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Structure and properties of crystalline compounds

The most traditional area of our research is an understanding of solids through their comprehensive

characterization, rationalizing the synthesis, and prediction of new materials. In the classical field

of semiconductor physics, by analyzing the properties of II-IV-V2 semiconductors, we gained in-

sight into why the conventional increase in the band gap with decreasing temperature turns into an

anomalous non-monotonic behavior when the divalent cation is replaced by monovalent d-electron

copper or silver, e.g. in AgGaSe2. Even less expected was the recent discovery of superconductivity

controlled by copper intercalation between the Se layers in the prototypical topological insulator

Bi2Se3. The growth of single crystals of CuxBi2Se3 with various Cu contents has been optimized.

Interest to structures with intercalated metal atoms makes it very topical to develop methods for

accurate reconstruction of their electron density distribution from X-ray diffraction data. A general

method using maximum entropy has been developed for localization of missing intercalated metal

atoms in apatites. Titanium oxides continue to surprise with their unusual electron transport and

structural properties which can be tuned by introducing dislocations or by applying a magnetic

field.
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Electronic correlations and superconductivity

Strong electron correlations in transition-metal compounds give rise to a multitude of unusual and

interesting phenomena, such as, metal-insulator transitions, superconductivity at high temperature,

and spin-orbital or multiferroic ordered states. These strong correlation effects cannot be under-

stood within simple non-interacting single-electron theories. However, it is possible to describe

certain aspects of these strong correlation phenomena in terms of extensions of single-particle

approaches (e.g., combined local-density-functional and Gutzwiller theory), or by employing sim-

plified model Hamiltonians (e.g., Kugel-Khomskii or Hubbard-type models). Besides these the-

oretical studies, this section also includes experimental investigations of two strongly correlated

materials, namely the multiferroic chain compound CuBr2 and the iron-selenide superconductor

Rb2Fe4Se5.
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Quantum Hall effect

The quantum Hall effect is one of the most fascinating phenomena in condensed matter physics.

This quantum mechanical state of matter is observed in two-dimensional metals in strong magnetic

fields and is characterized by a Hall resistance, which is nearly constant over certain ranges of elec-

tron density and magnetic field strength. The reports of this section present some of the most recent

experimental developments in this area of research. In particular, transport and scanning probe mea-

surements of fractional and integer quantum Hall states in GaAs/AlGaAs-heterostructures as well

as in graphene sheets are discussed.
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Two-dimensional systems and interfaces

The design and exploration of heterostructures grown from complex materials with atomically pre-

cise interfaces are at the focus of the Institute. We are particularly interested in combining different

complex oxide materials with competing quantum many-body states where a variety of exotic two-

dimensional electronic systems could be stabilized. Recent investigations have shown that both

magnetic and superconducting phases can be induced at the interface between the relatively simple

insulating materials SrTiO3 and LaAlO3. The electronic compressibility of this electronic system

has been studied with Kelvin probe microscopy. The long-range transfer of electron-phonon cou-

pling through the interfaces between oxide materials has been observed and demonstrates that epi-

taxial oxide superlattices offer novel opportunities to generate vibrational modes that do not exist

in the bulk. The complexity of artificial heterostructures requires the development of new meth-

ods of rational calculation of their electronic structure. A new methodology has been developed to

derived atomic effective pseudopotentials for semiconductor superlattices.
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Physics and chemistry on the nanoscale

Nano-sized materials exhibit unusual magnetic, electrical, and chemical properties which are very

different from those present in larger sized systems. This is in part due to quantum mechanical

effects, which are much stronger at the nanoscale, and part due to the increased surface-to-volume

ratio, which leads to an enhanced chemical reactivity. In this section, two examples of nanosized

magnets are presented: a manganese-12-acetate molecular magnet and small clusters of iron atoms

on monoatomic Cu2N surfaces. Furthermore, different fabrication methods of nanomaterials are

discussed, such as stereoselective self-assembly and van der Waals epitaxial growth procedures.
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Materials with technological prospects

A considerable part of our research contributes to the bases of further technological progress, some

project even being motivated by potential applications in diverse technologies. A few examples are

given in this section comprising a project on two-dimensional photonic crystals which may find

interesting applications in sensing (e.g. pH) devices and several activities relying on the bulk and

surface properties of titania, an oxide with very high relevance in electrochemical energy storage

technologies (batteries). When it comes to storing energy chemically, visible-light driven hydrogen

evolution is one of the most important reactions which is shown to be effectively catalyzed by

triazine-based carbon nitrides. Coming to electronic and opto-electronic devices, air-stable organic

n-channel transistors may help to reduce the power consumption of mobile devices, while the

fabrication of plasmonic nano-structures aligned to stable solid-state quantum emitters may pave

the way to advanced plasmonic nanocircuits.
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Temperature dependence of band gaps in semiconductors:
electron-phonon interaction

M. Cardona, R. Lauck, and R.K. Kremer

In the past decade a number of calculations of the effects of lattice vibrations on the electronic energy gaps

have been performed using either semiempirical or ab initio methods. This work has led to the realization that

the lowest gaps usually decrease with increasing temperature whereas in a few exceptional cases the opposite

development is also observed.[1]

Most of the experimental results for the temperature dependence of gaps have been obtained for elemental or bi-

nary semiconductors.[1] Lately, however, ternary materials such as those with chalcopyrite structure have begun

to be investigated. Among the chalcopyrites under examination are II-IV-V2 compounds (e.g. ZnGeAs2) and

those in which the divalent cation is replaced by either monovalent copper or silver (e.g. MGaX2, M = Cu, Ag;

X = S, Se, Te). Whereas the temperature dependence of the energy gaps of the II-IV-V2 compounds exhibits the

standard behavior, i.e. a monotonic decrease with increasing temperature, Cu and Ag chalcopyrites often show

non-monotonic temperature behavior with a maximum at low temperatures followed by a decrease or sometimes

an extended flat plateau at low temperatures. In the literature the drop of the electronic gap below the maximum

has often been ascribed to the combined effect of thermal expansion and the volume dependence of the gap.

However, neither has a convincing scheme been suggested to understand the occurrence of the low-temperature

gap decrease nor has a quantitative picture for the magnitude of the gap decrease been developed on the basis

of the volume dilation mechanism. On the other hand, temperature dependent effects due to the presence of the

d-like valence electrons (3d for Cu and 4d for Ag) and their admixture with the usual p-like counterparts (e.g.

4p for Se, 5p for Te) are generally ignored. The observation that the non-monotonic temperature dependence is

particularly manifest in the chalcopyrites involving Ag 4d-valence electrons led us to suggest that this effect is

related to p-d-electron hybridization. A first estimate of the degree of valence electron hybridization can be sur-

mised by comparing the difference of the relevant valence electron energies of the various elements involved.[2]

Figure 1 reveals that in case of Zn and Cd the d-levels are lifted in energy, being considerably separated from the

occupied p-levels whereas there is a close proximity of the d-levels of Cu and Ag to the p-levels of the chalcogen

atoms enabling enhanced p-d hybridization.

Figure 1: Relevant valence electron energies of the various

elements in the chalcopyrite compounds according to Ref.

[2]. (a) MYX2 (M = Zn, Cd; Y = Ge, Sn; X = P, As,

Sb). (b) MGaX2 (M = Cu, Ag; X = S, Se, Te). Note the

proximity of the 3d and 4d energy levels of Cu and Ag to

the valence p-levels of the chalcogenides.

The temperature dependence of the energy gap is due to the electron-phonon interaction which depends crit-

ically on the amplitude of the phonons and the corresponding coupling constants. Unfortunately, because of

computational complications related to the size of the unit cell and k-point convergence issues, calculations of

the corresponding electron-phonon interaction coefficients are difficult and rare. The phonon amplitudes, how-

ever, are accessible with great precision from ab initio calculations of the electronic structure. Recently, we have
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studied the lattice and thermal properties of CuGaS2 in more detail by means of ab initio calculations.[3] Ap-

plying analogous computational techniques we have now extended these calculations and obtained the phonon

dispersion relations and the phonon density of states of AgGaX2 (X = S, Se, Te) as well as of MYX2 (M = Zn,

Cd; Y = Ge, Sn; X = P, As, Sb) as reference materials.[4]

Figure 2 shows the total and the partial phonon density of states of the AgGaX2 chalcopyrites obtained from ab
initio calculations using the PBEsol ansatz for the exchange correlation functional which we have also utilized

in a preceding investigation to obtain the low-temperature specific heats of several chalcopyrites.

Figure 2: Total and partial phonon densities of states

(PDOS) of the chalcopyrites AgGaX2 (X = S, Se, TE)

as obtained from VASP PBEsol calculations. The (red)

dashed line represents the partial PDOS of Ag.

In view of the finding that the low-energy phonon spectrum and the density of states is dominated by Ag related

vibrations we have re-analyzed literature data and new highly-resolved non-monotonic temperature dependence

gap versus temperature measurements e.g. for AgGaX2 (X = S, Se, Te) by fitting a model proposed by Göbel

et al. for CuX (X = Cl, Br).[4] Using two Bose-Einstein oscillators with weights of opposite sign leading to an

increase at low temperatures which towards higher temperatures is finally dominated by the stronger decrease.

The temperature dependence of the energy gap is given by

E(T ) = E0 +
∑

i

Ai[2nBE(Ei/kBT ) + 1], (1)

where Ai are the weights which, if negativ, describe the degree of the energy decrease with increasing tempera-

ture and nB is the Bose-Einstein factor:

nBE(Ei/kBT ) = 1/(exp(Ei/kBT ) − 1).
(2)
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Without any further assumption about thermal expansion terms, by including a second low-energy Bose-Einstein

oscillator this model accounts well for the non-monotonic temperature dependence of the gaps with the effects

of the two oscillators on the gap having different signs, i.e. the low-energy oscillator securing an increase of the

gap with increasing temperature.

Figure 3: Temperature dependence of the gap energy of

(a) AgGaS2 (our data and those of Artus and Bertrand

(1987) and (b) AgGaSe2 The (red) solid lines represent

the fits to Eq. (1) assuming two Bose-Einstein oscillators.

The inset in (a) displays the temperature evolution of the

wavelength modulated reflectivity spectrum.

Figure 3 displays the energy gaps of AgGaS2 and AgGaSe2 together with the fits of Eq. (1) to literature and

our new experimental data. Especially the improvement of temperature resolution at low temperatures clearly

reveals that the gaps level off for T → 0 K with no indication of a linear term due to a lattice expansion contri-

bution. The highly resolved data also enabled reliable fits of the temperature dependence at low temperatures.

Without any constraints the fits converged to energies of the Bose-Einstein oscillators which differ by almost

an order of magnitude. The decrease of the gap at high temperatures is described by a Bose-Einstein oscillator

energy corresponding to ∼ 400 K which matches very well to optic phonons branches essentially due to S or Se

vibrations (see. Fig. 2).

Figure 4: Ratio of the partial PDOS of Ag w.r.t. the total

PDOS of AgGaX2 (X = S, Se, Te), with (black) solid,

(red) dashed and (blue) dash-dotted line, respectively. The

vertical arrows indicate the energies of the second low-

energy Bose-Einstein oscillator (E2) obtained by fitting

the temperature dependence of the energy gaps with Eq. (1).

Inspection of the partial phonon density of states of the chalcopyrites AgGaX2 (X = S, Se, Te) reveals that the

low-energy part of the phonon spectrum is essentially dominated by acoustic zone-boundary phonons related to

Ag vibrations (see Fig. 4). It turned out that the frequencies of the Bose-Einstein oscillators which describe the

decrease of the gap below the maximum agree well with these Ag peaks in the phonon density of states. This

result renders strong support to our proposal that the non-monotonic temperature dependence of the energy gap

is closely related to d-p electron hybridization.
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We hope that the systematic analysis presented here will encourage theorists to tackle the peculiar temperature

dependence of the electronic gaps of semiconductors involving d-electron atoms (e.g. Cu or Ag). Measure-

ments at low temperatures using crystals with pairwise replacement of isotopes (e. g. AgGa32S2 - AgGa34S2;

Ag69GaS2 - Ag71GaS2; 107AgGaS2 - 109AgGaS2) are underway in order to separate the individual effects of the

various atoms on the zero-temperature gap renormalization.
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Crystal growth and anomalous transport properties of CuxBi2Se3
 

M.T. Li and C.T. Lin  

 
Topological insulators (TIs) have received considerable attention due to their potential to offer new 
platforms for the realization of novel states of quantum maters. TIs are characterized by their fully 
insulating gap in the bulk but necessarily gapless edge or surface states protected by time-reversal 
symmetry. Recently, the three-dimensional (3D) TIs were theoretically predicted and discovered by 
experiments, including binary Bi1-xSbx alloys, Bi2Se3, Bi2Te3, Sb2Se3 and Sb2Te3 compounds [1]. It 
was found that the 3D Bi2Se3 topological insulator has the simplest Dirac cone surface spectrum and 
the largest band gap, of 0.3 eV, which indicates a true topological insulating behavior at room 
temperature and greatly increases potential applications in the future.  
 
Superconductivity at Tc=3.8 K was induced in the CuxBi2Se3 compound by Cu intercalating the van 
der Waals gaps between the Bi2Se3 layers [2]. Because of this discovery, the compound was 
suggested to be one of the most promising candidates for realizing topological superconductivity, 
which has a full pairing gap in the bulk and gapless surface Andreev bound states. Recently, the 
existence of topological superconductivity in the CuxBi2Se3 compound has been investigated by 
transport, point-contact spectroscopy and angle resolved photoemission spectroscopy. Furthermore, 
the novel spin-triplet pairing with odd parity induced by strong spin-orbit coupling was proposed for 
the CuxBi2Se3 superconductor in both experimental and theoretical studies [3, 4].  
 
In this study, single crystals of CuxBi2Se3 with various Cu doping contents were grown using a 
modified Bridgeman method. Electric transport and magnetic susceptibility measurements were 
performed on the samples. We found that the superconducting samples share a common anomalous 
temperature-dependent magnetoresistance feature in which a magnetic-field-tuned “crossover 
behavior” was observed. The results of IV (current-voltage) measurement were demonstrated to 
interpret the observed anomalous transport properties.  
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Figure 1: (a) The upper panel: Typical 
as-grown single crystal of Cu0.11Bi2Se3, 
lower panel: as-cleaved crystal. (b) X-
ray diffraction patterns show the (0 0 l) 
reflections. Left inset displays the 
shifting of the (0 0 6) patterns. Right 
inset is the Cu doping dependence of 
the c lattice parameters. (c) The 
temperature dependence of magnetic 
susceptibility with magnetic field H=10 
Oe parallel to the ab plane. Both zero 
field (ZFC) and field cooled (FC) 
curves were recorded. (d)  The 
temperature dependence of resistivity 
for CuxBi2Se3 with x=0, 0.07, 0.11, 
0.15. The resistance is normalized to 
the value at 300 K. 
 

 
The samples were prepared using high purity Cu (5N), Bi (5N), and Se (5N) lumps in the nominal 
composition CuxBi2Se3 (x=0, 0.12, 0.15 and 0.18) and sealed in an evacuated quartz ampoule. The 
ampoule was heated up to 1148 K for 48 h in a vertical tube furnace and then cooled down at a rate 
of 2.5 K/h to 833 K and maintained at that temperature for 24 h before quenching in cold water. The 
phase purity of obtained single crystals was examined by X-ray diffraction (XRD) measurements 
using a PHILIPS PW3710 diffractometer with Cu K  radiation. The composition was determined by 
energy dispersive X-ray spectroscopy (EDX) in a Tescan Vega TS-5130MM scanning electron 
microscope (SEM), equipped with a NORRAN System 7 UltraDry Detector. In-plane resistivity 
measurements were performed on a physical property measurement system (PPMS-9, Quantum 



Design) using the standard four wires with silver paste for the contacts. DC magnetic susceptibility 
was measured with a SQUID-VSM magnetometer (Quantum Design). 
 
Typical single crystals of Cu-doped Bi2Se3 were obtained with the modified Bridgeman method, as 
shown in Fig. 1(a). The Cu content of the CuxBi2Se3 single crystals is determined to be x=0, 0.07, 
0.11 and 0.15, respectively, less than the nominal compositions. The orientation of the large crystal 
surface was characterized via (0 0 l) reflections by XRD, as shown in Fig 1(b). The reflections shift 
towards the lower angle region with increasing Cu doping as seen in left inset of Fig. 1 (b), indicating 
that Cu atoms were intercalated into von der Waals gap between the Bi-Se layers. The c-axes were 
enlarged by the Cu doping. The lattice parameters are 28.638, 28.732, 28.728, and 28.726 Å for x=0, 
0.07, 0.11 and 0.15, estimated using higher angle diffractions (0 0 15), (0 0 18) and (0 0 21). A 
significant increase of the c-axis by doping was observed. The doping dependence of the c lattice 
parameters shows a non-linear relationship. The fact is that the larger c expanded by Cu intercalation 
between Bi-Se layers, while smaller c caused by substitution for Bi accommodated in Bi-sites, due to 
the ionic radius of Cu2+ (57 Å) < Bi3+ (117 Å). The largest c-axis was estimated for x=0.07, shrinking 
with higher doping, as plotted in the right inset of Fig. 1(b). This result can be attributed to the Cu-
atoms partly intercalated in Bi-Se layers and partly substituted for Bi-sites. The temperature 
dependence of magnetic susceptibility for these samples is plotted in Fig.1(c). The superconducting 
shield fraction was observed to be below 2.5%, indicating non-bulk superconductivity in the samples. 
Figure 1(d) shows the temperature dependence of resistivity. The highest Tc,onset~3.7 K is measured 
for Cu0.11Bi2Se3 and zero resistance is not observed, consistent with magnetic susceptibility 
measurements.  

 

 

Figure 2: Magnetoresistance 
measurements of the 
Cu0.11Bi2Se3 single crystal. 
The temperature dependence 
of resistivity under various 
magnetic fields at T=1.8 K 
with the configurations of 
H//ab (a) and H//c (b), 
respectively. The field 
dependence of resistivity at 
various temperatures with 
H//ab (c) and H//c (d), 
respectively. The green and 
yellow lines are guides to the 
eye. 
 

 
The temperature dependence of resistivity was investigated under various magnetic fields with 
configurations of H//ab and H//c for the Cu0.11Bi2Se3 single crystal, as shown in Figs 2(a) and (b), 
respectively. With increasing field, the superconducting transition temperature Tc was gradually 
suppressed and the transition width was broadened. It is noticed that an abrupt change in the 
superconducting transition occurs below the critical field Hcrt~0.3 T, i.e., the crossover of resistivity 
curves was observed. This anomalous transport feature is different from the bulk superconducting 
Cu0.29Bi2Se3 single crystal, which showed the “parallel transition” behavior with the increasing of 
fields, as reported by Kriener. et. al. [5]. In order to further investigate this feature, the magnetic field 
dependence of resistivity was measured under various temperatures and the results are plotted in Figs. 
2(c) and (d), respectively. Intriguingly, there are apparent humps and valleys systemically appearing 
with positive and negative fields in the superconducting temperature region and more pronounced at 
the low temperature of 1.8 K. The humps and valleys correspond to the resistivity crossover curves. 
The results are reproducible in various Cu doping levels in our superconducting samples. When the 
temperature is higher than T~3.4 K this feature is no longer observed. For superconductivity at a non-
zero resistance transition, it could be interpreted in one mesoscopic system with superconducting 



islands separated by the normal state region in an inhomogeneous compound. Nevertheless, this 
result suggests that superconducting Cooper pairs might play a key role in the resistivity crossover 
behavior. 
 
In order to further understand the observed anomalous transport phenomenon, IV measurements were 
performed to detect a possible Josephson-like effect in the Cu0.11Bi2Se3 single crystal. The results are 
plotted in Figs. 3(a-d). As seen in Fig. 3(a), the shape of the IV curve is similar to that of the 
Josephson junction [6], whereas a non-zero dynamic resistance is observed for each curve in the 
superconducting state (<3.7 K). This indicates that the dissipation of a Josephson supercurrent might 
occur in the Cu0.11Bi2Se3 sample. This agrees with the non-zero resistance transition in Fig. 1(d). As 
the temperature increases, the critical current Ic decreases gradually and eventually disappears when 
the temperature is higher than 3.7 K, as shown in Fig. 3(b). Figure 3(c) shows the IV curves 
measured under different external fields and an apparent hysteretic behavior is observed between the 
1st and 2nd cycle. This hysteretic behavior could be the result of phase instability, which typically 
appears in the capacitively and resistively shunted Josephson junction or due to the heating effect. 
The slope of each IV curve is different, i.e., has different resistivity, indicating that the differential 
resistivity, as defined by dV/dI, could be tuned by the external field. The field-tuned fluctuations of 
dynamic resistance correspond to the resistivity crossover behavior, supported by the data in Figs. 
2(a-d). The magnetic-field dependence of critical current Ic was performed by two cycles (1st and 2nd) 
at T=1.8 K, as shown in Fig. 3(d). An apparent kink occurs at H~0.3 T for both cycles and non-linear 
dependence is observed between the critical current and magnetic-field. This feature might be related 
to the mesoscopic superconductivity in which sample contains numerous Josephson-like junctions 
with the existing of superconducting Cooper pairs. The IV results suggest an important role of 
superconducting Cooper pairs tunneling between the normal state region and superconducting islands, 
as resulted in the observed feature of anomalous transport properties. 
 

 

Figure 3: (a) The IV curves of the 
Cu0.11Bi2Se3 sample obtained at various 
temperatures. (b) The temperature 
dependence of critical current Ic, and two 
branches of Ic, were plotted. (c) The IV 
curves obtained under the fields of H=0 
T, 0.1 T, 0.5 T, 1 T at T=1.8 K, showing 
the apparent hysteresis behavior between 
two cycles, respectively. (d) The 
magnetic field dependence of critical 
current Ic at T=1.8 K, and two sets of Ic 
were plotted. 

 
In summary, we have prepared single crystals of CuxBi2Se3 (x=0, 0.07, 0.11, 0.15) using a modified 
Bridgeman method. The results of transport measurements indicate that the superconducting samples 
share a common anomalous temperature-dependent magnetoresistance feature, in which a magnetic-
field-tuned “crossover behavior” was observed. The crossover behavior could be interpreted with IV 
results, assumed the superconducting Cooper pairs tunneling between the normal state region and 
superconducting islands, as resulted in the anomalous transport phenomenon. However, more 
experimental and theoretical work have to be performed to elucidate the intrinsic physical origin of 
this anomalous transport behavior.  
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Reconstruction of electron density by the Maximum Entropy Method from 
X-ray powder diffraction data based on incomplete crystal structure 
models: a case study of apatites with different intercalated metal atoms 
 

Oxana V. Magdysyuk, Robert E. Dinnebier, Martin Jansen 

 
Conventional Fourier analysis is one of the most commonly used methods for localization of missing 
atoms in crystal structures from powder diffraction data. A “perfect” Fourier map would require a 
complete set of structure factors up to a resolution of at least sin /  = 5.0 Å-1. In the case of powder 
diffraction, accessible information is limited, as compared to single crystal diffraction, mainly due to 
the projection of three-dimensional reciprocal space onto the one dimensional 2  axis, resulting in 
intrinsic and accidental peak overlap. In addition, the resolution of powder diffraction data measured 
on laboratory instruments is generally limited to sin /   0.6Å-1. As a result, the Fourier transform is 
affected by series termination errors (e.g., spurious peaks of positive electron densities that do not 
correspond to atoms in the structure and unphysical local minima with negative densities). The 
concept of informational entropy was introduced in the field of crystallography to handle series 
termination effects in Fourier maps. The Maximum Entropy Method (MEM) allows to maximize the 
information extracted from the intrinsically limited experimental X–ray powder diffraction data. It 
has been demonstrated that MEM can be successfully used with powder diffraction data for 
localization of missing atoms with high occupancies in incomplete crystal structures [1, 2], for 
revealing the true nature of structural disorder [3, 4] and for determination of integrated atomic 
charges [5]. On the other hand, the capability of the MEM to locate missing atoms with low 
occupancies and to reconstruct their accurate electron density distribution is not fully investigated. 
This holds in particular true in case of commonly used high-resolution laboratory X-ray powder 
diffraction data. 
In the present work, the possibilities and limitations of the MEM for localization of missing 
intercalated metal atoms in apatites (general formula is Ae5(PO4)3MxOH1-x, Ae = Sr or Ca, M = Cu, 
Ni or Zn) with intercalated copper, nickel or zinc metal atoms were evaluated. 
 

 

Figure 1: Rietveld refinement of laboratory X-ray powder diffraction data of apatite Sr5(PO4)3Cu0.1OH0.9) without copper 
atoms Sr(OH)2·H2O was refined as second phase (2%). Insert: channel structure of apatite with intercalated metal atoms 
(O-M-O linear unit along c-axes in the center).  

 



X–ray powder diffraction data of all apatites with intercalated copper atoms were collected at room 
temperature on a laboratory powder diffractometer D8–Advance (Cu–K 1 radiation from a primary 
Ge(111) monochromator; Linx-Eye position–sensitive detector (PSD)) in Bragg-Brentano geometry 
(fig. 1). X–ray powder diffraction data of apatites with intercalated zinc and nickel atoms were 
collected at room temperature on a laboratory powder diffractometer STOE (Cu–K 1 radiation from 
a primary Ge(111) monochromator; Mythen PSD) in Debye-Scherrer geometry. X–ray powder 
diffraction data of one series of Sr–apatites were also measured at room temperature at the high-
resolution powder diffractometer I11 ( =0.8264(3) Å, Mythen PSD) at Diamond (Great Britain). 
We found that the conventional Fourier maps based on Fobs (observed structure factors are calculated 
from the best incomplete model) contain a lot of spurious peaks with high electron density, making it 
impossible to locate the intercalated metal atoms unambiguously. Using difference-Fourier maps, 
copper atoms with occupancies of 0.3, 0.125 and 0.1 could be located, while for compounds with 
lower concentration of 0.05 the difference-Fourier map contained spurious peaks higher than the 
peaks at the presumed copper positions. MEM maps based on Fobs, Fobs+G and FLeBail+G allowed 
unambiguous localization of copper atoms with occupancies down to 0.05, which corresponds to 
approximately 1.4 electrons per site (fig. 2). 
The strong advantage of the MEM is the possibility to use G–constraints for overlapping reflections, 
thus avoiding the model-bias for observed structure factors (Fobs) values from Rietveld refinement [4, 
5]. The amplitudes of structure factors can be received after a Le Bail fit (FLeBail) without the need 
any structural information. They also can be used as experimental data for MEM calculations for 
centrosymmetric structures in combination with phases from Rietveld refinement and G-constraints 
for overlapping reflections. For non-centrosymmetric structures problems arise in dividing intensities 
between real and imaginary parts and in assigning phases. Another advantage of the MEM is the 
possibility to use so-called prior information on the system [6]. In the present work, prior information 
is provided by the electron density distribution corresponding to a refined independent spherical atom 
model (ISAM) using the same experimental data (procrystal density). The procrystal prior electron 
density clearly reduces artifacts and MEM reconstructions with this prior allow the visualization of 
fine features of the electron density. 
 

Figure 2: Two-dimensional electron-
density maps at y=0 of apatite 
Ca5(PO4)3Cu0.05O0.5H0.45F0.5. Contour 
levels: from 1 to 50 e/Å3, step 1 e/Å3. 
High-resolution laboratory X-ray 
powder diffraction data with  
sin / = 0.55 Å-1. 
a) based on Fobs (with procrystal density 
for known atoms) 
b) based on Fobs (with flat prior) 
c) based on Fobs+G (with procrystal 
density for known atoms) 
d) based on FLeBail+G (with procrystal 
density for known atoms) 
 

The value of the electron density at the position of missing intercalated metal atoms for the MEM 
maps based on Fobs+G were higher than for the MEM maps based on Fobs due to the better 
partitioning of the intensities between strongly overlapping reflections. The highest values of the 
electron density of missing intercalated atoms were obtained in case of MEM maps based on 



FLeBail+G and this value almost coincided with the value of the electron density of copper atoms for 
MEM calculations with intercalated copper atoms. In the case of MEM calculations based on Fobs+G 
and FLeBail+G it was necessary to use the procrystal electron density for all known atoms, because of 
the reduced information content of group intensities as compared to individual reflections. The 
differences are mainly caused by different scale factors: the localization of missing atoms based on 
FLeBail+G was performed with the scale factor from Rietveld refinement of the incomplete structure. 
Two interesting examples of localization of missing metal atoms are the Sr–apatite with intercalated 
Zn atoms (fig. 3). A prominent feature of the powder diffraction data of this sample is the strong 
overlapping of the reflections in comparison to copper containing Sr– and Ca–apatites, which is 
caused by the change of the lattice parameters – only 9% of reflections are resolved, all other 
reflections are overlapped. For both samples all MEM maps were successful in localization of 
missing Zn atoms and the main features of the MEM maps were the same as in the case of Sr–apatite 
with missing copper atoms. The localization of missing copper atom in fluorine containing Ca–
apatite was complicated by the presence of fluorine atoms, with the located copper atom showing a 
lower value of electron density as compared to fluorine free Ca–apatite. 
 

Figure 3: Two-dimensional electron-
density maps at y=0 of apatite 
Sr5(PO4)3Zn0.15OH0.8. Contour levels: 
from 1 to 50 e/Å3, step 1 e/Å3. High-
resolution laboratory X-ray powder 
diffraction data with sin / = 0.55 Å-1. 
a) based on Fobs (with procrystal density 
for known atoms) 
b) based on Fobs (with flat prior) 
c) based on Fobs+G (with procrystal 
density for known atoms) 
d) based on FLeBail+G (with procrystal 
density for known atoms) 
 

 
For confirmation of the reliability of the results received from high-resolution laboratory X-ray 
powder diffraction data, the high-resolution synchrotron X-ray powder diffraction data were used for 
the MEM calculations of the Sr-apatite with intercalated copper atoms. Three different values of 
resolution sin / =0.55 Å-1, sin / =0.65 Å-1, and sin / =0.93 Å-1 were considered. The electron 
density distribution at resolution sin / =0.55 Å-1 from synchrotron data is very similar to the electron 
density distribution with the same resolution from laboratory data, but the value of the electron 
density in the position of the in-channel atoms is higher in case of synchrotron data. With increasing 
the resolution from sin / =0.55 Å-1 to sin / =0.93 Å-1 for synchrotron powder data, the value of the 
electron density of the located copper atoms is increased for all MEM maps. These results confirmed 
that the MEM can be successfully used for the determination of the accurate electron density 
distribution from high-resolution laboratory X-ray powder diffraction data. The difference between 
MEM maps from laboratory and synchrotron sources are caused primarily by different instrumental 
peak profiles and different resolution sin / . 
As a common tendency it was confirmed that the MEM map based on Fobs is the most biased by the 
model, and the MEM map based on FLeBail+G is the least biased by the model. For the MEM maps 
calculated with procrystal density for known atoms, the value of the electron density of located metal 
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atoms is increased in the order of maps based on Fobs, Fobs+G, and FLeBail+G. The MEM map based on 
Fobs with flat prior often contained small noise, and all MEM maps calculated with procrystal density 
for known atoms were basically free from noise. 
The use of a structural model without intercalated metal atoms leads to many falsely assigned phases 
of weak reflections. Applying G–constraints for a sum of intensities of groups of overlapping 
reflections decreases the model bias not only through the absence of the model-biased partitioning of 
the overlapping intensities but presumably also through the decrease of the number of reflections 
with incorrect phases in the F–constraints. 
The limits in the application of this powerful method for powder diffraction data still have not yet 
been determined. 
 
