

 

Figure1: The structure of the insulating compound 

Cs22In6(SiO4)4  results from an inhomogeneous 

intergrowth of Cs6In6 layers on one hand and of 

Ca4SiO4 layers on the other. The compound contains 

isolated hypoelectronic [In6]
6--clusters. The shape of the 

domains of the electron localization function (ELF, η = 

0.86, left image) is typical for inert electron pairs. 

 

 

Relating the inert pair effect to the theory of relativity is not straightforward as the shielding of the 

valence electrons due to the filling of lower lying sub-shells with higher angular momentum causes 

similar effects (e.g. lanthanide contraction). One effect, however, which is unambiguously 

relativistic, is the coupling between spin and orbital momenta of the electrons. A prominent example 

of this spin-orbit coupling is found in the closed shell ground state of the lead atom (6p1/2
2
)0, making 

diamagnetic thallium compounds conceivable which contain isolated Tl
-
-anions with the same 

valence electron configuration. Such a compound is not yet known, but several ternary and 

quaternary, thallium containing phases have been recently synthesized, whose crystal structure is 

definitely governed by spin-orbit coupling. 
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Figure 2: Cs18Tl8O6 and Cs8Tl8O contain hypoelectronic [Tl8]
6--clusters with an identical number of valence electrons. The different 

shapes, a tetrahedral star in Cs18Tl8O6 and a parallelepiped in Cs8Tl8O, can be derived from an ideal cube by displacive distortions. Both 

compounds are closed-shell electronic systems with a band gap at the Fermi level, consistent with the diamagnetic properties measured 

experimentally. In contrast to the parallelepiped, which is solely the result of a Jahn-Teller distortion, the electronic structure of the 

tetrahedral star can only be explained, if spin-orbit coupling is included in the theoretical treatment (see diagrams of the density of states). 

 

Cs18Tl8O6 was the first member in this class of compounds [2]. It contains Tl8-clusters with the 

formal charge -6 and 30 valence electrons. The thallium atoms are arranged in the form of a 

tetrahedral star. An isoelectronic Tl8-cluster, however with the shape of a parallelepiped, has 

previously been found in Cs8Tl8O. Both polyhedra, the tetrahedral star and the parallelepiped, can be 

derived from a cube by displacive distortions (Fig. 2). Assuming 30 valence electrons, the cube itself 

exhibits a partially filled, degenerate HOMO. In the case of the parallelepiped, a closed shell 

electronic system is achieved solely by a geometric distortion, according to the Jahn-Teller theorem. 

In contrast, at the scalar relativistic level of theory, the degenerate HOMO of the tetrahedral star 

remains partially filled, and a further Jahn-Teller distortion is expected, moreover, as the site 

symmetry of the cluster center in the crystal (T) is lower than the symmetry of the cluster itself (Td). 

A fully relativistic investigation, however, reveals that this is an artifact of the scalar relativistic 

approximation. Due to spin-orbit coupling the degenerate HOMO levels are split, and a closed shell 

system arises in agreement with the diamagnetic properties of Cs18Tl8O6. In addition, the stabilizing 

effect of spin-orbit coupling is more than 35 kJ/mol larger in the tetrahedral star compared to the 

parallelepiped, making both cluster modifications competitive minima on the energy landscape. 

Thus, in nature both clusters can be found, and the respective shape just depends on the Cs2O content 

in the crystal (Cs18Tl8O6 = Cs6Tl8 • 6 Cs2O; Cs8Tl8O = Cs6Tl8 • 1 Cs2O). 

 

 
 

Figure 3: One-dimensional cut through the energy landscape of [Cs8Tl6]
2+, computed either at the scalar relativistic level (left diagram) or 

fully relativistic (right diagram, DFT(PBE), relativistic pseudopotentials, two-component, program TURBOMOLE). The ratio R(basal) / 

R(apical) represents the compression (> 1.0) or the elongation (< 1.0) of the ideal (=1.0) octahedron along one fourfold axis.  

 

Cs18Tl8O6 and Cs8Tl8O are the first couple of compounds where spin-orbit coupling and Jahn-Teller 

distortion turned out to be two competing mechanisms to overcome partial filling of degenerate 

frontier orbitals, but it is not the only one. The structures of the isoelectronic [Tl6]
6-

-clusters in 

Cs4Tl2O and in Rb10Tl6O2 can be addressed in the same way [3]. The irregular tetragonal bipyramid 

in the latter compound is the result of a Jahn-Teller distortion. [Tl6]
6-

 in Cs4Tl2O is a nearly ideal 

octahedron, which would be unstable without spin-orbit coupling. In order to illustrate the impact of 

spin-orbit coupling on the structures of Tl-clusters, a one-dimensional cut through the energy 

landscape of [Cs8Tl6]
2+

 representing the ratio of the basal and apical Tl–Tl distances in the tetragonal 

bipyramidal [Tl6]
6-

-cluster is displayed in Fig. 3. A ratio of 1/1 corresponds to an ideal octahedron as 
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found in Cs4Tl2O. If spin-orbit coupling is omitted, the computed energy of this ideal structure is 

much higher than that of the optimal structure, the bipyramid being compressed along the fourfold 

axis, comparable to the cluster in Rb10Tl6O2. When considering spin-orbit coupling, the energy 

landscape is flattened substantially. The difference between the energies of the ideal and the distorted 

structure is less than 5 kJ/mol, i.e. the structures are competitive. 

 

Spin-orbit coupling is a mechanism alternative to a Jahn-Teller distortion to split molecular orbitals, 

which are degenerate at the scalar relativistic level of theory. It allows for the formation of closed 

shell electronic systems, while a high symmetry of the cluster can be kept. Moreover, it changes the 

relative values of the local minima on the energy landscape, enabling a further structural diversity in 

the cluster chemistry of main group elements. 
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Multiplet ligand-field theory using Wannier orbitals

M.W. Haverkort, and O.K. Andersen

Many electronic properties of solids can now be describedab initio, thanks to the advent of powerful computers
and the development of ingenious methods, such as density-functional theory (DFT) with local density (LDA) or
generalized gradient (GGA) approximations, LDA+HubbardU (LDA+U), quantum chemical methods, dynamic
mean-field theory, quantum Monte-Carlo simulations, and exact diagonalization for finite clusters. Nevertheless,
for correlated open-shell systems with several local orbital and spin degrees of freedom, electronic-structure
calculations remain a challenge.

We demonstrate howab initio cluster calculations including the full Coulomb vertex can be done in the basis
of the localized, Wannier orbitals which describe the low-energy density functional (LDA) band structure of
the infinite crystal,e.g. the transition metal3d and oxygen2p orbitals. The spatial extend of our3d Wannier
orbitals (orthonormalizedN th order muffin-tin orbitals) is close to that found for atomic Hartree-Fock orbitals.
We define Ligand orbitals as those linear combinations of the O2p Wannier orbitals which couple to the3d

orbitals for the chosen cluster. The use of ligand orbitals allows for a minimal Hilbert space in multiplet ligand-
field theory calculations, thus reducing the computational costs substantially. The result is a fast and simpleab
initio theory, which can provide useful information about local properties of correlated insulators. We compare
measurements ofd-d excitations in NiO with inelastic x-ray scattering experiments. The multiplet ligand field
theory parameters found by ourab initio method agree within∼10% to known experimental values.
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Figure 1:Left panel: Orbital energy level diagram for the NiO6 cluster. Middle panel: LDA density of states on the same
energy scale as the orbital energy level diagram shown in the left panel. The Fermi level is the zero of energy. Right panel:
Constant-amplitude contours of the Nid Wannier orbitals and of the Ni-centered ligand orbitals. The latter are symmetrized
linear combinations of the Op Wannier orbitals.

