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Prof. Dr. Markus Morgenstern Prof. Dr. Detlev Griitzmacher
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Dear Reader,

In the second year since its foundation, the Jiilich Aachen research Alliance (JARA), put efforts to strengthen bounds between
the RWTH Aachen and the Forschungszentrum Jilich. It is encouraging that all four sections, JARA-BRAIN, JARA-SIM, JARA-
ENERGY and JARA-FIT were able to grow by attracting new members. Thus, JARA contains now 115 professorships with a total
number of 3700 employees at all stages of their carreer. To increase efficiency and the visibility of the alliance, Dr. N. Drewes as
secretary general and C. Schipke as Press Officer, were appointed completing a suitable administrative infrastructure of JARA.
The JARA presidential board was extended, including now the Rector of the RWTH, Prof. Schmachtenberg as well as the director
of the FZ Jilich, Prof. Bachem, underlining the awareness of both institutions for JARA.

With this second scientific report by JARA-FIT, which now consists of 26 research groups headed by professors from physics,
electrical engineering, chemistry, crystallography, and mechanical engineering, the section wants to highlight the progress
achieved in the interdisciplinary research field seeking for novel paths for future information technology. Those paths cover the
whole range from very fundamental science towards applied science in close collaboration with industrial partners. With re-
spect to the latter, the optimization of current CMOS technology by improving the electron mobilities in strained channels, the
injection efficiency by suitable source and drain contacts and the electrostatics by a proper choice of materials in the gate con-
tact stack is one focus of research. Another focus is the exploitation of phase change materials, which are nowadays used as
flash memory materials, although the physics of the exploited phase transition is far from being understood. Also oxides provid-
ing different oxidation states are an interesting alternative for electrically switchable memories and are explored in detail, e.g.,
with respect to scalability. In addition, fundamental research which might pave the path for future technologies is investigated
intensively within JARA-FIT. This includes novel materials as, e.g., graphene, topological insulators, two-dimensional oxides or
novel Fe-.based superconductors, novel technologies as, e.g., the ones based on the spin torque effect or spin based coherence,
and novel architectures using, e.g., biomaterials or self-assembling artificial nanostructures. Thus, in an effort parallel to state
of the art CMOS technology, JARA-FIT is developing concepts for novel paradigms of information technology based, e.g., on mo-
lecular electronics, spintronics, quantum information processing, or bioinspired systems.

Along these common guidelines, JARA-FIT fosters its strength by pooling the required research infrastructure, attracting new
strategic members and mutually agreeing on new appointments. The successful evaluation of the progam oriented funding
(POF) at the research center in January 2009 and, in turn, the final decision to build the Helmholtz Nanoelectronic Facility
(HNF) with a total investment of about € 25 million, reflects the excellent work provided by all partners within JARA-FIT. In par-
ticular, the fact that the evaluation process was strongly supported by members of JARA-FIT from both institutions demon-
strates the common sense within the alliance. Seed funds provided by the excellence initiative are an excellent tool to substan-
tiate the collaboration by starting additional, mostly interdisciplinary scientific activities shared between RWTH Aachen and FZ-
Jilich. To promote the scientific exchange on all levels, JARA-FIT has also organized several international conferences as well as
aninternal workshop, which turned out to provide an excellent platform for the younger scientists to share ideas and to discuss
novel, interdisciplinary strategies.. Taking the lively and stimulating discussions, the workshop appeared to be very successful
and will be continued within the next years.

The success of JARA-FIT is also documented in 14 nature and science papers as well as numerous publications in other high-
ranked scientific journals throughout 2009. A detailed list of publications is given at the end of this booklet and some of the
highlights are summarized in two-page articles throughout. We hope that readers get stimulated by this report, which might
even initiate collaborations with our consortium.