References: 
[1] Kitaura, R.; Kitagawa, S.; Kubota, Y.; Kobayashi, T. C.; Kindo, K.; Mita, Y.; Matsuo, A.; Kobayashi, M.; Chang, H.; 

Ozawa, T. C.; Suzuki, M.; Sakata, M. and Takata, M. Science 298, 2358 – 2361 (2002) 
[2] Matsuda, R.; Kitaura, R.; Kitagawa, S.; Kubota, Y.; Belosludov, R. V.; Kobayashi, T. C.; Sakamoto, H.; Chiba, T.; 

Takata, M.; Kawazoe, Y. and Mita, Y. Nature 436, 238 – 241 (2005) 
[3] Dinnebier, R. E.; Schneider, M.; van Smaalen, S.; Olbrich, F. and Behrens, U. Acta Crystallographica B55, 35 – 44 

(1999) 
[4] Samy, A.; Dinnebier, R. E.; van Smaalen, S. and Jansen, M. Acta Crystallographica B66, 184 – 195 (2010) 
[5] Buchter, F.; Lodziana, Z.; Remhof, A.; Mauron, Ph.; Friedrichs, O.; Borgschulte, A.; Züttel, A.; Filinchuk, Y. and 

Palatinus, L. Physical Review B86. 064107 (2011) 
[6] de Vries, R. Y.; Briels, W. J. and Feil, D. Physical Review Letters 77, 1719 – 1722 (1996) 
 
In collaboration with: 
S. van Smaalen (Bayreuth University) 
P.E. Kazin, M.A. Zykin (Lomonosov Moskau State University, Russia) 
 
 
 



1

Altering electrical properties by “one-dimensional doping”:
Case study of TiO2

K. K. Adepalli, M. Kelsch*, R. Merkle, and J. Maier 

Defects are an essential ingredient for charge and mass transport in (ionic) solids. In addition they are 
sites with locally increased free energy so that often they become the catalytically active centers for 
heterogeneous reactions. When one wants to tune the materials properties by adjusting its defect 
chemistry, typically the first choice is to modify the point defect concentrations, e.g. by aliovalent 
doping or by equilibration with different component activities. Another alternative approach to tune 
the materials (electrical) properties is by introducing higher dimensional charged defects such as 
boundaries (two-dimensional doping). By this method, the total conductivity is not only governed by 
the bulk point defect chemistry but rather under the influence of space charge zones [1]. Such effects 
were shown for various solid-solid interfaces, heterolayers, nanocrystalline materials etc. So far, 
defect chemical studies focused on the influence of two dimensional boundaries or interfaces on the 
transport of point defects and very little is known about one-dimensional doping by deliberately 
introducing dislocations. A key advantage of “one-dimensional doping” is that with respect to 
kinetics dislocations take an intermediate position between point defects which are easily equilibrated 
with external conditions, and grain boundaries which are essentially frozen after sample preparation. 
Dislocations can be generated at intermediate temperatures (typically about 3/4 of the melting 
temperature) by mechanical deformation of the sample. Dislocations are formed only in specific 
directions and hence it is possible to modify the properties directionally. In addition, applying the 
deformation only locally would enable one to create spatially varying defect concentrations. To 
demonstrate these effects of mechanical action on defect chemistry, we chose TiO2 single crystals as 
the model material. It is particularly suited because of its mobile anion and cation defects at elevated 
temperatures which is essential for the generation of dislocations.   

Dislocations were generated in TiO2 (rutile) single crystals by hot uniaxial pressing at 1200 oC with a 
pressure of 40 MPa. Due to high temperature and pressure, the plastic deformation of the crystal 
occurs via dislocation creep. According to the literature, the favorable slip system in TiO2 at these 
conditions are on {110} <001> [2]. Two orientations, viz. [001] and [110], were studied to 
understand the effect of dislocations on the electrical measurements; these two orientations 
correspond to the conductivity parallel and perpendicular to slip planes, respectively. To characterize 
the dislocations, TEM samples were prepared from the longitudinal and transverse directions of the 
deformed crystals. Fig. 1a shows the bright field TEM image of [001] crystal with beam axis parallel 
to [001], dislocations appear in dark contrast and are preferably oriented on {110}. The bright field 
TEM image of [110] crystal (sample prepared from the cross-section) shows similar features. The 
distance between the dislocations can be estimated to about 300 nm based on observations from 
several TEM images. 

(a) (b)

Figure 1. Bright field TEM image of (a) [001] crystal plan view and (b) [110] crystal cross-section view with beam axis 
parallel to [001]. Reprinted with permission from [3], copyright (2013) Wiley. 
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Electrical conductivity is measured as a function of oxygen partial pressure (pO2) for [001] crystals, 
as shown in Fig. 2a. For comparison, the conductivity of pristine crystals without dislocations is also 
shown. It is known that in oxidizing conditions and moderate temperature (550 oC), nominally 
undoped TiO2 (which is slightly acceptor doped by impurities) is a p-type conductor. However, with 
dislocations, [001] crystals show an increased, pO2-independent ionic conductivity (mobile oxygen 
vacancies OV  and/or titanium interstitials iTi ) which is not typical even for heavily acceptor 
doped TiO2. Since the measured conductivity is the total conductivity, i.e., including the electronic 
and ionic defects, it is interesting to separate the contributions from electron holes and ions. For 
extracting partial hole and ionic conductivities, a Wagner-Hebb type polarization cell was 
constructed by depositing thick Au layers as ionic blocking electrode. The extracted hole and ionic 
conductivities were increased by approx. ½ an order and 3 orders of magnitude compared to the 
pristine crystal. Interestingly, in strongly reducing conditions, there is no change in the conductivity 
by dislocations. In case of [110] crystals, no changes were observed in the electrical conductivity 
either at high or low pO2 (see Fig.2.b) despite the presence of a comparable number of dislocations as 
in [001] crystals.  
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Figure 2. Electrical conductivity as a function of oxygen partial pressure (pO2) for (a) [001] crystal and (b) [110] crystal. 
Reprinted with permission from [3], copyright (2013) Wiley. 

The systematic enhancement of positive charge carriers (holes and ionic defects) in the [001] crystal 
at high pO2 (½ order and 3 orders in the magnitude respectively) and the absence of change in the 
negative charge carriers at low pO2 can be well explained in the framework of negatively charged 
dislocation cores (due to formation of ////

TiV ) and space charge zones with accumulation of positive 
electronic and ionic carriers, as shown in Fig.3. The defect accumulation is more pronounced for 
defects with higher relative charge, i.e. stronger for the ionic defects iTi  and OV  compared to the 

electronic defects h . This is exactly what is found in Fig. 2.a with a stronger increase of the ionic 
conductivity compared to the hole contribution. Independent oxygen tracer diffusion experiments 
(not discussed here) revealed that the oxygen vacancy concentration [ OV ] is enhanced by only one 
order in the magnitude compared to pristine crystals. This analysis shows that the major contribution 
to the enhanced ionic conductivity is due to increased [ iTi ] rather than [ OV ], in perfect agreement 
with the accumulation space charge model. In order to actually measure the increased conductivity in 
the space charge zones, it is necessary that the dislocations (or at least the surrounding space charge 
zones) form a continuous percolating network. This condition is fulfilled for measurements parallel 
to the slip direction.  

At very low pO2, the concentration of electrons is higher in the undisturbed bulk compared to the 
space charge zones (as shown in Fig.3). Hence, conduction via the undisturbed bulk (without 
dislocations) is the preferred conduction path independent of the presence of dislocations or space 
charge zones (due to the lower mobility of OV  compared to /e , the contribution of the accumulated  
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OV  is negligible), leaving the total electrical conductivity unchanged. In case of the [110] crystals, 
the slip planes are perpendicular to the electrical measurement axis and no significant changes are 
expected as long as the space charge zones do not overlap. As mentioned earlier, the distance 
between the dislocations is about 300 nm whereas the Debye length (the extension of the 
accumulation zones) for these crystals is approximately 3 nm. Therefore, there is no possibility of 
space charge overlap in this system, which is the key reason for not observing any changes in the 
electrical conductivity of [110] crystals. 

The present findings on TiO2 single crystals show that one-dimensional doping – i.e. formation of 
charged dislocation cores upon mechanical deformation - offers interesting properties. By one-
dimensional doping, slightly acceptor doped TiO2 single crystals which are typically p-type 
semiconductors can be transformed into predominant ionic conductors at high pO2 and moderate 
temperatures. It is also shown that in TiO2 the ionic/electronic hole conductivities could be modified 
locally (in the regions close to dislocation cores) and directionally (only in [001] direction). Similar 
studies on other ionic solids are promising for tuning properties of functional materials such as 
ionic/electronic conductivity for a number of electrochemical devices in the future.  
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Figure 3 (a) Schematic 
representation of the slip system 
and electrical measurement axis 
(only one plane is shown for 
better view) and (b) space charge 
model for p-type and n-type 
regimes. Reprinted with 
permission from [3], copyright 
(2013) Wiley. 



Magnetic field enhanced structural instability in EuTiO3
 

J. Köhler, R. Dinnebier, and A. Bussmann-Holder 
 
EuTiO3 (ETO) undergoes a structural phase transition from cubic to tetragonal at TS=282K which is 
not accompanied by any long range magnetic order  but related to the oxygen octahedra rotation 
driven by a zone boundary acoustic mode softening [1]. High resolution laboratory X-ray powder 
diffraction evidences superlattice reflections at low temperatures connetcted to a cubic to tetragonal 
phase transition in ETO with a multiplication of the unit cell to 2a× 2a×2a, with a being the cubic 
lattice parameter [2]. The room temperature structure could be refined in Pm3m with a = 3.908(1) Å 
and at 100 K the refinement in the tetragonal space group I4/mcm resulted in a = 5.519(1) and c = 
7.816(1) Å. A schematic representation of the low temperature structure is presented in Fig. 1 where 
for clarity the oxygen octahedral rotation angle has been enlarged.  
 

 

 
Figure 1: The schematic crystal structure of EuTiO3 
at -180°C in a projection along the b-axis, 
exhibiting TiO6 polyhedra (blue shaded). The 
oxygen ions are displayed in blue, the Eu ions in 
yellow. For clarity the corresponding rotation angle 
indicated by an arrow has been enlarged by a factor 
of 2. 
 

 
In order to compare the structural refinement of EuTiO3 (ETO) with the one of SrTiO3 (STO), the 
cubic c/a ratio is readily obtained from the above data. While this ratio is 1.00062 in STO at 4.2K, 
i.e. 100 K below the transition temperature, it is 1.0014 in ETO at 93 K, almost 200 K below the 
phase transition. This ratio can be combined with the angle of rotation  of the oxygen octahedron 
via the relation c/a = 1/cos   [2]. While in STO  =2.1° at 4.2 K, in ETO it is  =3.03° at 93 K. 
Since  is the order parameter of the phase transition, its squared value varies linearly with t=T/TS as 
long as T is not too close to TS. By using this relation and comparing the value of  of ETO at 93K 
with data of STO, the extrapolated zero temperature value of the rotation angle is estimated to be 
3.37 which is rather large as compared to STO, but a consequence of the fact that TS of ETO 
(TS=282K) is much larger than TS in STO (TS=105K).  
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Figure 2: The temperature dependence of the square of 
the deviation angle  from cubic symmetry (open 
circles). The dashed line is a guide to the eye [2]. 
 

The temperature dependence of the square of the deviation angle  from the cubic symmetry is 
shown in Fig. 2. Analogous to STO it decreases almost linearly with increasing temperature and 
extrapolates to zero at TS=282K. Opposite to this observation the lattice constant splitting is not 
observable at TS but only at substantially lower temperatures substantiating the smallness of the 
tetragonal distortion [2]. 
 
Here we show that this displacive second order structural phase transition can be shifted to higher 
temperatures by the application of an external magnetic field ( TS~4K for μ0H=9T). This observed 
field dependence is in agreement with theoretical predictions based on a coupled spin-anharmonic-
phonon interaction model [1,3]. 
A recent new result for ETO was obtained from μSR experiments where a finite relaxation rate para 
could be detected in the paramagnetic phase of ETO up to temperatures well exceeding TS [4]. Its 
temperature dependence follows the one of the soft zone boundary mode as well as the one of the 



inverse EPR line width. This finding not only proves that the spin-lattice coupling is strong, but also 
demonstrates that correlated fluctuating spins are present already above TS. Theoretically, this 
observation has been modeled within a spin-lattice coupled model Hamiltonian from which a hybrid 
paramagnon phonon coupled mode has been predicted to appear far above TN [1,4,5]. Another 
consequence of this approach is that a magnetic field has a substantial influence on the 
eigenfrequencies of the system and thus possibly also on TS. This suggests that strong a magneto-
elastic coupling is present which should be detectable by resonant ultrasound spectroscopy. Since this 
method is not available in our group, TS has been measured by specific heat in the presence of a 
magnetic field [3].  
 

 

 

Figure 3 Specific heat of ETO as a 
function of temperature at μ0H = 0 
T, 3 T, 7T, and 9T. For clarity the 
data are shifted by 15 J/mol-K 
relative to each other with 
increasing magnetic field. b) 
Specific heat of ETO at low 
temperatures showing the anomaly 
at TN = 5.5 K (same data as in a). 

 
The specific heat measurements were first performed in zero field and then repeated in fields of 3, 7, 
and 9T, see Fig. 3. Importantly, the zero field data (Fig. 3a) are in excellent agreement with our 
previously reported data [1]. For the field dependent data it is obvious from Figs. 3a and 3b that the 
low temperature specific heat anomaly caused by the antiferromagnetic phase transition diminishes 
with increasing field. At high temperatures the anomaly stemming from the structural phase 
transition is visible as a distinct peak (Fig. 4a). By concentrating on a limited temperature range 
around TS the anomaly is enlarged and better visible as shown in Fig. 4a. Obviously a shift of TS to 
higher temperatures takes place with increasing magnetic H which is shown in Fig. 4b. While the 
data of 0T and 3T are almost identical, a nonlinear enhancement of TS is observed for larger 
magnetic fields. This observation has no analogies to other incipient ferroelectric perovskites, where 
the oxygen octahedra rotation instability is insensitive to a magnetic field. The consequences are 
multifold since a tuning of piezoelectric and pyroelectric effects in amorphous ETO is possible by a 
magnetic field and novel functionalities can be expected.  
 

 

 

Figure 4 Specific heat of ETO as a 
function of temperature at μ0H = 0 T, 
3 T, 7T, and 9T. For clarity the data 
are shifted by 15 J/mol-K relative to 
each other with increasing magnetic 
field. b) Specific heat of ETO at low 
temperatures showing the anomaly at 
TN = 5.5 K (same data as in a). 
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Gutzwiller Theory of Band Magnetism in LaOFeAs

L. Boeri, O.K. Andersen

Five years after the discovery of high-𝑇𝑐 superconductivity in F-doped LaOFeAs, understanding the phase diagram

of these systems is still a challenging problem. This wide class of compounds is characterized by two-dimensional

layers, in which iron atoms form a square lattice, and are encaged in tetrahedra, formed by pnictogen or chalchogen

atoms sitting above or below the planes. Typically, at ambient pressure and zero doping, the spins of the iron

atoms order below a spin-density-wave (SDW) transition temperature 𝑇𝑆𝐷𝑊 . For most pnictides, the ordering

pattern is an antiferromagnetic (AFM) stripe, in which Fe spins align ferromagnetically along one Fe-Fe bond,

and antiferromagnetically along the other. Usually, superconductivity occurs when the SDW order is destroyed

by doping or pressure.

Understanding the nature of the magnetically ordered state in Fe-based superconductors, and its relation to super-

conductivity, has been the subject of an intense debate. Several points are puzzling in this respect: the values of the

measured magnetic moments range from ∼ 0.5 𝜇𝐵 in some pnictides to ∼ 2.0 𝜇𝐵 in the chalchogenides, with no

obvious relation to the critical temperature; the moments are much smaller than the saturation value of ∼ 4.0 𝜇𝐵

for Fe in the 𝑑6 configuration. The stripe AFM pattern corresponds to a spin density wave with Q = (0, 𝜋), which

is a nesting vector of the Fermi surface for most compounds. This hints towards a weak-coupling SDW. How-

ever, compounds with no static magnetism or different ordering patterns exhibit the same Fermi surface topology.

Therefore, an entirely itinerant picture seems to be inadequate to describe magnetism in Fe pnictides. In fact,

local-spin density functional (LSDFT) calculations reproduce the SDW order observed in experiments, however,

the magnitude of the magnetic moment (∼ 2.0 𝜇𝐵) is in most cases much larger than its experimental value and

almost independent of the compound. Moreover, the same moment values are found for a large range of dopings

where experiment sees no trace of long-range magnetic order.

Adding local correlations, in the form of multiband Hubbard models, sensibly improves the agreement between

theory and experiment. Studies which employed dynamical mean field theory (DMFT) have revealed that in Fe-

based superconductors two different magnetic moments coexist: a large, local magnetic moment, (𝑚 ∼ 2.0𝜇𝐵),

which is also present in the paramagnetic phase, and a much smaller ordered moment (𝑚 ∼ 0.3 − 1.0𝜇𝐵) [1].

Due to the large computational cost of DMFT calculations, however, most of these studies have focused on single

points of the phase diagram and did not work with the full (i.e., rotationally invariant) local Hamiltonian of the

corresponding multiband Hubbard models.

In our work [2], we have therefore combined local density functional and Gutzwiller theory (LDA+GT), to study

the phase diagram and other properties of an eight-band Hubbard model for Fe-based superconductors. The

Gutzwiller theory is a variational approach which allows for the calculation of ground-state properties as well as

quasi-particle band structures. In our study, we considered a multiband Hubbard Hamiltonian �̂� = �̂�0 + �̂�C

with a non-interacting eight-band Hamiltonian �̂�0 that was constructed by downfolding the electronic structure of

the prototype compound LaOFeAs to Fe3𝑑 and As4𝑝 NMTO Wannier orbitals [3]. The Hamiltonian �̂�C contains

the local Coulomb interaction of electrons in the Fe orbitals. In a spherical approximation, all terms in this

Hamiltonian are determined by the intra-orbital Hubbard interaction 𝑈 and an average Hund’s-rule interaction 𝐽 .

The main point of our work is summarized in Fig. 1, where we plot the magnetic moment 𝑚 in the stripe AFM

state, as a function of the interaction parameters (𝑈, 𝐽). Establishing the SDW order, with a small, finite magnetic

Figure 1: GT ordered magnetic moment as a function of 𝑈
for various values of 𝐽/𝑈 . Full symbols: full atomic Hamil-

tonian; open symbols: restricted atomic Hamiltonian with

density-density interactions only. Inset: Ground-state phase

diagram as a function of 𝑈 and 𝐽 .
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Figure 2: (Top: Fe3𝑑–As4𝑝 bandstructure of LaOFeAs along

the high-symmetry lines of the 2D Brillouin zone containing

one formula unit per cell. 𝑎) DFT[3] (dashed) and GT (solid)

in the PM phase for (𝑈, 𝐽) = (8, 0.6) eV. The bands are lined

up at the Fermi level (𝐸 = 0), energies on the ordinate are

in eV, the DFT bandwidth is 𝑊DFT = 6.5 eV. (𝑏) GT bands

for (𝑈, 𝐽) = (8, 0.6) eV in the PM (dashed) and SDW (solid)

phases in the Brillouin zone folded along the line 1
2
ΓY- 1

2
XM.

High symmetry points and the directions 𝑥, 𝑦 and 𝑋 , 𝑌 are

defined in panel 𝑑. Spin-↑ are minority and spin-↓ are majority

spin states. 𝑧/𝑥𝑦 means more 𝑧 and less 𝑥𝑦 character

Bottom: Fermi surfaces for the PM state in DFT (𝑐) and GT

(𝑑), and for the SDW state in GT (𝑒). The magnetic moment of

the SDW state in panels 𝑏 and 𝑒 is 0.7 𝜇𝐵 .

moment 𝑚 ≲ 0.3𝜇𝐵 , requires a finite Hund’s coupling 𝐽 . The stripe moment then slowly rises up to 𝑚 = 0.5𝜇𝐵 ,

where the 𝑚 vs 𝑈 curves bend up until 𝑚 = 2.0𝜇𝐵 . We found that not only the onset points of the SDW, but

also the full magnetization curves, collapse onto each other, if the data are plotted as a function of the energy

𝐼 ≡ 𝐽 + 0.017𝑈 , see Ref. [2]. The overall shape of the 𝑚 vs 𝐼 curves then strongly resembles the susceptibility

curve for a stripe SDW in LaOFeAs, that we constructed in Ref. [3] using a simple Stoner model.

In Fig. 2, we focus on a representative point (𝑈, 𝐽) = (8, 0.6) eV which, in the SDW state, exhibits a moment of

𝑚 ∼ 0.7 𝜇𝐵 . Panel (𝑎) shows the effect of local correlations on the PM electronic structure, comparing the PM

bands of the original DFT �̂�0 (black), with those of GT (red). The corresponding Fermi surfaces are shown in

panels (𝑏) and (𝑐), respectively. Local correlations renormalize the quasi-particle weight of all 𝑑 states and cause

orbital-dependent energy shifts, leading to a partial rearrangement of the electronic bands. Around the Fermi

level, the 𝑥𝑦 band around the Γ̄ point is pulled ∼ 50 meV down in energy, and the corresponding Γ̄-centred hole

pocket disappears. The electronic structure of the SDW phase in GT, shown in red in Fig. 2 (𝑑), can be understood

starting from the folded-in paramagnetic bands, shown in black.

In a simplified Stoner model, the SDW bands split approximately by Δ (the staggered ‘exchange field’) times

the overlap of their 𝑑-orbital characters, where the PM 𝐸(k)-bands cross the 𝐸(k + q) bands (q = [ΓY] =
[XM]) acquiring majority (↓) and minority (↑) spin character [3]. This is also seen in the GT bands, which

we decorated with partial spin and orbital characters. One clearly sees, for example, that the 𝑥𝑧 states give the

biggest contribution to the magnetic moment, since the corresponding majority/minority characters sit mostly

below/above 𝐸𝐹 . 𝑥𝑧 states are easily polarized, also for small moments 𝑚, because they contribute to both hole

(�̄� ) and electron (�̄�) sheets at 𝐸𝐹 , which fold on top of each other for an AFM stripe with Q = (0, 𝜋).

Besides the ordered magnetic moment (𝑚 = ⟨(Ŝ𝑧)⟩ ), we have used our approximate ground-state wavefunction

to compute also the local magnetic moment, as the average of the local spin operator. For our representative point,

we found ⟨(Ŝ𝑖)
2⟩ = ∑

𝑠 𝑝(𝑠)𝑠(𝑠+ 1) ≈ ⟨(Ŝ𝑖)
2⟩ ≈ 1.62 with only a small difference between the PM and SDW

state. This is in agreement with corresponding DMFT calculations.

In summary, we have investigated the magnetic phase diagram of Fe pnictides, combining LDA and Gutzwiller

theory, for the solution of a realistic multiband Hubbard model of the electronic structure [2,3]. We found that

a stripe SDW state is stable only if the exchange interaction 𝐽 is finite. The value of the ordered moment in the

SDW state is then in the range of the experimental data over a wide range of Coulomb-interaction parameters.
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Dimerization and Entanglement in Spin-Orbital Chains

Wen-Long You, Alexander Herzog, Jesko Sirker, Andrzej M. Oleś and Peter Horsch

Spin-orbital coupling: The study of orbital degeneracy in transition metal oxides is motivated, e.g., by the
large variety of spin-charge-orbital ordered phases, the possible control of the orbital degree of freedom at
interfaces and heterostructures, the switching from orbital ordered to metallic phases in applied magnetic fields,
and the colossal magnetoresistance. The rather complex interplay of orbital and spin degrees of freedom can be
formulated in terms of spin-orbital exchange models, which are derived from more general multi-band Hubbard
models. A particularly challenging system that stimulated a number of studies is the one-dimensional (1D)
spin-orbital model with free coupling parameters x and y:

H = J
∑
j=1

(
�Sj · �Sj+1 + x

) (
�Tj · �Tj+1 + y

)
, (1)

where �Sj and �Tj represent the spin and orbital pseudospin degrees of freedom (here we consider S = 1 and
T = 1

2 ). On the one hand, this model already contains the full complexity of the interplay of the different degrees
of freedom, orbital (T ) and spin (S). It also allows one to attack the problem with special tools particularly
designed for 1D models. On the other hand, this model reflects to a certain extent generic aspects of the physics of
orbital degenerate Mott insulators in three dimension, namely for phases with quasi-1D correlations. An example
is the C-AF phase in cubic vanadates, YVO3 or LaVO3, that reveals strong orbital fluctuations accompanied by
ferromagnetic (FM) spin order along the c cubic axis. In the case of vanadates, J > 0 and �Sj (�Tj) represent
S = 1 spin (t2g orbital) degrees of freedom, respectively. While the Hamiltonian of these compounds is more
complex, Eq. (1) captures nevertheless certain essential features, as for example the amazing orbital-Peierls
instability towards a phase with alternating orbital singlets coupled to modulated FM exchange (stronger and
weaker) spin-couplings along the c axis.

Dimerized spin-orbital chains: Figure 1 shows (a) the phase diagram and (b) the order parameters of the spin-
orbital chain (1). The most remarkable feature is the reentrant behavior of the dimerization and the absence of
dimerization at zero temperature. In our study the quartic coupling terms, (�Sj · �Sj+1)(�Tj · �Tj+1), are treated
by a mean-field decoupling of the spin- and orbital degrees of freedom. The temperature dependence of spin
correlations is analyzed by a modified spin wave theory and the XY part of the orbital interaction is treated by
Jordan-Wigner theory [1].
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Figure 1: (a) Phase diagram of spin-orbital chain (1) for x = 1 as function of temperature T and coupling constant y
reflecting a spin-orbital dimerized phase at finite T , and (b) reentrant behavior of the dimerization of the spin-orbital chain
calculated in a mean-field theory for x = 1, y = 0.14 and positive J > 0. The dimerization parameters δS (δτ ) acting
on the spin (orbital) degrees of freedom, respectively, are finite only in an intermediate temperature range determined by
temperatures T1 and T2. It is important to note that the dimerization in the spin sector is induced by the dimerization in the
orbital sector and vice versa and does not require a coupling to the lattice as in the Peierls effect.

Peierls dimerization of ferromagnetic Heisenberg chains: For the understanding of the reentrant behavior in Fig.
1(b) it is useful to consider the FM (J < 0) spin-Peierls problem. The Hamiltonian can be written as

H = J
N∑
j=1

{1 + (−1)jδ} �Sj · �Sj+1 + Eel , (2)
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Figure 2: Comparison of phase diagrams of FM (J < 0)
and AFM (J > 0) spin-1/2 Heisenberg chains in the plane
determined by temperature and elastic force constant K
[2]. The well-known AFM spin-Peierls transition, from the
undimerized (UAFM) to the dimerized (DAFM) phase, oc-
curs for any coupling strength (dash-dotted line). In con-
trast, the FM chain behaves differently and dimerizes (DFM

phase) only for sufficently weak force constants K < Kc �
0.12|J |. Moreover, the FM case shows reentrant behavior
and dimerization at zero temperature is ruled out. The tri-
critical point (TCP) separates first and second order behav-
ior. Insets show the order parameter δ(T ) for: (a) the FM
chain at K/|J | = 0.1, and (b) the AFM chain for K/J = 2.

where δ is the dimensionles dimerization (order) parameter and Eel =
1
2NKδ2 is the elastic energy determined

by the force constant K . The FM case with J < 0 is very distinct from the well-known antiferromagnetic
(AFM) spin-Peierls chain (J > 0) as seen from the phase diagrams in Figure 2, which summarizes our results
obtained by transfer-matrix renormalization group (TMRG) calculations for both cases [2,3]. In the AFM case
the dimerization occurs always, i.e., for any value K/J > 0, whereas in the FM case we find the reentrant
behavior as for the spin-orbital chain. Moreover, we observe the FM dimerized phase DFM only for sufficiently
small force constants K/|J |.

The AFM chain dimerizes because the alternation of the AFM correlations leads to a lowering of magnetic
energy, which overcompensates the increase of elastic energy Eel. In the FM ground state, however, there are
no quantum fluctuations and the FM correlations are saturated. Thus alternation of spin correlations is ruled out.
At finite temperature, however, thermal fluctuations weaken these correlations and at the same time allow for the
dimerization when the coupling to the lattice is not too strong.

Entanglement of spin-orbital excitations and von Neumann entropy spectra: In general, spin-orbital systems
contain entangled states. Here we investigate entanglement in the 1D spin-orbital model (1) for S = 1

2 . In
general, a many-body quantum system can be subdivided into A and B parts and the entanglement entropy is
then given by the von Neumann entropy (vNE), SvN = −TrA{ρA log2 ρA}, where ρA = TrB{ρ} is the reduced
density matrix of the subspace A and ρ is the full density matrix. In the case of the 1D spin-orbital model
(1) we associate subsystem A with spin and B with orbital degrees of freedom. Results for the vNE, SvN, are
shown in Figure 3. It vanishes for ground states which can be factorized into the spin and orbital part, i.e.,
|ψ〉 = |ψS〉 ⊗ |ψT 〉. In the case of the 1D spin-orbital model (1) with J < 0 this applies to the ground states of
phases I, II and IV where at least one component is a fully polarized (FM or ferro-orbital) state.

Then a natural question arises: What does this imply for the excited states? If we start from a ground state with
disentangled spin- and orbital-degrees of freedom, for instance from the phase I, are the spin-orbital excitations
entangled or not? To investigate the degree of entanglement of spin-orbital excited states, we introduce the vNE
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Figure 3: Spin-orbital entanglement entropy SvN

in the ground state of the 1D spin-orbital chain
(1) for J < 0 as function of x and y. The phase
boundaries indicated by dashed lines have been
determined by calculating the fidelity susceptibility
[4]. The two-site spin-orbital configurations (see
box) indicate the prevailing correlations in phases
I-IV, respectively. The only spin-orbital entangled
ground states with AFM spin and alternating orbital
correlations are found in phase III.
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Figure 4: The von Neumann entropy spectral function SvN(Q,ω) displays the entanglement of the lowest spin-orbital
excitations in phase I [4], i.e., in a phase where the ground state itself is disentangled and spin and orbital degrees of freedom
can be factorized! SvN (Q,ω) is calculated for a 1D spin-orbital chain (1) of 400 sites, for: (a) x = y = 1/4 and (b)
x = y = 1/2. The spectra show a continuum of spin-orbital excitations (between dashed-dotted lines); in addition one
finds: (i) a bound state below the continuum (dashed line), and (ii) a sharp spin-orbital resonance inside the continuum in
the highly symmetric 1D SU(4) model (x = y = 1/4). In contrast, in case (b) one recognizes a damping of the spin-orbital
resonance, while the bound state below the continuum survives but is closer to the continuum.

spectral function in the Lehmann representation [4],

SvN(Q,ω) = −
∑
n

Tr{ρ(μ)s log2 ρ
(μ)
s }δ {ω − ωn(Q)} , (3)

where (μ) = (Q,ωn) denote momentum and excitation energy, and ρ
(μ)
s = Tro|Ψn(Q)〉〈Ψn(Q)| is the spin

density matrix obtained by tracing out the orbital degrees of freedom.

Figure 4 gives two examples (x = y = 1/4 and x = y = 1/2) of the von Neumann spectral function (3)
for phase I of the 1D spin-orbital chain (1), i.e., for the ground state with coexisting FM spin and ferro-orbital
correlations. We focus here on the elementary excitations in the Hilbert space with one spin and one orbital flip,
repectively. The spectra are characterized by three distinct types of excitations: (i) the spin-orbital continuum
with energies,

Ω(Q, q) = ωs

(
Q

2
− q

)
+ ωt

(
Q

2
+ q

)
, (4)

where ωs(Q) =
(
1
4 + y

)
(1 − cosQ) and ωt(Q) =

(
1
4 + x

)
(1 − cosQ) are the elementary spin- and orbital-

excitations (i.e., spin waves and orbitons) at momentum Q; (ii) the spin-orbital excitonic bound state (BS) with
energy ωBS(Q), and (iii) a spin-orbital resonance ωSOR(Q) which is degenerate with ωs(Q) and ωt(Q) at the
SU(4) point x = y = 1/4, Figure 4(a). Interestingly, all excitations have finite entanglement entropy and
in general spin-orbital bound states are strongly entangled states. In particular, the SOR at x = y = 1/4 is
maximally entangled, SvN = log2 L where L is the length of the system. From this we may conclude that a
system, which is disentangled at T = 0, will become entangled at finite temperatures.

The entanglement spectral function SvN(Q,ω) has a similar form as any other dynamical spin- or charge-
correlation function. There is, however, an important difference — as there is no direct probe for the von
Neumann entropy of a state, the spin-orbital entanglement spectra can be calculated but cannot be measured
directly. On the other hand, we have shown [4] that the intensity distribution of certain resonant inelastic x-ray
scattering (RIXS) spectra of spin-orbital excitations in fact probe qualitatively spin-orbital entanglement.
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Functional renormalization group study of superconductivity in the
two-dimensional Hubbard model

A. Eberlein, W. Metzner

The cuprate high-temperature superconductors attracted a lot of research interest since their discovery more than

a quarter of a century ago. The reason is not only the high critical temperature for superconductivity, but also

the competition of instabilities and the intriguingly rich phase diagrams. The latter include antiferromagnetic

or d-wave superconducting phases and more exotic behavior like the so-called pseudogap. In these materials,

fluctuation effects are particularly strong due to the reduced dimensionality that is caused by the layered crys-

tal structure. This gives rise to enhanced spin as well as charge fluctuations and a strong renormalization of

electronic quasiparticles.