We start ourab initio calculations with a conventional charge-selfconsistent LDA calculation for the experimental
infinite crystal structure. The LDA density of states can be seen in the middle panel of Fig. 1. Within the LDA,
NiO is a metal, in strong contrast to experiments where NiO is found to be a good insulator with a room-
temperature resistance of∼ 105 Ωcm and an optical band-gap of about 3.0-3.5 eV. This is one of the most
noticeable failures of the LDA. For the current paper, this is not a problem. Although the LDA cannot reproduce
the correct electronic structure near the nickel atom, the minimal set of localized Nid and Op orbitals which
together span the low-energy solutions of Schrödinger’s equation for the LDA crystal potential exactly, are
expected to constitute a good single-particle basis set for many-body calculations. These orbitals, as well as
the corresponding tight-binding Hamiltonian we use for the NiO6 cluster. The band structure in such a cluster
reduces to the Op like π- andσ-levels and the Nid like π∗- andσ∗-levels shown in the central part of the left-
hand panel of Fig. 1. The onsite energy difference of the Nit2g andeg Wannier orbitals is a result of an interplay
of potential and kinetic energy related to the different radial wave-functions of these orbitals. The O2p Wannier
orbitals can, within the NiO6 cluster be recombined to form Ligand orbitals of eithereg or t2g symmetry. (see
left hand side of Fig. 1) The Ligandeg (t2g) orbital forms anσ (π) bonding and anti-bonding state with the Ni
eg (t2g) Wannier orbital.
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Figure 2: Angular averaged radial wave functions,R(r),
for the Ni eg and Ni t2g Wannier orbitals compared with
the Hartree-Fock radial wave function for a Ni2+ ion in a
3d8 configuration. For Ni+ 3d8s1 and Ni3d8s2, the radial
functions are similar. The distance to the nearest oxygen is
2.09 Å, which is consistent with the sum of the ionic radii
of 0.72 Å for Ni2+ and 1.40 Å for O2−.

The five Ni Wannier orbitals and their corresponding O Ligand orbitals,wi (r), are shown on the right-hand side
of Fig. 1 as those surfaces where|wi (r)| = const and which incorporate 90% of the charge,

∫

S
|wi (r)|

2
d3r ≡

0.9. The red/blue color of a lobe gives its sign. As one can see, the Nid orbitals are extremely well localized. This
is a necessary condition for several many-body models which implicitly assume such an orbital basis set. In order
to visualize the localization of the Ni 3d Wannier orbitals at a more quantitative level, we computed the effective
radial wave-functions for thet2g andeg orbitals by multiplying with the corresponding spherical harmonics and
averaging over all solid angles. These radial functions are compared in Fig. 2 with that of a Ni atom in thed8

configuration as calculated with the Hartree Fock method. Although there are slight differences, the agreement
is astonishing. The local Nid Wannier orbitals in NiO are rather similar to atomic Ni wave-functions.

Knowing the one particle energies we turn to the Coulomb interaction. The spherical part of the Coulomb
repulsion, often parametrized byU , is strongly screened in a solid. If a Nid electron is removed, there will be a
charge-flow into the Ni4s orbital, for example, which reduces the energy cost of such an excitation. Although
several calculations of the screenedU have been presented in the past, we here present charge neutral excitations
for a model containing only one Ni atom. The results are therefore independent of the value ofU .

The non-spherical parts of the Coulomb interactions we can easily calculate because the multipole interactions
between twod electrons are hardly screened. For example, the Coulomb repulsion between twodx2−y2 electrons
is obviously larger than that between adx2−y2 electron and ad3z2−1 electron, but to screen this difference
requires electrons with high angular momentum around the Ni site; a Ni4s electron, for instance, couldnot do it.
Also electrons on neighboring sites are inefficient in screening the multipole because it decays fast (∝ r−k−1).
Multipole interactions are the cause of the Hunds-rule energy. For example, twodx2−y2 electrons must have
different spins, whereas two electrons in differentd orbitals, and hence less repulsive, may be in a spin-triplet
state, as well as in the spin-singlet state.

The inset in Fig. 2 is a table of the values of the Slater integrals obtained using the Ni2+ ionic radial function,
R (r), as well as the radial functions obtained by averaging the Nit2g andeg Wannier orbitals over solid angles.
The Slater integrals ford orbitals are:

F (k) =

∫ ∫

rk
<

rk+1
>

R2(r1)R
2(r2) r2

1dr1 r2
2dr2. (1)

wherer< = min(r1, r2), r> = max(r1, r2), andk = 0, 2,or 4. The bareF (0) as calculated from the Wannier
orbitals is of the order of∼25 eV. This is clearly much too large because the monopole part of the Coulomb
repulsion is strongly screened. The values ofF (2) andF (4) are respectively∼ 11 and∼ 7 eV, in good agreement
with experimental values, as we shall see. The multiplet interactions are quite large and lead to a multiplet
splitting of the Ni-d8 configuration of about 7.5 eV, which is the energy difference between the3F ground-state
configuration and the highest excited singlet of1S character. This is larger then the Ni-d bandwidth and therefore
not a small energy.
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Figure 3:Comparison of the experimental (thick red) and
MLFT (thin blue) non-resonant inelastic x-ray scattering
intensity of low energyd-d excitations. The experimental
spectra are reproduced from Verbeniet al.[2].

We now have all ingredients needed to perform MLFT calculations of experimentally observable quantities.
In Fig. 3 we show the experimental [2] and theoretical non-resonant IXS spectra for a powder of NiO at large
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momentum transfer (averaged over a transfer of7.3− 8.0 Å −1). These spectra are governed by quadrupole and
hexadecapole transitions between the3d orbitals. The non-resonant IXS excitations are spin-conserving. Locally
the Ni ground-state configuration isd8 with the t2g orbitals fully occupied and theeg orbitals half filled with
〈S2〉 = 2, i.e.S = 1. In the one-electron picture, one can make a single excitation going from thet2g shell to the
eg shell, which has an experimental energy of about 1.1 eV. This is the peak ofT2g final state symmetry in the
experiment. In principle one could also excite twot2g electrons simultaneously into theeg sub-shell. This would
give rise to a single peak at twice the energy. In a pure one-electron picture the double excitation is forbidden
because non-resonant IXS couples a single photon to a single electron. Using full multiplet theory, however,
both excitations have a finite intensity. This has to do with the strongt2g-eg multiplet interaction which mixes,
for the excited states, the single Slater determinants. One even finds three peaks instead of two. The first peak
indeed corresponds to an excitation of a singlet2g electron into theeg sub-shell. The second peak is roughly the
simultaneous excitation of twot2g electrons into theeg subshell. Finally, in order to understand the third peak,
one should realize that thet2g (xy) electron is Coulomb repelled more from aneg

(

x2 − y2
)

electron than from
aneg

(

3z2 − 1
)

electron because of the larger overlap of densities. This leads to multiplet splitting of thet52ge
3
g

states and to mixing oft52ge
3
g andt42ge

4
g states.

MLFT gets the lowest excitation
(

3T2

)

5% too low and the highest
(

3T1

)

10% too high. As the3T2 energy
is mainly determined by one-electron interactions, we conclude that theeg − t2g splitting due to covalency in
our LDA based calculation is 5% underestimated. At the same time, the multiplet splitting due to the Coulomb
repulsion, i.e. the values of theF (2)

dd andF
(4)
dd Slater integrals, are 10% overestimated. The later could be a

result of neglecting the screening of the multipole interactions, but not necessarily, because there are additional
channels in which two3d electrons can scatter into two higher excited states due to Coulomb repulsion. This
gives rise to a multiplet-dependent screening, not easily described with a single screening parameter.