Prof. M. Morgenstern Prof. D. Gritzmacher
Scientific Director JARA-FIT Scientific Director JARA-FIT, Director JARA
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JARA-FIT in Headlines

JARA-FIT Scientist
Honoured

Matthias Wuttig nominated for the
Einstein Programme of the Chinese
Academy of Sciences

The Chinese Academy of Sciences has chosen
Professor Matthias Wuttig from RWTH Aachen
University for their Einstein Professorship
Programme. Each year a maximum of 20
distinguished scientists are invited to China
in order to present their work and current
research results. Matthias Wuttig holds the
Chair of Experimental Physics | and has been
head of the Institute of Physics | since 1997.
In the past few years, he has primarily de-
voted himself to the development of phase-
change materials for memory applications.
This class of materials is also receiving con-
siderable attention in Asia. Prof. Wuttig has
been a member of JARA-FIT since 2007.

Consortium Launches
Project to Boost
Device and Circuit
Performance

Federal Ministry of Education and
Research (BMBF) Grants € 8.1 million to
JARA-FIT

DECISIF is an important milestone for the
future manufacturing of even more efficient
microprocessors and memories with lower
energy consumption and thus longer periods
of operation. The Federal Ministry of Educa-
tion and Research (BMBF) has granted € 8.1
million for the DECISIF project (DEVICE and
Circuit Performance Boosted through Silicon
Material Fabrication]. A further € 6.4 million
was contributed by the partners GLOBAL-
FOUNDRIES Dresden, Siltronic AG, AIXTRON
AG, Forschungszentrum Jilich and the Max
Planck Institute of Microstructure Physics.
The European Union project Medea DECISIF
also cooperates with the French partners
STMicroelectronics, SOITEC and LETI.

2008

First Generation of Phase-change Memories
Soon Ready for the Market?

JARA-FIT organized a European Phase Change and Ovonics Symposium on the
development of high-performance phase-change memories

A modern world without computer memories is absolutely unimaginable. Whether in comput-
ers, digital cameras or mobile phones, ever greater data volumes have to be processed and
stored everywhere. Aworkshop held at the beginning of September by the Institute of Physics
| of RWTH Aachen University focusing on the development of a new powerful phase-change
memory was therefore able to welcome about 90 attendees from Asia, Europe and the USA.

WWW.epcos.org
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A Thermal Memory Cell

M. Feuerbacher1, M. Heggenl, J. Dolinsekz', M. Jagodic3, L Jaglici(:3

1 Institute of Solid State Research - Microstructure Research, Forschungszentrum Jiilich

2 J.Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia

3 Institute of Mathematics, Physics and Mechanics, University of Ljubljana

We present the concept of a thermal memory cell, storing a
byte of digital information into the storage medium by purely
thermal manipulation. Thermal inscription of information
employs a specific temperature—time profile that involves
continuous cooling and isothermal waiting time periods in
the absence of any external magnetic or electric field. Our
storage media are magnetically frustrated solids. We suc-
ceeded to thermally write arbitrary ASCII characters into the
Taylor-phase 7-Al;(Mn,Fe) complex intermetallic compound.
Besides for data storage, the concept may be employed for
secure data transfer and for retrieving cosmological informa-
tion from extraterrestrial dust particles.

A bit, short for binary digit, is a basic unit of information storage
taking two values e.g. 0 and 1, and corresponds to the quantity of
information required to distinguish two mutually exclusive equal-
ly probable states from each other. A byte is an ordered collection
of eight bits and represents the smallest unit of binary data on
which meaningful computation can be performed. Bits can physi-
cally take many forms, e.g. electrical levels in digital circuits or
pits and grounds on a CD ROM. In hard disks, a ferromagnetic
layer is conceptually divided into many sub-micrometer-sized
magnetic regions, each forming a magnetic dipole, which is mag-
netized directionally "up” or "down"” by a write head. Common to
all the known memory cells is the fact that digital information is
inscripted by an external field, either electric (DRAM), magnetic
(hard disks] or electromagnetic (laser light on CDs). The thermal
memory cell (TMC) presented here, is a conceptually different
way of digital data storage, taking place by purely thermal mani-
pulation in the absence of any external field.