The two-dimensional Hubbard model is believed to capture the essential physics of these materials. It is defined
by the Hamiltonian

H = −
∑

i,j,σ

tijc
†
iσcjσ + U

∑

i

ni↑ni↓,

where c
(†)
iσ creates (annihilates) an electron with spin projectionσ on site i and niσ is the density of electrons with

spin projection σ on site i. tij describes the hopping between lattice sites and is restricted to nearest neighbor

hopping with amplitude t and next-nearest neighbor hopping with amplitude t′. U is the strength of the on-site

repulsion. In this model, d-wave superconductivity is difficult to detect with numerical methods due to finite size

and temperature restrictions. The reason is that superconductivity emerges only on energy scales that are much

smaller than the bare ones like the hopping amplitudes or the interaction.

We used the functional renormalization group method (for a recent review, see [1]) to study the ground state of

this model. The method is unbiased, treats all interaction channels on equal footing and copes with hierarchies of

relevant energy scales over several orders of magnitude. The method proved very successful for the classification

of weak-coupling instabilities of the Hubbard model and unambiguously established the formation of d-wave

superconductivity at least at weak-coupling. However, these instability analyses were not able to study the

properties of the symmetry broken phases.

Our work allowed to continue the renormalization group (RG) flow into the symmetry broken state in case the

leading instability is towards d-wave superconductivity. We studied the structure of the Nambu two-particle ver-

tex in a singlet superconductor and identified its important singular dependences on external momenta and fre-

quencies. This allowed for a decomposition of the vertex in interaction channels and their efficient parametriza-

tion as boson-mediated interactions. Extending ideas by Husemann and Salmhofer [2] to the case of symmetry

breaking in the Cooper channel, we derived channel-decomposed renormalization group equations for the ef-

fective interactions in the channels. These equations isolate the singular dependence on external momenta and

frequencies in one variable per equation, thus proving a good starting point for the formulation of approxima-

tions for the vertex and its efficient computation [3]. We also applied the channel-decomposition scheme for the

vertex and the renormalization group equations to the two-dimensional attractive Hubbard model at zero tem-

perature, which can be seen as a good testing ground for new approximation schemes. For the weak-coupling

regime of this model, we obtained results for the superconducting gap that are in good agreement with values

reported in the literature and gained a comprehensive understanding of the Nambu two-particle vertex in an

s-wave superconductor.

For the repulsive Hubbard model, we parametrized the effective interactions in the density, magnetic and pairing
channels as boson-mediated interactions with exchange propagators for the s- and d-wave channels. Below the
critical scale, the pairing channel describes the amplitude and phase mode of the superconducting gap. As an
example, the effective interaction describing the amplitude mode of the gap was approximated as

AΛ
kk′(q) = AΛ

s (q) +AΛ
d (q)fd(k)fd(k

′),

where AΛ
s and AΛ

d describe the s- and d-wave components, respectively, and fd(k) = cos kx − cos ky is a form

factor of d-wave symmetry. Similar ansätze were used for the other channels, too. Λ is the RG scale that is

introduced in order to organize the integration over fermionic modes in a scale-separated way, proceeding from

high to low energy scales. So far, the frequency dependence of the vertex and the self-energy were neglected.

This framework of approximations was used to compute the critical scales for antiferromagnetism and d-wave

superconductivity as well as the d-wave superconducting gap as a function of the interaction strength U , the

next-nearest neighbor hopping t′ and the fermionic density n at zero temperature.
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Figure 1: Renormalization group flow of the antiferro-

magnetic coupling MΛ
s (π), the amplitude mode AΛ

d (0)
and the phase mode ΦΛ

d (0) of the superconducting

gap. The phase mode is finite at the end of the flow

due to the presence of a finite external pairing field.

The parameters are U = 3, t′ = −0.25, n = 0.85,

Δ(0) ≈ ΔΛ=0(0, π)/200 ≈ 3 · 10−4.

Figure 1 shows a representative example for a renormalization group flow into the d-wave superconducting phase

for U = 3t, t′ = −0.25t, n = 0.85 and a small external pairing field Δ(0). The latter triggers the symmetry

breaking and fixes the phase of the superconducting order parameter. It was chosen roughly two orders of

magnitude smaller than the final value of the gap, so that it does not influence the latter significantly. The

figure shows the flow of the antiferromagnetic coupling MΛ
s (q = π) together with that of the d-wave amplitude

AΛ
d (q = 0) and phase ΦΛ

d (q = 0) modes. For this intermediate value of t′, antiferromagnetic fluctuations are

strong, but do not diverge. At intermediate scales, they generate an attractive interaction in the d-wave pairing

channel that starts to grow quickly at low scales. Former instability analyses had to be stopped roughly at the

scale where (−AΛ
d (0)) is maximal. At this scale, the d-wave pairing interaction promotes the external pairing

field to sizeable values. This can be seen in Fig. 2 that shows the flow of the d-wave superconducting gap, which

is parametrized as ΔΛ(k) = ΔΛfd(k), for k = (0, π). The increase of the gap suppresses the amplitude mode

below the critical scale, while the phase mode grows until the end of the flow. In the limit where the external

pairing field vanishes, the phase mode becomes the Goldstone degree of freedom of the symmetry broken state.
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Figure 2: Renormalization group flow of the maximum

of the d-wave superconducting gap at k = (0, π). The

parameters are the same as in Fig. 1.

0 0.1 0.2 0.3

x = 1− n

0

0.1

0.2

Δ
(0
,π

)/
t,
Λ
c
/
t

t′ = 0
t′ = −0.1t

t′ = −0.2t

t′ = −0.25t

t′ = −0.3t

Figure 3: Phase diagram for U = 3 and various values

of t′ showing the critical scale Λc in case the leading

instability is towards antiferromagnetism (lines with small

symbols) and the d-wave superconducting gap at the end

of the flow ΔΛ=0(0, π) (lines with large symbols) in case

the leading instability is towards d-wave superconductivity.

In the latter case, for the chosen regulator the critical scale

equals ΔΛ=0(0, π) to a very good approximation.

Figure 3 shows the dependence of the critical scale and the d-wave superconducting gap on the hole doping

away from half-filling x = 1 − n for U = 3t and various values of the next-nearest neighbor hopping t′.
For the smallest values of −t′, the leading instability is mostly towards antiferromagnetism and only small

superconducting regions are found with tiny values of the gap. The approximate nesting of the weakly curved

Fermi surface favors (incommensurate) antiferromagnetism close to half-filling. For larger dopings, the coupling

of incommensurate antiferromagnetic fluctuations to the d-wave pairing channels becomes worse and the pairing

gaps small. Slightly increasing −t′ favors superconductivity because the antiferromagnetic channel becomes

2



more frustrated but antiferromagnetic fluctuations are nevertheless strong. For −t′ > 0.25t, antiferromagnetic

fluctuations are so strongly frustrated due to the increasing curvature of the Fermi surface that the critical scales

and gaps for d-wave superconductivity decrease. Our results therefore suggest the existence of an optimal value

of t′ for superconductivity. Besides, it is interesting to note that the largest gaps appear for densities somewhat

above van Hove filling due to the amplification of antiferromagnetic fluctuations by umklapp scattering, which

in turn enhances the attractive interaction in the d-wave pairing channel.
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CuBr2 - A New Multiferroic Material with High Critical Temperature

R.K. Kremer, M.G. Banks, and A. Simon

The quest for new high performance multiferroic materials, i. e. materials which simultaneously exhibit ordering

of more than one ferroic order parameter, is stimulated by the expectation to control, for example, magnetic

ordering properties by electric fields and, vice versa, ferroelectric polarization by magnetic fields. Multiferroics

are expected to open new routes to efficient tunable magneto-optical/magneto-electric multifunctional memory

devices. Understanding the underlying physics has stimulated an ongoing research activity into multiferroic

behaviour and a search for new multiferroic materials.

In a large number of multiferroics ferroelectricity is induced by spiral magnetic ordering which can, for example,

favorable be realized in frustrated magnetic chain systems which with a competition of nearest-neighbor (NN)

and next-nearest-neighbor (NNN) spin exchange interactions. Such exchange configurations can support in-

commensurate antiferromagnetic (afm) cycloidal magnetic structures which remove inversion symmetry. In the

resulting non-centrosymmetric spin structure, spin-orbit interaction gives rise to asymmetric charge distribution

thereby inducing a permanent dielectric polarization and ferroelectricity below the Néel temperature TN. Mul-

tiferroicity has, for example, been found in afm spiral quantum chain systems such as LiCu2O2 and LiCuVO4,

the crystal structure of which contains CuO2 ribbon chains that are made up of edge-sharing CuO4 squares. In

LiCuVO4, for example, the NN spin exchange (i.e., the Cu-O-Cu superexchange) is ferromagnetic (fm) while

the NNN super-super exchange (i.e., the Cu-O· · ·O-Cu exchange paths) via oxygen anions is afm.[1,2] Switch-

ing the ferroelectric polarization of LiCuVO4 with external electric and magnetic fields has been demonstrated

by dielectric polarization and polarized neutron diffraction experiments by Schrettle et al. and Mourigal et al.,
respectively.

Well-known multiferroics are mostly oxides of transition metals with open d-shells; systems with other anions

have less intensively been investigated. Recently, we have shown that anhydrous CuCl2, which crystallizes

with a structure containing CuCl2 ribbon chains similar to the aforementioned oxocuprates, also shows a spiral-

magnetic ordering below a Néel temperature of ∼23 K.[3] Subsequently, Seki et al. have observed multiferroic-

ity in CuCl2. CuBr2, another anhydrous dihalide of copper, crystallizes with a structure very similar to that of

CuCl2.[4] Early magnetic susceptibility and heat capacity experiments from the sixties and eighties of the last

century indicated long-range magnetic ordering near ∼75 K. Details of the magnetic and dielectric properties,

however, remained largely unknown until recently.

Figure 1: Crystal structure of CuBr2 according to Ref. [4]

The Cu atoms are represented by small (cyan), and the Cl

atoms by large (orange) circles.

Figure 2 shows the magnetic susceptibility of CuBr2. Long-range afm ordering below a Néel temperature TN =

73.2(5) K is clearly evidenced by the kink in the magnetic susceptibility. As early on observed by Barraclough

and Ng substantial afm short-range ordering is visible far above TN indicated by a very broad maximum in the

susceptibility at around 225(10) K. In Fig. 2 we compare the results of density-matrix renormalization group

(DMRG) calculations of the magnetic susceptibility of a frustrated chain with competing fm NN and afm NNN

interactions, i.e., JNN > 0 and JNNN < 0 with our experimental data.[5]

Good accordance between experiment and theory is found for the ratios -0.40 < J1/J2 < -0.30 assuming J2

= JNNN as the only adjustable parameter, with JNNN = -360 K and a value for the interchain coupling J3 of

≈-130 K implied by the ratio J3/JNNN ≈ 0.35. The ratio of JNN to JNNN and the magnitude of the interchain
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exchange coupling, J3, is in very good agreement with the results of ab initio density functional calculations

(see Ref. [5]), as well as, with a high temperature series expansion (HTSE) proposed by Tsirlin et al..
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Figure 2: Magnetic susceptibility χmol of CuBr2
measured parallel to the crystal platelets corrected by a

temperature independent χ0, i.e., the sum of the diamag-

netic contribution of the closed shells and paramagnetic

van Vleck contributions (+41×10−6 cm3/mol) and a

Curie-like contribution, C/T , with the Curie constant C
corresponding to 0.25% S = 1/2 spin entities. A kink

at 74(1) K due to afm ordering is clearly visible. The

theoretical susceptibilities of a frustrated JNN - JNNN chain

with ratios JNN/JNNN (from top to bottom), g factor and

J2 (= JNNN) = 360 K, as indicated in the inset are given by

the (red) solid lines with ratios of JNN/JNNN as indicated.

The (black) solid line is a fit of a high temperature series

expansion of the susceptibility according to Tsirlin et al.
with parameters listed in the upper left inset. The inset

displays the λ-type anomaly in the heat capacity of CuBr2
at the Néel temperature.

Neutron powder diffraction patterns upon cooling below ∼74 K showed additional magnetic Bragg reflections,

which can be indexed based on an incommensurate propagation vector �τ =(1, 0.2350(3), 0.5). The magnetic

structure was successfully determined by a profile refinement of difference patterns, i.e. patterns obtained by

subtracting the nuclear scattering represented by the 80 K diffraction pattern. The magnetic structure of CuBr2
is shown in Figure 3(b). The total moment was refined to 0.38(2) μB with components mx = 0.28(4) μB, mz

= 0.41(3) μB, -imy = 0.39(2) μB and all other components zero, within error bars implying a incommensurate

cycloidal spin helix propagating along the crystallographic b axis. Accordingly, the plane of the spin helix is

slightly inclined (∼ 13o) away from the CuBr2 ribbon planes. The Cu2+ spin moment, 0.38 μB is significantly

reduced from 1 μB due to quantum effects, but close to what has been found, e.g., in LiCuVO4, CuCl2 and

NaCu2O2 (0.31 μB, 0.5 μB and 0.54 μB), respectively.

Figure 3: (a) Neutron powder diffraction patterns

of CuBr2. Main frame: difference between the 2 K

and 80 K patterns. The inset displays the powder

diffraction pattern (λ = 2.41 Å) at 2 K together

with a FULLPROF profile refinement (solid line)

with the Bragg angles of the nuclear and the

magnetic Bragg peaks indicated by the vertical bars

indicated below the pattern. (b) Magnetic struc-

ture of of CuBr2 at 2 K. The Cu and Br atoms are

represented by blue and yellow circles, respectively.

In the afm phase CuBr2 exhibits multiferroicity.[6] Figure 4 summarizes the temperature-dependent dielectric

constant, ε(T ), measured in zero magnetic field and at different testing frequencies (from 1 kHz to 1 MHz). The

most remarkable feature is the sharp increase in ε(T ) just below TN, which coincides well with the anomalies

observed in the magnetization and heat capacity measurements (see Fig. 2). With decreasing temperature, ε(T )
rises quickly and passes through broad maxima (∼ 55 K), followed by a decrease towards low temperatures. The
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dielectric loss, tan δ, (Fig. 4(b)) also shows a similar anomaly at TN, independent of testing frequencies as well.

The dielectric loss is small («0.1) due to the highly insulating nature of the CuBr2 sample. The concurrence of the

anomalies in the dielectric constant and corresponding loss suggested the possible existence of ferroelectricity,

which was tested by pyroelectric measurements (Fig. 4(c)) A λ-shaped pyroelectric current peak emerges as the

temperature approaches TN. The current drops sharply to zero as T > TN. The electric polarization acquired by

integrating the pyroelectric current is switched with the opposite poling electric field (not shown), proving the

ferroelectric nature of the transition. The saturated polarization reaches a value of about 10 Cm−2, which is of

the same order as that of e.g. LiCu2O2 or CuCl2.[6]

Figure 4: (a) Temperature dependent dielectric constant,

ε(T ), of a typical CuBr2 sample (polycrystalline pressed

pellet) measured in zero field at different frequencies as

indicated. (b) ε(T ) (red) and the corresponding loss (blue)

measured at a frequency of 100 kHz (H = 0. (c) Pyroelec-

tric current (green) measured with a heating rate of 3 K/min

with H = 0. The corresponding dielectric polarization

(black) is calculated by integrating the pyroelectric current.

Incommensurate cycloidal antiferromagnetic ordering below TN = ∼74 K leads to multiferroicity in anhydrous

CuBr2. Compared with most known multiferroic materials, CuBr2 exhibits a very high critical temperature, close

to the boiling point of liquid nitrogen. The multiferroic properties in CuBr2 cover a very broad temperature range

(0 K < T < TN). The low dielectric loss makes anhydrous CuBr2 a very promising material for magnetoelectric

sensors.
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Nanoscale layering of antiferromagnetic and superconducting phases in
Rb2Fe4Se5

A. Charnukha, D. Pröpper, A. N. Yaresko, B. Keimer, and A. V. Boris

The recent discovery of intercalated iron-selenide superconductors [1] has stirred up the condensed-matter com-

munity accustomed to the proximity of the superconducting and magnetic phases in various cuprate and pnictide

superconductors. Never before has a superconducting state with a transition temperature as high as 30 K been

found to coexist with such an exceptionally strong antiferromagnetism with Néel temperatures up to 550 K as

in this new family of iron-selenide materials. The very large magnetic moment of 3.3 μB on the iron sites,

however, renders a microscopically homogeneous coexistence of superconductivity and magnetism unlikely. In

contrast to their 122 iron-arsenide counterparts, the structurally similar intercalated iron-selenide compounds

(K,Rb,Cs)0.8Fe1.6Se2 have so far defied all efforts to synthesize a bulk single-phase material of this family. Ab-

sence of such electronically homogeneous superconducting single crystals and a strong correlation between the

superconducting and antiferromagnetic phases necessitate a detailed research into the nature of their coexistence.
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Figure 1: (a) Microscope image of a 60 × 60 μm2 surface patch of a freshly-cleaved superconducting RFS single crystal.

Typical rectangular 15× 8 μm2 area studied via near-field microscopy. (b) Superposition of the topography of a 15× 8 μm2

rectangular area (terrain) and the optical signal (brightness) normalized to that of silicon. Glossy areas indicate high silicon-

RFS contrast and thus metallicity, while the matt areas are insulating. This combined response is broken down in (c) and (d)

for the cross-section defined by the blue semi-transparent plane. (c) Optical contrast S2/S2,Si of the second harmonic S2 of

the near-field signal obtained at the 10.7 μm emission wavelength (116 meV photon energy) of a CO2 laser. Peaks in the

contrast indicate metallic response (see text). (d) Displacement of the AFM tip while scanning along a 15 μm line obtained

simultaneously with (c). Dashed lines and blue shaded areas in (c) and (d) show the correlation between the metallic response

and changes in the topography.

Here we reveal phase separation in a single-crystalline antiferromagnetic superconductor Rb2Fe4Se5 (RFS) us-

ing a combination of scattering-type scanning near-field optical microscopy (s-SNOM) and low-energy muon

spin rotation (LE-μSR) [2]. The optimally-doped superconducting RFS single crystals were grown by the Bridg-

man method. From DC resistivity, magnetization and specific-heat measurements we obtained Tc ≈ 32 K. Sam-

ple cleaving and handling was carried out in argon atmosphere at all times prior to every optical measurement.

The sample surface was first characterized with a polarizing microscope. Figure 1(a) shows a 60×60 μm2 patch

of the sample surface. A network of bright stripes is always observed on a freshly cleaved surface and does not

depend on the polarization of the probing light. The stripes always occur at 45◦ with respect to the in-plane

crystallographic axes. The topography of a representative 15 × 8 μm2 surface patch studied with an s-SNOM

microscope is shown in Fig. 1(b) as a three-dimensional terrain image. One can clearly correlate the features in

the AFM map with the bright stripes in the polarizing microscope image. This implies that the surface chem-

istry of this compound leads to inherent surface termination with mesoscopic terracing upon cleaving, typically

10 − 30 nm high. Figures 1(c) and 1(d) show the 2nd-harmonic near-field optical contrast (OC), obtained by

normalizing the signal from the RFS surface to that that from a reference silicon surface (S2/S2,Si), and the to-

pography profile of RFS for the cross-section indicated with a blue translucent plane in Fig. 1(b). The amplitude

and phase of both the topography and the optical signal are obtained simultaneously during a scan. Every peak

in the OC maps signals a metallic optical response.

By correlating the OC peak positions with the topography maps one can deduce that the location of the metallic

regions on the sample surface is bound to the slopes in the terrain, as indicated in Figs. 1(c) and 1d with dashed

lines. Flat regions of the sample surface exhibit no metallic response. Figure 1(d) shows that from the location of
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Figure 2: (a) Schematic of the experiment with low-energy muons. The sample is depicted as a layered structure according

to the discussion in the text. (b)-(d) Time dependence of μ+ spin polarization A0P (t) in a zero magnetic field at 5 K after

implantation in RFS single crystals at various depths determined by the muon stopping profiles of respective colors in (a). (e)-

(g) Same for normalized μ+ spin polarization fparaP (t) in a transverse magnetic field H⊥ = 100 G, where the normalized

asymmetry fpara is the paramagnetic volume fraction. Gray dashed lines in (e)-(g) show the slow relaxation envelope of the

μ+ spin polarization; solid lines are fits to the data.

the OC peaks on the slopes one can identify well-defined sheets (horizontal dashed lines) approximately 10 nm

apart. Metallic response (OC peak) is recorded whenever one of these sheets is exposed from the sample bulk

at the intersections of the dashed lines with the topography line. Such correlation exists in all studied cross-

sections of the OC and height maps. The thickness of the metallic sheets can be estimated by projecting the full

width at half maximum (FWHM) of the OC peaks onto the surface topography [blue shaded areas in Fig. 1(c)

and 1(d)] and on average amounts to 5 nm. The analysis of the correlations between the OC peaks and the

slopes in the sample topography carried out on multiple cross-sections of different near-field maps shows that

the metallic sheets have an in-plane dimension as well, which can be roughly estimated to ≈ 10 μm in both

directions. Therefore, phase separation in superconducting RFS single crystals occurs on the nanoscale in the

out-of-plane and mesoscale in the in-plane direction. From the thickness and periodicity of the metallic sheets

we can estimate the volume fraction of the metallic domains in the 30 nm surface layer to approximately 50%,

significantly larger than all previously reported bulk values.

It must be noted that the metallic volume fraction obtained by means of s-SNOM imaging only considers the near

surface layer within ≈ 30 nm. Whether or not this fraction changes with the distance from the sample surface

and what the magnetic and superconducting properties of the metallic and semiconducting phases are cannot

be determined from these measurements. Therefore, a microscopic sensor of the local magnetic moment with

an adjustable implantation depth must be invoked. Such characteristics are provided by the LE-μSR technique,

which utilizes the predominantly spin-oriented positron decay of μ+ to detect the orientation of the muon spin.

This orientation is influenced by the local magnetic field at the muon implantation site, as well as magnetic fields

applied externally. The experiment is shown schematically in Fig. 2(a), with the implantation profiles indicated

(red, green, and blue shaded areas). The time dependence of μ+ spin polarization A0P (t) obtained at zero

external magnetic field is shown in Figs. 2(b)-(d), the colors correspond to those of the muon stopping profiles in

Fig. 2(a). As is clear from Fig. 2(a), the shallowest muon stopping profile (red shaded area) probes a region of the

sample bulk comparable to that observed via s-SNOM. The relaxation of the muon polarization after implantation

in the sample occurs at two different time scales: fast depolarization takes place during the first 150−250 ns and

is associated with the ordered antiferromagnetic phase, while a much slower evolution dominates thereafter and

stems predominantly from paramagnetic domains. The fast depolarization rate is proportional to the width of

the magnetic-field distribution at the muon stopping site in the ordered phase and thus to the antiferromagnetic

moment. Figures 2(c) and 2(d) show that in the bulk [green and blue muon stopping profiles in Fig. 2(a)] the

fast component is approximately the same and rather narrow, whereas near the surface it broadens significantly

[Fig. 2(b)]. Using a two-component fit model for the zero-field μSR data, the fast depolarization rates in the bulk

were found to agree within the error bars, whereas it is significantly reduced close to the surface (red profile).

Under the assumption that the muon stopping sites in the unit cell are the same for all three profiles and that the

depolarization rate should be the same in the bulk, the antiferromagnetic moment is reduced to only 50% of its

bulk value in the 30 nm surface layer.

The muon decay asymmetry in Figs. 2(b)-(d) indicates that the paramagnetic volume fraction (slow component)
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Figure 3: (a) Imaginary and (b) real parts of the dielectric

function of RFS in the THz spectral region obtained via the

time-domain transmission spectroscopy.

is enhanced closer to the surface. To avoid the contaminating μSR signal originating from muon decays in the Ni

sample holder, we carried out transverse-field measurements in the same configuration and at the same tempera-

ture of 5 K as in Figs. 2(b)-(d). In this case the oscillating component of the muon decay asymmetry comes only

from the paramagnetic domains in the sample and can be normalized accordingly to become fparaP (t), where

fpara is the paramagnetic volume fraction, given by the value of the slowly depolarizing envelope of the muon

spin precession (gray dashed lines in Fig. 2) at zero time. From Figs. 2(f) and 2(g) one immediately infers that

well in the sample bulk the paramagnetic phase constitutes about 20% of the sample volume. It thus characterizes

the phase separation in the bulk of the superconducting RFS single crystals as probed by other techniques, such

as Mössbauer spectroscopy and conventional μSR. On the other hand, Fig. 2(e) shows that in the 30 nm surface

layer [red stopping profile in Fig. 2(a)] the paramagnetic volume fraction strongly increases to ≈ 50%. Such a

high value most likely occurs due to a reduced constraining potential between antiferromagnetic sheets with a

significantly smaller ordered moment close to the sample surface, which leads to an expansion of the metallic

regions.

The presence of mesoscopic phase separation and the relatively large band energy gap of about 0.5 eV in the

iron-selenide compounds makes it possible to study the low-energy charge dynamics of the paramagnetic phase

at THz frequencies in sufficiently thin samples using time-domain transmission spectroscopy, with the caveat

that the extraction of the inherent optical response of the constituent phases requires modeling in an appro-

priate effective-medium theory. Nevertheless, several important features are apparent in the unmodeled data.

Figures 3 (a) and (b) show ε2 and ε1, respectively, of the superconducting RFS compound obtained with this

technique [3]. At room temperature and down to 100 K the material remains semiconducting, with ε1(ω) pos-

itive in the whole spectral range. Below 100 K a clear metallic response with negative ε1(ω) rapidly develops.

Already at 80 K the zero-crossing in ε1(ω) corresponds to a screened plasma frequency of 3 meV, which reaches

6.5 meV as the temperature is lowered further. The observed crossover from semiconducting to metallic behav-

ior with decreasing temperature below 100 K is in full agreement with the temperature dependence of the DC

resistivity.

The origin of the phase separation observed in this work can lie either in a chemical stratification into e.g.

iron-vacancy ordered (antiferromagnetic) and disordered (paramagnetic) phases or in a purely electronic seg-

regation on a homogeneous crystalline background. Self-organization of a chemically homogeneous structure

into (quasi)periodically segregated phases is not unprecedented — a similar phenomenon has been observed in

copper-based superconductors, where antiferromagnetic stripes of copper spins were found to be spatially sep-

arated by periodic domain walls close to a particular hole doping level of 1/8. Be it of chemical or electronic

nature, the phase separation in superconducting RFS single crystals reported here represents an interesting case

of a naturally-occurring quasi-heterostructure.
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Current-induced asymmetries in narrow quantum Hall systems

R. R. Gerhardts, K. Panos, J. Weis, K. v. Klitzing

Scanning force microscopy (SFM) has provided interesting information [1] about the position-dependence of
Hall potential and current density in narrow Hall bars, with a width of about 10 μm. Under strong perpendicular
magnetic fields B, which allow the observation of the integer quantized Hall effect (QHE), three types of the
spatial variation of the Hall potential were observed. For B-values well outside the plateaus of the QHE, the Hall
potential varied essentially linearly across the sample (“type I”), as one expects from the classical Drude theory.
As the B-field entered a plateau region from the high-field side, a non-linear potential drop in a broad region
in the middle of the sample was observed (“type II”). Most interestingly, for B-fields near the low-B edges of
the plateaus the Hall potential was constant in a broad region in the center of the sample and dropped across
two strips that moved with decreasing B towards the sample edges (“type III”) [1]. Position and width of these
strips coincided with those of the “incompressible strips” (ISs) expected to form in the sample due to the peculiar
non-linear screening properties of the two-dimensional electron system in quantizing magnetic fields [2].

These experimental results have been qualitatively reproduced by a self-consistent calculation [3] of the screened
confinement potential V (r) and of the electron and current densities. Neglecting exchange and correlation effects
and assuming that the confinement potential varies little over the spatial extent of a Landau state, electron density
and conductivity tensor σ̂(r) were calculated for given V (r) and position-dependent electro-chemical potential
μ�(r) in the Thomas-Fermi approximation, assuming local thermodynamic equilibrium, and V (r) was in turn
calculated from the charge distribution by solving Poisson’s equation. For given σ̂(r) the current density j(r) and
the driving electric field E(r), produced by a stationary imposed current I , were calculated for a simple, in one
direction translational invariant, Hall bar geometry under the assumption that the local form j(r) = σ̂(r)E(r) of
Ohm’s law holds, with the gradient of μ�(r) as driving electric field, E = ∇μ�/e. In this way μ�(r) depends
on I , and the imposed current may have a non-linear feedback on electron and current density. Such a feedback
was indeed obtained: The calculated ISs near the sample edges became with increasing strength of the imposed
current increasingly asymmetric. The strip near the edge with intrinsic edge current in the direction of the
imposed current became wider, while the width of the strip near the opposite edge became smaller [3]. Since
this asymmetry vanishes in the linear-response limit of low imposed current [4], and since it was not clearly seen
in the experiments [1], it was not investigated in detail.
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Figure 1: Normalized Hall potential in the “edge-dominated” region (left) and in the “bulk-dominated” region (right), for
different imposed currents. Low temperature (1.4 K) measurements by K. Panos on narrow Hall bars (10 μm width) made of
GaAs/(AlGa)As heterostructures with electron concentration nel = 2.9 · 1015m−2. Magnetic field and Landau level filling
factor are B = 5.6 T, ν = 2.14 (left) and B = 6.1 T, ν = 1.97 (right), respectively.

In recent years the SFM technique was employed in the group of J. Weis to investigate several interesting prob-
lems. One of these problems is the distribution of current and Hall potential in narrow quantum Hall systems
under strong imposed currents, which lead to the breakdown of the QHE. Will this breakdown occur suddenly,
as a kind of phase transition, or will there be a continuous change from a non-dissipative to a dissipative state?
K. Panos has carried out many low-temperature experiments on narrow Hall bars made of GaAs/(AlGa)As het-
erostructures (similar experiments on graphene will be discussed separately) and found essentially two different
situations, which are sketched in Fig. 1. One situation was met for B-fields well within the plateaus of the QHE
and near their low-B edges. In these “edge-dominated” regions the Hall potential profile changes continuously
with the strength of the imposed current I . For small I the (normalized) Hall potential UH(x) drops across
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strips near the sample edge and is flat in between. (The noisy fluctuations are due to the complicated measuring
technique and become smaller with increasing current.) This corresponds to the “type III” behavior observed
in Ref. [1]. With increasing I , steps of UH(x) near the edges become very asymmetric, and finally a linear
variation of UH(x) in the bulk region between the steps occurs (see left part of Fig. 1). The right part of Fig. 1
shows an example of the other situation. In this “bulk-dominated” region the B-field is closely above a high-B
edge of a QH plateau and, for small I , UH(x) varies in a more or less wide stripe in the center of the sample
(“type III” behavior of Ref. [1]), and the shape of this variation is nearly unchanged. At a certain critical value
of the imposed current, however, there occurs a sudden and abrupt change of the UH(x) profile, and the shape
of the UH(x) curve depends on the position along the sample where the scan across the sample is performed.

In view of these new experiments the asymmetry predictions of Ref. [3] become interesting, and we have per-
formed similar self-consistent calculations in order to investigate to what extent the model used in Ref. [3] can
explain the recent experiments. We have changed the model of Ref. [3] essentially in two points. First, in Ref. [3]
a cut-off σl(x) > ε · σH(x) with ε ∼ 10−4 was used for x-values in the ISs, in order to avoid divergencies. We
found however, that for relevant values of the temperature and of the collision broadening of Landau levels this
cut-off becomes effective and determines the position-dependence of the current density. So we avoided this cut-
off. Second, we followed the discussion of Ref. [4] and replaced the conductivity tensor σ̂(x) calculated within
the local thermal equilibrium approach by a smoothed form ˆ̄σ(x) =

∫ λ

−λ dξ σ̂(x + ξ)/2λ, with x the position
across the Hall bar and λ a length of the order 10 to 20 nm. This replacement repairs to some extent physical and
mathematical problems resulting from the oversimplifying assumptions of vanishing spatial extent of the Landau
states and of a strictly local form of Ohm’s law [4]. (This replacement, e.g., avoids that arbitrarily narrow ISs in
the limit of very low temperature can lead to vanishing longitudinal resistance [4].) For the calculation of the con-
ductivity and the electron density we use Gaussian spectral functions An(E) = exp(−[En − E]2/Γ2)/(

√
π Γ)

with Landau energies En = �ωc(n + 1/2), as in Ref. [3], with Γ = γ �ωc[10T/B]1/2 and γ a measure of colli-
sion broadening. Due to the unavoidable intrinsic fluctuations of the experimental data (see Fig. 1 and Ref. [1])
our aim cannot be to reproduce the experimental results quantitatively, but only to understand them qualitatively.
Therefore we try to keep the computational time short and choose small sample width (2d = 3 μm) and a small
number of mesh points in the integrations (N ∼ 500) (for N ∼ 1000, and for 2d = 5 μm, the results are
qualitatively the same).
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Figure 2: Normalized Hall potential UH(x) = [μ�(x) − μ�(−d)]/[μ�(d) − μ�(−d)] across (lower parts of the figures)
and relevant parts of the imposed current density jy(x) along (upper parts) a 2d = 3.0 μm wide Hall bar with translational
invariance in y-direction, for B = 7.0 T (left) and B = 7.35 T (right side), respectively; calculation for T = 4 K, γ = 0.01,
λ = �B = [10T/B]1/2

· 8.11 nm, and several values of the imposed current I . The Landau level filling factors ν(x = 0) in
the center are 2.10 (left) and 2.00 (right), respectively.