We have shown how MLFT calculations can be based onab-initio LDA solid-state calculations, in a similar way
as originally devised by Gunnarsonet al. [3] and recently done for LDA+DMFT calculations. The resulting
method could be named LDA+MLFT. The theory is very well suited for the calculation of local ground-state
properties and excitonic spectra of correlated transition-metal and rare-earth compounds. Our TMd Wannier
orbitals, whichtogether with the Op Wannier orbitals span the LDA TMd- and O p-bands, are quite similar to
atomic orbitals, and this justifies many previous studies using the latter.
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Spin-Peierls transition in TiPO4

J.M. Law, C. Hoch, and R.K. Kremer

The complex interplay between charge, orbital, spin and lattice degrees of freedom in low-dimensional systems
with pronounced quantum fluctuations allows for a plethora of complex and unusual ground states. Most of
the prominent examples of low-dimensional quantum antiferromagnets with exotic ground states contain Cu2+

(3𝑑9, 𝑆 = 1/2) ions with one hole present in the 𝑒𝑔 orbitals. Compounds of early transition-metal elements
with one electron in the 𝑑 shell are less frequently investigated. With a 3𝑑1 electron in a high-symmetry or
slightly distorted octahedral environment, the orbital degeneracy of the 𝑡2𝑔 states opens new degrees of freedom,
with the prospect of low-energy orbital excitations and the interesting possibility of destabilization of coherent
spin/orbital ordering by quantum fluctuations. 3𝑑1 systems can be realized in compounds containing, e.g., Ti3+

or V4+ cations. Examples for low-dimensional 3𝑑1 systems that have attracted special attention are the intriguing
Mott insulators TiOX (X=Cl, Br). These compounds crystallize in the FeOCl-type structure, consisting of Ti -
O - X layers which are connected by van der Waals forces. The magnetic susceptibility e.g. of TiOCl reveals
several unusual features, which led to the early proposal that TiOCl may be a manifestation of a resonating
valence-bond solid. Subsequently, Seidel et al. demonstrated that the high temperature susceptibility fits very
well to a 𝑆=1/2 Heisenberg chain model with nearest-neighbor (NN) antiferromagnetic (AFM) spin-exchange
(SE) interaction of ∼660 K. In view of these findings and electronic structure calculations, it was concluded that
TiOCl is an example of a Heisenberg chain that undergoes a spin-Peierls transition at 67 K.

Here, we report the magnetic and structural properties of TiPO4[1]. TiPO4 contains Ti3+ cations, and we found
that TiPO4 displays two magneto-structural phase transitions reminiscent of those in the TiOX system. In con-
trast to TiOCl, however, TiPO4 is a structurally well-defined one-dimensional compound. TiPO4 crystallizes in
the CrVO4 structure-type (SG: 𝐶𝑚𝑐𝑚) (see inset in Fig. 1). The Ti+3 ions, carrying 𝑆=1/2 entities, are located
in axially compressed TiO6 octahedra which share their edges to form corrugated TiO4 ribbon chains along the
𝑐-axis. The TiO4 ribbon chains are interconnected by sharing corners with distorted PO4 tetrahedra[2].

The crystal structure of a very high quality single crystal of TiPO4 was re-determined by x-ray single crystal
diffraction measurements at various temperatures between 293 K and 90 K. Down to 90 K the structure was
found to be identical to that reported by Glaum et al., except for small changes of the lattice parameters and
the general atom positions.[2] Upon cooling there is a gradual migration of the density away from the bisecting
position into the interstitial position within the ribbon chains. This change is complemented by a reduction of
the distance in the Ti - O - Ti, NN super-exchange pathway, and an increase of the intrachain O - Ti - O angle.
Evidence for a structural change was not found in this temperature range, possibly due to the dynamic character
of the intermediate phase as observed by NMR (see below).
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Figure 1: Molar magnetic susceptibility, 𝜒m(𝑇 ), of TiPO4

measured in a field of 1 T. The (red) line is a fit to a
Heisenberg chain with uniform NN AFM SE interaction,
see text. Insets: (a) Crystal structure of TiPO4, where green
and blue polyhedral represent the TiO6 octahedra and PO4

tetrahedra, respectively. (b, c) 𝜒m in the region of the phase
transitions. (d, e) Heat capacity, 𝐶𝑝(𝑇 ), in the region of the
anomalies, where the red circles and blue triangles refer to
the heating and cooling data, respectively.

At high temperature the magnetic susceptibility of a polycrystalline sample (Fig. 1, main panel) is characterized
by a broad maximum centered at ∼ 625 K, indicating short range AFM correlations. After correction for a tem-
perature independent offset to the susceptibility arising from diamagnetic contributions of the closed shells and
van Vleck terms, the high temperature magnetic susceptibility can be described very well by a S=1/2 Heisenberg
chain with a uniform NN AFM SE interaction of 965(10) K and a g-factor of 1.94(3).

Below ∼ 120 K the susceptibility reveals two subsequent magnetic phase transitions, indicated by two rapid
drops of the susceptibility at 111(1) K and 74(0.5) K. Finally, at lowest temperatures the susceptibility levels off
to a value of 75(10)×10−6 cm3/mol. At very low temperature a slight increase is seen, which we ascribe to a
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Curie tail due to ∼70 ppm of a free S=1/2 spin entities. The anomaly at 74 K shows a thermal hysteresis with
a temperature difference of ∼ 50 mK between the heating and cooling traces while heating/cooling cycles gave
identical susceptibilities for the 111 K anomaly (see Fig. 1 inset (b, c)).

Heat capacities collected on crystals exhibit two 𝜆-type anomalies at 110.9(0.6) K and 74.1(0.3) K, with the
lower temperature anomaly also showing a thermal hysteresis, while again no hysteresis is seen for the higher
temperature anomaly (see Fig. 1 inset (d, e)). Angular and temperature dependent Electron Spin Resonance
measurements (ESR) on single crystals revealed a single Lorentzian resonance line (𝑔-factor 1.93 - 1.95) and
a linewidth decreasing linearly with temperature (50 Oe ≤ FWHM ≤ 300 Oe). The integrated intensity of the
ESR line mimics the temperature dependence of the magnetic susceptibility and drops to zero below 74 K.
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Figure 2: Magic-angle spinning low-temperature
31P NMR spectra of TiPO4 (temperatures indicated).
The (orange) hashed area marks the incommensurate
continuum. Insets: (a) Peak positions and/or boundary
edges versus temperature. (b) Spectrum collected at 41.1 K.

Magic-angle spinning 31P nuclear magnetic resonance (NMR) spectra were collected on a polycrystalline sam-
ple between ∼ 35 K and RT reveal apparent similarities between TiPO4 and TiOX. The spectra are displayed
versus temperature in the main panel of Fig. 3. Above ∼ 140 K we observe a single 31P symmetric NMR line
accompanied by two sets of very weak symmetrically placed spinning sidebands. Near 116 K the line becomes
asymmetric and below 111 K it broadens into an asymmetric continuum limited by two boundary peaks. With
decreasing temperature the continuum expands and its intensity decreases. Towards ∼ 76 K the continuum fi-
nally washes out, whereupon its lower boundary grows into two symmetric lines indicative of two different P
atom environments (see inset Fig. 2 (b)). These observations prove a non-magnetic ground state with two distinct
P atomic environments, as evidenced especially by the low temperature spectra. The chemical shifts of the 31P
lines amount to ∼ -20 ppm in good agreement with what has been found for other diamagnetic orthophosphates,
proving the non-magnetic character of the ground state of TiPO4. We ascribe the 74 K phase transition in TiPO4

to a spin-Peierls transition with the Ti . . . Ti bond alternation within the Ti chains.

To probe the SE interactions of TiPO4 we performed a mapping analysis based on the results of density functional
calculations. In our analysis we consider the NN and next-nearest neighbor (NNN) intrachain SE interactions 𝐽1
and 𝐽2, respectively, as well as the interchain SE interaction 𝐽3 (see Fig. 3).