Thermal information storage is based on the memory effect (ME)
in frustrated systems with broken ergodicity [1,2]. The interac-
tion between particles in these systems is such that no configu-
ration can simultaneously satisfy all bonds and minimize the
energy at the same time. Examples are magnetically frustrated
systems such as spin glasses. Their dynamics is characterized
by a broad spectrum of correlation times. At the freezing temper-
ature 75 the system undergoes an ergodic—nonergodic phase
transition, below which, thermal fluctuations can no longer main-
tain an equilibrium on experimentally accessible time scales. The
system exhibits an out-of-equilibrium dynamics, which is respon-
sible for the appearance of the ME.

Here we demonstrate the TMC phenomenon in a single crystal of
the complex metallic Taylor-phase 7-Al;(Mn,Fe] with composition
Al55Mn,; sFeg and dimensions 2x1x1 mm’>. The Mn and Fe
atoms represent a network of predominantly antiferro-
magnetically (AFM) coupled localized spins. The nonergodic
phase occurs below 7= 29 K (Fig. 1b). The information is stored
by employing a specific temperature—time profile (Fig. 1a), in-
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FIG. 1: a) Temperature-time protocol for the thermal inscription of
information in a zfc run. The information is stored by isothermal
aging for t,=1 h at temperatures T{=24.5 K, T,=17 K, and T;=9.5 K. b)
zfc electronic magnetization for two thermal histories: the reference
zfc run (curve 1) and the zfc run with three consecutive stops at the
above temperatures (curve 2). The freezing temperature Tf =29 K is
defined from the cusp in My (arrow]. c) magnetization difference AM
between curves 1 and 2, exhibiting peaks at Ty, T, and T

volving continuous cooling in the absence of any external mag-
netic or electric field (a so-called zero-field cooling (zfc) proce-
dure) and isothermal waiting (or "aging") time periods at three
temperatures 7. Reading the thermally stored information is
conveniently (but not necessarily) done by employing a low
static magnetic field of about 4 Oe at the lowest temperature and
then recording the electronic magnetization M, in a continuous
heating run. While in the temperature intervals where the preced-
ing zfc cooling was continuous M, builds up continuously, it
shows anomalies in the vicinity of the stop temperatures. The
thermally stored information is best retrieved by performing two
complementary experiments (Fig. 1b): (/) a zfc reference cooling
run without any stop to the lowest temperature and then record-
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ing the zfc magnetization in a subsequent heating run and (/] a
zfc run with stops at the desired temperatures. The difference AM
then appears in the form of resonant peaks on the baseline,
located at the stop temperatures (Fig. 1c). A peak in AMis consi-
dered as a logic 1, whereas "ground” (no peak) means the ab-
sence of stored information, corresponding to a logic 0. For read-
ing the entire information, the TMC has to be heated to a tempera-
ture above T4, which leads to erasure of the stored information.
The thermal memory cell is established [3] by dividing the tem-
perature range below 7;into eight intervals, each representing
one single-bit memory section. Digital information is inscripted
into each memory section during a cooling run, employing either
continuous cooling over the associated temperature interval,
equivalent to writing a 0, or stopping within the interval for a given
time thus creating a peak in AM, thus writing a 1.

An eight-bit byte with all bits set to 1 is displayed in Fig. 2a, show-
ing that all eight peaks in are clearly recognizable. Further data
manipulation by taking the negative second derivative and clip-
ping the negative parts yields a pattern with well defined peaks
and baseline (Fig. 2b). We have successfully written ASCII charac-
ters into the 7-Al3(Mn,Fe] complex metallic alloy but also into
other spinglasses, e.g. polygrained Cug;Mng [3]. The stability of
the encrypted information was demonstrated to be stable over
durations of several weeks.

Thermal writing is as yet time-consuming, but at least ten times
shorter writing times are feasible. Currently, the read-out em-
ploys a minute magnetic field since the electronic magnetization
is measured to read the information. In principle, purely thermal
read-out without any external field, e.g. by calorimetry is feasible
aswell.