Figure 2 shows, for relatively small imposed currents I , typical results for the “edge-dominated” and the “bulk-
dominated” case in the left and the right parts, respectively. The model parameters are chosen so that for I = 0,
i.e. in thermal equilibrium, electron density and confinement potential are symmetric. This leads, for finite I , to
the symmetry relations jy(x;−I) = −jy(−x; I) for the current density along the Hall bar and to UH(x;−I) =
1 − UH(−x; I) for the normalized Hall potential. In the linear response regime, I → 0, this implies obvious
symmetries of the jy(x; I)/I and UH(x; 0) curves. The left part of Fig. 2 describes a situation with two well
developed incompressible strips, which carry practically all the imposed current dissipationless, and lead to the
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steps in the Hall potential, whereas jy(x) practically vanishes and UH(x) is flat in the dissipative compressible
regions. With increasing I , the jy(x) peaks in the ISs and the heights of the corresponding steps of UH(x), which
are symmetric in the linear response limit, become increasingly asymmetric. The right part of Fig. 2 describes a
situation with a single IS in the center. For small increasing I the increasing asymmetry of the Hall potential is
similar to that observed in the right part of Fig. 1. If we slightly increase B, we get ν(x) < 2 everywhere and
only the lowest Landau level is partly occupied (we neglect spin splitting). Then the dissipation in the center
increases rapidly to the bulk value, and the current spreads out rapidly. The Hall potential shows the “type II”
behavior of Ref. [1] and is “bulk-dominated”. With further increasing B the current spreads out over the whole
sample and UH(x) approaches the linear Drude behavior (“type I”). This is shown in the left part of Fig. 3.
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Figure 3: Normalized Hall potential (lower parts) and current density jy(x) (upper parts) calculated for several values of the
magnetic field, assuming spin-degeneracy. The inset in the upper left shows the calculated Hall and longitudinal resistances
(in units of h/e2) for I = 0.1 μA and I = 0.3 μA. Other parameters as in Fig. 2. Note the logarithmic scale in the upper
right figure.

For B-values slightly below B = 7.35 T the central IS splits into two ISs, which with decreasing B move
towards the sample edges and become narrower. If they become too narrow, the current density spreads out into
the dissipative compressible bulk region, and the Hall potential gets a finite slope in the region between the steps.
With further decreasing B the steps become smaller and UH(x) approaches the linear “type I” behavior, until the
next QH plateau is reached (here with ν(0) = 4 at B ≈ 3.7 T). All these theoretical results are in nice qualitative
agreement with the recent experiments by K. Panos and show that, in these narrow Hall bars, the “breakdown”
of the QHE as function of B is a continuous process.

There are, however, also theoretical results, which are not confirmed by the experiments. We find that with
increasing I the IS carrying the larger amount of current, and thus leading to the larger step in the Hall potential,
becomes wider. There are good electrostatic reasons, which support this finding [2], but it is not clearly seen
in the experiments due to the limited spatial resolution. A serious shortcoming of our theory is the lack of
breakdown mechanisms. At not too low temperatures a part of the current will flow through dissipative regions.
Then Joule heating will increase the electron temperature and possibly lead to a breakdown of the QHE. Another
possible breakdown mechanism is quasi-elastic inter-Landau-level-scattering (QUILLS), which should become
possible in ISs, which carry larger currents. This follows again from the electrostatic arguments [2], which say
that the potential change ΔV across an IS, which increases linearly with the current through the IS, leads to a
strip width w ∝

√
ΔV . Then the distance of isoenergetic states of adjacent Landau levels in the strip decreases

as �ωc · w/ΔV ∝ 1/
√

ΔV . QUILLS may be the reason for a current-induced breakdown of the QHE, which is
not seen in our calculation. Therefore it seems necessary to consider Joule heating and QUILLS in the theoretical
approach.

References:

[1] Ahlswede, E., P. Weitz, J. Weis, K. von Klitzing, and K. Eberl. Physica B 298, 562 (2001).

[2] Chklovskii D.B., B.I. Shklovskii, and L.I. Glazman. Phys. Rev. B 46, 4026 (1992).

[3] Güven K. and R.R. Gerhardts. Phys. Rev. B 67, 115327 (2003).

[4] Siddiki A. and R. R. Gerhardts. Phys. Rev. B 70, 195335 (2004).

3



Quantized 𝜈 = 5/2 state in a Two-Subband Quantum Hall System

J. Nuebler, B. Friess, K. von Klitzing, and J.H. Smet

Currently, there is a strong interest in the even-denominator fractional quantum Hall state at filling factor

𝜈 = 5/2, partially because of its potential relevance for topological quantum computation resulting from the

non-Abelian statistics its quasi-particle excitations are predicted to obey. The 5/2 state is usually studied in

GaAs/AlGaAs-heterostructures with a single heterointerface or relatively narrow quantum wells where electrons

occupy only the first subband. By widening the quantum well, the accessible density range is large enough to

substantially populate the second subband. This adds an additional degree of freedom.

Here, we report that the two-dimensional system formed by the bottom subband may condense in the 5/2 frac-

tional quantum Hall state even when the second subband becomes occupied. The 5/2 state continues to exist

as an incompressible fluid over a wide range of fillings of the second subband. This is different from previous

reports on two-subband systems, where quantum Hall features follow the total filling factor. We attribute this

difference to the increased quantum well width in our samples resulting in a larger spatial separation of the

charge distributions of the two subbands. This suppresses intersubband scattering and increases the Coulomb

energy involved when transferring charge between the two subbands.

The magnetotransport experiments were carried out on single sided modulation doped GaAs/AlGaAs hetero-

structures containing an 80, 60 or 50 nm wide quantum well. An in-situ grown doped quantum well, located

below the two-dimensional electron system, served as a backgate to tune the electron density. Resistance mea-

surements were performed in a dilution refrigerator with a base temperature below 20 mK.
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Figure 1: Transport data of a two-dimensional electron system residing in a 80 nm wide quantum well. An

in-situ grown backgate allows a variation of the electron density. (a) Hall resistance for selected densities (given

in 1011/cm2). (b) Longitudinal resistance (see Fig. 2(b) for a colorbar). Upon occupation of the second subband

its electrons show integer and fractional quantum Hall states (examples indicated on the left). Meanwhile, the

5/2 state of the lower subband continues to exist. Its quantization is apparent from a plateau in 𝑅𝑥𝑦 , indicated

in panel (a), and from vanishing 𝑅𝑥𝑥 as seen in panel (b). The 𝜈T = 5/2-state of the total density looses its

quantization. (c) Activation energy of the lower subband 5/2 state. Regions where it is influenced by second

subband features are shaded.

Figure 1b shows the longitudinal resistance in the density versus magnetic field plane measured on the 80 nm

quantum well sample. Panel a 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 𝜈T = 5/2 state for the total electron density looses its quantization. The

longitudinal resistance no longer vanishes and the Hall plateau disappears. The 5/2 state of the first subband,

however, persists as an incompressible quantum Hall state over a wide range of fillings of the second subband: 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.

Meanwhile the second subband electrons go through a series of integer and fractional quantum Hall states as

indicated in panel b. Lines marking a fixed filling factor of the first or second subband would follow a zigzag or

sawtooth course. This can be understood as a consequence of intersubband charge transfer.
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Hence, we have realized a compound system in which a two-dimensional electron system condensing in a quan-

tized 5/2 state coexists with a second two-dimensional electron system whose density we can vary between

0 < 𝜈2SB ≲ 1. Even though the 5/2 state is known to be very fragile, we find it surprisingly undisturbed by

the presence of the partially populated second subband. Figure 1c displays the activation energy (obtained from

temperature dependent measurements) along the line of constant filling factor 𝜈1SB = 5/2 as a function of the

total density. When the second subband is populated the activation energy Δ𝜈1SB=5/2 can only be determined

where the electrons in the second subband condense into an incompressible state and thus do not contribute to the

longitudinal resistance (other regions are shaded in gray). There, Δ𝜈1SB=5/2 remains independent of the second

subband filling within the experimental uncertainty. This underlines that the only weakly changing density of

the first subband determines this state, while the influence from the second subband is small.
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Figure 2: Longitudinal resistance. (a) In the 60 nm sample, when two subbands are populated their quantum

Hall features coexist. In particular, a quantized 5/2 state of the lower subband is observed even when the second

subband is populated. (b) In the 50 nm sample the quantum Hall features follow the total density.

Our observation of a 5/2 state in the first subband at a non-integer filling of the second subband implies that

the topmost occupied Landau levels of both subbands are pinned at the same energy. Otherwise, it would be

energetically favorable to transfer electrons from one subband to the other, filling up the lower of the partially

populated levels. But such intersubband charge transfer quickly aligns the topmost partially filled subband levels

due to the additional capacitive energy involved. Charge transfer then stops until one of the Landau levels is

completely filled. This energy depends strongly on the quantum well width.

The quantum well width dependence is illustrated in Fig. 2. We observe the (𝜈1SB = 5/2, 𝜈2SB > 0) state also

in a 60 nm quantum well in panel a. However, the behavior in a 50 nm quantum well (panel b) is different. In

contrast to the wider quantum wells, no quantum Hall features associated with only the first or second subband

show up once the second subband is populated. Rather, nearly all features follow the total filling factor. The

5/2 quantized Hall state disappears once the second subband gets populated. Our calculations indicate that the

capacitive energy for intersubband charge transfer is smaller than in the wider quantum wells, but not negligible,

and regions of coexisting fractional SB filling factors should be observed. We conjecture that their absence is

related to a larger overlap between the charge or probability densities ∣𝜓1SB∣2 and ∣𝜓1SB∣2 of the two subbands.

This overlap enhances the probability for intersubband scattering. It promotes level mixing which can result in

an avoided level crossing so that an energy gap prevents the coexistence of a partially filled Landau level in both

SBs. This would explain the observation that quantum Hall features are determined by the total density even

when the second subband is populated.

An in-plane magnetic field has a similar effect: It mixes the otherwise orthogonal first and second subband

wavefunctions, provided that the probability densities associated with these wavefunctions overlap in space.

Indeed, we observe in tilted field experiments that in the 80 nm quantum well a co-existence of partially filled

Landau levels in both subbands is maintained even up to a tilt angle of 70∘. In a 60 nm quantum well already at

10∘ tilt angle, all single subband quantum Hall states have vanished once the second subband becomes occupied.

Hence, these tilted field measurements support the conjecture that a larger spatial overlap between the subband

probability densities is responsible for the lack of single subband quantum Hall features once the second subband
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becomes occupied in narrower quantum wells such as our 50 nm sample.
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Edge Contribution to the Hall Potential Profiles in Graphene
under Quantum Hall Conditions

K. Panos, J. Weis, B. Krauss, and K. von Klitzing

By using a scanning probe technique at a temperature of 1.4 Kelvin we extract Hall potential profiles in graphene

flakes - exfoliated on a Si/SiO2 substrate - under quantum Hall conditions, and compare them to former mea-

surements on two-dimensional electron systems (2DESs) embedded in GaAs/(Al,Ga)As heterostructures [1]-[3].

We find for graphene flakes similar results as for the GaAs/(Al,Ga)As samples, i.e., electrostatic screening at the

edges plays an important role: With varying the Landau level filling factor by the backgate voltage, incom-

pressible strips evolve from both opposite edges towards the bulk, carrying the externally biased current as

dissipationless Hall current through the flake. Remarkably, due to the evolution of the Hall potential profiles

with varying the backgate voltage we can conclude that in the n-type regime a depletion of electrons towards the

flake edges is observed whereas in the p-type regime an accumulation of holes is seen. Based on electrostatic

simulations this indicates as the net effect the presence of fixed negative charges at the flake edges or on/in the

uncovered SiO2 layer next to the flake. We conclude that - due to the ’edge charges’ - there is not a well defined

charge neutrality point in such graphene flakes, i.e., while the bulk is still governed by electron surplus, holes

dominate already at the edges.

The sample used here was prepared by exfoliation of highly oriented pyrolytic graphite (HOPG) onto a silicon/sili-

con-dioxide substrate. The highly n-doped silicon substrate worked later in the experiments as backgate, the 300

nm thick SiO2 as insulator between the graphene flake and the backgate. The backgate allows the variation of

the charge carrier concentration and for a transition from n- to p-type conduction. To electrically contact the

flake, two metal electrodes were deposited, acting as source and drain contact, respectively. The sample was put

into the scanning force microscope and pumped overnight without heating before it was cooled down to 1.4K.

The inset in Fig. 1 shows a topographic scan of the flake which had a width of 3.5μm and a length of 8.8μm.

The Hall potential profiles obtained at a magnetic field of 3T for different VBG, i.e., different Landau level

filling factor values ν, are shown in Fig. 1. The black dots represent the two-terminal resistance of the flake

which was acquired simultaneously with the Hall potential measurements. The measured profiles clearly reflect

the change of polarity in the Hall voltage with going from n-type conduction to p-type conduction by crossing

the charge neutrality point (usually assumed to be at the position of maximum resistance) with lowering VBG.

Three striking features in the evolution of the Hall potential profiles can be identified in Fig. 1: (1) Different

types of Hall potential profiles are observed at the lower and the upper tail of the resistance plateaus. For the

lower VBG side of the plateau the drop spreads over the bulk, whereas for the upper VBG side pronounced drops

appear close to both edges. The two positions of largest Hall potential drop move with negative going VBG from

the edges towards the bulk, leading to the u-shaped like features visible in the color-coded plot of Fig. 1. (2)

An asymmetry across the charge neutrality point is found. The mentioned u-shape does not flip upside down by

going from electron to hole conduction with decreasing VBG. (3) At VBG = 2.56V - the value of maximum

resistance which is usually assumed to be the charge neutrality point, the Hall potential drops with a finite slope

over the center region of the flake. The VBG value leading to zero Hall voltage drop in the flake center is at about

1.83V, i.e., below the VBG value of maximum resistance.

A similar evolution of Hall potential profiles versus Landau level filling factor ν was found - more pronounced

- in former measurements on GaAs/(Al,Ga)As samples [2]. There the evolution of Hall potential profiles -

especially the u-shape feature - has been attributed to the shift of incompressible strips from the electrostatic

depletion regions at the edges towards the bulk of the 2DES with increasing the magnetic field, which is equal to

an increase of the Landau level degeneracy and therefore a decrease of the Landau level filling factor for a given

electron density of the 2DES. The 2DES behaves locally incompressible wherever the Fermi level lies locally

between two Landau levels, i.e., locally the filling factor is integer-valued. An electrostatic depletion of electrons

towards the edges causes the following situation: Although the bulk is compressible, the electron concentration

towards the edges reduces and therefore at certain positions the local electron density is equal to an integer

multiple of the Landau level degeneracy nL at the respective magnetic field value. It means incompressible

strips are present along the edges of the 2DES. The innermost incompressible strip has filling factor i = int(ν).
The innermost incompressible strips at opposite edges move and broaden towards the bulk with lowering the

bulk filling factor, they merge, and therefore the whole bulk becomes incompressible with νl = i, interspered by

compressible droplets due to the inhomogeneity of the 2DES. In this regime, the compressible/incompressible

landscape and therefore the Hall potentail profile is very sensitive to magnetic field changes, however the Hall

resistance value is quantized and insensitive. Increasing the magnetic field, i.e., the Landau level degeneracy
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Figure 1: Color-coded Hall potential profiles for different

VBG, obtained along the scan line indicated in the inset

where a non-contact topographic scan of the sample is

shown. With black dots the simultaneously measured

two-terminal resistance value at the respective VBG is

shown (the resistance value axis is orientated in parallel to

tip position axis).

and spacing further, the bulk becomes compressible again, incompressible strips move and broaden again from

the edges towards the bulk - but now with local filling factor νl = i − 1. A Hall voltage drop over these

incompressible strips allows for a dissipationless current flow. To prevent scattering of electrons from the outer

compressible edge towards the compressible bulk (or vice versa) which limits the possible Hall voltage drop over

the incompressible strip in between, the incompressible strip has to be wide enough to suppress such scattering.

If the externally biased current is flowing completely within incompressible strips or the incompressible bulk of

filling factor i, i.e., the Hall voltage drops only over such incompressible regions, a quantized Hall resistance

value h/(i e2) is measured.

By finding the u-shaped feature in the evolution of Hall potential profiles versus filling factor (here tuned by the

backgate voltage) also in n-type graphene, a similar electrostatic depletion of electrons at the edges of graphene

seems to be present, with a depletion width of about a micron. To make this conclusion clear, in Fig. 2a the elec-

tron concentration profile for n-doped graphene in high magnetic field is sketched assuming depletion towards

the edges. By reducing the overall electron density - which is obtained by lowering the backgate voltage from

positive values towards the charge neutrality point - the positions of incompressible strips move towards the bulk

center (see evolution sketched in Fig. 2a), i.e., pronounced Hall potential drops appear first close to both edges,

then moving towards the bulk with lowering the backgate voltage. The u-shape-like evolution of Hall potential

drops versus backgate voltage visible in Fig. 1 for n-type graphene is reconstructed.

What about the evolution below the charge neutrality point, i.e., for the case of p-type conduction? To reconstruct

the u-shape feature observed in this regime in Fig. 1, we have to assume an accumulation of holes towards the

edges, as shown in Fig. 2b. Reducing the backgate voltage towards negative values, the overall hole density

is increased, and the positions of incompressible strips moves from the edges towards the bulk (see evolution

sketched in Fig. 2b). This leads to the same evolution of the Hall potential profile with lowering backgate voltage

as for the n-type region, except that the Hall voltage polarity is switched. This is consist with our observation.

To summarize, the pronounced Hall potential drops evolving from the edges towards the bulk with lowering

backgate voltage reflect the moving position of the innermost incompressible strip along the respective edge. In

reverse, such measurement allow to conclude on the electron density profile at the edges of the 2DES.

How to understand electron depletion in the n-regime and hole accumulation in the p-regime towards the edges

in such graphene samples? The graphene flake and the backgate resemble a plate capacitor arrangement: For

positive electrostatic potential on the backgate, electrons are accumlated in the graphene, whereas for nega-

tive electrostatic potential holes are accumulated, for zero potential, the charge neutrality point for graphene is

reached. However at the edges of the flake, the electric field between backgate and flake is enhanced, leading to

higher charge carrier concentrations at the edges in both cases - n-type and p-type. In case of electron enhance-
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ment towards the edges, the evolution of pronounced Hall potential drops versus backgate voltage should follow

an inversed u-shape - which is in contradiction to our observation. Furthermore, in case of an enhancement (de-

pletion) of holes in the p-type regime and electrons in the n-type regime towards the edges we should observe an

upside-down flip of the u-shaped features with crossing the charge neutrality point. Also this is not observed. If

we assume in addition fixed negative charges sitting close to the edges of the flake in this arrangement, electrons

will be repelled from the flake edges and holes attracted - which is qualitatively consistent with our observation.
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Figure 2: Sketches of the charge

carrier profiles (black line) over the

cross section of the graphene flake

in case of n conduction (a) and p

conduction (b) for various backgate

voltages VBG. The VBG values should

help to link the sketched profile with

the respective Hall potential profile

presented in Fig. 1. Electrically

incompressible regions are shaded in

yellow, compressible ones in blue. The

charge carrier density 2 · nL leading

to ν = ±2 quantum Hall states at that

given magnetic field is marked as red

horizontal line.

To be more quantitative, we performed electrostatic simulations of charge carrier profiles at the flake edge and

compare the results with the position of maximum Hall voltage drop in Fig. 1. From that comparison we could

conclude that a surplus of localized negative charge is sitting on the silicon oxide surface close to the flake

edges. It would require too many negative charges only located on the flake edges - for instance, due to defect

or chemical adsorption - causing the strong electrostatic depletion we have observed in our flake.

As a consequence of this localized charge at the edges, moving from n to p-type conduction by negatively going

backgate voltage, there is no backgate voltage value where no charge carriers are present over the whole flake.

We find already holes towards the edges while still electrons are present in the flake center, with transition regions

from n to p-type conduction in between. Having electron and hole currents in parallel, the Hall voltages of both

type of currents (partly) compensate. However spatially resolved, the Hall potential profile should show positive

and negative slopes depending on the locally dominant type of charge carrier. This clarifies the third feature we

have identified in the data of Fig. 1: At maximum of resistance (at VBG = 2.56 V) which is usually identified as

charge neutrality point, the bulk region of the flake shows a Hall potential drop indicating electron conductivity

in the bulk of the flake. A flat Hall potential profile in the bulk is observed at VBG = 1.83 V, indicating the

absence of current flow in the bulk - which is expected for charge neutrality as no charge carriers are present.

We can conclude that maximum in resistance is not the right indicator for the charge neutrality point. The local

scanning probe measurement performed here give a clear insight: The resistance value of the flake is not at

maximum in case of charge neutrality in the bulk as already hole conduction is present along the edges.
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Transconductance fluctuations probe interaction physics in graphene

D.-S. Lee, V. Skakakolva, R.T. Weitz, K. von Klitzing, and J.H. Smet

Progress in graphene sample quality starts to disclose rich physics related to Coulomb interactions as well as

interaction induced lifting of symmetries associated with the spin and pseudospin degrees of freedom. This is

visible in macroscopic magnetotransport studies as additional incompressible quantum Hall condensates. A key

requirement to observe these fragile states in transport has so far been the fabrication of better quality samples.

This has been accomplished by placing graphene on BN, or by suspending graphene. In the quest for observing

fragile or novel incompressible states, probing a smaller area may be an alternative to circumvent the challenges

of producing even higher mobility samples, since the sample may be much cleaner on the nanometer scale.

However, to obtain such microscopic information we are usually forced to resort to sophisticated local probe

methods which prevent the blurring by disorder induced averaging. Indeed, transport studies normally offer an

averaged view of the sample only and this averaging masks the interaction induced physics.

That said, we noticed that graphene magnetotransport traces are frequently cluttered with fluctuations. Here we

demonstrate that these fluctuations reflect processes that occur very locally. They are a manifestation of charge

localization and are more pronounced in the transconductance. A systematic study allows observing higher order

fractional quantum Hall and broken symmetry states even if these do not show up as quantized states in the Hall

or longitudinal resistance traces [1]. They make phenomena on the nanometer scale visible in a macrocopic

transport experiment despite significant disorder.

Our studies were carried out on both supported and suspended exfoliated graphene in either a two-terminal or

four-terminal configuration. Figure 1(a) plots the two-terminal conductance in units of e2/h as a function of

the density for perpendicular fields from 1 T up to 15 T in 1 T steps. There are no surprises here. Plateaus or

precursors of a plateau are observed for the integer states at filling ν = ±2,±6, · · · as expected for monolayer

graphene. Also broken symmetry states at ν = 0 and ν = ±1 can be discerned. They have been attributed to the

lifting of the spin and/or valley degeneracy of the Landau levels. Other broken symmetry states are missing and

also fractional states remain hidden. Figure 1(b) displays the single trace recorded at 15 T for closer inspection.

It looks noisy. We are not dealing with noise though. These fluctuations are amplified in the transconductance

gm. When applying an additional ac modulation δVbg to the backgate, an oscillating source-drain current δIds is

induced and gm = δIds/δVbg. In the transconductance, the background has vanished and only the fluctuations

are left over in Fig. 1(c). This greatly simplifies a systematic study of these fluctuations.
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Figure 1: (a) Two-terminal conductance of a suspended graphene flake as a function of density at fields from 1 T

to 15 T in 1 T steps. (b)−(c) Comparison of conductance (b) and transconductance (c) curves measured at B =
15 T. Both measurements were done with a dc-voltage bias of Vds = 500 μV. Insets show the schematics of the

measurements.

Repeating this experiment for different B-values yields the color rendition of Fig. 2(a). The rich set of features

can be classified into several groups of parallel lines. For instance at the center, we find vertical lines parallel

to the ν = 0-line. A bundle of lines parallel to ν = −2 and ν = 2 appears left and right. At the bottom,

lines with a slope identical to the ν = ±6-line can be discovered. These lines parallel to filling factor slopes
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at which the system is expected to condense in an incompressible state are reminiscent of the spikes that have

been observed in local compressibility measurements using a single electron transistor on graphene [2] as well

as of earlier local compressibility data on GaAs two-dimensional electron systems [3]. They were attributed to

non-linear screening and charge localization in a landscape of compressible dots separated by an incompressible

sea, which forms as we approach complete filling of a Landau level. Since this localization picture is crucial for

understanding Fig. 2(a), it is described here.
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Figure 2: (a) Color rendition of the transconductance in the (n,B)−plane. (b)−(c) Correlation function C

obtained by analyzing the data in the windows shown in (a). The details of this analysis method are shown in

Fig. 3.

A widespread view of localization in the quantum Hall regime is based on the association of localized states with

equipotential lines which either enclose potential hills or are trapped inside a valley of the disorder potential.

Plotting the position in the density versus B-field plane at which such localized states get filled, would generally

result in curved, non-monotonic lines that may cross as they change their shape and move up or down in

the disorder landscape when changing B to maintain a fixed number of enclosed flux quanta. None of these

properties are compatible with the observed parallel lines. This picture only holds in the strong disorder limit

when single particle physics prevails [3].

Localization proceeds in a different manner as illustrated in Fig. 3(a). Screening and Coulomb blockade physics

are key ingredients. Charge carriers will redistribute and generate a spatially dependent density profile in an

attempt to flatten the bare disorder potential. As long as the local density of states is not exhausted, they are able

to accomplish this task. As a Landau level approaches complete filling in some regions the required density to

flatten the bare disorder potential locally exceeds the level degeneracy. Hence, the bare disorder potential can

not be screened away. Here a potential barrier emerges. Eventually, compressible regions or dots are enclosed

by an incompressible lake, Coulomb blockade physics sets in. The discrete nature of charge becomes relevant.

Elementary charges can be added to the remaining compressible dots only one at a time when the overall density

is raised sufficiently. Each charging event corresponds to filling a localized state. As the average density is

increased further, more and more charges are added to the dots. The same landscape of compressible areas

appears and the same charging physics recurs at a higher B, but at the same density deviation from complete

filling. The filling of specific localized states therefore evolves along lines parallel to each other and to the

corresponding integer filling factor in the (n,B)-plane as schematically drawn in Fig. 3(a). The same holds for

fractional states but with fractional charges.

It is natural to attribute the parallel lines in the transconductance to charge localization physics in this network

of dots that forms when charge carriers are locally unable to screen the bare disorder. Current may flow from the

source to drain through this network as well as extended edge states (see Fig. 3(c)). During a backgate modulation

cycle, the Coulomb blockade may be lifted for some dots or activated for others and transport channels are turned

on, off or altered. This results in an oscillating source-drain current. At a different B, the same transport channels

would appear and disappear at the same deviation from complete filling. Hence, a plot of the transconductance in

the (n,B)-plane should be crowded by sets of parallel lines running along filling factors at which incompressible
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Figure 3: (a) Schematic illustration of the formation of QDs and the development of the compressible spikes in

the (n−B)-plane. (b) Schematic illustration of the numerical analysis to obtain the spectra shown in Fig. 2.

ground states form much the same way as in local compressibility measurements [3]. This is indeed confirmed

in the experiment of Fig. 2(a). The transconductance here reveals the much more fragile broken symmetry states

and fractional quantum Hall states in graphene. For instance, lines parallel to ν = 0, ν = 1 and ν = −1/3 are

easily discovered without further data processing in Fig. 2(a).

Additional incompressible states can be identified by using a numerical analysis of the data which highlights

parallel lines. It is based on the calculation of the correlation function C(ν) =
∑

(DklDpqδν) for the discrete

data set. The calculation is illustrated in Fig. 3(b). The data form a matrix and Dij corresponds to the data point

at density ni and field Bj . The product of any two data points Dkl and Dpq contributes to the sum in C(ν)
provided they fall within a band in the (n,B)-plane bordered by two lines with a slope corresponding to filling ν
and with a width of two pixels. In this case δν equals one. Otherwise, δν equals zero and this pair of points does

not add to the sum. C(ν) is evaluated as a function of ν and the result is plotted in a polar diagram as shown in

Fig. 2(b)−(c). The angle corresponds to the filling. To reduce the computational effort the calculation of C(ν)
is restricted to a limited rectangular window in the (n,B)-plane. The center of the analysis window is placed in

areas where interesting features are expected. Key locations have been marked in Fig. 2(a). C(ν) for different

analysis windows are overlaid, but colored differently. In Fig. 2(b) maxima of C(ν) appear at ν = −2,−4,−6
and −10. Note that the ν = −4 quantum Hall state, attributed to a symmetry reduction from SU(4) to SU(2),

did not show up in the conductance up to 15 T. In the color rendition lines for other broken-symmetry states at

ν = 0 and ν = ±1 are seen down to ∼0.5 T and ∼1 T, respectively while in the two-terminal conductance these

broken-symmetry states give rise to plateaus or minima only above 4 T. Fractional quantum Hall states at filling

factors ν =−1/3, −2/3 are clearly seen in the C(ν) spectra of Fig. 2(c). They are the prominent fractional states

observed in the cleanest of all graphene flakes. But also the higher order ν = −2/5 fractional state is present

in Fig. 2(b). A small feature is seen near ν = 1/2, but more work is needed to firmly establish its significance.

None of the observed fractional quantum Hall states appeared in the conductance.

We conclude that transconductance fluctuations offer a window to fragile incompressible quantum Hall states,

because they reflect charging effects on the nanometer scale due to the appearance of the gap in the energy

spectrum even if the disorder is so large that the quantization signatures of these Hall states are entirely missing

in standard magnetotransport. The method described here is an attractive alternative in the quest for observing

unconventional quantum Hall states.
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Magnetic and superconducting phases at the LaAlO3–SrTiO3 interface

N. Pavlenko and J. Mannhart 

The formation of a metallic state at  the interface of the bulk insulators LaAlO3 and SrTiO3 [1] has 
become a prototype for the reconstruction of electronic states in systems with artificially reduced di-
mensionality. This two-dimensional (2D) electronic system is affected by sizable electronic correla-
tions which allow characterizing the extended interface electronic states as an electron liquid. The 
correlations not only induce a superconducting state but also support  magnetism. An unexplained 
phenomenon is the coexistence of magnetism and superconductivity in the 2D electron liquid.

Recently, Li et al. [2] probed magnetism through torque magnetometry, which allows detecting 
directly the magnetic moment of the interface in an external magnetic field H. They found a strong 
superparamagnetic torque signal in the superconducting state. With the assumption that the signal 
originates from the SrTiO3 layer next to the interface, they obtained a magnetic moment M of 0.3–
0.4 μB per unit  cell and a collective magnetic moment of the superparamagnetic grains of the order of 
1000 μB. The observation of a superparamagnetic M(H ) indicates that  ferromagnetic grains form 
even in the superconducting state. Magnetic oxygen sites at the AlO2 surface and the buildup of 
triplet coupling of Ti 3d states through the oxygen bonds (or possibly vacancies) in the TiO2 interface 
plane have been proposed as scenarios for the formation of a magnetic state.

The interpretation of the experimental results leads to a compelling question: Can the Ti 3d orbitals 
that were identified in the previous band-structure calculations be responsible both for the metallic 
and magnetic states coexisting at the same interface? To answer this question, we performed density-
functional studies. These support the existence of a robust ferromagnetic state at the LaAlO3–SrTiO3 
interface induced by oxygen vacancies. We demonstrate that both the magnetism and conductivity 
occur by involving the Ti 3d electrons, but the magnetism is due to rather confined electrons around 
O vacancies while the conductivity is a result of the 2D electron liquid caused by electronic recon-
struction. We argue that this behavior is a prerequisite of the coexistence of magnetism and super-
conductivity which are observed at low temperatures. 

To explore whether a ferromagnetic state is induced at these interfaces, we considered oxygen 
vacancies as a mechanism responsible for magnetism [3]. We generated a number of supercells 
which consist of two symmetric LaAlO3–SrTiO3 parts, where each part contains a stack of 4-unit-cell 
(u.c.)-thick LaAlO3 layers deposited onto a SrTiO3 slab of a thickness varying between 1.5 and 6 u.c. 
The interfacial configuration is considered as TiO2–LaO (see Fig. 1). The LaAlO3–SrTiO3–LaAlO3 
parts are separated by a 13 Å-thick vacuum sheet. Oxygen vacancies are assumed to lie in the first 
interfacial TiO2 layers or in one of the AlO2 layers of the LaAlO3 film. A cell with an oxygen vacancy 
in MO2 (M = Ti, Al) is sketched in Fig. 1(b). The vacancy is introduced by excluding the oxygen 
atom O (a/2, b/2) in the center of the M2O4 plaquette. The choice of the vacancy location at the 
interface is motivated by the experimental evidence of oxygen vacancies present in SrTiO3 samples 
grown at oxygen pressures below 10−5 mbar. 