FM (0, 0) AF1 (-42.5, -32.5)

EFM=(-J1 - J2 - J3)/4 EAF1=(+J1 - J2 - J3)/4

AF2 (-21.3, -16.3) AF3 (-43.5, -33.0)

EAF2=(+J2 - J3)/4 EAF3=(+J1 - J2 + J3)/4

J1

J2

J3

Figure 3: The four ordered spin configurations, FM, AF1,
AF2 and AF3, used to extract the values of 𝐽1, 𝐽2 and 𝐽3,
where only the Ti3+ ions are shown for simplicity. The
up- and down-spin Ti3+ sites are indicated by different
colors. The numbers in parentheses (from left to right)
represent the relative energies in meV per four formula
units obtained from GGA+𝑈 calculations with 𝑈eff = 2 and
3 eV, respectively. The expressions of the total SE energy
per four formula units are also given.

To evaluate 𝐽1 - 𝐽3, we determine the relative energies of the four ordered spin states, FM, AF1, AF2, and
AF3, shown in Fig. 3, by density functional theory (DFT) electronic band structure calculations employing
the Vienna ab initio simulation package with the projected augmented-wave method, the generalized gradient
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approximation (GGA) for the exchange and the correlation functional. To account for the electron correlation
associated to the Ti 3𝑑 state, we performed GGA plus onsite repulsion (GGA+𝑈 ) calculations with an effective
𝑈eff = 𝑈 - J = 2 eV and 3 eV on Ti. The relative energies, per four formula units, of the four ordered spin states
are summarized in Fig. 3.

The total SE energies of the four ordered spin states can be expressed in terms of a Heisenberg spin Hamiltonian,
𝐻 = −∑

𝐽𝑖𝑗𝑆𝑖𝑆𝑗 , where 𝐽𝑖𝑗 is the SE interaction between the spins 𝑆𝑖 and 𝑆𝑗 on the spin sites 𝑖 and 𝑗,
respectively. By applying the energy expressions obtained for spin dimers with 𝑁 unpaired spins per spin
site (in the present case, 𝑁 = 1), the total SE energies for the four configurations, per four formula units,
are given in Fig. 3. Thus, by mapping the relative energies of the four ordered spin configurations given in
terms of the SE parameters (see Fig. 3) onto the corresponding relative energies obtained from the GGA+𝑈
calculations, we obtained the values for the SE parameters 𝐽1 - 𝐽3 (see Table 1). The results of our DFT
calculations are in very good quantitative agreement with our experimental findings especially indicating a very
large NN intrachain AFM SE interaction. The NNN intrachain SE interaction is almost two orders of magnitude
smaller, the interchain interaction 𝐽3 amounts to 2% of 𝐽1.

Table 1: Values of the SE parameters 𝐽1 - 𝐽3 derived from the
mapping analysis (in K).

𝐽𝑖 𝑈 = 2eV 𝑈 = 3eV
𝐽1 −988 −751
𝐽2 −1.4 +0.7
𝐽3 −20 −15

In order to investigate the origin of the low temperature phase transition and to trace the low temperature crystal
structure we considered subgroups of the room-temperature space group Cmcm and performed a structure opti-
mization using as starting sets those of the subgroups Amm2 and Pmmn. The lowest-energy structure found was
obtained by relaxing the atom positions to relax freely starting from the Pmmn initial setting, and was lower in
energy by ∼ 48 meV per formula unit than was the Cmcm structure. Relaxation from the Pmmn initial setting
reveals a dimerization in the Ti chains with alternating Ti. . . Ti distances of ∼2.9 and ∼3.5 Å, which is compa-
rable in magnitude to that observed in TiOCl. This structure also has two different environments for the P atoms
within the PO4 units, consistent with our magic-angle spinning NMR spectra.

In conclusion, TiPO4 represents a new and exceptional one-dimensional quantum antiferromagnet which exhibits
an unusual ground state that is reached via two phase transitions. Our magnetic susceptibility, heat capacity,
ESR and 31P magic-angle spinning NMR measurements supported by our density functional calculations show
that TiPO4 undergoes a spin-Peierls transition at 74.1(0.3) K, which is preceded by an incommensurate phase
extending up to ∼ 111 K. The thermal hysteretic behavior of these transitions is consistent with the pattern
of discontinuous and continuous transitions seen for TiOCl and TiOBr. At high temperatures the magnetic
susceptibility of TiPO4 is described by a 𝑆=1/2 Heisenberg antiferromagnetic chain with an unprecedented NN
SE of ∼ 1000 K.

References:

[1] Law, J.M. C. Hoch, R. Glaum, I. Heinmaa, R. Stern, J. Kang, C. Lee, M.-H. Whangbo Phys. Rev. B 83, 180414(R)
(2011).

[2] Glaum, R. and R. Gruehn. Z. Kristallogr. 198, 41–47 (1992).

In collaboration with:
R. Glaum (Universität Bonn)

R. Stern and I. Heinmaa (National Institute of Chemical Physics And Biophysics, Tallinn)

J. Kang, C. Lee, and M.H. Whangbo (North Carolina State University, Raleigh, N.C.)

3

– 114 –

asen
Rechteck



Anisotropic optical response of the mixed-valent Mott-Hubbard
insulator NaCu2O2

A. Yaresko, Y. Matiks, A.V. Boris, B. Keimer, and O.K. Andersen

Copper oxides with quasi-one-dimensional electronic structure have drawn much attention because of their
unusual magnetic properties. Compounds composed of chains of edge-sharing Cu2+O2−

4 plaquettes, such as
isostructural and isoelectronic LiCu2O2 and NaCu2O2, have the peculiar property that the magnitude of the
nearest-neighbor hopping matrix element along the chains is anomalously small. The interplay between FM
short- and AFM long-range interactions generates spiral magnetism in Mott-insulating compounds and charge
density waves in doped compounds. By virtue of their exceptionally narrow electronic bandwidths, these com-
pounds also provide a highly favorable platform for the investigation of the interplay between spin and charge
correlations in the cuprates.

The crystal structure of NaCu2O2 is orthorhombic with the 𝑃𝑛𝑚𝑎 space group and room-temperature lattice
parameters 𝑎=6.2087Å, 𝑏=2.9343Å, 𝑐=13.0648Å. The unit cell (Fig. 1(a)) contains two pairs of Cu2+O2−

2 chains
running along the 𝑏 axis and shifted by 𝑏/2 with respect to each other. The chains are formed by edge-sharing
Cu2+O2−

4 plaquettes. Two chains within each pair are linked by O2−–Cu1+–O2− dumbbells, which are slightly
tilted away from the 𝑐 axes. A dumbbell and a plaquette share a common O ion, which differs NaCu2O2 from
YBa2Cu3O6+𝛿 , in which plaquettes and dumbbells do not overlap, and, as is shown below, has a strong impact
on its optical properties. The Cu2+–Cu2+ distance along the chains is 2.934Å, and the Cu2+–O2−–Cu2+ bond
angle is 92.9∘. Recent x-ray spectroscopy and neutron diffraction investigations confirmed the superior quality of
NaCu2O2 single crystals which, unlike LiCu2O2, are not prone to twinning and disorder. Experiments on single
crystals of NaCu2O2 offer the chance to elucidate the intrinsic dielectric anisotropy of this class of compounds.

Figure 1: (a) Crystal structure of NaCu2O2. (b) Real part 𝜀1 of the dielectric function and real part 𝜎1 of the optical
conductivity of NaCu2O2 measured at 7K for polarizations along (𝐸 ∥ 𝑏) and perpendicular (𝐸 ∥ 𝑎) to the Cu2+O2−

2 chains.