The information stored in a TMC can be read only once, i.e. the
data is unavoidably erased during reading. This feature prompts
for the application in data security and secure data transfer
issues. We furthermore point out that the TMC concept can be
employed in other scientific disciplines: cold transition-metal-rich
particles, contained in interstellar and interplanetary dust may
be understood as pristine TMCs. Read-out of particles of suitable
chemical composition may enable retrieving their thermal history
and provide valuable information e.g. on the formation of late-
type stars or Jupiter-like planets, and on early stages of the

galaxy.
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FIG. 2: An eight-bit byte of thermally inscripted digital information
with all bits set to high, i.e, 11111111, a) raw AM data. b) data
processed by taking the negative second derivative and subsequent
clipping of the negative parts to give a digital pattern, consisting of
peaks (1) and base line (0). The units are 10~ emu/mol K’.

Acknowledgments This work was done within the activities of EU
Network of Excellence “Complex Metallic Alloys” (Contract No.
NMP3-CT-2005-500140]).

[1] K. Jonason, E. Vincent, J. Hammann, J. P. Bouchaud, and P.
Nordblad, Phys. Rev. Lett. 81, (1998], 3243.

[2] J. Dolinsek et al, Phys. Rev.B 72, (2008), 064430.

[3] J. Dolinsek, M. Feuerbacher, M. Jagodic, Z. Jaglicic, M. Heggen,
and K. Urban. J. Appl. Phys. 106 (2009), 043917
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Electric field alignment of a block copolymer
nanopattern: direct observation of the microscopic

mechanism

V. Olszowka®, M. Hund?, V. Kuntermann?, S. Scherdel’, L. Tsarkova® and A. Boker"

1 Institute of Technical and Macromolecular Chemistry, RWTH Aachen, University

2 Institute of Physical Chemistry Il, University of Bayreuth

Using quasi in-situ scanning force microscopy we study the
details of nanopattern alignment in block copolymer thin
films in the presence of an in-plane electric field. Due to the
surface interactions and electric field the lamellae are
oriented both perpendicular to the plane of the film and pa-
rallel to the electric field. We identified two distinct defect
types which govern the orientation mechanism. Ring-like
(tori) and open-end defects dominate at the early stage of
the orientation process, while mainly classic topological
defects (disclinations and dislocations) are involved in long-
range ordering at the late stages. Comparison of the time
evolution of the defect density with the evolution of the
orientational order parameter suggests that tori-defects are
essential for the effective reorientation.

The spontaneous formation of nanostructured materials via
molecular self-assembly of block copolymers attracts increasing
scientific interest which is dictated by a growing number of tech-
nological applications of nanopatterns.[1] A serious challenge is
to achieve a macroscopically long-range orientation and order or
even a single-grain structure. Various procedures leading to high
degrees of order have been successfully implemented both in
bulk phases, and in thin block copolymer films. Most of them
utilize external fields such as electrical or mechanical fields,
temperature gradients or grapho-epitaxy.

old
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FIG. 1: Schematic of electrodes on a glass substrate. The thickness of

the chrome and gold layer (5 nm + 50 nm) and the gap between the
electrodes (10 pm) are not true to scale. The size of the arrangement
(sample size) is about 6 mm x 6 mm x 1 mm. The ~40 nm thick block
copolymer film was applied in between the electrodes by spin-
coating.

The key to an understanding of the orientation behavior of block
copolymer microdomains in thin films is the knowledge of the
underlying microscopic mechanisms which contribute to the
rearrangement of domains. Here, we subject a ~ 40 nm thick film

LY PR T, ﬁ

FIG. 2: Crops (150 nm x 150 nm) from registered SFM phase images
illustrating the transition from the disordered structure (a) to highly
ordered striped pattern (i). The film was annealed in saturated
chloroform vapor under an electric field of 15 V/pm in the quasi in-
situ SFM chamber. The PMMA phase appears brighter in the images
than the PS phase. The raw data were acquired by scanning areas of
3x 3 um’ with 1024 x 1024 pixels using TappingMode imaging.

of a lamella-forming polystyrene-4-poly(methyl methacrylate] -
based block copolymer to a saturated chloroform vapor under an
electric field of 15 V/um. A schematic of the sample setup is
shown in Figure 1.