Density-functional calculations were performed using the generalized gradient approximation (GGA) 
in the Perdew-Burke-Ernzerhof pseudopotential implementation in the QUANTUM ESPRESSO 
package [3]. We use a kinetic energy cutoff of 640 eV and the Brillouin zone of the 106 to 166-atom 
supercells sampled with 5×5×1 to 9×9×1 k-point grids. In our calculations we account for a local 
Coulomb repulsion of Ti 3d electrons by employing a GGA+U approach with UTi = 2 eV. First, we 
consider pure stoichiometric TiO2–LaO interfaces as references for the oxygen-doped interfaces. The 
supercells which contain (2×2) planar unit cells have been structurally relaxed along the z axis. The 
in-plane lattice constants have been fixed to their bulk-SrTiO3 cubic values (aSrTiO3 = bSrTiO3 = 
3.905 Å). Similar to the previous calculations, we find that a metallic state is produced at the 
LaAlO3–SrTiO3 interface due to the electronic reconstruction [3]. 
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Figure 1: Schematic view of the SrTiO3–LaAlO3 het-
erostructure. The supercell  contains a 4-unit-cell-thick
LaAlO3 layer deposited on a 2.5-unit-cell-thick SrTiO3 
slab. The full  supercell consists of two symmetric parts of
the depicted structure and a vacuum layer of 13 Å. The
structures on the right-hand side show (a) a projection of
the supercell of SrTiO3–LaAlO3 on the (x,y) plane of
TiO2, and (b) a M2O4 (M  = Ti,Al) plaquette generated  for
the study of the system with O vacancies. The position of
an O vacancy is  identified by a red dashed circle (from
[3]).

Figure 2 presents the projected Ti 3d density-of-states (DOS) for both spin directions in a system 
with supercells containing four LaAlO3 and four SrTiO3 unit cells along the z direction (the full su-
percell contains twice the number of LaAlO3 unit cells). The difference in the spin-projected DOS 
implies a non-zero spin polarization. For a pure system without oxygen vacancies, the occupancies of 
the spin-up and spin-down 3d states are almost  identical. The maximal magnetic moments of the in-
terface Ti are ∼0.005 μB and the polarization from the more distant  TiO2 planes is negligible. The cal-
culated magnetic moment per (1×1) unit  cell of the LaAlO3–SrTiO3 interface is 0.03 μB, which origi-
nates mostly from the surface oxygen sites. This polarization is too small to support a robust  ferro-
magnetic state, suggesting that magnetism is not due to the pure interface electron gas. The situation 
with oxygen vacancies is different. An oxygen vacancy adds two extra electrons at  the interface to 
preserve charge neutrality. The two electrons are most  likely localized in the vicinity of the oxygen 
vacancy. As shown below, this enhances the charge density and increases the exchange splitting of 
the spin bands; consequently, oxygen vacancies stabilize the ferromagnetic order [3]. 
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LaAlO3 layers and a 4-unit-cell-thick SrTiO3 layer. DOS
in  the pure system and  in the system with  one O vacancy
(25%) per supercell-area in the interfacial TiO2 layer are
shown for comparison. The vertical gray line denotes the
Fermi level (from [3]).

First, we assume that the oxygen vacancy lies within the TiO2 plane at the interface. In the oxygen-
deficient system, we find sizable Ti magnetic moments at the interfacial TiO2 plane (see Fig. 3). The 
magnetic moment of the Ti atoms next to the oxygen vacancy is ∼ 0.33 μB and that of the more dis-
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tant Ti (0,0) atoms at the interfacial plane is ∼ 0.34 μB. Magnetic moments on Ti atoms away from the 
interface are negligible (Fig. 3). We also find a sizable magnetic moment on the AlO2 surface plane 
of ∼ -0.18 μB aligned antiparallel to the magnetic moment of the interface Ti atoms. Needless to say, 
the concentration of oxygen vacancies in these model structures is far higher than the average density 
in the experimentally investigated heterostructures. Nevertheless, it is evident that a triplet coupling 
is induced between the nearest-neighbor Ti sites and that ferromagnetism is enhanced in oxygen-
vacancy-rich regions of the interfacial plane. 

The elimination of the central oxygen in the (2×1) configuration results in the formation of stripes of 
oxygen vacancies along the y direction, characterized by two vacancies near Ti (0.5 a, 0) and no va-
cancies near the Ti (0, 0) atom. To test the stability of such an “inhomogeneous”  distribution of oxy-
gen vacancies, we have also performed GGA+U calculations of a supercell with an ordered “homo-
geneous”  arrangement of the vacancies corresponding to exactly one vacancy per Ti atom. This can 
be obtained by elimination of one oxygen in the square (√2×√2) supercell shown in Fig. 1(a). The 
comparison of the calculated total energy with the energy for that of the (2×1) supercell (Fig. 1(b)), 
both containing a 4-u.c.-thick SrTiO3 layer, gives an energy gain of ∼ 0.25 eV per interface unit cell, 
which indicates a tendency toward an inhomogeneous spatial distribution of oxygen vacancies in 
LaAlO3–SrTiO3. 
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layers in the (4 u.c.) SrTiO3–(4 u.c.) LaAlO3 structures for 
the structure with one O vacancy in the interfacial TiO2 
layer. The black up and red down triangles correspond to
the two Ti  atoms with the planar coordinates (0, 0) and
(0.5 a, 0.5 a) in a doubled unit cell of SrTiO3. The TiO2 
layer 4 is the layer next to the interface (from [3]).

Oxygen vacancies strongly influence the electronic structure of the Ti 3d  states: The excess charge 
originating from the eliminated oxgen atom in the interfacial TiO2 plane leads to a redistribution in 
the occupancy of the five 3d orbitals. The contribution of the 3d eg orbitals to the magnetic moment 
formation is rather insignificant. In contrast, the dominant contribution to the magnetic moment has 
to be ascribed to the t2g 3dxy spin-up occupancy. 

Our findings offer the perspective that both the magnetism and the superconductivity are due to the 
interfacial Ti 3d electrons. The magnetism, however, is a result of the spin splitting of the populated 
electronic states induced by oxygen vacancies, while the metallic behavior of the interface results 
from the 2D electron liquid caused by the electronic reconstruction. The metallic state has been re-
lated to a superconducting state below 300 mK, and the predicted scenario suggests that the corre-
sponding charge carriers move in regions of small or vanishing oxygen-vacancy concentrations.
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Probing the electronic compressibility of LaAlO3–SrTiO3 interfaces by 
Kelvin probe microscopy

C. Richter and J. Mannhart

A two-dimensional electron liquid is formed at the n-type interface between SrTiO3 and LaAlO3. 
Here we report  on Kelvin probe microscopy measurements of the electronic compressibility of this 
electron system. The electronic compressibility of the system is found to be negative for carrier 
densities of ≈ 1013/cm2. At  even smaller densities, a metal-to-insulator transition occurs. These local 
measurements corroborate earlier measurements of the electronic compressibility of LaAlO3–SrTiO3 
interfaces obtained by measuring the capacitance of macroscopic metal-LaAlO3–SrTiO3 capacitors.

It  has been established that a two-dimensional (2D) sheet of mobile electrons is generated at  the 
interface between the TiO2-terminated (001) surface of SrTiO3 and LaAlO3 [1]. This electron system 
has remarkable properties that differ significantly from the properties of 2D electron gases embedded 
in semiconductor heterostructures. For example,the characteristic carrier density n at LaAlO3–SrTiO3 
interfaces equals several 1013/cm2, which is well above the typical densities of 1011–1012/cm2 found 
in semiconductor heterostructures. The charge carriers at the interface originate from an electronic 
reconstruction and occupy Ti 3d t2g states at the interface TiO2 layer. In the samples investigated the 
electron mobility is of order 1000 cm2/Vs at 4.2 K. Moreover the system shows coexistent 
superconductivity and magnetism if cooled to low temperatures. Furthermore, by performing 
capacitance measurements on SrTiO3–LaAlO3–Au and SrTiO3–LaAlO3–YBa2Cu3O7−x capacitors, a 
state with negative electronic compressibility κ=(n2dμ/dn)−1 was identified. Here μ is the electro- 
chemical potential [2]. 

In a dilute electron gas, a negative electronic compressibility results from the dominance of exchange 
and correlations terms, which apparently explain the negative compressibility in some semiconductor 
heterostructures. The origin of the observed negative compressibility of the less diluted electron 
liquid at LaAlO3–SrTiO3 interfaces has not been identified completely. The negative electronic 
compressibility of the LaAlO3–SrTiO3 interface electron system was found to exceed the negative 
compressibility of 2D electron gases in Si heterostructures by a factor of at least  ten. It is also much 
larger than the negative compressibility recently reported in carbon nanotubes and GaAs structures. 
Although all studies of the negative electronic compressibility at LaAlO3–SrTiO3 interfaces were 
done with samples in which the LaAlO3 layers were ten or twelve-unit-cells-thick to prevent 
tunneling currents which are unfavorable in capacitance measurements, the negative electronic 
compressibility has been predicted to occur also in samples with LaAlO3 films as thin as four 
monolayers, the thinnest  films to generate a conducting LaAlO3–SrTiO3 interface. Because tunneling 
and leakage currents through the LaAlO3 layer undermine the accuracy of measurements of the 
electronic compressibility based on planar capacitors, we have explored such samples by local 
measurements of the electronic compressibility. For this we used Kelvin probe microscopy.

We fabricated LaAlO3–SrTiO3 heterostructures comprising four-unit-cells-thick (1.6 nm) epitaxial 
LaAlO3 films. The LaAlO3 films were grown by pulsed laser deposition on the TiO2-terminated (001) 
surface of SrTiO3 crystals. The deposition was performed at a substrate temperature of 780 °C in an 
oxygen background pressure of ≈ 1×10–4 mbar, and was monitored by reflection high-energy electron 
diffraction. After cooling the samples in 400 mbar O2 , an aluminum shadow mask with a rectangular 
hole was attached to the samples’ surfaces. Using this mask, Ar ion etching was employed to etch 
holes into the SrTiO3 substrates, which were then filled with electron-beam-evaporated Ti to contact 
the interface electron liquid. After transporting the samples to the preparation chamber of the 
scanning probe microscope (SPM) they were heated radiatively for > 40 minutes to ≈170 °C to clean 
their surfaces. The SPM, which operates in ultrahigh vacuum at 4.7 K, utilizes a cantilever based on a 
quartz tuning fork (qPlus-sensor) with a spring constant of ≈ 1 800 N/m. An iridium spall treated in 
situ by field emission was used as a tip. The experimental setup is sketched in Fig. 1. The standard 
step-and-terrace structure of the LaAlO3–SrTiO3 heterostructures resulting from a slight  vicinal cut  of 
the SrTiO3 substrates (≈0.15°) is readily imaged by scanning force microscopy (Fig. 2). Whereas on 
more standard samples excellent  resolution was easily achieved with the SPM it was not possible to 
obtain atomic resolution on the LaAlO3–SrTiO3 heterostructures.
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Figure 1: Illustration  of the experimental configuration.
The force sensor consists of a quartz tuning fork.The 
force between tip and sample is monitored  as a function
of Vts, the voltage applied between tip and sample.
Through the back-gate voltage VG between the interface
and the back of the SrTiO3 substrate the carrier density at 
the interface is tuned. A negative VG causes the n-type
interface electron system to be depleted. The current  I
flowing into the interface and the force between tip and
sample are recorded simultaneously (from [3]).

To assess the electronic compressibility of the interface we measured the force F between the tip and 
the sample as function of tip-sample distance, tip-sample voltage Vts and back gate voltage VG. From 
these measurements the difference of the work functions of tip and sample ΔØ was obtained as a 
function of VG (see Fig. 3). Starting at  VG = 0, V∆Ø is increased if VG is lowered, i.e., if the carrier 
density at  the LaAlO3–SrTiO3 interface n is lowered. At  VG = –70 V, the slope of the V∆Ø (VG) curve 
changes sign. V∆Ø displays a clear minimum at VG = –95 V. Using a second sample and different tips, 
we found that this minimum was reproducible. The VG value of the minimum was found to differ 
among the samples, which we attribute to differences in the response of the samples on electric 
fields. The shape and the composition of the tips used in the experiments affected the absolute value 
of the minimum. A decrease of ∆Ø, i.e. a decrease of the work function of the sample Øs, corresponds 
to an increase of the sample‘s chemical potential μs. Our data show that  V∆Ø decreases in the voltage 
range from –70 V to –95 V. Hence in this range dμs/dn < 0, the electronic compressibility is negative.

(b)

(a)

300 nm

x (μm)

z 
(n

m
)

0 nm

19 nm

Figure 2:  Topographic frequency-modulation scanning
force microscopy image of the LaAlO3 film acquired at
4.7 K. The image was recorded with a scanning speed of 
75  nm/s and a frequency shift of −1.8 Hz. The free
resonance frequency of the cantilever was 25 926.6 Hz, 
the quality factor was 20 320 and the oscillation amp-
litude was set to 3.4 Å. The white dots in  the scan are
caused by adsorbates on the sample surface. (b) Profile
taken along the blue line plotted in (a) (from [3]).
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Figure 3:  Contact potential difference VΔØ measured as a function of VG. The measurements were performed at 4.7 K.
Spectrum 2 was recorded directly after spectrum 1. VΔØ was obtained through quadratic fits of the Δf (Vts) spectra (from 
[3]).

We have therefore shown with Kelvin probe microscopy that the conducting LaAlO3–SrTiO3 
interface exhibits a negative electronic compressibility at  low carrier densities even if the LaAlO3 
layer is only four unit  cells thick [3]. This effect is consistent with the measurements reported in [2], 
which found a negative electronic compressibility close to the metal–insulator transition for ten and 
twelve-unit-cells-thick LaAlO3 layers. The employed technique is independent  of the previously used 
capacitance-measurement  method. Moreover, as we deplete the interface solely by applying voltages 
to the back of the SrTiO3 substrate, the use of a gate on top of the LaAlO3 film is dispensable. It  is 
therefore possible to measure samples with ultrathin LaAlO3 films.

References:
[1] Ohtomo, A. and H.Y. Hwang. Nature 427, 423–426 (2004).
[2] Li, L., C. Richter, S. Paetel, T. Kopp, J. Mannhart, and R.C. Ashoori. Science 332, 825-828 (2011).
[3] Tinkl, V., M. Breitschaft, C. Richter, and J. Mannhart. Physical Review B 86, 075116 (2012). 

In collaboration with:
V. Tinkl, M. Breitschaft, and T. Kopp (Universität Augsburg) 

3



8. Long-range transfer of electron-phonon coupling in oxide
superlattices

N. Driza, S. Blanco-Canosa, M. Bakr, S. Soltan, M. Khalid, L. Mustafa, K. Kawashima, G. Christiani, H.-U.

Habermeier, G. Khaliullin, C. Ulrich, M. Le Tacon, and B. Keimer

The targeted manipulation of the electronic properties of metal-oxide heterostructures and superlattices with

atomically precise interfaces is currently at the frontier of materials research. Control parameters including the

layer thickness and composition as well as epitaxial strain and gate fields have allowed systematic tuning of

many-body phenomena such as ferroelectricity, magnetic order, and superconductivity. The impact of static

interfacial lattice distortions on some of these phenomena has already been recognized, but the influence of

the dynamical electron-phonon interaction on the electronic properties of artificially layered structures has thus

far not been addressed, despite evidence for its crucial role for the phase behavior of bulk transition metal

oxides. The electron-phonon interaction is of central importance for the electrical and thermal properties of

solids, and its influence on superconductivity, colossal magnetoresistance, and other many-body phenomena in

correlated-electron materials is currently the subject of intense research. However, the non-local nature of the

interactions between valence electrons and lattice ions, often compounded by a plethora of vibrational modes,

present formidable challenges for attempts to experimentally control and theoretically describe the physical

properties of complex materials.

Here we report a Raman scattering study of the lattice dynamics in superlattices (SLs) of the high-temperature su-

perconductor YBa2Cu3O7 (YBCO) and the colossal-magnetoresistance compound La2/3Ca1/3MnO3 (LCMO)

that suggests a new approach to this problem. [1] Our study brings together two previously disconnected areas

of research. On the one hand, YBCO-LCMO SLs have served as model systems for the interplay between the

antagonistic order parameters of the constituent materials, and for interfacial spin and orbital reconstructions.

[2] On the other hand, prior research has shown that the electron-phonon interaction and its interplay with elec-

tronic correlations determines the competition between superconducting and other forms of electronic order in

bulk YBCO, and between correlated metallic and polaronic insulating states in bulk LCMO. In bulk compounds,

pressure and chemical substitution offer only limited options to tune this interplay. The outcome of our study

identifies the superlattice geometry as a powerful new tool to systematically modify the electron-phonon inter-

action in complex materials.

Figure 1: (a) Raman spectra of pure YBCO, LCMO,

and a (Y-20 nm/L-10 nm)10 superlattice at T= 100 K.

1 and 2 denote the peaks corresponding to the B1𝑔 340

cm−1 out-of-phase 𝑐-axis polarized vibration of the planar

oxygen atoms in YBCO, and the 230 cm−1 A𝑔 in-phase

rotation of the MnO6 octahedra of LCMO, respectively.

The sketches provide pictorial representations of the

vibration patterns. (b) Temperature dependence of the

Raman spectra of a (Y-20 nm/L-10nm)10 superlattice in 𝑥𝑥
polarization. For clarity each spectrum is vertically shifted

by a constant offset.

Our experiments were performed on SLs with 10 nm thick LCMO layers, and YBCO layers ranging in thickness
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from 10 to 50 nm, grown epitaxially on SrTiO3 by pulsed laser deposition. Figure 1(a) shows a typical Raman

spectrum measured on a SL comprising 10 repetitions of 20 nm thick YBCO and 10 nm think LCMO layers

(hereafter referred to as (Y-20 nm/L-10 nm)10), along with reference spectra of 300 nm thick YBCO and LCMO

films. Both reference and SL spectra exhibit two prominent low-energy modes at 230 and 340 cm−1, which

arise from antiphase rotations of the MnO6 octahedra in LCMO and vibrations of the in-plane oxygen atoms

perpendicular to the CuO2 layers in YBCO, respectively (see Fig. 1 for the vibration patterns).

Figure 2: Temperature dependence of the A𝑔 LCMO phonon frequency (a-f), and of the B1𝑔 YBCO phonon frequency (g-l)

of the different samples studied here. Panel (j) shows the temperature dependence of the B1𝑔 mode frequency measured on a

300 nm thick film (black spheres) and single crystal (open circles).

The two low-energy vibrations have been the focus of extensive prior investigations on bulk samples, which have

established that they are subject to strong electron-phonon interactions. The influence of the electron-phonon

interaction can be recognized in the lineshapes of the Raman profiles and in their temperature dependence.

The interaction of a discrete phonon mode with a continuum of electronic excitations leads to an asymmetric

lineshape. Moreover, phonon modes with strong electron-phonon coupling tend to exhibit lineshape anomalies

at electronically driven phase transitions, as a consequence of modifications of the electronic charge or spin

excitation spectra. In particular, the mode with B1𝑔 symmetry at 340 cm−1 in bulk YBCO (marked “1” in Fig. 1)

shows pronounced superconductivity-induced lineshape anomalies that are due to the loss of electron-phonon

decay channels below the superconducting energy gap.

We first discuss the data on the B1𝑔 phonon in YBCO, which are highlighted in Fig. 2. The phonon energy

softens below the superconducting 𝑇𝑐, as a result of the loss of electron-phonon decay channels for phonon

energies below the superconducting energy gap. The amplitude of the softening decreases progressively with

decreasing YBCO layer thickness in the YBCO-LCMO superlattices (Fig. 2(c)). This indicates a loss of mobile

charge carriers in the CuO2 planes with decreasing YBCO layer thickness in the SLs, which is at least in part a

consequence of the charge transfer across the YBCO-LCMO interface known from prior work. [2] The LCMO

mode with A𝑔 symmetry at 230 cm−1 in LCMO (marked “2” in Fig. Fig. 1) shows anomalous behavior at the

high-temperature ferromagnetic transition which is discussed in detail elsewhere. [1]

Here we highlight the surprising behavior of the LCMO A𝑔 mode at low temperatures. Although the mode

energy (and hence presumably the vibration pattern) are close to the ones observed in bulk LCMO, the mode

exhibits a strong anomaly at the superconducting transition temperature 𝑇𝑐 of YBCO (Fig. 2). The amplitude

of the superconductivity-induced softening (∼ 2% of the mode energy in the (Y-50 nm/L-10 nm)5 sample) is

comparable to the one of the YBCO B1𝑔 oxygen vibration, which exhibits by far the strongest superconductivity-

induced anomaly of any of the Raman-active phonons in bulk YBCO. Figure 3 shows that the frequency shift

of the LCMO A𝑔 mode goes along with an equally pronounced narrowing of the linewidth, again analogous to

the one observed for the YBCO B1𝑔 mode. This implies that the electron-phonon coupling in the YBCO layers

is transferred to a vibrational mode in the LCMO layers of the SL. The superconductivity-induced redshift of
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Figure 3: (a) LCMO A𝑔 phonon at T = 140, 100 and 15

K in a (Y-30 nm/L-10 nm)7 superlattice. The black squares

are the experimental data points, and the red lines are the re-

sults of fits to Fano profiles. (b) LCMO A𝑔 phonon at 140,

100 and 15 K in a (Y-50 nm/L-10 nm)7 superlattice. (c)

Temperature dependence of the frequency of the LCMO A𝑔

mode in a (Y-30 nm/L-10 nm)7 superlattice. (d) Tempera-

ture dependence of the frequency of the LCMO A𝑔 mode in

a (Y-50 nm/L-10 nm)7 superlattice. (e) Temperature depen-

dence of the linewidth of the LCMO A𝑔 mode in a (Y-30

nm/L-10 nm)7 superlattice. (f) Temperature dependence of

the linewidth of the LCMO A𝑔 mode in a (Y-50 nm/L-10

nm)7 superlattice. (g) YBCO thickness dependence of the

A𝑔 LCMO phonon softening through 𝑇𝑐 in our superlat-

tices.

the LCMO A𝑔 mode scales linearly with the thickness of the YBCO layers over a remarkably long range of at

least 50 nm (Fig. 3(g)). This observation indicates that long-range Coulomb interactions, whose influence on

the static lattice structure of heterostructures and superlattices composed of covalently bonded transition metal

oxides has already been recognized, play a key role in the lattice dynamics and electron-phonon interaction in

such structures as well.

A possible explanation of the anomalous behavior of the LCMO A𝑔 mode in our YBCO-LCMO SLs is a small

copper-oxygen admixture to the vibration pattern induced by the strong Cu-O-Mn bond [2] across the YBCO-

LCMO interface, in combination with long-range, poorly screened Coulomb interactions which ensure that

the entire YBCO layer participates in the combined mode. The superconductivity-induced anomaly suggests

that the copper-oxygen component dominates the self-energy of the hybrid mode, despite its small amplitude.

This scenario requires one or several YBCO phonons that hybridize efficiently with the LCMO A𝑔 mode and

experience a large electron-phonon coupling. An interesting candidate is the odd-parity (B1𝑢) counterpart of

the 340 cm−1 (B1𝑔) mode, which is “silent” (i.e. unobservable by Raman and infrared spectroscopies) in pure

YBCO. According to density-functional calculations, [3] this mode is nearly degenerate with LCMO A𝑔 phonon.

The calculations also predict a strong electron-phonon coupling parameter for this mode, which is actually the

most attractive in the d-wave Cooper pairing channel among all phonons in YBCO. If the space-group symmetry

of the superlattice allows any mixing with the LCMO A𝑔 mode, the two nearly degenerate modes will hybridize.

The effect of superconductivity on the hybrid mode will then mirror the one of the B1𝑢 mode, which is invisible

in bulk YBCO because of its “silent” character. This effect is expected to be substantial because of the large

electron-phonon coupling of the B1𝑢 vibration.

While detailed calculations are required to substantiate this scenario and to further elucidate the origin of the

observed long-range transfer of electron-phonon coupling, the data at hand already demonstrate that epitaxial

superlattices offer novel opportunities to generate vibrational modes that do not exist in the bulk, and to system-

atically modify their properties through the layer geometry. This provides a powerful new tool to explore and

control the electron-phonon interaction in transition metal oxides at ambient pressure and without introducing

chemical disorder.
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Atomic effective pseudopotentials for semiconductor nanostructures
calculations

J.R. Cárdenas, and G. Bester

The main motivation for deriving atomic effective pseudopotentials (AEPs) relies on the computational savings

that may be gained by circumventing the self-consistent optimization of the density, which is at the heart of

density functional theory (DFT). The aim is thereby to address the omnipresent nanoscale, where the relevant

structures include thousands, and often hundred thousands, of atoms. The philosophy behind an AEP, not only

bypasses the need for a self-consistent solution, but also allows to focus on a selected part of the eigenvalue

spectrum. The number of “bands" that scales with the number of atoms in DFT, is now independent of the

system size. This latter characteristic is ideal for the study of optical properties or transport, where mainly the

energy states around the band gap of the materials are involved.

Here we introduce a new generation of pseudopotentials that represent the scattering due to all the electrons. In

this sense, it is distinct from the ionic pseudopotentials derived for DFT. We derive our atomic effective pseu-

dopotentials via an analytic connection to the effective crystal potential from DFT. Our methodology is based on

DFT where the central quantity is the effective Kohn-Sham potential V eff that describes all the interactions of a

single electron with its environment:
(
− �

2

2m
Δ+ V eff(r)

)
ψi(r) = εiψi(r), (1)

V eff(r) = V ext(r) + V Hartree[n(r)] + V xc[n(r)],

where n(r) =
∑occ

i |ψi(r)|2 is the charge density of all occupied single-particle states ψi. The second key

component is given by the transformation, following the frozen-core approximation, from the true Coulomb

potential V ext into a pseudopotential divided in a local (V psp,loc) an a non-local (V̂ psp,nloc) part.

During the self-consistent cycle of the Kohn-Sham equations (Eq. 1) the density is updated until the ground state

density nscf is found. The starting point for the derivation of our AEPs is the local part of the self-consistent

effective potential:

V loc,eff(r) = V psp,loc(r) + V Hartree[nscf(r)] + V xc[nscf(r)].
(2)

The AEPs of a binary system cannot be directly extracted from the screened local effective potentials of DFT,

but can be determined through v+ = va + vc and v− = va − vc, where va(vc) stands for the anion (cation)

potential. We start by explicitly dividing V loc,eff(r) into cation and anion components, for systems with equal

number of anions (Na) and cations (Nc):

V
(1)
loc (r) =

Na∑

i=1

va(r− τ i) +

Nc∑

j=1

vc(r− τ j), (3)

keeping the same atomic structure, and merely interchanging the atom types (index i and j), we rewrite:

V
(2)
loc (r) =

Nc∑

i=1

vc(r− τ i) +

Na∑

j=1

va(r− τ j). (4)

The potentials V
(1)
loc and V

(2)
loc are obtained for structures with the same atomic positions τ , but with an inverted

occupation of cations and anions. By adding and subtracting V
(1)
loc and V

(2)
loc we find:

V
(1±2)
loc (r) = V

(1)
loc (r)± V

(2)
loc (r) =

Natoms∑

n=1

v±(r− τn). (5)

The Fourier transform of the last two equations leads to the relations:

V
(1±2)
loc (G) =

1

Ω

∫

Ω

eiG·rV (1±2)
loc (r)dr =

1

Ω

[
Natoms∑

n=1

(±1)n+1eiG·τn

]
v±(G). (6)

The potentials v+(G) and v−(G) are complex quantities, but into the scheme of the spherical approximation

used in this work, only the real part of the atomic potentials is of interest. We can extract the spherically averaged

AEPs from Eqs. (6), by separating them into their real and imaginary components, and write:
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vSA± (|G|) = Re[v±(G)] = Ω

[
Re[V

(1±2)
loc (G)]

β±
+

Im[V
(1±2)
loc (G)]

α±

](
β±α±

β2
± + α2

±

)
, (7)

where

β± =

Natoms∑

n=1

(±1)n+1 sin(G · τn), α± =

Natoms∑

n=1

(±1)n+1 cos(G · τn). (8)

With vSA± (G) we can obtain the atomic potentials via va = 1
2 (v+ + v−) and vc =

1
2 (v+ − v−) in G-space.

To generate the atomic potentials, we used a zincblende structure made of 24 atoms and elongated along the [100]

direction, regardless of the ground state structure of the different binary systems (wurtzite (wz), zincblende (zb)

or rocksalt (rs)). We apply a compressive and a tensile deformation of 5% along the slab direction in order to

break the symmetry of the crystal and allow the extraction of the long range interaction.

The method allows the derivation of AEPs via an analytic connection to the effective crystal potential from DFT.

The use of large and judiciously chosen slightly deformed supercells gives us access to the long range response

of the potential. We therefore derive the pseudopotentials on a very dense grid of G vectors, including both,

the long and short range interaction regimes. The method is free of parameters and does not involve any fitting

procedure and is as ab initio as the underlying DFT calculations. This simplicity allows us to generate, with a

minimum of effort, unique (for a certain DFT norm-conserving pseudopotential) AEPs. We have successfully

generated AEPs for 20 compound semiconductor materials [1,2]. A comparison between the results of our code

LATEPP using our AEPs and DFT shows differences for the bulk calculations in the order of a few tens of meV,

which originates from our spherical approximation of the local part of the potential.

We selected one III-V, one II-VI and one group IV material, namely AlP, ZnSe and SiC, and studied the band

gaps under different strain conditions. We start by studying the bulk materials under the effects of uniform

expansion and compression and show the results in Fig. 1. The AEP results follow well the self consistent DFT

calculations. The deviations become important when the effective potential starts to be significantly modified

by self-consistent effects. Until around 5% the approximation of rigid overlapping potentials remains accurate.

The value of 5% is very large for a hydrostatic deformation and will not be encountered in any experimental

situation.
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Figure 1: Bandgap for selected bulk materials, as a

function of the lattice constant deformation calculated

using self-consistent DFT and using our AEPs.

Until now, the AEPs were derived from DFT calculations of periodically repeated simulation cells of one mate-

rial. We incorporate the effects of band-offsets in our AEPs by linking them together using DFT calculations of

heterostructures. The procedure involves the interchange of the cation anion positions within a QW heterostruc-

ture formed by two slabs of different materials (A and B). The local potentials can be written as

V
(1)
loc (r) =

NA
a∑

i=1

vAa (r− τ i) +

NA
c∑

j=1

vAc (r− τ j) +

NB
a∑

k=1

vBa (r− τ k) +

NB
c∑

l=1

vBc (r− τ l), (9)

V
(2)
loc (r) =

NA
c∑

i=1

vAc (r− τ i) +

NA
a∑

j=1

vAa (r− τ j) +

NB
c∑

k=1

vBc (r− τ k) +

NB
a∑

l=1

vBa (r− τ l). (10)
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Following the same procedure mentioned before, we can extract an expression for the real part of the potential

for slab B (vB±)

Re[vB±(G)] =
Ω

αB
±
Re[V

(1±2)
loc (G)]− αA

±
αB
±
Re[vA±(G)] +

βB
±

αB
±
Im[vB±(G)] +

βA
±

αB
±
Im[vA±(G)], (11)

where β± and α± are given by Eqs. (8), but restricted to each one of the slabs A or B. In the last equation, the

imaginary components, which are basically the result of the deformation or loss of sphericity of the potentials

due to the environment, vanish in most of the points and the expression simplify to

Re[vB±(G)] =
Ω

αB
±
Re[V

(1±2)
loc (G)]− αA

±
αB
±
Re[vA±(G)]. (12)

We now fix the AEPs of slab A to the potential derived from the bulk calculation and extract from the equation

the potentials for slab B up to the value of G = Gc, the shortest G vector found in a two atoms cell. For values

larger than Gc the linked and binary potentials are identical.

We test the long-range response of the AEPs due to the presence of a heterostructure interface. In Fig. 2a we plot

the band gap as a function of the well (or barrier) thickness for a 36 atom [100] oriented A/B superlattice with

zincblende structure. As test systems we select: GaP/AlAs, CdSe/ZnTe and Si/Ge.