The real parts of the optical conductivity 𝜎1(𝜔) and of the dielectric function 𝜀1(𝜔) derived from ellipsometric
data measured for polarizations perpendicular (𝐸 ∥ 𝑎) and parallel (𝐸 ∥ 𝑏) to the Cu2+O2−

2 chains in [1] are
shown in Fig. 1(b). A remarkable feature of the conductivity spectra is an unusually high and narrow absorption
peak observed at 3.45 eV for 𝜎𝑏

1(𝜔) and at 3.70 eV for 𝜎𝑎
1 (𝜔). The anomalous strength of these excitations leads

to negative values of 𝜀1. Below the peak 𝜎1(𝜔) gradually decreases with decreasing 𝜔, showing a shoulder ∼0.5
eV below the main peak. Above the peak the optical response drops sharply and remains rather featureless up
to 5.5 eV. The comparison of the spectra for two polarizations reveals strong optical anisotropy in the 𝑎𝑏 plane
which manifests itself as a shift of the sharp peak and the low energy shoulder of 𝜎𝑎

1 and 𝜎𝑏
1 by 0.25 eV with

respect to each other.

In a recent ellipsometry study of LiCu2O2 Pisarev et al. [2] reported a strong and narrow in-plane absorption
peak at 3.27 eV and attributed it to excitonic excitation within the Cu1+O2 dumbbells. Although crystallographic
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twinning in LiCu2O2 crystals and Li-Cu chemical inter-substitution obliterate the anisotropy in the 𝑎𝑏 plane,
strong anisotropy of the in-plane and out-of-plane optical responses was reported. The sharp peak at 3.27 eV is
completely absent in the 𝜀𝑐1(𝜔) spectrum, which reaches its maximum at 4.28 eV. Direct measurements of the
optical response along the 𝑐 axis of the NaCu2O2 single crystal could not be performed due to the thinness of
the sample, but the out-of-plane dielectric function estimated from the ellipsometric data acquired at different
angles of incidence resembles closely 𝜀𝑐(𝜔) measured for LiCu2O2 [2]. This suggests strong anisotropy of the
in-plane and out-of-plane responses also in NaCu2O2.

In order to explain the observed anisotropy and clarify the origin of the intense peaks of the in-plane absorption,
we performed calculations of the band structure and optical response of NaCu2O2 using the local (spin) density
approximation (L(S)DA) as well as the LSDA+𝑈 method. The calculations were carried out for the experimental
crystal structure of NaCu2O2 using the linear-muffin-tin orbital method in the atomic sphere approximation.

-8

-6

-4

-2

0

2

4

6

E
ne

rg
y

(e
V

)

Z  X S Y  S 0 4 8 12

(a) (b)O1 p

O2 p

Cu2+ d

Cu1+ d

Figure 2: (a) Spin-restricted LDA energy band structure of NaCu2O2. Partially filled Cu2+ 𝑑𝑥𝑦 bands are shown by red
lines. Two lowest Cu1+ 𝑝𝑥,𝑦 bands and two unoccupied bands formed by strongly hybridized Cu1+ 𝑑3𝑧2−1 – O 𝑝𝑧 states are
plotted by blue lines. (b) Densities of the O1 2𝑝 (green), O2 2𝑝 (magenta), Cu2+ 3𝑑 (red) and Cu1+ 3𝑑 (blue) states. The
Fermi level is at zero energy.

For the sake of clarity, we analyze the theoretical optical conductivity and most important interband transitions
on the base of a spin-restricted LDA calculation. The LDA (Fig. 2) results in a metallic state: narrow half-filled
bands formed by anti-bonding combinations of Cu2+ 𝑑𝑥𝑦 and O 𝑝𝑥 and 𝑝𝑦 orbitals produce an intense DOS peak
at the Fermi level (𝐸𝐹 ). These bands (red lines in Fig. 2(a)) are separated by a small gap of ∼0.2 eV from the
top of the valence band which is dominated by Cu1+ 𝑑3𝑧2−1 states hybridized with the 𝑝𝑧 states of two O ions
forming a Cu1+O2 dumbbell. Bands between −4 eV and −1 eV below 𝐸𝐹 are formed by the rest of Cu1+ and
Cu2+ 𝑑 states hybridized with O 𝑝 states. Finally, the bottom of the valence band below −4 eV is formed by
bonding O 𝑝–Cu 𝑑 states.

The bottom of the conduction band lies 1.4 eV above 𝐸𝐹 and is separated by a gap of ∼1 eV from the Cu2+ 𝑑𝑥𝑦
bands. Four bands in the range 1.5–2.5 eV (blue lines in Fig. 2(a)) are formed by electronic states of two different
types: anti-bonding Cu1+𝑑3𝑧2−1–O 𝑝𝑧 states and free-electron like 𝑝𝑥 and 𝑝𝑦 states of Cu1+. The former are
essential for understanding x-ray absorption spectra at Cu 𝐿3,3 edges, while the latter, together with the partially
occupied Cu2+ 𝑑𝑥𝑦 bands act as final states for interband transitions which determine the optical properties of
NaCu2O2 in the 1–6 eV photon energy range.

The calculated optical conductivity is presented in Fig. 3(a)–(c). The optical response below 2.4 eV originates
entirely from transitions involving final states of the Cu2+ 𝑑𝑥𝑦 character. The in-plane conductivities show
a sharp peak at ∼1.5 eV; the 𝜎𝑎

1 (𝜔) peak being 0.2 eV higher than the 𝜎𝑏
1(𝜔) one. The corresponding peak

of 𝜎𝑐
1(𝜔) is, however, completely suppressed. Although the calculated peaks are found at much lower photon

energies, we, as will be discussed below, tend to associate them with the sharp peaks of the experimental spectra.
Above 2.4 eV, the calculated conductivity is determined mostly by transitions to the final-state bands formed by
the Cu1+ 𝑝𝑥,𝑦 states. Corresponding contributions to the in-plane spectra also exhibit appreciable anisotropy
which manifests itself as a shift of 𝜎𝑎

1 (𝜔) to higher energy as compared to 𝜎𝑏
1(𝜔). The average calculated optical

conductivity of ∼2.5×103 Ω−1cm−1 is in agreement with the measured conductivity above the anomalously
intense peaks. The intensities of both calculated and experimental spectra are reduced above 5 eV. In order to
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Figure 3: (a)–(c) The real part of the optical conductivity of NaCu2O2 (black line) calculated for three polarizations with
𝐸 ∥ 𝑎, 𝐸 ∥ 𝑏, and 𝐸 ∥ 𝑐, respectively. Contributions to the conductivity coming from interband transitions to the final
bands of Cu2+ 𝑑𝑥𝑦 (red lines in Fig. 2(a)) and Cu1+ 𝑝𝑥,𝑦 (blue lines in Fig. 2(a)) character are shown by red and blue lines.
(d)–(f) Most intense interband transitions in the 1.0–2.4 eV energy range are shown by red vertical lines, with the line width
being proportional to squared matrix element of the dipole allowed transition with the 𝑎, 𝑏, or 𝑐 polarization between two
bands connected by the line For clarity, only most intense transitions are plotted. The size of colored circles is proportional
to the weight of Cu2+ 𝑑𝑥𝑦 (black) and Cu1+ 𝑑𝑧𝑥 (blue) and 𝑑𝑦𝑧 (red) states in the wave function. (g)–(i) The most intense
transitions (blue lines) in the 2.4–3.5 energy range. Cu1+ 𝑝𝑥 and 𝑝𝑦 contributions are shown by green and magenta circles,
while yellow ones mark Cu1+ 𝑑3𝑧2−1 states.

elucidate the origin of the observed in-plane anisotropy we analyzed interband transitions contributing to the
conductivity in two photon energy ranges, 1.0–2.4 eV and 2.4–3.5 eV, in which the anisotropy of the calculated
optical response is the strongest.