Due to the difference in the dielectric constants of the blocks
(here: €ps = 2.4, €pyuwa = 3.6), the microdomains tend to orient
parallel to the electric field vector thereby lowering the free en-
ergy of the system. Thus, striped patterns with long range order
can be created via the combination of an electric field oriented
within the plane of the film and of surface interactions tailored to
favor a perpendicular orientation of the lamellae as has been
described previously.[2] The only technique able to image the
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resulting structures under ambient conditions is scanning force
microscopy (SFM). In order to elucidate the mechanism of micro-
domain alignment with this in-situ technique, problems with
scanning in the presence of an electric field have to be solved.
Therefore, a special SFM chamber was designed that allows imag-
ing exactly the same spot during repeated sample treatment
cycles [with solvent vapor and under electric field) over a long
period of time without damaging the scanning head.[3]

In Figure 2, the evolution of the initially disordered structure
(Figure 2a) of a polystyrene-b-poly(methyl methacrylate]) -
based block copolymer into an aligned lamellar array (Figure 2i)
is shown as a function of the treatment time in saturated chloro-
form vapor under an electric field of 15 V/pm in the quasi in-situ
SFM chamber. In the following, the most representative defects at
different time-scales of the structure evolution are identified and
quantitatively analyzed.
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FIG. 3: Time evolution of the defect density (left-hand axis) and of the
orientational order parameter P, (right-hand axis) during the com-
bined treatment under an electric field and solvent annealing. The
lines are drawn as guides to the eye. The data was collected from 3 x
3 pm® SFM images.

The snap-shot imaging of the same spot revealed that the lamella
alignment proceeds via creation, opening and joining of ring-like
tori-structures (Fig. 2a-i). When the initially disordered pattern in
Figure 2a is subjected to a 30-min-long treatment, the tori de-
fects become clearly visible (Figure 2b). Within the next treat-
ment steps the tori break/open (Fig. 2c-f), and finally merge into
straight lamellae (Fig. 2g-i). On the one hand, merged tori form
lamellae with the orientation parallel to the electric field vector,
while on the other hand the merging of tori connects neighboring
lamellae which are already oriented along the electric field via
bridges (necks] (see for example Fig. 2g). Such bridges allow the
chain transport in the direction orthogonal to the PS-PMMA inter-
face without crossing it. Upon further annealing, the bridges
between ordered lamella annihilate (Fig. 2h). At the late stage of
lamella orientation, classical topological defects (dislocations

50

and disclinations] dominate (Fig. 2h), and their movement and
annihilation can be followed in Figures 2h-i.

Important quantitative information regarding the alignment
process was gained through a detailed analysis of the defect
density and of the structure order parameter. Figure 3 shows the
defect density of tori and of open end defects as a function of
time. The data was collected from 3 x 3 pm® SFM images. After
short-term annealing of ~5 min, a similar density of tori and of
open end defects (ca. 60 defects/um®) was found. Upon further
treatment the number of open-end defects decreases exponen-
tially until they vanish after ~370 min of the film treatment. In
contrast, new tori defects are formed upon further annealing with
the density reaching its maximum value of ca. 110 defects/um®
after ca. 80 min of the film treatment. Upon further annealing and
corresponding ordering, the number of tori constantly decreases,
and after ca. 410 min all tori are annihilated.

The order parameter as a function of time (Figure 3] shows an
almost linear dependence and reaches a constant value of P, = -
0.21 after approximately 320 min of the film treatment. Compari-
son of the time-evolution of the defect density (tori, open end
defects) with the evolution of the order parameter P, suggests
that open end defects are quickly annihilated during the align-
ment process, whereas tori-defects are generated to support the
orientation process during its early stage. We note that open end
defects are generated as a result of the fast freezing of the struc-
ture during sample preparation by spin-coating, and they are
energetically highly unfavorable due to the high local curvature of
the interface. As a consequence, in the course of annealing, their
density is always smaller compared to the density of the tori.