In order to see the effects on the quality of the wave functions, we selected the GaP/AlAs supercell with 14

layers of GaP and 4 layers of AlP and show in Fig. 2b the square of the VBM and CBM wave functions after

averaging over the (100) planes. We compare the AEP with the DFT state densities and notice a good agreement

for the envelope of these strongly oscillating functions. Of relevance for the test is the fact that the long range

response of the potentials are called upon to describe the long-range oscillations of the envelope functions and

the asymmetry on the localization of the wave functions due to the different character of the interfaces, GaAs on

one side and AlP on the other.
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Figure 2: (a) DFT and AEP calculations for superlattices with 36 atoms along the [100] direction. The size of the wells and

barriers are modified trough the variation of the proportion of the compound materials. (b) Square of the CBM and VBM

wave functions in a [100] GaP/AlAs superlattice with 14 layers of GaP and 4 layers of AlP. The wave functions have been

integrated in planes along the axes of the superlattice. The calculations are done using DFT and our AEPs.

In summary, we have developed a methodology to derived atomic effective pseudopotentials (AEPs) from sim-

ple DFT calculations. The procedure involves DFT calculations for two slabs with compressed and expanded

regions. We establish an analytic connection between the DFT effective Kohn Sham potentials and the AEPs.

The procedure is therefore free of parameters and does not involve any fitting procedure, which represents the

main achievement of this work. We furthermore establish a method to connect the AEPs for different materials,

rigorously from DFT calculations. Our AEPs intrinsically contain band-offsets between materials that are inher-

ited from the DFT calculations, without having to explicitly calculate them. We demonstrate the accuracy and

transferability of the AEPs for a total of 9 III-V, 6 II-VI and 5 group IV elements and find very good agreement

with self-consistent DFT calculations.
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The Quantum Magnetism of Individual Manganese-12-Acetate
Molecular Magnets Anchored at Surfaces

S. Kahle, Z. Deng, N. Malinowski, C. Tonnoir, A. Forment-Aliaga, N. Thontasen, G. Rinke, S. Rauschenbach,
M. Ternes, and K. Kern

At the interface between classical and quantum mechanical description single molecular magnets (SMM) offer
novel approaches in information storage, spintronics, and quantum computation. In SMMs spin carrying atoms
are arranged within a molecular framework such that their magnetic states can be described as a single giant
spin. Mn12, composed of a Mn12O12 core surrounded by 16 acetate groups (Fig. 1a), represents a prototypical
molecular magnet with a total spin S = 10 that, resulting from its large magnetic anisotropy D, has a magneti-
zation reversal barrier height of −DS2 = 6 meV in bulk, enough to produce very long spin relaxation times at
low temperatures [1]. Throughout many studies, immobilization of Mn12 molecules at surfaces has been found
to be difficult, as its fragile structure changes easily upon deposition, thus altering its magnetic properties [2]. In
particular the controlled in-vacuo deposition of Mn12 is hindered by its thermal instability.

Figure 1: a, Structure of the studied molecule
Mn12O12(CH3COO)16 (Mn12). Balls represent
manganese atoms of two different charge and spin
state: Green: Mn3+ (S = 2), violet: Mn4+ (S = 3/2).
Red (grey, white) sticks represent bonds to oxygen
(carbon, hydrogen). All Mn atoms of the same spin
state are coupled ferromagnetically while Mn atoms
of different spin are coupled antiferromagnetically
resulting in a ground state of S = 10. b, Simplified
schematic of the ES-IBD. A solution of Mn12
molecules is electrosprayed at ambient conditions
and mass selectively deposited onto the sample in
ultra high vacuum (UHV) (10−10 mbar). c, Mass
spectra show the intact molecule (1796 Th) and
fragments due to acetate loss (1737 Th, 1678 Th) for
different declustering potentials. d, Mass spectrum of
a mass selected beam at Vdecl. = 150 V for deposition
(log scale). The total contamination by fragmented
molecules is suppressed to < 5% intensity.

We have use electrospray ion beam deposition (ES-IBD) as gentle deposition method to bring Mn12 molecules on
atomically well defined metal and ultra-thin insulating surfaces and study their structure and magnetic properties
by scanning tunneling microscopy (STM) and spectroscopy (STS). Fig. 1b illustrates the schematic setup of
the ES-IBD system. Time-of-flight (TOF) mass spectra for different declustering potentials (Vdecl.), a parameter
which adjusts the collision energy between the ion beam and the background gas are shown in Fig. 1c. While at
low Vdecl. a peak corresponding to Mn12Ac 1−

17 is found besides the intact Mn12 molecule, at high Vdecl. the loss of
acetate groups is the main source of defected molecules. To further decrease contamination the Mn12 ion-beams
were mass selected before deposition using a quadrupole ion guide (Fig. 1d).

After room temperature deposition of Mn12 on Cu(001), Au(111), and a mono-layer of BN on Rh(111) we
measure STM topographies. On Cu(001) we observe randomly distributed molecules (Fig. 2a) meaning that
Mn12 is immobile at room temperature. In contrast, on Au(111) the molecules are mobile and can be imaged
stably only after cooling down to 40 K. At low coverage they preferably occupy the fcc part of the Au(111)
surface reconstruction starting at elbow sites (Fig. 2b). Only after those have been filled the molecules occupy
the hcp part of the surface. In contrast to bare metal surfaces, the BN monolayer on Rh(111) is chemically very
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Figure 2: STM topographic images of Mn12 molecules deposited on different surfaces. a, On Cu(001) immobile molecules
are randomly distributed over the surface. b, On Au(111) molecules are found preferably at the elbow sites of the herringbone
reconstruction. c, On the BN/Rh(111) surface molecules adsorb in the depressions of the BN corrugation (T = 1.5 K). d-
f, images of individual molecules reveal an intramolecular structure identified as the acetate groups. Different adsorption
geometries can be observed. g, comparison with the DFT calculation of the free molecule. Tunneling parameters: a:
V =+2 V, I = 100 pA, b: +2 V, 80 pA, c: +0.9 V, 100 pA, d: +2.5 V, 120 pA, e: +2 V, 80 pA, f: −1 V, 45 pA.

inert and has shown to be an excellent electronic decoupling layer [3]. The deposition of Mn12 on the BN surface
results in a random distribution of individual molecules in the depressions of the BN corrugation (Fig. 2c).

On all surfaces we identify individual molecules from their size of (2.3± 0.4)× (1.9± 0.4) nm2 and a voltage
dependent apparent height between 0.25 nm and 0.7 nm. Detailed imaging of the molecules (Fig. 2d–f) shows
good agreement to an intact molecule, simulated by density functional theory (DFT) calculation (Fig. 2g). The
characteristic sub-molecular structure with lobes of approximately 0.5 nm size corresponds to the acetate groups
of the SMM as seen in DFT.

To address the question of whether these SMMs still exhibit their striking magnetic properties, we have applied
inelastic spin-flip spectroscopy at low temperature T = 1.5 K (fig. 3). We measure the differential conductance
dI/dV on top of the Mn12 molecules and observe symmetric features around the Fermi energy only when the
molecule is adsorbed on the thin BN insulator. Spectra in zero and at applied magnetic field perpendicular to the
surface show a step-like structure in dI/dV which corresponds to peaks in the numerically derivated d2I/dV 2 as
shown in Fig. 3d. The innermost step is usually the most prominent one and can be found at 1−2 meV, while the
outer steps can be observed in a range up to 16 meV. On bare metal surfaces we do not observe such dominant
features presumably due to the quenching of the spin.

To interpret these features we omit for the moment the many spin nature of the system by using the giant spin
approximation in which S = 10 is fixed. The magnetic anisotropy is responsible for the zero-field splitting of the
spin eigenstates in the z-projection m and leads to a degenerate ground state for |S,m〉 = |10,−10〉 and |10,10〉
(Fig. 3b). Excitations of the SMM by the tunneling electrons are detected as increasing differential conductance
when the energy of the tunneling electrons is large enough to excite this state and the spin-flip selection rules are
obeyed (Fig. 3c). The model with fixed S reduces possible magnetic excitations to changes of m, explaining the
inner step of the spectra as the excitation from |S,m〉= |10,±10〉 to |10,±9〉.

To cover also excitations which change S we go beyond the giant spin picture and calculate possible spin exci-
tations using a Hamiltonian in which the spin of each individual Mn atom inside the Mn12-molecule interacts
with its neighbors and the external magnetic field �B. Calculation of the spin-flip excitations which obey the
selection rules shows three low-energy features at 0 T (10 T) of 1.2 (1.8), 5.5 (6.2), and 10.9 (11.6) meV as
displayed in Fig. 3e. Comparing the theoretical results with the experimental data reveals good agreement with
the observation of 3 peaks but differences in the positions especially at the energetically higher peaks, which is
not surprising due to the simplifications of the model in which different adsorption geometries are not taken into
account.
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Figure 3: a, Schematic of the tunneling ge-
ometry. b, Schematic energy diagram of a
Mn12 molecule in the giant spin approxima-
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z with S = 10 ground state and
easy axis anisotropy D > 0 without external
magnetic fields applied. Arrows indicate pos-
sible excitations by interaction with the tun-
neling electron which obey the spin selection
rules ΔS = 0,±1 and Δm = 0,±1. c, Co-
tunneling processes between the metal tip and
the BN/Rh(111) sample via the Mn12 molecule.
Full arrows: elastic tunneling; dashed red ar-
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the internal spin system of the Mn12. The latter
process opens a new conduction channel σinel.
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difference between initial and final state and
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σ = σel.+σinel.. d, Typical dI/dV and d2I/dV 2

spectra (T = 1.5 K) of a Mn12 molecule ad-
sorbed on a BN/Rh(111) surface at B = 0 T
(left) and B = 10 T (right) reveal low energy
spin-flip excitations which manifest themselves
as steps (peaks) in the dI/dV (d2I/dV 2) spec-
trum (blue lines). For comparison Mn12 on
Au(111) does not show these features (red line
in the top left panel). e, Simulated d2I/dV 2

spectra.

In Fig. 3d typical experimental spectra are shown. The lowest excitation can be found in these examples at
1.4 meV (1.7 meV at 10 T) corresponding to a change of the m quantum number by one. The excitations
observed at higher energy are due to an additional change of the total spin S of the molecule. For the latter
several spin-configurations are possible and are the origin of the two energetically higher excitations observed
at 4− 9 meV and 11− 16 meV, respectively. These excitations spread over relatively large range for different
molecules presumably due to conformational changes that affect the fragile ligand field of Mn12 when adsorbed
in different geometries on the surface.

At high tunneling rates, in which the average time between two tunneling events is shorter than the lifetime of
the excited state, one expects the pumping into states with higher energy. The lifetime of the excited states can be
estimated by the linewidth of the peaks in d2I/dV 2 to be 2−4 ps. Thus, spin pumping would require tunneling
currents of the order of 100 nA, which is too high for the fragile ligands of the molecule.

In summary, we have demonstrated the controlled deposition of fragile Mn12 SMMs on metallic and thin-
insulating surfaces and the feasibility of preserving the quantum magnetism of Mn12 on thin insulating layers
such as BN. ES-IBD and local probe techniques such as STM are ideally suited for the preparation of complex
molecular nanostructures and studying their properties. The added value provided by the combination of the two
techniques is that the local electronic and magnetic properties derived from STM and STS investigations can be
linked directly to a chemical structure, well characterized from the fully controlled, gentle deposition process
that can be applied even to fragile molecules such as Mn12. Our work provides access to atomic-scale studies of
individual SMMs and their intriguing behavior, opening the pathway to experimentally address characteristics
like tunneling of magnetization, lifetime of magnetization, or intermolecular coupling of magnetic moments.
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Atomically assembled antiferromagnets 

D.-J. Choi, S. Yan, and S. Loth 

Magnetism in nanostructured materials provides a unique model system to explore fundamental 
quantum mechanical effects experimentally. Atomic-scale magnetic structures consist of a small 
number of strongly coupled electron spins. This results in well-separated energy levels of the spin of 
these structures and its orientation is subject to quantum uncertainty. In particular antiferromagnetic 
spin-spin interaction produces a large variety of low-energy states even in magnetic field whereas 
ferromagnetic interaction typically leads to one unique ground state. Hence, antiferromagnetic 
coupling of atoms is at the heart of effects such as frustrated magnetic order in spin glasses or 
quantum critical behavior in spin ladders. Up to now most experimental and theoretical work on 
antiferromagnetism focusses on infinitely extended materials as it facilitates spontaneous symmetry 
breaking necessary to arrive at e.g. Néel order. Here we focus on nanoscale antiferromagnets and 
explore how stable magnetic order emerges by exchange interaction of just a few atoms.  

Previously the domains in macroscopic antiferromagnets have been imaged using x-ray scattering, 
switched with the help of magnetoelectric antiferromagnets and their atomic spin structure has been 
observed by scanning probe microscopy. But when antiferromagnets shrink to nanoscale dimensions, 
uncompensated magnetic moments can arise at the particle’s surface that often obscure the behavior 
of the antiferromagnet. 

We use low-temperature scanning tunneling microscopy to position magnetic atoms in a regular 
pattern on a surface. In this way we can control the size, shape, magnetic anisotropy and spin 
coupling by manipulating the immediate environment of the atoms. Spin polarized imaging identifies 
the magnetic order of the assembled nanostructures and inelastic electron tunneling spectroscopy 
quantifies the magnetic anisotropy energies of the atoms. We use a monatomic layer of Cu2N on 
Cu (100) as substrate. This surface allows precise placement of atoms by vertical atom manipulation 
(Fig, 1).

Figure 1: Atom-by-atom assembly of a nanomagnet with a scanning tunneling microscope. Fe atoms are placed into a 
regular array on the non-magnetic surface. (a) Manipulation sequence: Fe atoms are picked up to the tip by lowering the tip 
into point contact with the surface-bound atom and applying a voltage pulse, the reverse process drops the atom onto the 
surface at a chosen location. (b) Consecutive STM topographs recorded during the assembly of a (2x6) structure of Fe 
atoms on a Cu2N/Cu(100) surface (Image size: (4 x 4) nm2, Color scale shows increasing height from blue/purple to 
yellow/red). A spacing of two unit cells (0.72 nm) was chosen to ensure antiferromagnetic exchange coupling between the 
atoms.
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The Cu2N surface provides strong spin-spin interaction between adjacent atoms. Fe atoms placed at a 
distance of 0.72 nm along the N binding direction were found to interact antiferromagnetically with 
J = 1.2 meV. This favors the antiferromagnetic ground state with an energy gain, EJ = 9.6 meV, for 
each pair of Fe spins compared to ferromagnetic alignment (EJ = 2S2J with S = 2 for Fe). At the base 
temperature of the scanning tunneling microscope, T = 0.5 K, the arrays are therefore in their 
antiferromagnetic ground state. 

Figure 2: Antiferromagnetic order in few-atom magnetic arrays. (a) STM topograph of structure consisting of 24 Fe atoms 
that was assembled in two units of (2x6) arrays. Image taken with non-spin-polarized tip. (c)-(f) Spin-sensitive images of 
the four stable magnetic states of the array in (a). All states show antiferromagnetic order in each (2x6) subunit but 
changing alignment between the subunits. Magnetic contrast was obtained by repeated imaging with a spin-polarized tip at 
3 T magnetic field. A color-coded difference between spin-polarized and spin-averaged topographs is shown, with red 
corresponding to higher tip height and blue to lower tip height in the spin-polarized image. 

In assemblies of a few antiferromagnetically coupled atoms the magnetic ground state is typically a 
singlet ground state. This quantum superposition state is characterized by a wave function in which 
all spins populate opposing spin states equally. In contrast, we find that isolated antiferromagnetic 
(AFM) structures with as few as 6 Fe atoms exhibit stable Néel states, in which the spin orientation 
alternates between neighboring atoms. 
Figure 2a shows a structure of 24 Fe atoms comprised of two subunits with 12 atoms each. We can 
resolve the magnetic order of the array by imaging it repeatedly with a normal metallic (non-spin-
polarized) and a spin-polarized STM tip. The spin-polarized STM tip forms a magnetic tunnel 
junction in which the conductance alternates between high (parallel alignment of tip and sample 
spins) and low (anti-parallel alignment) as the tip passes from atom to atom. The difference image 
obtained by subtracting spin-average STM topograph from spin-polarized topograph clearly shows 
binary antiferromagnetic order in each of the (2x6) Fe arrays, Fig. 2c-f.  

We find four low-energy magnetic configurations for the structure in Fig. 2. 
The antiferromagnetic order in each (2x6) unit is always preserved. Two states also preserve 
antiferromagnetic order across the subunits (Fig. 2c,f) whereas two states have spins with equal 
orientation at the connecting face of the subunits (Fig. 2d,e). The spacing between the (2x6) subunits 
is 1.44 nm. The possibility to observe frustrated magnetic orientation across this distance indicates a 
much reduced magnetic interaction compared to that between adjacent Fe atoms in each subunit. This 
is consistent with short-ranged magnetic interaction dominated by super-exchange through the N 
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atoms. All states can be well described by the classical Ising model, in which the spins always point 
along one axis.  

Figure 3: Switching characteristics of antiferromagnetic 
arrays. (a) Spontaneous switching rate for different Fe 
arrays plotted logarithmically as a function of 
temperature. At temperatures above 5 K all arrays show 
thermally activated spin relaxation following an 
Arrhenius-type temperature dependence (Linear slope 
in ln(t) vs. 1/T plot). All arrays stabilize when the 
temperature is lowered. The linear Fe chains (1x6) and 
(1x8) settle in a temperature-independent switching rate 
indicating spin relaxation via quantum tunneling of 
magnetization. (b) Intentional switching of a (1x8) Fe 
array by applying voltage pulses, V, with 10 ns duration 
and 0.5 V height (top panel). The spin-polarized tip is 
held constant above one end atom of the chain. The 
simultaneously recorded tunnel current (bottom panel) 
identifies the resulting magnetic state after each pulse. 
Note that the voltage pulses themselves are too short to 
register in the tunnel current. 

To investigate the stability of the Néel states we examined the thermal switching rates of linear 
chains of Fe atoms with varying length, (1×n), and arrays of two coupled chains, (2×n) (Fig. 3a). All 
structures containing 8 or more atoms were found to be stable at the lowest temperature, 0.5 K. 
Spontaneous flipping between the two Néel states sets in with increasing temperature. Structures with 
more atoms remain stable to higher temperatures.  
The thermal switching rates were found to be independent of magnetic field and both Néel states 
were occupied equal amounts of time. Hence the two observed Néel states for each (2x6) unit are 
fully spin compensated and there is no energy difference between them. This fits well with the 
expectations of two degenerate ground states of the Ising model. 

Above ~5 K the switching rates of the (1×6), (1×8) and (2×6) arrays follow the Arrhenius law with 
comparable spin reversal barriers, EB ~ 7–12 meV. This barrier is comparable to the energy needed to 
create a single Ising domain wall which is EJ. This indicates that switching proceeds by flipping one 
or more consecutive spins at the end of a chain and subsequent propagation of the Ising domain wall 
through the array [1]. 

Below ~5 K the switching rates of the (1×6) and (1×8) chains become independent of temperature. 
Such behavior is consistent with quantum tunneling of magnetization (30), which is typically 
observed in few-atom molecular magnets and also occurs in magnetic nanoparticles. Here it causes 
the AFM arrays to transition spontaneously between the two Néel states which limits their stability 
even though thermal switching is frozen out. 

The stability of the magnetic states was not affected by imaging them using an applied voltage of 
<2 mV. Voltages in excess of ~7 mV caused switching. We applied a pulsed excitation scheme to 
determine the speed at which a switch occurs. Voltage pulses with nanosecond duration were applied 
to the tip in order to induce a switch. The success of the switching attempt was then monitored in a 
following low-voltage window. The switching rates increased drastically with increasing voltage up 
to switching times of ~20 ns at 0.5 V (Fig. 3b). At high speed we observe directionality of switching 
which is consistent with the spin-polarization of the tip. This points to an efficient reversal process of 



4

the AFM structures by direct spin-momentum transfer with tunneling electrons similar to spin 
pumping of individual atoms [2]. 

For arrays with 12 or more atoms no spontaneous switching was observed at 0.5 K. We 
experimentally determined a lower limit to the stability of the (2x6) arrays of 17 hours. This high 
stability in conjunction with fast switching (Fig. 3b) and dense packing of multiple units (Fig. 2a) 
fulfills all requirements for a data storage material. A challenge to miniaturizing the bits in current 
ferromagnetic storage media is the interaction of neighboring bits due to their dipolar magnetic 
fields. This would be absent in an antiferromagnetic medium. 
To demonstrate the possibility of AFM data storage we assembled eight (2x6) arrays in close 
proximity representing the eight bits of one Byte of information. The two different Néel states 
identified by the spin orientation of the first atom in each array were chosen to represent ‘1’ and ‘0’ 
respectively. We could read and write this information more than 400 times without causing damage 
to the atomic arrangement [3]. 
At the distances of less than 1 nm all atoms were magnetically coupled. But unlike with 
ferromagnetic interaction, antiferromagnetic coupling allowed near perfect bit-to-bit decoupling by 
making use of geometric magnetic frustration. This demonstrated the feasibility of information 
storage in antiferromagnetic nanostructures at high aerial densities (70 Tb/in2), albeit at low 
temperature.  

A central finding of this work is that a few antiferromagnetically coupled atoms can exhibit stable 
Néel order with completely compensated magnetic moment. It remains an intriguing open question, 
how these classical Néel states merge into singlet or other quantum mechanical states. Scanning 
tunneling microscopy now holds a completed toolkit to construct specific model spin systems with 
atoms on surfaces and measure their energetic and dynamic properties.  
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Stereoselectivity and electrostatics in charge-transfer Mn- and Cs-TCNQ4
networks on Ag(100) 

 
N. Abdurakhmanova, T.-C. Tseng, S. Stepanow, and K. Kern 

 
Self-assembly provides a very promising bottom-up fabrication strategy that has been employed in 
many different fields like organic electronics, crystal engineering and design of hybrid 
nanocomposite materials. The most impressive display of the self-assembly potential for both 
reproducibility and scalability is found in biological systems where long-range interactions typically 
drive very complex stereoselective assembly processes. Stereoselective assembly also occurs in much 
simpler molecular systems at surfaces, where it is readily accessible to direct experimental 
observation. For instance, the crystallization of a mixture of chiral molecules typically results either 
in the formation of crystals having a unit cell containing two different enantiomers (racemates), or in 
the separation of enantiomers forming crystals of a single handedness (racemic conglomerates). 
However, the specific behaviour of a particular chiral molecule is generally difficult to predict and 
must be experimentally determined. In this context, the investigation of the assembly behaviour of 
charged organic molecules and different metal linkage atoms on metal substrates can help in 
clarifying and tuning some functional properties of metal-organic interfaces. 
 

 
 

Figure 1: (a) STM image (8 × 8 nm2) of Mn–TCNQ4 achiral superstructure. Yellow and blue squares symbolize clockwise 
R- and anti-clockwise S-enantiomers, respectively. (b) STM image (8 × 8 nm2) of Cs–TCNQ4 chiral superstructure. The 
white circle indicates a Cs vacancy. (c) Cs- and Mn-TCNQ4 electron density isosurface of isolated complexes. Mn forms 
directional coordination bonds, whereas Cs fully transfers its valence electron to the molecules establishing an ionic bond.
 
The chiral and electrostatic properties of metal-organic superstructures obtained from achiral TCNQ 
molecules co-deposited with Cs and Mn metal atoms on the Ag(100) surface were investigated by 
means of scanning tunnelling microscopy (STM) and density functional theory (DFT) calculations. 
We find that both Mn and Cs adatoms form intermediate chiral metal–TCNQ4 windmill complexes 
(R and S enantiomers in Fig. 1). The complexes consist of a central protrusion representing the metal 
atom that binds to one cyano group of each of the four TCNQ molecules. The complexes assemble 
into superstructures that are equally packed, however, while Mn–TCNQ4 assemble into achiral 
domains (Fig. 1a), Cs–TCNQ4 induce strictly chiral domains which are also much more extended 
(Fig. 1b). 
 
We performed DFT calculations in order to rationalize the structural differences of the two metal 
complexes and the emergence of the distinctive chiral ordering. The charge density isosurfaces of 
individual gas-phase units (Fig. 1c) show that Cs donates its valence electron to TCNQ4, and the 
resulting ionic bond allows free rotations of the molecules around the Cs+ ion, whereas Mn forms a 
rigid, directional coordination bond with the molecules. Both metals yield a stable complex but with 
different metal–N–C bonding angles of ~180º and ~140º for Mn and Cs, respectively.  
 
Gas-phase calculations of chiral Cs–TCNQ4 and achiral Mn–TCNQ4 superstructures indicate that 
they are planar and stable at the experimental distance (cf. Fig. 2a,b). In comparison, the Mn–TCNQ4 
hypothetical chiral superstructure with equal density (Fig. 2c) shows that the outer, negatively 
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charged nitrogen atoms of the single complexes (red circle in Fig. 2c) get too close to each other, 
where their mutual repulsion is decreased by an out-of-plane buckling of ~1 Å. This buckling would 
be highly unlikely on the metal surface, since the cyano groups are expected to form a relatively 
strong bond with the Ag substrate [1]. Similar calculations performed for the chiral Cs–TCNQ4 
network reveal that the ~140º Cs–N–C bond angle allows an arrangement where the nitrogen atoms 
are sufficiently separated (Fig. 2b) yielding a completely planar structure. 
 

 
 

Figure 2: DFT simulations of periodically repeated complexes in the (a-c) absence and (d-h) presence of the surface. (a,d) 
Achiral Mn–TCNQ4 structure observed in the experiment. The fully relaxed structure remains planar. (b,e) Planar Cs–
TCNQ4 structure. (c) Hypothetical chiral Mn–TCNQ4 structure. The outer nitrogen atoms repelling each other (red circle) 
are buckled. (e,h) Highly non-planar Cs structure. (f) Hypothetical chiral Mn–TCNQ4 structure. 
 
DFT calculations of Mn– (Fig. 2d,g) and Cs–TCNQ4 (Fig. 2e,h) networks including the Ag(100) 
substrate rule out the possibility of N-buckling for both complexes since the outer nitrogen atoms 
form covalent bonds with the surface. For Mn– TCNQ4 (Fig. 2d) we obtain two N–Ag bonds/TCNQ 
by the outer nitrogen atoms of the complex and one inter-complex hydrogen bond per TCNQ is 
formed. The Mn–N–C bond alignment remains straight. On Ag(100), the experimentally observed 
achiral arrangement more stable than the hypothetical chiral organisation (Fig. 2f) since in the latter 
structure only one N–Ag bond/TCNQ is formed and no inter-complex hydrogen bond would be 
realized. The straight Mn–N–C bonds lead to a repulsion of the negatively charged external nitrogen 
resulting in a slightly rotated configuration. 
 
The large, stable and chiral domains formed by the Cs–complexes are ultimately made possible by 
the Cs–TCNQ bond flexibility. The non-straight Cs–N–C bond angle allows the formation of two N–
Ag bonds/TCNQ and, at the same time, of three inter-complex hydrogen bonds/TCNQ. We note that 
the Cs–N–C bond angle allows the same packing density of the Mn–TCNQ4 domains, despite the 
individual unit being substantially larger (Fig. 1c). 
 
The significant differences in the relaxation pattern of the two metal–organic layers indicate that the 
Cs bonded adlayer is electrostatically more stable. We find that while Mn–TCNQ4 remains 



3 

essentially flat (Fig. 2g), the Cs–TCNQ4 complexes become highly non-planar on the surface, with 
the Cs atoms together with their bonding N atoms significantly lifted up from the surface (Fig. 2h). 
The structure has relevant effects on the surface electric dipole. The relation between the different 
bonding patterns and the relative electrostatic stability of the adlayers is revealed by the analysis of 
their electron density displacement field DF(x,y), defined as  
 

vacuum

zsub

dzzyxyxDF ),,(),( , where:   -( TCNQ + metal + Ag)  

 
where zsub defines a plane dividing substrate and adlayer. This quantity represents the electron density 
of the interacting system minus the densities of its three separated constituents in their electrically 
neutral state. In Fig. 3a the Mn coordination bonding displacement pattern is clearly visible, while the 
black depletion zones at the Cs positions reveal the complete ionization of the alkali atoms.  
 

 

 
Figure 3: Charge density displacement field of (a) Mn–
TCNQ4 and (b) Cs–TCNQ4. The plots account for the 
difference of electron charge density between the fully 
interacting system and its non-interacting components. 
The structure model is superposed to the plots. 
 
 

 
The strong electron acceptor TCNQ undergoes electron transfer from the surface for both adlayer 
structures resulting in an overall negative surface electric dipole. Interestingly, the calculations show 
that the electron transfer for the Cs complexes is significantly larger than for Mn, whereas the electric 
dipole is somewhat smaller for the Cs– compared to the Mn–bonded adlayer. A large cancellation 
occurs in the Cs–adlayer by the positive dipole of the “lifted up” Cs cations. Therefore a higher 
charge transfer on TCNQ and a smaller electric dipole can be achieved at the same time further 
stabilizing the Cs–TCNQ4 supramolecular assembly. 
 
In this special case the racemate formation or chirality segregation are a consequence of the 
dissimilar nature of the Cs– and Mn–ligand bonding: switching from directional coordination (Mn–
TCNQ4) to flexible ionic bonding (Cs–TCNQ4) results in the switch from achiral to chiral domains. 
Thus, the control of the intracomplex stiffness offers a route to steer long-range organizational 
chirality, possibly providing a tool for the chiral design of organic crystals. Furthermore, our results 
suggest that alkali atom bridging can be useful to control the stability of self-assembled structures of 
electronegative organic molecules on metal surfaces due to the flexibility of the ionic bond and the 
enhanced stability by electrostatic effects. The latter can be also used to tune the overall electronic 
level alignment of the metal–organic system, which is of great interest in organic electronics [2]. 
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High-mobility 3D topological insulator nanoplatelets on hBN sheets 
 

P. Gehring, B. Gao, M. Burghard, and K. Kern 

 
Topological insulators (TIs) have attracted immense attention during the past few years due to the 
fact that they are insulators in the bulk, but manifest conducting helical states at their boundaries [1]. 
In contrast to the quantum Hall state, these boundary states originate from strong spin-orbit coupling 
without any external magnetic field, such that time reversal symmetry is conserved and accordingly 
backscattering is forbidden. The unique combination of dissipation-less charge transport channels 
with intrinsic spin polarization renders TIs of strong interest for spintronic applications. However, 
while theory predicts TIs to be perfect bulk insulators, their experimental charge transport behavior is 
dominated by point defects (e.g., Se vacancies). Such defects are commonly introduced during the 
growth of thin films of three-dimensional (3D) TIs such as Bi2Se3, Bi2Te3, and Sb2Te3, which leads to 
strong bulk doping in these compounds. This leads to a quasi-metallic conduction channel parallel to 
the surface channels, rendering it difficult to unequivocally assign charge transport features to the 
topological protected surface states. Strategies to minimize the contribution of the bulk transport 
include compensation doping, alloying of differently doped TIs, or increasing the surface to bulk 
ratio by using ultrathin samples. However, doping or alloying often results in a drastic decrease in 
carrier mobility due to the introduction of structural defects. One promising strategy to improve the 
structural quality involves epitaxial growth of TI thin films on appropriate ultrathin crystal sheets. 
Thus far, epitaxial growth on graphene has been demonstrated to significantly reduce the defect 
density, although the electrically conductive graphene is not suitable as an underlying substrate if the 
grown TIs are to be characterized by charge transport experiments. 
 

 
Figure 1: Van der Waals epitaxy of Bi2Te2Se on hexagonal boron nitride (hBN). Schematic illustration of (a) the crystal 
structure of Bi2Te2Se, and (b) the proposed epitaxial growth mode on hBN. Representative SEM (c) and AFM (d) image 
of Bi2Te2Se nanoplatelets grown on a hBN sheet. All platelets are oriented parallel or rotated by an angle of 120° (as 
indicated by the dashed arrows). 
 
Here, we report the electrical properties of high quality Bi2Te2Se thin films obtained by van der 
Waals epitaxial growth on electrically insulating boron nitride sheets [2]. Bi2Te2Se has emerged as 
one of the most prospective TIs due to its simple surface band structure, large bulk band gap and low 
bulk contribution to the total charge transport. It forms rhombohedral crystals consisting of 



hexagonally close-packed atomic layers of five atoms (quintuple layer) arranged along the c-axis as 
follows: Se(1)/Te(1) – Bi – Se(2)/Te(2) – Bi – Se(1)/Te(1) (see Fig. 1(a)), with the lattice constants a = 
4.283 Å and c = 29.846 Å. Hexagonal boron nitride (hBN), which likewise forms a layered crystal 
with hexagonal symmetry, has a lattice constant of 1.45 Å, favoring a small lattice mismatch of 1.5%  
for Bi2Te2Se (Fig. 1(b)). The growth of thin Bi2Te2Se films was accomplished by a catalyst-free 
vapor-solid growth method, using hBN sheets prepared by micromechanical cleavage of hBN 
powder on Si/SiOx substrates. The process yielded Bi2Te2Se films with a thickness between 10 and 
500 nm, controllable by the position of the growth substrate within the furnace and the growth time. 
Microscopic inspection revealed that the Bi2Te2Se grows on top of the BN in the form of regular 
platelets with hexagonal symmetry (Fig. 1(c,d)). The crystal facets in all nanoplatelets are oriented 
either parallel or tilted by 120° or 240° with respect to each other, thus corroborating the epitaxial 
growth mode depicted in Fig. 1(b). This is further supported by the observation that the platelets 
preferably grow parallel to one of the sharp edges of the hBN sheet. As the edges of the hBN flake 
enclose an angle of precisely 30°, they can be assigned to armchair or zigzag edges. The edges 
marked in blue in Fig. 1(c) most likely represent the armchair rather than zigzag edges, because the 
resulting misfit would be unrealistically high in the zigzag case. 
 