Let us first turn to the interband transitions associated with the Cu2+ 𝑑𝑥𝑦 final states, giving the sharp peak
at ∼1.5 eV in Figs. 3(a) and (b). Figures 3(d)–(f) show band plots which are decorated by vertical lines with
the width proportional to the probability of the optical transition between two bands connected by the line. Also
shown is the orbital character of the bands involved into the transitions. Comparing Figs. 3(d) and (e) one notices
that the 1.5 eV peaks for both polarizations are caused by transitions to the same final-state bands of the Cu2+ 𝑑𝑥𝑦
character. The initial states for two in-plane polarizations are, however, different: Cu1+ 𝑑𝑦𝑧 and Cu1+ 𝑑𝑧𝑥 for 𝜎𝑎

1

and 𝜎𝑏
1, respectively. The degeneracy of the 𝑑𝑧𝑥 and 𝑑𝑦𝑧 states is lifted due to the tilt of Cu1+O2 dumbbells away

from the 𝑐 axis in the 𝑎𝑐 plane, with the top of the 𝑑𝑧𝑥 bands lying 0.2 eV higher. As a consequence, the “Cu1+

𝑑𝑧𝑥→Cu2+ 𝑑𝑥𝑦” transitions responsible for the peak of 𝜎𝑏
1 occur at lower photon energies. It should be noted,

that although the dominant contribution to the initial-state bands is provided by Cu1+ 𝑑𝑧𝑥(𝑑𝑦𝑧) orbitals, their
hybridization with Cu2+ states via the O 𝑝𝑥(𝑝𝑦) results in an appreciable weight of the Cu2+ 𝑝𝑥(𝑝𝑦) states in
the corresponding wave functions. This ensures the significant strength of the dipole-allowed transitions, which
would be much weaker if O ions were not shared between the Cu2+O4 plaquettes and Cu1+O2 dumbbells. The
same Cu1+ 𝑑𝑧𝑥 and 𝑑𝑦𝑧 bands act also as the initial states for transitions to the Cu2+ 𝑑𝑥𝑦 final bands with
𝐸 ∥ 𝑐 (Fig. 3(f)). The probability of these transitions is, however, much lower and 𝜎𝑐

1(𝜔) is almost completely
suppressed at 1.5 eV.

Similar analysis of dominant transitions in the 2.4–3.5 eV photon energy range (Figs. 3(g) and (h)) reveals that
initial bands for both in-plane polarizations are mainly of the Cu1+ 𝑑3𝑧2−1 character. The final states for 𝑎 and
𝑏 polarizations are free-electron-like bands formed by the Cu1+ 𝑝𝑥 and 𝑝𝑦 states, respectively. The bottom of
the 𝑝𝑥 band is at Γ, whereas the 𝑝𝑦 band has a minimum at a Brillouin zone corner ( 𝑌 ). As a consequence, the
transitions with two in-plane polarizations occur in different regions of k-space and the corresponding absorption
edges are shifted by 0.2 eV. Because of the large dispersion of the 𝑝𝑥 and 𝑝𝑦 states, the transitions give a rather flat
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contribution to the optical conductivity up to 5 eV. The same 𝑝𝑥 and 𝑝𝑦 bands serve as final states for transitions
with 𝐸 ∥ 𝑐 (Figs. 3(i)). The initial states are Cu1+ 𝑑𝑧𝑥 and 𝑑𝑦𝑧 bands, instead of 𝑑3𝑧2−1 ones, which explains
strong anisotropy of the in-plane and out-of-plane responses.

The above analysis of the interband transitions is based on the LDA calculation which gives a metallic solution
in contrast to an experimental insulating gap of 2 eV. The discrepancy is not surprising taking into account that
electronic correlations in the Cu 3𝑑 shell are strongly underestimated in the LDA. In LSDA+𝑈 calculations with
𝑈=6 eV applied to both Cu1+ and Cu2+ 3𝑑 states, the on-site Coulomb repulsion splits the half-filled Cu2+ 𝑑𝑥𝑦
bands into occupied lower and unoccupied upper Hubbard bands and opens an insulating gap. As a consequence,
the sharp 𝜎𝑎

1 (𝜔) and 𝜎𝑎
1 (𝜔) peaks at 1.5 eV, which appear due to the transitions involving the Cu2+ 𝑑𝑥𝑦 final

states, are shifted to higher energies improving the agreement with the measured spectra. Nevertheless, the
magnitude of the theoretical conductivity remains lower than the experiment one, which indicates that LSDA+𝑈
is too crude an approximation to properly account for electronic correlations in NaCu2O2.
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A tunable two-impurity Kondo system in an atomic point contact 
J. Bork, Y. Zhang, P.Wahl and K. Kern 

 
If a magnetic impurity is introduced into a non-magnetic metallic environment, its spin interacts with 
the conduction electrons of the host. Below a characteristic temperature T0

K, this leads due to the 
Kondo effect to a non-magnetic singlet ground state, where the spin of the magnetic impurity is 
completely screened [1]. As soon as two or more magnetic impurities are in proximity to each other, 
a competition between Kondo screening and magnetic interaction among the spins sets in and the 
ground state depends sensitively on their respective magnitude. Many of the peculiar properties of 
correlated electron materials are attributed to this competition between screening of local spins and 
magnetic interaction of neighbouring spins. Depending on which interaction dominates, the 
properties can vary, e.g., between antiferromagnetic ordering and heavy fermion behaviour, between 
being an insulator or a metal. Certain materials can be tuned continuously between the 
aforementioned phases through a quantum phase transition (QPT) as a function of an external control 
parameter, such as doping, pressure or magnetic field. The physics close to the quantum critical point 
is often described based on models in which the formation of dimers governs the physics. Thus the 
study of a model system consisting of a dimer, as presented here, with magnetically coupled spins 
can serve as a test ground for these theories. 
 

 
 

Figure 1: Phase diagram and experimental realization of the two-impurity Kondo Problem. (a) Relevant energy scales and 
ground states as function of coupling between the spins: KS – single-impurity Kondo screening dominates; AF – due to 
antiferromagnetic coupling, the two spins lock into a molecular singlet. The vertical dotted line indicates the critical 
coupling I* where the quantum phase transition (QPT) occurs. (b) Illustration of measurement setup with one cobalt atom 
on the tip and one on the surface. The coupling  between tip and sample results in an antiferromagnetic interaction I 
between the two spins. The strength of the interaction is varied by changing the tip-sample distance. 
 
The physics of two Kondo impurities coupled by some interaction has been studied theoretically in 
great detail. The relative strengths of an antiferromagnetic exchange interaction I and of the single 
impurity Kondo temperature T0

K determine whether the ground state of the two-impurity system is 
governed by the formation of a singlet state between the two spins due to antiferromagnetic coupling 
or a Kondo singlet of each spin due to screening by the conduction electrons. A schematic phase 
diagram of the two-impurity Kondo problem with antiferromagnetic coupling I is displayed in Fig. 
1(a). If the transition between the two ground states is governed by quantum fluctuations it 
constitutes a QPT. 
We have realized a two-impurity Kondo system consisting of two magnetic atoms, one attached to 
the tip of a Scanning Tunnelling Microscope (STM) and one adsorbed on a metal surface, each 
constituting a Kondo system [2]. This configuration has been proposed as one of the simplest 
conceivable systems potentially exhibiting quantum critical behavior [3]. The coupling between the 
two atoms can be tuned continuously by varying the tip-sample separation, such that the system can 
be driven through the QPT (Fig. 1(a)). Electronic transport measurements on this two-impurity 
Kondo system reveal a rich physical scenario which is governed by a crossover from local Kondo 
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screening to non-local singlet formation due to antiferromagnetic coupling as a function of separation 
of the cobalt atoms. At the QPT, an additional resonance is expected to appear in the differential 
conductance at zero bias whose width is only determined by the temperature of the experiment [3]. 
 