The creation of the tori has the advantage that the polymer
chains are able to diffuse along the interface between the blocks
of the copolymer. If an electric field is applied, breaking of the tori
along the electric field vector is favorable. In order to form a per-
fectly aligned structure, no translational movement of the center
of mass of the tori is required. Simply breaking and merging the
tori is sufficient. Thus such a ring-like structure is an ideal transi-
tion state during the reorientation process. Interestingly, similar
ring-like defects were previously found in dynamic density func-
tional theory simulations and TEM images of block copolymer
bulk samples oriented from a concentrated solution under an
electric field.[4]

A detailed description of the results reported here, can be found
in [5].

[1] Park, C;Yoon, J. and Thomas, E. L. Polymer 44, 6725 (2003).
[2] V. Olszowka, L. Tsarkova, A. Béker Soft Matter 5, 812 (2009).

[3] M. Hund, H. Herold Review of Scientific Instruments 78,
063703 (2007).

[4] AV. Zvelindovsky, G.J.A. Sevink Phys.Rev.Lett. 90, 049601
(2003); A. Boker, V. Abetz, G. Krausch Phys.Rev.Lett. 90,
049602 (2003).

[5] V. Olszowka, M. Hund, V. Kuntermann, S. Scherdel, L. Tsarkova,
A. Béker ACS Nano 3, 1091 (2009).
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Non-equilibrium current and relaxation dynamics of a
charge-fluctuating quantum dot

S. Andergassen, C. Karrasch, M. Pletyukhov, D. Schuricht, V. Meden, H. Schoeller

Institut fr Theoretische Physik A, RWTH Aachen University

We study the steady-state current in a minimal model for a
quantum dot dominated by charge fluctuations and analyti-
cally describe the time evolution into this state. The current
is driven by a finite bias voltage across the dot. The Coulomb
interaction of the localized dot electron with the lead elec-
trons is treated using two complementary renormalization
group methods. The analytic solution of the flow equations
allows to identify all microscopic cutoff scales. We find inter-
esting non-equilibrium effects when going away from par-
ticle-hole or left-right symmetric parameters. The relaxation
dynamics shows characteristic oscillations as well as an
interplay of exponential and power-law decay.

Recent progress in the ability to engineer nanostructured devices
has opened new possibilities for studying the finite-bias trans-
port characteristics of such systems. As the electrons occupying
the nanostructure are spatially confined, local Coulomb correla-
tions strongly affect the physics, and understanding non-
equilibrium phenomena in systems with local two-particle inte-
ractions is therefore of fundamental importance. In an attempt to
investigate simplified cases first, one can distinguish between
situations in which either charge or spin fluctuations dominate.
The latter case is described by the Kondo model, and progress in
understanding its non-equilibrium physics has recently been
made [1]. We here consider the other situation and study a mi-
nimal model for a quantum dot dominated by charge fluctuations
- the interacting resonant level model (IRLM). It describes a spin-
less localized level at energy € coupled to two leads by electron
hopping t, and local Coulomb repulsions U,, see Fig.1 for a
schematic depiction. The lead electrons are assumed to be (ef-
fectively) non-interacting and held at two different chemical
potentials u, = +V/2, with @ = L, R denoting the left and
right lead and V being the bias voltage. The steady-state current
of this model has been studied intensively during the last few
years using various techniques [2]. From these studies one can
conclude that (i) at sufficiently large V, a negative differential
conductance appears, and that (ii) in the scaling limit where all
bare model parameters are much smaller than the bandwidth of
the leads the current decreases as a power law in V. Similar
power-law behavior occurs in the linear response regime, and it
was suggested that the non-equilibrium situation can easily be
understood from the equilibrium one by introducing V as another
infrared energy cutoff (in addition to, e.g., t, or temperature].
This led to the speculation that the IRLM does not contain any
interesting non-equilibrium physics. We show both numerically
and analytically that this conclusion is too restrictive, and de-
scribe non-equilibrium effects beyond the situation where the
voltage I/ plays the role of a low-energy cutoff.