As distinguished from previously investigated Bi2Te2Se films deposited by vapor-solid growth on 
Si/SiOx substrates, the present films display well-developed Shubnikov-de Haas (SdH) oscillations. 
They provide a means of testing the dimensionality of the charge transport in the samples. In Fig. 
2(a), the high field part of the Hall resistance Rxy is plotted as a function of the magnetic field B for a 
45 nm thick Bi2Te2Se platelet on a ~50 nm thick hBN sheet (T = 1.5 K). 
 

 

Figure 2: (a) Shubnikov-de-Haas (SdH) oscillations in the high-field Hall resistance as a function of the magnetic field 
(black curve); the green curve represents the first derivative. (b) Amplitude of the SdH oscillations as a function of 
1/(B·cos ) for different tilting angles  (between surface normal and magnetic field). The inset shows the position 1/B of 
the SdH peak with the LL index n = 22 (marked by the arrow) for different angles , combined with a 1/cos  fit (green 
curve) to the data.
 
In a two-dimensional (2D) electron gas, SdH oscillations are periodic in 1/B, with a periodicity given 
by 
 

,2
eB

An F  

 
where n is the Landau level (LL) index, and AF is the external cross-section of the Fermi surface. As 
the LL formation is induced by the B-field component normal to the surface, the maxima/minima of 
the SdH oscillations should shift by 1/(B·cos ) upon tilting the sample in the magnetic field B. Figure 
2(b) shows that in the plot of the SdH oscillation amplitude vs. the perpendicular B-field component 
indeed all curves coincide up to an angle of 50°. That the SdH oscillations originate from the 
topological 2D surface states is further underscored by the smooth fit of the dependence of the 
position of a selected peak on the tilting angle  by a 1/cos( ) function (see inset of Fig. 2(b)). 



In order to determine the carrier mobility, we performed Hall measurements on thin Bi2Te2Se films 
that permit tuning of the Fermi level through the action of a back gate. Figure 3(a) presents Hall data 
gained from the sample described above. All curves show negative slopes up to the highest negative 
gate voltages, indicating an n-doping character. The pronounced nonlinearity of the curves points 
toward the contribution of two transport channels to the total electrical transport. Fitting the curves 
by a two-band model comprising parallel conduction of bulk and surface carriers yielded the 
corresponding mobility as a function of gate voltage (Fig. 3(b)). It is apparent that the mobility of the 
topological surface state is one to two orders of magnitude higher than the bulk value over the entire 
gate voltage range. The impressive surface state carrier mobility in the range of 8.000 to 
20.000 cm2/Vs is attributable to the reduced defect density in the films grown by van der Waals 
epitaxy, a conclusion that gains support by comparing Bi2Te2Se thin films grown on hBN vs. Si/SiOx 
substrates. Specifically, for Bi2Te2Se on hBN the average surface state mobility was found to be 
~4.900 cm2/Vs, approximately three times larger than the value of 1.600 cm2/Vs obtained in case of 
the Si/SiOx substrates. Furthermore, Fig. 3(b) evidences that upon lowering the electron density, the 
surface carrier mobility first increases, and then decreases again. While the initial mobility increase 
may be due to reduced electron-electron (Coulomb) interactions, the subsequent decrease could 
originate from the opening of new scattering channel from the surface states into the bulk VB when 
the Fermi level position approaches the valence band (VB) edge, which in Bi2Te2Se is located above 
the charge neutrality (Dirac) point. A similar scenario has recently been put forward to explain 
scattering effects observed in scanning tunneling microscopy on the closely related TI Bi2Se3. 
 

 
Figure 3: Hall measurements of epitaxially grown Bi2Te2Se films on hBN, performed at T = 1.5 K. (a) Hall resistivity as a 
function of B-field for different back gate voltages. (b) Comparison of the bulk (black curve) and surface state (green 
curve) mobility for different gate voltages, as obtained using the two-band model fit.
 
The gate-dependent mobility values derived from the Hall measurements were found to be in good 
agreement with those extracted from the SdH oscillations. Interestingly, only a single SdH oscillation 
period could be observed for all gate voltages, indicating the contribution of only one surface state.  
A similar conclusion has recently been drawn from magnetotransport experiments on Bi2Te2Se 
nanoplatelets grown directly on Si/SiOx [3]. One possible explanation is a chemical surface reaction 
taking place upon prolonged air exposure which deactivates the top surface state of the platelets 
(while the bottom surface close to the hBN remains well protected). At the present stage, only little is 
known about the surface chemistry of TIs in general. Future studies are hence desired to explore the 
influence of the chemical environment on the composition and atomic structure of different TI 
surfaces. 
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A Close Look at Proteins

S. Rauschenbach, Z. Deng, N. Thontasen, N. Malinowski, G. Rinke, K. Kern

Proteins, macromolecules of almost unmatched complexity, display highly specific functionalities only when

folded into a distinct three-dimensional (3d) configuration. Protein folding, a complex self-assembly process,

thus links the protein’s functionality to the atomic arrangement of the peptide chain. Consequently the protein’s

three-dimensional shape as well as its peptide sequence are of pivotal importance for the understanding of the

processes in the living cell. Moreover, due to their exquisite functionalities, proteins are very interesting for the

applications in biotechnology. Especially the immobilization of proteins at surfaces, controlled with respect to

structure and ordering, is of great importance.

Electrospray ionization (ESI) produces intact protein gas phase ions, which allows to employ mass spectrometry

for the identification and sequencing of biological molecules like proteins with great precision. However, from

gas phase protein ions only limited information about the complex three-dimensional structure can be extracted

by ion mobility spectrometry (IMS), which condenses the complexity of the protein’s shape to just one number,

the collision cross section.

Figure 1: Scheme and workflow of the ES-IBD experiment. The protein cytochrome c proceeds through electrospray

ionization, collimate, mass selection, focusing, time-of-flight mass spectrometry and finally ion beam deposition in ultrahigh

vacuum (10−10 mbar). Samples are investigated in situ by STM. Electrospray time-of-flight mass spectra of high and low

charge states of equine cytochrome c (a) without mass selection (b) Mass selected.

Scanning probe microscopy (SPM) is capable of achieving atomic resolution and should in principle be capa-

ble of imaging individual proteins at this resolution. However, only on atomically clean samples–preferably in

an UHV environment to avoid any contamination–molecular orbital- or even atomic resolution of an adsorbate

molecule can be achieved. Since proteins, in particular in the folded state, are delicate with respect to environ-

mental influences like heat, lack of water, or ill solvent conditions, their processing is limited to solutions or

ambient conditions. Thus vacuum processing by thermal evaporation that could produce well defined samples

for high resolution SPM imaging is hindered by the nonvolatile nature of proteins.

In this study we are aiming at the characterization of individual proteins on surfaces by STM at the amino acid

resolution level. To place the molecules on atomically defined crystalline surfaces in UHV, we use electrospray
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ion beam deposition (ES-IBD), a technique also known as ion soft landing. Similar to atoms or small molecules

from an evaporator source used in conventional molecular beam epitaxy, our advanced ES-IBD setup generates

intact molecular gas phase ions through ESI and conveys them as fully controlled, highly pure ion beams to

surfaces in UHV.[1] With this approach, folded or unfolded proteins can be deposited selectively by specifically

acidifying the electrospray solution and filtering appropriate low or high charge states, respectively.

Like in mass spectrometry, in ES-IBD molecular ions created by ESI are transferred into vacuum and proceed

through several ion optics for collimation, mass selection and focusing before they can be detected with the mass

spectrometer or used for deposition onto a surface (Fig. 1). In the present study,[2] we investigate cytochrome c

(CytC), a protein central in electron transfer processes in mitochondria and in apoptosis. It consists of 104 amino

acids (AA) adding up to a molecular weight of 12384Da. For comparison BSA, a protein of more then 66 kDa
mass, is studied. ESI charges proteins by the addition of multiple protons, a process which can be enhanced

by acidifying the solution, e.g. with formic acid (FA). Figure 1a shows mass spectra of CytC from aqueous

solutions that contain 0.1% and from H2O/MeOH solutions containing 5% FA. The characteristic peak pattern

corresponds to several charge states of CytC: +5 to +12 are detected at low FA concentration (blue curve). Upon

increasing the FA concentration to 5% and adding the organic solvent the characteristic red color of the solution

vanishes, indicative of protein denaturation. TOF-MS yields higher charge states of up to +20 (Figure 1a, red

curve). Still, the mass of (12385± 6)Da measured confirms that the CytC molecules are intact.

Studies of the relation of charge state of a gas phase protein and its conformation suggest two main conforma-

tional states: unfolded proteins preferably form high charge state ions (z > +10), while folded and partially

unfolded proteins are found in low charge states (z < +8). ES-IBD thus offers to choose the type of protein

conformer to deposit by adjusting the solution to conditions, which promote folded or unfolded proteins, and

select the m/z-range of the desired charge states.

Figure 2: STM topography of
folded proteins after the de-
position of low charge state
CytC ion beams. (a) on

Cu(001). (b) on Au(111). be-
low: Sketch of possible pro-

tein configurations: partially or

completely folded proteins, flat

laying strings or patches of un-

folded protein.

To explore the molecular structure of individual folded and unfolded proteins at surfaces, beams of high and low

charge state were prepared for deposition on gold and copper surfaces. Figure 2 shows the two surfaces after

the deposition of a submonolayer coverage of low charge state, folded CytC ions. On all surfaces two types of

structural features can be distinguished: i) high, globular structures and ii) low height, string-like features on Cu

or patches on Au. It is evident that the strings found on Cu(001) correspond to unfolded protein strands, which

on Au(111) agglomerated into compact patches. The globular structures resemble the shape and size of the three-

dimensionally folded CytC fairly well. The absence of globular features in experiments with purely unfolded

beams is evidence, that the correspond to folded proteins. Thus the different structures observed by STM after

the deposition of low charge state CytC ion beams can be rationalized by the configurations illustrated in Fig. 2:

Globular features are observed where a folded or partially folded protein is present, while the low height features

correspond to unfolded proteins.

In the absence of the folded proteins, much better tunneling conditions would allow for molecular orbital resolved

imaging by STM. Since ES-IBD promotes isolating high charge state ions by mass selection (see Figure 1b,

red spectra) we deposited purely unfolded proteins to the surface, exposing the entire molecule to be imaged

by the STM. Moreover, the self assembly behavior of a peptide chain on the surface, governed by complex

intermolecular, intramolecular and molecule-surface interactions, is fundamentally interesting to be compared

to three-dimensional folding and may serve as a new way to fabricate surface supported nanostructures. In

principle, the manifold of interactions promotes self-assembly at a surface given sufficient mobility, whereas

the folding into a three dimensional structure or even into the protein seems highly unlikely to occur due to the

binding to the metal surface.

The results of the deposition of high charge states resemble the observations after the deposition of low charge

state ions, but with the globular structures entirely absent. String shaped adsorbates are observed on the otherwise
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Figure 3: STM topogra-
phies of unfolded cytochrome
c deposited from ion beams of

high charge state. (a) CytC

on Cu(001), large scale im-

age. (b) Magnified topograph

showing two peptide stands on

Cu(001) with molecular sub-

structure. (c) Other proteins,

here BSA, reproduce equivalent

structural features on Cu(001).

High resolution topograph of

a section of an unfolded BSA

molecule showing lobes sepa-

rated by 0.5 − 0.8 nm along

the chain. (d) Unfolded CytC

on Au(111). (e) Magnification

of compact patches of CytC.

Two small patches of approx.

40 nm2 represent one protein

each, the large patch of 80 nm2

comprises two strands.

clean Cu(001) surface after the deposition (Fig. a,b). A statistical analysis yields a length of 25 ± 3 nm for the

observed strands, showing that they all correspond to single protein molecules.

On Cu(001) at room temperature no pair of CytC molecules with the exact same adsorption configuration can be

found. The unfolded CytC protein ions are immobilized immediately upon contact with the strongly interacting

Cu(001) surface. The observed geometry is a close approximation of the gas phase ion’s configuration projected

to the surface, and can be described by the wormlike-chain-model for free random polymers.[3] In contrast to

the extended chains observed on Cu(001), after the deposition of high charge state CytC ion beams on Au(111),

compact patches corresponding to individual molecules are observed. These flat, compact structures are the

result of attractive intramolecular interactions because the peptide strand is still mobile on the surface.

Individual peptide chains on Cu(001) are shown in Figs. b,c, each composed of many protrusions of varying

size. The variation of the intensity in the lobes is related to the local density of states, which depends on the AA

sequence.

Our results show that ES-IBD is a method to efficiently prepare high quality surfaces selectively coated with un-

folded as well as folded proteins. Such samples can be useful for many high performance measurement methods

targeting fragile, complex molecules like proteins. Extended unfolded proteins immobilized for instance on the

copper surface could be used to identify single amino acids using vibrational fingerprints from inelastic tunnel-

ing spectroscopy—the sequencing of an individual protein as ultimate goal. Besides the analytical capabilities,

two-dimensional self-assembly of oligopeptide- or even protein chains is another vision arising from this study.

The self-assembly of the peptide strands into compact, albeit irregular, patches observed on the Au(111) surface

illustrates the possibility of two-dimensional folding.
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Stimuli-responsive two-dimensional photonic crystals based on 
polyelectrolyte hydrogel for optically encoded sensing  

C. Li and B. V. Lotsch  

The development of sensing techniques is driven by the ever increasing demand for miniaturized 
sensing platforms with fast response in areas such as bioassays, environmental monitoring and 
disease diagnostics.1 Photonic crystals (PCs) are periodically structured materials where the 
refractive index is periodically modulated on a length scale comparable to the light wavelength of 
interest, which make them promising as signal transducers for sensitive optical detections in a non-
destructive and label-free way. PCs based on hydrogels are of particular interest for sensing as they 
can be tailor-made to respond to various stimuli and show substantial volume changes upon 
recognition of analytes by swelling which enhances the optical readout.2 However, existing motifs 
such as polymerized colloidal crystal arrays and hydrogel inverse opals suffer from slow response 
times when it comes to the sensing of analytes, such as pH or small molecules, because their thick 
hydrogel structure leads to slow diffusion of solutes and therefore slow sensor response.  
We have developed a versatile sensing motif, namely stimuli-responsive two-dimensional (2D) PCs 
in the form of a monolayer inverse opal. A remarkable feature of this detection platform is its tunable 
photonic properties despite its sub-micron thickness, which enables an ultrafast optical response.3

Figure 1: Schematic illustration (left) and the 
corresponding scanning electronic microscope 
(SEM) images (right) of the preparation of 2DPC-
polyelectrolyte gels (PGs). The molecular 
structure of the cross-linked P2VP gel is indicated 
at the bottom-left panel. The top SEM image 
shows a monolayer array composed of PS spheres 
with a uniform diameter of 470 ± 20 nm. The 
middle SEM image outlines the composite film of 
qP2VP and PS spheres formed by spin-coating a 
qP2VP containing solution, and the inset shows 
the corresponding cross-sectional structure. The 
bottom SEM image depicts the as-prepared 
2DPC-PG formed after the removal of PS spheres 
and the inset shows the corresponding cross-
sectional structure. 

As a proof of concept, we have developed 2D PCs made from poly-(2-vinyl pyridine) (P2VP), a pH-
responsive polyelectrolyte gel (PG), by using a monolayer colloidal crystal as template. The P2VP-
based PCs show tunable optical properties as well as prompt and reversible response to various pH 
conditions, which can be readily read out from the changes of either their optical spectra or 
interference colors. As outlined in Fig. 1, a solution of quaternized P2VP (qP2VP) is first spin-coated 
at a desired spin speed onto a monolayer of a polystyrene (PS) colloidal array that was assembled on 
a piece of glass or silicon substrate prior to spin-coating. The PS monolayer is then selectively 
removed by dissolving in toluene. Finally, a mechanically stable 2D PC of P2VP gel (2DPC-PG) is 
obtained after thermal cross-linking at 120 °C. The as-prepared 2DPC-PG replicates well the 
hexagonal order of the PS monolayer and the smallest distance between two sphere centers 
corresponds to the diameter of the template PS spheres. The void array is covered by a thin layer 
which owing to its small thickness appears almost transparent to the electron beam. The small holes 
in the walls of the voids are formed due to the close packing and, therefore, necking of the original 
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PS spheres, indicating that the voids are interconnected. The structural parameters of the 2DPC-PG, 
i.e. its overall thickness and the lattice parameter can be readily tuned with the presented method by 
adjusting the spin-coating speed and by using PS spheres of various diameters, respectively. 
Moreover, the thickness and lattice parameter can be tuned separately, which enables us to study 
experimentally the relationship between structural parameters and optical properties of 2DPC-PGs. 

Figure 2: (a) Transmission spectra of an unstructured P2VP gel film and 2DPC-PGs prepared with varying PS sphere diameters and spin-
coating speeds. (b) Wavelength shift of the transmission dip of a 2DPC-PG in response to varying pH conditions: pH 5, 4, 3 and 2. (c) 
Response kinetics of the transmission dip to pH 3. (d) Switch of the transmission-dip wavelength in response to alternating pH 3 and pH 
10 conditions.

The 2DPC-PG demonstrates tunable optical properties associated with its structural parameters. As 
shown in Fig. 2a, while an unstructured, dense P2VP gel film prepared on a bare glass substrate is 
nearly transparent (a), the 2DPC-PG samples (b–e) all show a major, well-defined dip in their 
transmission spectrum. Such a transmission dip corresponds to an attenuation of the transmitted 
intensity as the incoming waves couple to the in-plane photonic modes provided by the periodic 
structure of the 2DPC-PG. The dip position of 2DPC-PG is experimentally shown to be both 
thickness- and lattice parameter-dependent. For samples b, c and d prepared with 470 nm PS spheres, 
the transmission dip red-shifts from 471, via 485 to 502 nm with a decrease in spin-coating speed 
from 2500, via 2000 to 1500 rpm (i.e. an increase in overall thickness) as a result of an increasing 
effective refractive index. With a fixed spin-coating speed of 2000 rpm and hence a constant 
thickness, the transmission dip of the samples c and e red-shifts from 485 to 520 nm as the template 
sphere diameter is increased from 470 to 535 nm.  

The pronounced dependence of the transmission dip of the 2DPC-PG on its structural parameters as 
shown above makes it promising for optically encoded sensing, as the swelling of the polyelectrolyte 
gel through external stimuli will lead to changes in the structural parameters that can be read out 
directly from the shift of the transmission dip. As P2VP is well known as a weak cationic 
polyelectrolyte that exhibits fast and substantial swelling under acidic conditions due to protonation 
of the pyridine group, a pH sensor based on 2DPC-PG is demonstrated in this report. Fig. 2b shows 
the wavelength red-shift of the transmission dip of a 2DPC-PG in response to pH 5, 4, 3 and 2, which 
is 6, 15, 29 and 26 nm as compared to its initial position, respectively. Therefore, the variation of pH 
conditions can be readily read out from the wavelength shift of the 2DPC-PG's transmission dip. 
Remarkably, the 2DPC-PG pH sensor exhibits a prompt optical response. As shown in Fig. 2c, 
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within 6 seconds soaking in a solution of pH 3 the transmission dip shift already reaches 96% of the 
full response reached after 1 minute of soaking, indicating that equilibrium can be well established 
within seconds. Compared with the PC-based pH sensors designed so far, the 2DPC-PG presents the 
thinnest gel structure, resulting in the fastest response times. Besides, the swollen 2DPC-PGs can be 
entirely recovered by a quick wash with a basic solution or pure water. Accordingly, the optically 
encoded response of the 2DPC-PG upon pH changes is totally reversible and can be cycled more than 
10 times without degradation (Fig. 2d). 

Figure 3: (a) SEM images of a 2DPC-PG after exposing it to different pH conditions of pH 5, 4, 3 and 2. (b) The 2DPC-PG prepared on a 
silicon substrate exhibits vivid color that varies in response to different pH conditions.

To explain the observed optical response, i.e. the transmission dip shift of the 2DPC-PG as a function 
of pH, its related morphological changes under different pH conditions was studied by SEM. As 
shown in Fig. 3a, from pH 5 via pH 4 to pH 3 the lattice parameter of the 2DPC-PG stays almost the 
same, although the inner voids gradually diminish. Notably, upon pH 2 the suspended part of the top 
layer of the 2DPC-PG exhibits significant wrinkling, which correlates well with the observed blue-
shift of the transmission dip from pH 3 to pH 2. 

Apart from the transmission dip arising from the in-plane waveguide-like mode and hence, the 
inherent PC properties of the membrane, the 2DPC-PG exhibits vivid color when prepared on highly 
reflecting substrates as a result of optical interference, which can also be exploited as a visibly 
perceptible indicator for sensing events. Fig. 3b shows in a row the photographs of the same 2DPC-
PG on a silicon substrate before and after soaking in solutions of pH 5, 4, 3 and 2 and subsequent 
drying. The varying hues from purple, blue, green to yellow upon different pH conditions are 
noticeable to the naked eye. The present sensing motif based on 2D PCs can be easily extended to 
various sensing events besides pH sensing when coupled with tailor-made responsive materials. 
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Anatase TiO2 is a stable, cheap, non-toxic and environmentally benign candidate for use as an anode 
active material for lithium ion batteries (LIB). Due to the comparably high lithium insertion potential 
of around 1.8 V vs. Li/Li+, typical battery electrolytes can be used in their thermodynamic stability 
window. Anatase offers high capacity and high cycling stability, and due to the oxidic framework, the 
anode cannot contribute to combustion reactions upon LIB failure, leading to improved cell safety. 
Despite all advantages, anatase electrodes suffers from poor chemical diffusivity of lithium; both 
electron and lithium ion transport are extremely slow and therefore lithium storage kinetics and rate 
performance are quite limited in this material. Here, several techniques come into play, that allow one 
to optimize ionic transport and electronic transport towards and inside the particles. Note that the 
storage of Li (= Li+ + e-) in an electrode implies conductivity of lithium ions and electrons. 
A simple way of improving lithium ion transport in battery materials (“ionic wiring”) is the 
introduction of open porosity. Fast Li+ transport is available in the liquid electrolyte. If the electrolyte 
penetrates the pores, it brings Li+ ions to the interior of electrode particles, and therefore reduces the 
length for the slow solid state diffusion transport. Liquid transport systems with hierarchical pores of 
different diameters have proven to be extremely efficient distribution systems. (This is a similar 
principle as in many biological systems, where liquids in transport channels [e.g. blood in blood 
vessels, or sap in trees] are employed for fast ion transport.)  
 

 

a)

Figure 1: (a) TEM and FESEM images of the calcined microporous TiO2 anode material. The SAED pattern in the TEM 
micrograph clearly confirms pure anatase phase. Primary particle size is below 10 nm. The HRTEM micrograph shows the 
agglomerates formed from the particles, with an average size of  ~100 nm. (b ) battery performance data: charge-discharge 
curves and rate capability of the calcined anatase material, and for comparison rate capabilities of the non-calcined anatase 
and of commercial 10 nm anatase particles. Reprinted with permission from [1]. Copyright 2011 WILEY-VCH Verlag 
GmbH & Co. KGaA. 
 
Figure 1a shows an anatase electrode material that has been optimized with respect to ionic wiring [1]. 
The material is made of extremely small particles with diameters of only around 8 nm. Since 
nanopowders of such small particles typically cannot be packed very efficiently (volumetric energy 
density is a key performance parameter for nowadays batteries), it is important for battery application 
that the particles form larger agglomerates, as shown here. Still, there is enough void space in the 
fairly dense agglomerates so that the liquid electrolyte can ionically contact each primary particle. 
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Hence, only the last 4 nm to the middle of the primary particle have to be bridged by slow solid state 
chemical diffusion of lithium. 
 
After ionically wiring the particles, it is now important to look at the electronic transport towards and 
inside the electrode. A frequently used way for improving electronic transport (“electronic wiring”) 
between current collector and active material in a battery consists of superimposing a conductive 
network of a secondary phase, such as carbon. This method is almost universally employed in today’s 
batteries, but has two principal drawbacks: First, volume demand for this secondary phase can be 
quite high (up to 30% by volume) since the carbon network has to fully percolate. Adding the volume 
demand of the porosity required for ionic wiring leads to space requirements of up to 50% that cannot 
be used for the active material and therefore increase overall battery volume by up to a factor of two. 
Second, unlike liquid electrolyte in pores, the carbon network usually does not penetrate the active 
materials’ particles and thus cannot increase electronic transport inside a single particle. 
Taking this into account, it is desirable to actually increase electronic conductivity within the 
electrode material itself. This would not only lead to improved chemical diffusivity of lithium, but 
could also – for high enough conductivity – make a conductive second phase dispensable. In many 
electrode materials, donor doping can lead to the desired effect, but very often is limited by the very 
low concentration thresholds of the solid solution region. Also, preparation of homogeneously doped 
nanoparticle samples can be quite difficult. 
We have employed a much simpler approach for introducing additional electronic charge carriers into 
TiO2, that to our surprise was not applied before [2]. By heat-treating commercial 20 nm anatase TiO2 
nanoparticles at 450 °C in hydrogen/argon atmosphere, oxygen is removed from the crystallites; the 
left-behind oxygen vacancies are charge compensated by additional electrons. After cooling the 
sample down to room temperature, the oxygen vacancies remain inside the sample, since re-oxidation 
kinetics now are completely frozen. The heat-reduction treatment therefore leads to samples with 
permanently increased electronic conductivity after cooling down. 
 

 



 
Figure 2: (a) electronic conductivity variation during treatment of anatase particles in 5%H2/Ar atmosphere at 450 °C. Up to 
three orders of magnitude increase in electronic conductivity are possible, until equilibrium is reached after ~7 hours.  
(b) Charge/discharge capacities for untreated, 1h and 7h reduction-treated material at 10C (=3.36 A g-1) current. (c) 
Reversible capacities at the 20th discharge cycle for pristine, 1h and 7h treated anatase material at currents of C/5, 1C and 
10C.  
(d) Achievable discharge capacities at the 20th cycle for discharge currents of 1C and 10C at different reduction treatment 
times (A discharge/charge rate of nC denotes an insertion/extraction of 1 Li in 1/n h. In case of Li storage in TiO2, 1C is 
equivalent to 0.336 A h g-1).  Reprinted with permission from [2]. Copyright 2012 American Chemical Society. 
 
The storage capacity of the treated anatase material surpasses that of the pristine 20nm anatase 
nanoparticles by almost a factor of three. More importantly, it is now possible to charge and discharge 
electrodes based on the treated material at much higher currents; there is e.g. only a negligible drop in 
capacity when the current is increased by 1 order of magnitude (going from 1C to 10C in Fig. 2c) for 
the 1 h treated material. 
A fact that may be surprising at a first glance is shown in Figure 2b. Despite much higher electronic 
conductivity (Fig. 2a), the battery performance of the 7h treated anatase particles is worse than that of 
1h treated material. The reason for this non-monotonic behavior can be found in the defect equilibria 
of the LixTiO2-  system and is due to the necessity of both ion and electron transport [2,3]. Due to 
strong interaction between e- and Li+ charge carriers, most of these carriers exist in a neutral associate, 
leading to an opposite variation of the concentrations of the free e- and Li+. Increased electron 
concentration from the treatment process therefore leads to decreased Li+ carrier concentration. Under 
the assumption, that the initial mobility of Li+ is higher than that of e-, it can be shown that the overall 
chemical diffusivity of Li in fact exhibits a maximum as a function of reduction treatment time (see 
also Fig. 2d and Fig. 3), with a predicted optimum reduction time between 1-2 hours at 450 °C. (The 
maximum is however also explainable for an opposite mobility behavior. See [2] for details.) 
 

 
 

Figure 3: Dependence of (a) defect concentrations, (b) conductivities, and chemical diffusion coefficient of Li in LixTiO2 , 
on oxygen nonstoichiometry . Reprinted with permission from [2]. Copyright 2012 American Chemical Society. 

 
In short: The combination of micro-porosity and non-stoichiometry in TiO2 leads to an improvement 
of electronic conductivity (inside TiO2) and ionic conductivity (in the network). This results in a 
remarkable performance enhancement which is limited by the concomitant decrease of ionic 
conductivity within the TiO2 particles. 
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Prediction and verification of Li+ charge transfer at LiF/TiO2 interfaces 

C.L. Li, D. Samuelis, K. Tang, and J. Maier  

In nanoscale systems, contributions of interfaces can easily determine the overall properties. This led 
to the development of heterogeneous electrolytes. A rather universal mechanism relies on the 
generalized space charge picture developed in Stuttgart that accounts for both redistribution of ionic 
and electronic charge carriers in equilibrium.  
The present example to study ionic and electronic conductivity properties of LiF films on TiO2
substrates is remarkable in two aspects: (i) The variation of film thickness allows for a clear 
separation of bulk and interface contributions and (ii) more importantly: this system is the first 
system in which the direction of the ionic charge carrier redistribution was predicted and then fully 
verified [1]. There is a third reason of studying LiF: In spite of their practical importance (batteries, 
fuel cells) and recent encouraging results, the field of heterogeneous electrolytes conductive for the 
light cations Li+ and H+ is not adequately explored. In view of its stability, low carrier concentration, 
but significant mobilities of both cation and anion, we decided to study LiF as a platform material 
[2]. Fortunately, its defect chemistry is rather simple and primarily characterized by Schottky 
disorder with a significant ionic gap corresponding to intrinsically low carrier densities of lithium and 
fluoride vacancies (V Li and V F). The LiF films were prepared by radio frequency sputtering without 
in-situ heating from a single-crystal LiF target. In view of low intrinsic disorder, the electrical 
behavior is expected to be sensitively influenced by the surface chemistry of respective oxide 
substrates [3], contributing enormous richness of interfacial defect chemistry in terms of generalized 
space charge models as well as its relevance for the overall material properties.  

In essence, as far as LiF is concerned, Li+ deficiency (not Li deficiency!) is easily feasible rather than 
Li+ excess. On the other side, we know that titania is able to accommodate small cations such as Li+

or H+ species. This ability to take up Li+ is obvious from its functioning as a powerful anode (Li 
storage is sufficient but no necessary for Li+ accommodation. Note that in our example, in the 
absence of any redox process, we are not concerned with Li = Li+ + e- incorporation, rather we deal 
with a pure ionic effect.) As both lithium vacancies in LiF and lithium interstitials in TiO2 possess 
rather low energies, the contact LiF/TiO2 is expected to lead to a Li+ transfer from LiF to TiO2. First 
of all this should give rise to increased lithium vacancy conductivity in LiF [1]. Correspondingly the 
compensating excess charge in TiO2 is represented by lithium interstitials. This excess charge results 
in a field that leads to depletion of excess electrons and accumulation of holes in TiO2. Owing to the 
comparatively high electronic conductivities in TiO2 the electronic will prevail over the ionic effect 
there in complete contrast to LiF. As will be shown we indeed observe increased Li-vacancy 
conductivity in LiF as well as switch-over from n- to p-type conductivity on the TiO2 side. This not 
only fully supports the space charge model but also shows the predictive power of the model of 
heterogeneous doping. 