 

 

Figure 2: Preparation of the tip Kondo system. (a) 
STM image of three cobalt adatoms on Au(111) 
taken with a spectroscopically featureless tip, (b) 
after applying a voltage pulse with the tip on top of 
a cobalt adatom, the atom is transferred to the tip 
and has disappeared from the surface.  (c) Spectra 
taken on cobalt adatoms show a Kondo resonance. 
(d) After picking up a cobalt atom, spectra taken on 
the clean surface show a resonance at the Fermi 
level (0V), too. 
 
 

 
 
Following sample preparation, in STM images measured at a temperature of 6.7K we find single 
cobalt adatoms on the Au(111) surface (Fig. 2(a)), which can be identified by their characteristic 
Kondo resonance. In tunnelling spectra, the Kondo resonance is detected as a Fano line shape due to 
interference between electrons tunnelling into the conduction band of the substrate and into the 
Kondo state (Fig. 2(c)). Depending on the relative strengths of the two channels, the line shape of the 
Kondo resonance can be a dip, an asymmetric line shape or a peak. We have attached single cobalt 
atoms to the STM tip by positioning the tip on top of an adatom and applying a voltage pulse. After 
application of a successful pulse the cobalt atom disappears from the surface (see Fig. 2(b)) and the 
spectrum taken over a clean spot exhibits a similar resonance compared to the one found for cobalt 
atoms on the surface (see Fig. 2(d)). 
While approaching the two cobalt atoms towards each other, the junction makes a transition from the 
tunnelling to the point contact regime (Fig. 3(a)). Spectra acquired in the tunnelling regime for z > 0 
Å (see Fig. 3(b)) show a resonance similar to the one found for a single cobalt atom in the junction 
(compare figs. 2(c), (d)) however with a larger amplitude as it is a superposition of the Kondo 
resonances of tip and sample. Shape and width of the feature change only little for rather large tip-
sample distances z > 2 Å. Once the two atoms are moved within 2 Å of point contact the width of the 
resonance is reduced. Close to the transition to the point contact regime, the resonance changes its 
shape from a dip to a peak of similar width (see Fig. 3(b) for z ~ -30 pm). On pushing the tip further 
in, the peak splits into two resonances at almost symmetric positions with respect to zero bias. The 
splitting increases with decreasing tip-sample distance (Fig. 3(b), (c)). We note that all data shown in 
this work is obtained from reversible, non-destructive measurements, where STM images taken 
before and after formation of the point contact show no changes of the tip or the cobalt atom itself. 
The conductance traces during approach and withdrawal are apart from some vertical drift coincident 
with each other. Occasionally we observe lateral hops of the cobalt atom which can however be 
directly detected in the conductance trace as well as from the STM images taken before and after the 
approach curve is acquired. 
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 Figure 3: Measurements on two-impurity Kondo 
system in tunnelling and transport. (a) Approach 
curve acquired while moving the tip with a cobalt 
atom towards a cobalt atom on the surface. Shown is 
the conductance in units of the spin-degenerate 
conductance quantum G0=12.9kΩ as function of tip-
sample distance (relative to the transition from 
tunnelling (blue) to point contact (green)) at fixed 
bias voltage (Vbias = 40mV). (b) Spectra as a 
function of tip-sample distance (as indicated on the 
right) in the tunnelling and point contact regime. (c) 
Splitting of peaks seen in (b) as function of tip-
sample distance. Black crosses have been obtained 
from NRG calculations. The solid line is a linear fit 
to NRG calculations. (d) width of the resonance 
extracted from spectra as in (b) as function of tip-
sample distance, circles and triangles indicate 
separate sets of measurements following different 
sample preparations with different tips (colours as in 
(a)). The solid line shows the calculated width of the 
resonance, where the line shape parameter q is 
assumed to depend on the tip-sample distance z as q 
~ exp(-z/κd). Spectra in (b) are shifted vertically.  
 

 
We can rationalise the reduction by the superposition of the Kondo resonances of tip and sample. In 
the spectra, only one resonance is observed because the resonances of the two cobalt atoms are both 
at the Fermi level. To assess the influence of their superposition on the overall spectrum, we have 
performed a model calculation assuming that the tip and sample spectra can be described by Fano 
resonances (with only one cobalt atom in the junction, see Fig. 2(c), (d)). We assume that only the 
line shape of the individual resonances changes from a dip to a peak while approaching the two 
cobalt atoms towards each other, keeping the parameters of the Kondo resonances (i.e. width, 
amplitude and position) constant as found in NRG calculation. With this model, we can recover the 
behaviour of the tunnelling spectra and of the overall width of the resonance, as can be seen from fig. 
3(d).  
We can clearly identify two coupling regimes for the cobalt dimer. Far out in the tunnelling regime, 
the two cobalt atoms behave as weakly interacting Kondo impurities, each with its own Kondo 
resonance. Approaching the two cobalt atoms towards each other, the interaction rises and the 
resonance splits due to exchange interaction. Further reduction of the tip-sample distance increases 
the interaction and hence the separation of the two peaks. For much stronger exchange interactions, 
the spectra are expected to be governed by inelastic spin excitations [4] breaking the singlet rather 
than by a split Kondo resonance.  
Instead of showing a QPT, the cobalt dimer undergoes a crossover between the two regimes, Kondo 
screening and antiferromagnetism. By comparison with NRG calculations, the crossover can be 
attributed to the strong coupling between the electrodes. For the system to reveal quantum critical 
behaviour, the coupling between the electrodes needs to be small compared to the single impurity 
Kondo temperature. One way to come closer to a system exhibiting critical behaviour is to use atoms 
as Kondo systems which exhibit a significantly lower Kondo temperature while still having 
substantial coupling to the electrodes (by which the magnetic coupling is mediated). This can be 
achieved for Kondo systems which have a Coulomb repulsion about a factor of two higher than 
cobalt atoms, possible candidates could be rare earth atoms. Another way would be to increase the 
direct coupling between the orbitals which form the Kondo state. Direct charge coupling also renders 
the QCP unstable, so it will only be observable for the right balance of direct hopping and exchange 
interaction. 
The atomically precise engineering of a two-atom Kondo system provides a unique playground to 
probe electron correlations, complementing studies on semiconductor quantum dots. Our experiment 
provides a model system for studying the competition between electron correlation and local moment 
antiferromagnetism which eventually might allow studying quantum criticality on a two-impurity 
system. It also opens up new perspectives for atomic scale magnetometry. The tip Kondo system can 
be used as a probe for magnetic interactions, yielding quantitative information about the magnetic 
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interaction. This offers the opportunity to study magnetic properties of atoms, magnetic molecules, 
clusters and islands with the high lateral resolution of STM. 
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Singular order parameter interaction at nematic quantum critical point

W. Metzner and S. C. Thier

Numerous correlated electron compounds undergo a quantum phase transition between ground states with differ-
ent symmetries, which can be tuned by a non-thermal control parameter such as doping, pressure, or a magnetic
field. In the vicinity of a continuous transition electronic excitations are strongly scattered by order parameter
fluctuations. Quantum critical fluctuations near a quantum critical point (QCP) are therefore frequently invoked
as a mechanism for non-Fermi liquid behavior in strongly correlated electron compounds.

Quantum criticality in metallic electron systems is traditionally described by an effective order parameter theory,
which was pioneered by Hertz and Millis. In that approach, an order parameter fieldφ is introduced via a
decoupling of the electron-electron interaction, and the electronic variables are subsequently integrated out. The
resulting effective actionS[φ] for the order parameter is truncated at quartic order and analyzed by standard
scaling techniques. However, several studies revealed that the Hertz-Millis approach may fail, especially in
low-dimensional systems. Since electronic excitations in a metal are gapless, integrating out the electrons may
lead to singular interactions between the order parameter fluctuations which cannot be approximated by a local
quartic term. A break-down of Hertz-Millis theory is known to occur for an antiferromagnetic quantum phase
transition in two dimensional metals, and for a ferromagnetic transition even in three dimensions.