The LiF thin films are highly textured with [100] as preferred direction on titania (100) substrate 
from the X-ray diffraction (XRD) pattern. Cross-sectional transmission electron microscopy (TEM) 
image discloses an island-type rather than sheet-type growth mode from the columnar LiF thin films. 
The voids or grain boundaries between the adjacent epitaxial columnar crystallites are caused by the 
different in-plane azimuthal rotation of the crystallites. Figure 1 displays the expected space charge 
effect of the LiF-TiO2 interface. As already briefly touched upon, a transfer of Li+ from LiF to TiO2

should lead to an accumulation of Li interstitials (Li i) on the substrate side, while lithium vacancies 
(V Li) should be accumulated on the LiF side. The distribution naturally restricts to the respective 
space charge zones. As a consequence of the space charge field, conduction electrons (e ) are 
expected to be depleted at the TiO2 side, while the concentration of holes (h ) should be increased. 
Although in minority, the electronic defects are expected to dominate the overall conductivity in TiO2.
Therefore, we use two different electrode configurations. The ionically blocking one is made of 
sputtered Pt. Pt dendrites that fully penetrate the LiF film serve as microelectrodes with the help of 
which we are able to detect electronic contributions of the titania subsurface. In order to measure Li+
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conductivity on the same samples we polished off the Pt coating, then applied electronically blocking 
electrodes each consisting of a thin layer of the ionically conductive ceramic Li1+x+yAlxTi2-xSiyP3-yO12
(LATSP) and a thin layer of the redox couple LiFePO4-FePO4 (to which carbon is admixed) atop. 
Simultaneously, this configuration will also block out F- contributions. 
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Figure 1. (Left) Both ion- and 
electron-blocking measurement 
architectures of LiF-TiO2

prototype. (Right) Overview defect 
chemistry schemes and carrier 
concentration profiles of LiF/TiO2

interface. Reprinted with permis-
sion from Ref [1]. Copyright 2012. 
American Chemical Society. 

The ion-conductive effect of the interface is seen when Yion
|| (Yion

|| being normalized parallel 
conductance) is plotted as a function of L (L being film thickness) in Fig. 2(a). The normalized 
conductance decreases linearly with decreasing layer thickness, but with a positive extrapolated 
intercept with the y axis. Based on Yion

||(L) = ion L + Yion
||, with ion and Yion

|| being bulk 
conductivity and excess conductance value (positive or negative for accumulation or depletion effect) 
respectively, we can deduce Yion

|| and ion  from the linear relation of Yion
||(L). The bulk conductivity 

ion  of LiF thin films at 190oC is estimated from the slope to be about 2.8 10-7 S/cm, which is 
consistent with the literature values of lightly doped single-crystal (10-7~10-6 S/cm) at this 
temperature. Yion

|| obtained from the intercept by extrapolating the linear fitting of Yion
||(L) to L = 0 

is positive, indicating ion carrier accumulation. Both the Arrhenius plots of ion and Yion
|| deduced 

from different ambient temperatures are shown in Fig. 2(b), respectively. In accordance with the 
interfacially induced Li+-accumulation, ion  is a little lower than the overall conductivity at the 
corresponding temperatures. The similar activation energies (~0.65 eV) for ion and Yion

|| indicate 
invariant Li+ mobility in both the bulk and interface regions. 
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Figure 2: (a) Normalized ion conductance plots as a function of thickness measured at various temperatures (110~190 oC), ion  and Yion
||

denote bulk conductivity of LiF and excess conductance of charge-accumulated effect. (b) Arrhenius plots of excess conductance value
( Yion

||) deduced from (a), inset of (b): Arrhenius plots of bulk conductivity ( ion ) also deduced from (a). LiF thin film samples use 
LATSP and LiFePO4-FePO4-C as electron blocking layer and Li-insertable electrode respectively (electron-blocking structure). Reprinted 
with permission from Ref [1]. Copyright 2012. American Chemical Society.
Let us turn to the Pt-electrodes, which leak through LiF. These Pt-dendrites probe sensitively the 
titania surface with a detection radius of 10~20 nm (dendrite diameter). Even though there might be a 
variation of the defect density by a small amount of lithiation, the increased electron conductivity in 
titania is primarily due to the expected space charge effect as a consequence of Li+ transfer. This is 
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unambiguously shown by studying the PO2-dependence (Fig. 3) which clearly indicates p-type 
conductivity. For pure substrate, the slopes from logarithmic plots of conductance as a function of 
log(PO2) are around -¼, agreeing with that of n-type conduction in Schottky disordered TiO2 in mild 
reduction regime. When TiO2 is covered by LiF, however a positive slope is observed, especially 
close to ¼ at higher temperature and thinner coverage, indicating a conversion to p-type conduction. 
(It is important to state that even though the exponents will generally not be the same as in the bulk, 
we expect +¼ also in the space charge zones if the electronic carriers are in the minority with respect 
to ionic defects.) The conductivity-increase on PO2 increase is significant if the kinetics enable at 
least partial equilibration. The flat behaviour at low temperature in Fig. 3(b) is not due to proximity 
to the n-p transition rather due to sluggish kinetics as the hysteresis shows. While Li transfer would 
result in increased n-type conductivity, the increased p-type conductivity observed clearly shows the 
dominance of the Li+ transfer under concern. The fact that PO2 effects are better defined for very thin 
films is certainly due to a better oxygen diffusion through the thin LiF films. The observation that the 
conductance is higher and also the response to PO2 changes quicker for thinner films can be ascribed 
to a higher fraction of percolating dendrites and pinholes. 
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Figure 3: Logarithm plots of conductance as a function of PO2 logarithm at various testing temperatures for (a) pure TiO2 substrate and (b) 
LiF(80 nm thick)/TiO2 sample, derived from the semicircle intercept of corresponding AC impedance curves of ion-blocking construction. 
Reprinted with permission from Ref [1]. Copyright 2012. American Chemical Society. 

In summary, highly textured LiF thin films have been grown on titania (100) surface, and electrically 
investigated in both ion- and electron-blocking measurement architectures. Film thickness variation 
is exploited as a major tool to separate bulk and boundary effects. It is noteworthy that both the ionic 
accumulation effect in LiF and the accompanying effect on the electronic space charge distribution in 
TiO2 have been predicted and verified. Hence, this LiF/TiO2 example fully confirms the 
heterogeneous doping model. It moreover is a decisive step forward in deliberately selecting 
solid/solid contacts in order to achieve a desired ionic/electronic effect. Such ionic and electronic 
redistribution effects depending on ionically determined space charge potentials are highly relevant 
not only for issues of ion and electron transport but equally for chemical reactivities, in particular 
catalysis. 
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Triazine-based Carbon Nitrides for Visible-Light-Driven Hydrogen 
Evolution

 
K. Schwinghammer, B. Tuffy, M. B. Mesch, E. Wirnhier, C. Martineau, F. Taulelle, W. Schnick, J. 

Senker, and B. V. Lotsch 

 
The efficient conversion of solar energy into chemical energy is a major challenge of modern 
materials chemistry and energy research. One solution to the future’s energy demands will be the 
generation of hydrogen by photochemical water splitting as an environmentally clean energy carrier 
with a high energy density. So far the majority of photocatalysts are of an inorganic nature containing 
heavy metals which increase cost, impede scalability, and add complexity. Therefore, the 
development of efficient, stable, economically feasible, and environmentally friendly catalysts is 
required. 
 
For many years carbon nitrides (CxNyHz) were famed for their structural variety and potential as 
precursors for ultra-hard materials. The thermal condensation of simple carbon nitrides (CNs) can 
form several denser chemical species that differ with respect to their degree of condensation, 
hydrogen content, crystallinity and morphology. The discovery of extended carbon nitrides with 
semiconducting properties and band gaps < 3 eV makes them an attractive alternative to metal-rich 
semiconductors for photocatalysis. In 2009, Wang et al. investigated and determined for the first time 
the photocatalytic activity of polymeric melon-type CNs based on imide-bridged heptazine units 
(Fig. 1a).[1] Further publications focused on the modifications of those heptazine based carbon 
nitrides to improve their photocatalytic activity, e.g. by expanding their surface area, as well as by 
doping with heteroatoms and organic compounds, which gives rise to an enhanced absorption in the 
visible light range of the electromagnetic spectrum. 
  
Recently, a new class of CNs was discovered by Bojdys and Wirnhier et al.[2,3] This novel compound 
called poly(triazine imide) (PTI/Li+Cl ) is the only structurally characterized, crystalline 2D CN 
network intercalated with lithium and chlorine ions, featuring imide-linked triazine units (Fig. 1b). 
Due to its crystallinity and its well-defined structure, PTI can serve as an excellent model to 
investigate photocatalytic activity towards water splitting as a function of the composition, the level 
of condensation, and the degree of structural perfection of the system. Initial photocatalytic studies of 
crystalline PTI showed photocatalytic activity comparable to that of heptazine-based melon. 
Moreover, we show that the performance of PTI can be amplified by increasing the structural 
imperfection with simple small-molecule doping, thus rendering amorphous PTI-type materials the 
most active nonmetal photocatalysts for the hydrogen evolution reaction that have been reported to 
date.[3] 
 
Firstly, we synthesized crystalline PTI/Li+Cl  as a model structure for triazine-based CNs in a two-
step ionothermal synthesis according to the procedure of Wirnhier et al.[3] As a starting material 
dicyandiamide and an eutectic mixture of 59.2 mol% lithium chloride and 40.8 mol% potassium 
chloride was heated at 400°C for 12 hours under atmospheric argon pressure. The precondensed CN 
was ground, filled in a quartz ampoule, sealed under vacuum and heated for 24 hours at 600°C. 
Crystalline PTI/Li+Cl  was obtained after several washing steps with water. To study the effect of 
crystallinity on the photocatalytic activity, we also synthesized an amorphous variant of PTI (aPTI), 
through a one-step ionothermal process. Here, the initial reaction mixture was heated in a muffle 
furnace for 6 hours at 500°C. In a third approach we added 4-amino-2,6-dihydroxypyrimidine (4AP, 
Fig. 1c) as an organic dopant to investigate its effect on the photocatalytic activity. 4AP was used 
because of its structural similarity to the basic repetitive unit of PTI, while having a higher carbon 
and oxygen content. The as-synthesized CNs were compared with that of crystalline PTI/Li+Cl  and 
heptazine-based amorphous melon towards their photocatalytic activity, optical absorption ability 
and structural differences.[4] 
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Figure 1: Chemical structures of a) melon, b) PTI/Li+Cl  (idealized structure), c) the dopant 4AP and d) proposed structure 
of aPTI_4AP16%. 
 
The XRD diagram of the PTI/Li+Cl  matches well with the pattern from the literature.[3] The 
amorphous character of the aPTI samples (doped or unmodified) is confirmed by the absence of 
sharp reflections in the XRD patterns. However, the FTIR spectra of the synthesized aPTI CNs are 
still largely reminiscent of crystalline PTI/Li+Cl  (Fig. 2d). However, doping with 4AP leads to less 
resolved FTIR spectra, thereby indicating a lowering of structural order. Interestingly, the spectra of 
16% and 32% doped aPTI feature another band at 914 cm-1 that can be assigned to aromatic C-H 
bending vibrations of the dopant.[4] 

 
Elemental analysis results in an atomic C/N ratio of 0.68 for crystalline PTI/Li+Cl . The amorphous 
samples show a slightly increased C/N ratio, which might indicate either more significant 
incorporation of oxygen or a higher degree of condensation. A higher amount of heteroatoms can 
play an essential role in the activity of CN photocatalysts. Apparently, synthesis in an open system 
leads to a lower incorporation of lithium and chloride ions in the structure. As expected, the C/N ratio 
gradually increases with increasing amount of incorporated 4AP, from 0.69 to 1.13 for 2% to 64% 
doped PTI, respectively. In summary, IR and EA results suggest that both oxygen and carbon atoms 
are incorporated into the amorphous CN structure, most likely through replacement of one of the 
bridging or ring nitrogen atoms, as proposed in Figure 1d. 
 
Additional information on the structure of a 16% 4AP doped aPTI (aPTI_4AP16%) was obtained by 
13C, and 15N CP-MAS and 15N CPPI NMR measurements (Fig. 2a-b). The investigated CN shows 
similar NMR spectra compared to crystalline PTI/Li+Cl , although with a broadened line width, 
which is due to the amorphous character of the sample. The 15N CP-MAS spectrum contains two 
stronger signals at -175 and -245 ppm, the first assigned to the tertiary ring nitrogens (Ntert assigned 
to the outer ring nitrogen atoms of triazine or heptazine rings) and the latter to bridging NH groups, 
and a very weak signal at -280 ppm which indicates that only a small amount of terminal NH2 groups 
is present, hence a melon-type structure seems very unlikely. Small intensity ratio differences may 
indicate partial incorporation of the dopant into the PTI framework. An additional 15N CPPI-MAS 
spectrum was recorded to ascertain if any central nitrogen atoms (Nc) of heptazine rings are present, 
which only appear for melon-type structures. The absence of any signals in the region between -200 
and -300 ppm therefore strongly supports the absence of heptazine units within the detection limit of 
roughly 10 – 15%. 
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Figure 2: a) 15N CPPI-MAS NMR spectrum (6 Hz, inversion time = 400 μs) and b) 15N CP-MAS NMR spectrum (10 kHz) 
of aPTI_4AP16%. c) UV/Vis spectra and d) FTIR spectra of aPTI_4AP16% synthesized at 550°C before and after 15 h 
illumination, compared to crystalline PTI/Li+Cl , aPTI500°C, and melon. e) Overlay of UV/Vis spectrum and wavelength-
specific H2 production (black bars) of aPTI_4AP16% using 40 nm FWHM band-pass filters. 
 
The optical absorption of a photocatalyst is important, since a high absorption in the visible light 
range is expected to increase photocatalytic performance. Brown, crystalline PTI/Li+Cl  absorbs 
mostly in the UV region, yet interestingly, additional broad absorption takes place in the blue part of 
the visible spectrum (Fig. 2c). The amorphous, undoped, yellowish CN absorbs toward higher 
wavelengths, similar to melon. With increasing amount of dopant the color of the 4AP doped CNs 
gets darker, changing from yellow (2%) to red-brown (64%), which correlates well with the red-shift 
observed in the absorption spectra. The wavelength-specific H2 evolution of aPTI_4AP16% was 
measured and overlaid with its absorption graph (Fig. 3e). The measurements showed a fall-off of the 
H2 production rate at 450 – 500 nm, which indicates that the majority of photons contributing to the 
H2 evolution are at  < 500 nm.  
 
Crystalline PTI/Li+Cl  is expected to be a promising 2D photocatalyst due to its expanded conjugated 

-electron system, suitable band gap (  2.2 eV) and enhanced absorption in the visible, which may 
even outperform heptazine-based semiconductors. Photocatalytic measurements of PTI/Li+Cl  
showed a moderate H2 evolution (864 μmol h-1 g-1; approximately 15% error) in the presence of 
2.3 wt% platinum as a co-catalyst and triethanolamine (TEoA) as sacrificial electron donor (Fig. 3). 
In our studies, melon on the other hand produces 20% less H2 (722 μmol h-1 g-1) compared to 
PTI/Li+Cl . The highest photocatalytic activity of the amorphous, undoped CNs was achieved at a 
reaction temperature of 500 °C (1080 μmol h-1 g-1; approximately 50% enhancement compared to 
melon). Doping with 16% 4AP of aPTI at a reaction temperature of 550°C (aPTI_4AP16%; 4907 μmol 
h-1 g-1) enhanced the photocatalytic activity by 5 – 6 times compared to crystalline PTI//Li+Cl  and 
6 - 7 times compared to melon. 4AP-doping of crystalline PTI//Li+Cl  leads to no apparent 
photocatalytic activity. It is worth mentioning that pure and thermally treated 4AP is 
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photocatalytically inactive. Analyzing the sample morphology and porosity reveals only a weak 
correlation between surface area and photoactivity. 
 

 
 
 
In conclusion, we have reported a new family of 2D triazine-based carbon nitride photocatalysts that 
shows high visible-light-induced H2 evolution from water, which is superior to that observed for 
most heptazine-based carbon nitrides. The amorphous carbon- and oxygen-enriched poly(triazine 
imide) species, with an external quantum efficiency of 3.4%, does not only show a 6 - 7 times higher 
photocatalytic activity compared to melon-type photocatalysts, but also outperforms crystalline PTI 
about a factor of 5 - 6. The judicious modification of carbon nitride photocatalysts with different 
types of molecular dopants will allow for the rational design of a diverse set of triazine-based carbon 
nitride polymers with controlled functions, opening new avenues for the development of light-
harvesting semiconductors for solar energy applications. 
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Figure 3: Comparison of triazine-based carbon nitrides for 
the photocatalytic activity towards H2 production. The 
inset shows the color of the water/TEoA suspensions of 
aPTI_4AP16% synthesized at 550°C compared to 
crystalline PTI/Li+Cl-, aPTI synthesized at 500°C, and 
melon. 



Alignment of plasmonic nanostructures to self-assembled quantum dots
with sub-10 nm accuracy

K. Lindfors, M. Pfeiffer, B. Fenk, and M. Lippitz

Controlling light-matter interaction of single quantum emitters by engineered nanostructures is a highly topical

area of quantum optics. Developments in fabrication methods have allowed realizing, e.g., optical nonlinearities

on the single-photon level for quantum dots coupled to photonic crystal cavities, enhanced spontaneous emission

into free space using plasmonic structures, and unidirectional single photon emission from an optical antenna

excited by a single quantum dot. The quality of the control depends critically on the ability to position and orient

the nanostructures with respect to the quantum system. For plasmonic structures the required accuracy is on the

nanometer scale, as plasmonic fields decay on a length scale much shorter than the wavelength. Figure 1a shows

the calculated enhancement of the electric field around a plasmonic nanoantenna. Around such a nanostructure

the electric field is focused into hot spots on a 10 nm length scale. Here we demonstrate a highly flexible method

that allows fabricating plasmonic nanostructures aligned to stable solid-state quantum emitters with a precision

better than 10 nm in order to control the interaction of optical fields with single quantum systems.
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Figure 1: The strong localization of the optical field near plasmonic nanostructures requires an excellent positioning accu-

racy to obtain reliable coupling between quantum emitter and plasmonic nanostructure. (a) Electric field enhancement around

a plasmon-resonant gold antenna with dimensions 20×35×20 nm3 on a substrate with refractive index 3.5. The isosurfaces

correspond to contours where the field amplitude is 1.5 and 2 times higher or lower than in the absence of the antenna. The

pseudo-color plot in the bottom plane displays the field 20 nm beneath the sample surface where single quantum dots can be

located. Right: Main steps of the nanofabrication method to position plasmonic structures with respect to quantum dots with

10 nm accuracy: (b) The position of GaAs quantum dots can be determined from a characteristic topography feature. (c) We

use a grid of gold markers fabricated with electron beam lithography to define a coordinate system on the sample in order

to determine the positions of quantum dots. (d) A plasmonic nanoantenna is positioned next to the target quantum dot in a

second electron beam lithography step. Here, quantum dot and antenna are drawn to scale but the markers are further apart.

Our fabrication method is schematically illustrated in the right part of Fig. 1. It combines single solid state

quantum dots whose position can be determined with high accuracy, and a nanofabrication process for multiple

aligned layers. The quantum dots are self-assembled GaAs dots in AlGaAs barriers. The samples are grown

using molecular beam epitaxy. The quantum dot has two almost energetically degenerate exciton transitions

with mutually orthogonal transition dipole moments with fixed orientation with respect to the crystal axes. More

importantly, above each quantum dot we find a characteristic topography feature that signals the position of

the emitter (see Fig. 1b) [1]. The surface feature allows us determining the position of quantum dots with

nanometer accuracy using high-resolution microscopies such as scanning electron microscopy (SEM) or atomic

force microscopy (AFM). The quantum dots are located in a layer 18 nm away from the interface so that they

can be coupled to plasmonic structures fabricated on the sample surface. Our nanofabrication process consists of

first fabricating a set of markers using electron beam lithography. The orientation of the marker grid is aligned

with the crystal axes. The position of a quantum dot can be determined in the coordinate system defined by
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the markers using pattern matching (Fig. 1c). Finally, the coordinates of the target quantum dot can be used to

fabricate the desired nanostructure in a second electron beam lithography step. In the case shown in Fig. 1d an

optical antenna is fabricated in this way in order to enhance the emission from the quantum dot. Our fabrication

method allows positioning nanostructures with respect to the quantum dots with nanometer scale accuracy and

oriented precisely with respect to the transition dipole moments.

To determine the precision of our fabrication technique we prepare a sample with gold nanorod antennas posi-

tioned next to single quantum dots. Each antenna is fabricated so that one end is centered on the elliptical topog-

raphy feature related to the quantum dot. The in-plane dimensions of the gold nanorods are about 22 nm × 56 nm

which allows us to determine the position of the antenna with nanometer scale precision. High-resolution scan-

ning electron micrographs of quantum dots with and without a plasmonic antenna are shown in Fig. 2a. A high

electron dose in SEM imaging results in significant degradation of the optical properties of the quantum dots.

We therefore reduce the integration time when determining the position of single quantum dots to avoid sam-

ple degradation and to also reduce sample drift and contamination. Typical examples of the raw images used

for position determination are displayed in the second row of Fig. 2a. We reduce noise in the micrographs by

low-pass and Gaussian smoothing filters (Fig. 2b). To obtain the positions, we place elliptical and rectangular

frames with fixed dimensions on the quantum dot and antenna, respectively. The positions that best match the

filtered electron micrographs are determined by eye. Small displacements from the optimal position are clearly

visible by eye as illustrated in Fig. 2b. Here the frames have been displaced from the optimum by 10 nm in both

the horizontal and vertical directions. Compared to a numerical cross-correlation method our manual method

was found to be more robust and as sensitive. From the best-fit positions the mid-point of the ellipse and the

end-point of the rectangle are used to define the positions of the quantum dot and optical antenna (marked by a

cross and a circle, respectively).

Figure 2: Positioning a plasmonic nanoantenna on a

quantum dot: (a) High resolution electron micrographs

using long exposure times clearly show the topography

feature of the quantum dot and the gold antenna. In order

to avoid sample contamination and degradation as well

as sample drift, fast-scan, low resolution images have to

be used for the position determination. (b) Frames in the

shape of ellipses and rectangles are used to determine the

position of the quantum dot and antenna, respectively.

The best-fit position is determined by eye using a filtered

electron micrograph with reduced noise. The accuracy of

the manual position-determination method is illustrated

by displacing the frames by 10 nm in horizontal and

vertical directions away from the best fitting position. (c)

Distribution of the positions of nanoantennas with respect

to the target quantum dots. The quantum dot selected for

TEM imaging is marked with a green circle. All scale bars

are 20 nm.

Using the approach described above, the positions of selected quantum dots were determined in the coordinate

system defined by the marker grid. Nanorod antennas were then fabricated aligned to the target quantum dots in

a second electron beam lithography step. Finally, the positions of the realized antennas were determined in the

coordinate system defined by the marker grid. The spread in the position of the realized optical antennas with

respect to their target quantum dot is shown in Fig. 2c. The average distance between antenna and emitter is

9.3 nm illustrating the accuracy of our approach.

To verify the position of the quantum dot with respect to the surface topography feature we prepare a thin

lamella containing a single quantum dot decorated with an optical antenna for cross-section transmission electron

microscopy (TEM). A scanning electron micrograph of the structure chosen for the TEM imaging is shown in

Fig. 2b. A dark-field TEM micrograph of the lamella is displayed in Fig. 3. The quantum dot is seen to be

perfectly located below the dip in the sample surface. Furthermore, the plasmonic antenna is exactly at the design

2



position. The difference between the position of the quantum dot and nanorod is only 2.2 nm as determined from

the centers of mass of cross-sections passing through the emitter and antenna. As well as illustrating the excellent

accuracy of our positioning method and its implications for realizing advanced plasmonic structures, Fig. 3 is

the first TEM micrograph of a strain-free GaAs/AlGaAs quantum dot. Our positioning method allows marking

preselected nanostructures for high-resolution TEM imaging in order to correlate data from optical experiments

with structural information down to atomic resolution.

Figure 3: Upper panel: cross-section transmission

electron micrograph (inverted dark field) of optical antenna

(yellow) positioned above a single GaAs quantum dot

(blue). The quantum dot is the thicker part of a thin GaAs

quantum well (bright) between AlGaAs barrier layers

(dark). Lower panel: cross sections across the metallic

structure and the quantum dot at positions indicated by the

colored bars beside the micrograph in the upper panel. The

cross sections show that the gold nanostructure is almost

perfectly centered on the quantum dot with the centers of

mass of the cross sections, indicated by red lines, differing

by only 2.2 nm.

We have demonstrated a method to position nanostructures aligned with sub-10 nm precision with respect to

single GaAs semiconductor quantum dots. The achieved positioning accuracy is better than the characteristic

length scales of optical fields around plasmonic structures paving the way to realizing advanced plasmonic

nanocircuits containing solid-state quantum emitters. Our fabrication technique is highly flexible allowing the

nanostructures to be prepared using state-of-the-art methods such as electron beam lithography and focused ion

beam milling. As a first application of the developed positioning technique we were able to acquire the first

TEM micrograph of a low-density self-assembled GaAs/AlGaAs quantum dot.
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Air-stable, high-performance organic n-channel transistors 
 

Ute Zschieschang, Reinhold Rödel, Mirsada Sejfi ,  
Ulrike Kraft, Robert Hofmockel, Hagen Klauk 

 
Organic thin-film transistors (TFTs) are of interest for flexible, large-area electronics applications, 
such as rollable or foldable information displays, conformable sensor arrays, and plastic circuits [1]. 
The vast majority of the organic TFTs that have been developed to date are p-channel TFTs, meaning 
that the electric currents in these transistors are due to the flow of positive charge carriers. Even if 
only p-channel TFTs were available, all types of electronic systems could in principle be realized, 
which would suggest that there is no fundamental reason to also develop organic n-channel TFTs (in 
which the currents are due to negative charge carriers). However, many of the applications envisioned 
for organic TFTs are mobile devices for which a low power consumption is one of the most critical 
requirements. From a circuit-design perspective, the most effective approach to minimize the power 
consumption of electronic systems is to combine p-channel and n-channel transistors in a 
complementary design. In complementary circuits, the current path between the supply-voltage rail 
and the ground rail is always blocked either by one of the p-channel transistors or by one of the n-
channel transistors (except for a brief period during switching). In contrast, the power consumption of 
unipolar circuits (which use only one transistor type) is dominated by the existence of significant 
leakage paths not only during switching, but also whenever the circuit is in one of the two static states. 
 
The fact that the realization of air-stable, high-performance organic n-channel TFTs is more difficult 
than that of organic p-channel TFTs has to do with the orbital energies of organic semiconductors. In 
organic p-channel TFTs, the energy of the positive charge carriers that contribute to the electric 
current is close to the energy of the highest occupied molecular orbital (HOMO) of the semiconductor, 
which for most of the conjugated hydrocarbons considered for organic electronics is about 4.5 to 5.5 
eV below the vacuum level. This energy is sufficiently deep below the vacuum level so that oxygen or 
moisture has little or no effect on the charge-carrier transport in these semiconductors. In addition, the 
Fermi level of noble (i.e., non-oxidizing) metals, such as gold, happens to fall into this energy range, 
so that the energy barrier that impedes the exchange of charges between the metallic source and drain 
contacts and the organic semiconductor can be vanishingly small. As a result, organic p-channel TFTs 
with excellent air stability, negligible contact resistance, and encouraging static and dynamic 
performance have already been demonstrated [2,3]. 
 
In contrast, in organic n-channel TFTs, the charge-transport level is close to the energy of the lowest 
unoccupied molecular orbital (LUMO), which in many hydrocarbons is typically about 2.5 to 3.5 eV 
below the vacuum level. Thus, unless the organic semiconductor layer is carefully protected from 
ambient air, the charge transport will be significantly affected by oxygen or moisture. In addition, the 
energy barrier between the Fermi level of noble metals (about 5 eV in the case gold) and the LUMO 
level of typical hydrocarbon-based organic semiconductors may be as large as 1.5 to 2.5 eV and will 
therefore substantially impede the charge exchange between the source/drain contacts and the 
semiconductor. Replacing gold with a low-workfunction (i.e., rapidly oxidizing) metal, such as 
aluminum, magnesium or calcium, could in theory provide a smaller energy barrier, but at the expense 
of the spontaneous formation of an insulating native oxide layer at the metal/semiconductor interface, 
which would be just as detrimental as a large energy barrier. 
 
A key strategy in the quest for air-stable, high-performance organic n-channel TFTs is therefore the 
synthesis of conjugated organic semiconductors that have a LUMO energy in the range of 4.0 to 4.5 
eV. This can be accomplished by incorporating strongly electronegative moieties, such as imide 
groups, cyano groups, or halogens, into the conjugated core of the molecule. In addition, fluoroalkyl 
substituents attached to the ends of the molecule have been found to be effective in providing 
additional stability against oxygen and moisture. 
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Figure 1:  
Chemical structures of compounds 1-4, all of which have 
shown great potential for air-stable, high-performance organic 
n-channel thin-film transistors. 

 
Figure 1 shows the molecular structures of four organic semiconductors that have been successfully 
synthesized by various groups over the past few years and which have demonstrated excellent air 
stability and promising static and dynamic performance in organic n-channel TFTs. Compound 1, 
bisheptafluorobutyl-dicyano-perylene tetracarboxylic diimide (PTCDI-(CN)2-(CH2C3F7)2), was 
developed in 2004 in the group of Antonio Facchetti and is now commercially available from Polyera 
Corp. as ActivInkTM N1100. Compound 2, bisheptafluorobutyl-dichloro-naphthalene tetracarboxylic 
diimide (NTCDI-Cl2-(CH2C3F7)2), was developed in the group of Frank Würthner at the University of 
Würzburg and is now commercialized by BASF. Compound 3, bisperfluoropropyl-tetrachloro-
tetraazaperopyrene (TAPP-Cl4-(C3F7)2) [4], and compound 4, bisperfluoropropyl-tetrabromo-
tetraazaperopyrene (TAPP-Br4-(C3F7)2), were developed in the group of Lutz Gade at the University 
of Heidelberg. Owing to the strategic incorporation of various strongly electronegative substituents 
and fluoroalkyl chains, the LUMO energies of compounds 1-4 are between 4.0 and 4.5 eV. 
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 Figure 2:  
(a) 
Current-voltage characteristics of an n-
channel TFT based on compound 2 fabricated 
on a plastic substrate and operated in ambient 
air without any encapsulation. 
(b) 
Signal propagation delay per stage as a 
function of supply voltage of a flexible 11-
stage organic complementary ring oscillator 
using n-channel TFTs based on compound 2 
and p-channel TFTs based on DNTT. 

 
Out of the more than 100 compounds which we have investigated since 2009 in the BMBF-funded 
multi-partner project Polytos, compounds 1-4 have shown the most promising characteristics in view 
of air-stable organic n-channel TFTs and organic complementary circuits. Figure 2a shows the static 
current-voltage characteristics of an n-channel TFT based on compound 2 fabricated on a plastic 
substrate (125-μm-thick polyethylene naphthalate) with gold source and drain contacts and operated 
in ambient air without any encapsulation. Figure 2b shows the signal propagation delay per stage as a 
function of supply voltage of an 11-stage complementary ring oscillator, also fabricated on flexible 
PEN using n-channel TFTs based on compound 2 and p-channel TFTs based on dinaphtho[2,3-
b:2’,3’-f]thieno[3,2-b]thiophene (DNTT) [3], both with gold source and drain contacts and also 
operated in air without encapsulation. At a supply voltage of 2 V, the signal propagation delay is 20 
μsec per stage, making these the fastest organic complementary circuits reported to date at supply 
voltages below 10 V. 
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 Figure 3: 
Evolution of the field-
effect mobility of n-
channel TFTs based on 
compounds 1-4, 
demonstrating the 
excellent air stability of 
the these four organic 
semiconductors. 

 
The excellent air stability of organic n-channel TFTs based on compounds 1-4 is further illustrated in 
Figure 3. As can be seen, the electron mobility of all four TFTs shows only very little degradation 
over a period of several months in ambient air without encapsulation. 
 
 
[1] Kuribara, K., H. Wang, N. Uchiyama, K. Fukuda, T. Yokota, U. Zschieschang, C. Jaye, D. Fischer, H. Klauk, T. 
Yamamoto, K. Takimiya, M. Ikeda, H. Kuwabara, T. Sekitani1, Y. L. Loo, and T. Someya. Nature Communications 3, 723 
(2012). 
[2] Zschieschang, U. , F. Ante, D. Kälblein, T. Yamamoto, K. Takimiya, H. Kuwabara, M. Ikeda, T. Sekitani, T. Someya, J. 
Blochwitz-Nimoth, and H. Klauk. Org. Electronics 12, 1370-1375 (2011). 
[3] Ante, F., D. Kälblein, T. Zaki, U. Zschieschang, K. Takimiya, M. Ikeda, T. Sekitani, T. Someya, J. N. Burghartz, K. Kern, 
and H. Klauk. Small 8, 73-79 (2012). 
[4] Martens, S. C., U. Zschieschang, H. Wadepohl, H. Klauk, and L. H. Gade. Chem. Eur. J. 18 3498-3509 (2012). 
 
In collaboration with: 
Susanne Martens, Sonja Geib, Lutz Gade (Dept. of Inorganic Chemistry, Heidelberg University, Germany) 
Sabin-Lucian Suraru, Matthias Stolte, Frank Würthner (Dept. of Organic Chemistry, University of Würzburg, Germany) 
Jochen Brill (BASF SE, Ludwigshafen, Germany) 

 3