Here we investigate whether the Hertz-Millis approach is valid for two-dimensional systems exhibiting a quan-
tum phase transition driven byforward scatteringin the charge channel. The most prominent such transition is
the electronicnematic, in which an orientation symmetry is spontaneously broken, while translation and spin-
rotation invariance remain unaffected. The problem of quantum critical points with singular forward scattering
is closely related to the problem of non-relativistic fermions coupled to aU(1) gauge field. Calculations in the
gauge field context suggested that the simple form of the (bosonic) fluctuation propagator obtained in lowest
order (RPA) remains unaffected by higher order terms. In a recent paper Metlitski and Sachdev [1] formulated a
scaling theory of the nematic QCP and related problems, treating the electrons and order parameter fluctuations
on equal footing. No qualitative correction was found for the fluctuation propagator, up to three-loop order. This
is in stark contrast to the case of an antiferromagnetic QCP in two dimensions, where the fluctuation propagator
is substantially renormalized compared to the RPA form. A clarification of the properties of the nematic QCP
beyond three-loop order is still lacking.

The robustness of the fluctuation propagator at the nematic QCP seems to indicate that interactions of the order
parameter fluctuations are irrelevant such that the QCP is Gaussian, in agreement with the expectations from
Hertz-Millis theory. It is therefore worthwhile to analyze the interaction terms in the effective actionS[φ]
obtained after integrating out the electrons. TheN -point interactions are given by fermionic loops withN
vertices. To obtain the scaling behavior of such loops is non-trivial, because the most naive power-counting is
easily invalidated by cancellations [2]. We have computed the exact scaling behavior of theN -point interactions
for the nematic QCP and related systems, and found that the interactions aremarginal andnon-local for all
N ≥ 3. Hence, replacing them by a localφ4 interaction is not justified [3]. In the following, we sketch the main
points of the theory.

We consider an interacting electron system which undergoes a continuous quantum phase transition with a scalar
order parameter of the form

O =
X

σ

Z

d2k

(2π)2
d(k)c†σ(k)cσ(k) , (1)

wherec†σ(k) andcσ(k) are the usual fermionic creation and annihilation operators. For a charge nematic, the
form factord(k) has ak-dependence withd-wave symmetry, such asd(k) = cos kx − cos ky. Decoupling the
fermionic interaction by introducing an order parameter fieldφ via a Hubbard-Stratonovich transformation, and
integrating out the fermionic variables, one obtains an effective actionS[φ]. The effectiveN -point interactions
of the order parameter field are given by symmetrizedN -point loops

ΓN (q1, . . . , qN ) =
1

N !

X

P

ΠN (qP1, . . . , qPN ) , (2)

where the sum collects all permutationsP of 1, . . . , N , and

ΠN(q1, . . . , qN ) =

Z

k

N
Y

j=1

[d(k− pj − qj/2) G0(k − pj)] . (3)
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We use 3-vectors collecting imaginary frequency and two-dimensional momentum variables, for examplek =

(k0,k), and
∫

k
as a short-hand notation for

∫
dk0

2π
d2k

(2π)2 . The variablespj andqj are related byqj = pj+1 − pj

for j = 1, . . . , N − 1, andqN = p1 − pN . Note thatq1 + · · · + qN = 0 due to energy and momentum
conservation. The bare propagator has the formG0(k) = [ik0 − ǫ(k) + µ]

−1, whereǫ(k) is the dispersion
relation of the non-interacting particles.ΠN (q1, . . . , qN ) can be represented graphically as a fermion loop with
N lines corresponding toG0 andN vertices with form factorsd(k), as shown in Fig. 1.
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Figure 1:Graphical representation ofΠN with momentum
variables as in Eq. (3).

The bare fluctuation propagator has the form

D0(q) =
1

χq2 + γ
|q0|
|q|

, (4)

whereχ andγ are positive constants.D0(q) diverges in the limitq → 0 andq0/|q| → 0. The two terms in the
denominator ofD0(q) vanish at the same pace forq → 0 if q0 ∝ |q|3. To assess the size of the interaction terms
in S[φ] one thus has to study theN -point loops in a low-energy limit withqj0 ∝ |qj |

3. Naively one may expect
that this corresponds to thestatic limit, whereqj0 → 0 beforeqj → 0:

lim
qj→0

lim
qj0→0

ΠN(q1, . . . , qN ) =
(−1)N−1

(N − 1)!

∂N−2

∂µN−2

Z

d2k

(2π)2
[d(k)]N δ[ǫ(k) − µ] . (5)

Except for special cases where the chemical potential lies at a van Hove singularity, this expression isfinite. Note
that the right hand side of Eq. (5) is independent ofq1, . . . , qN and hence already symmetrized. Approximating
the bosonicN -point interactions by finite local interactions thus seems adequate. Standard power counting then
implies that all interactions withN ≥ 4 are increasingly (with higherN ) irrelevant. Hence, the Hertz-Millis
truncation seems justified. The static limit of the3-point loop and all otherN -point loops with oddN as given
by Eq. (5) vanishes in the case of a charge nematic, due to the antisymmetry ofd(k) underπ/2 rotations ofk.
One arrives at a similar conclusion for the gauge field problem.

However, there is a flaw in the above argument. Eq. (5) has been derived by settingqj0 = 0 before the momenta
qj tend to zero. It is not guaranteed that this captures the low-energy limitqj → 0 and qj0/|qj | → 0 in
general. Indeed, a simple estimate indicates that theN -point loop is of orderqj0/|qj |

N−1 for small non-
collinear momentaqj and smallqj0/|qj | [1]. Although this behavior is increasingly singular for largerN ,
the corresponding order parameter interactions remain irrelevant, since the singularity is not strong enough.
However, an even stronger singularity is obtained in a special low-energy limit in which the momentaq1, . . . ,qN

becomecollinear. The crucial role of coupled fluctuations with collinear momenta was highlighted by Metlitski
and Sachdev [1]. In perturbative one-loop calculations of the fermionic self-energyΣ(kF , ω) at a certain point
kF on the Fermi surface, it was found already some time ago that the dominant contributions involve only
fermionic states in the momentum region nearkF and−kF , with momentum transfersq almosttangentialto
the Fermi surface in those points. This remains true for higher order contributions, so that all fermionic momenta
are close tokF and−kF and momentum transfers are almost tangential to the Fermi surface in these points,
which implies that they are mutually almost collinear.

Choosing a coordinate system in momentum space in such a way that the normal vector to the Fermi surface at
kF points inx-direction, the proper scaling limit describing the low-energy behavior is given byk0 7→ λ3k0,
kx 7→ λ2kx, andky 7→ λky with λ → 0, where(kx, ky) is measured relative tokF . For the momentum and
energy transfersqj this implies

qj0 7→ λ
3
qj0 , qjx 7→ λ

2
qjx , qjy 7→ λqjy with λ → 0 .

(6)

In this collinear low-energy limitthe momentum transfersqj become increasingly collinear (pointing iny-
direction). We have computed the exact scaling behavior of the effectiveN -point interactions in that limit [3].
The calculation is rather complicated, but the result is very simple:

ΓN ∝ λ
6−2N for all N ≥ 3 .

(7)
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The degree of divergence therefore increases rapidly withN . It is not reduced by any cancellations. By stan-
dard power-counting one then finds that allN -point interactions are marginal, that is, they cannot be neglected
in the low-energy limit. Truncating the effective actionS[φ] at quartic order inφ as in the Hertz-Millis ap-
proach is therefore not justified. We have also derived explicit expressions for the full momentum and frequency
dependence ofΓN (q1, . . . , qN ) in the collinear low-energy limit [3].
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