‘/_\\ ‘/_\-\‘
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FIG. 1: Model

To uncover the full complexity of the physics, one has to go away
from either the particle-hole symmetric point at which the local-
ized level is energetically placed in the middle between p;and ug
or abandon left-right symmetry of the level-lead couplings, or
both. In addition, we provide an analytical description of the time
evolution towards the steady state, characterized by a complex
relaxation dynamics.

We use two perturbative RG methods to investigate the IRLM [3].
Within the functional RG (FRG], which was recently extended to
the non-equilibrium situation [4], the steady state can be studied
for arbitrary system parameters, while the real-time renormaliza-
tion group in frequency space (RTRG-FS) [1] is controlled only in
the scaling limit, where they provide coinciding results. In con-
trast to the FRG, the RTRG-FS allows for an analytical description
not only of the steady state but also of the relaxation dynamics.
The combined use of both RG approaches leads to a reliable and
comprehensive picture of the nonequilibrium physics under
consideration. In particular, the two methods allow for the identi-
fication of the various microscopic cutoff scales of the RG flow,
which is essential for the precise determination of the scaling
behavior of observables.

Within both RG approaches, coupled differential equations for the
flow of the effective system parameters as a function of an infra-
red cutoff A can be derived in leading order in U,. Approximate
analytical solutions of equal functional form are derived, and
confirmed by numerically integrating the corresponding full RG
equation, as illustrated in Fig. 2. For the renormalized steady-
state rates I, whose bare values are given by I} = 2mp,tZ, we
obtain I, = I2(Ay/A.)?Y, where A is the initial cutoff. The RG
flow is cut off at the scale A, = max{|u, —€|,I'/2} with
I' =Y,1I,. Atlarge voltages V > I, we distinguish between the
off-resonance |V —2€| > T and the on-resonance V = 2¢
situations.

In the latter case, the relevant energy scales cutting off the flow
are I'/2 for I}, and V for I. In the scaling limit where A, —
and I;Y — 0, the dependence on bare parameters vanishes, all
quantities can be expressed in terms of the invariant scales
Ty = 2o TE, where T = I,2(24,/Tx)?Y«, and the asymmetry
parameter c2 = T /TE. The stationary current, as well as the
dot occupation, can directly be computed from the rates I,
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For V> I' and off-resonance, this expression simplifies to
I = I Iz /T. Whereas for U, = Uz = U and V > € the current
at large voltages is always governed by a power law I(V)
V~2U this does not in general hold for asymmetric Coulomb
interactions. Only if in addition to U, # Uy the asymmetry in the
bare rates is large (¢ < 1 or ¢ > 1), the power-law behavior is
recovered, with exponents 2U; or 2Uj respectively. In contrast
to the off-resonance situation, the current on-resonance where
the conductance G = dI/dV has a maximum does not follow a
power law even in the left-right symmetric model. Only for suffi-
ciently large V the above power-law behavior is recovered. Thus,
the voltage V' cannot be interpreted as a simple infrared cutoff
both for € = +V /2 and U, # Ui which is generic from the
experimental point of view, and the physics in nonequilibrium is
far more complex than in the linear response limit.

Results for the experimentally relevant conductance G are show
in Fig. 3, featuring the resonance at € = £V /2 as the voltage
becomes large as a function of the gate voltage €. Arbitrary val-
ues of V /Ty and €/Ty can be accessed in both frameworks,
providing reliable tools to study quantum dot systems out of
equilibrium.

FIG. 3: Conductance G(€) = dI/dV lines: RTRG-FS, symbols: FRG)
forU, =Uzr =01/
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The time evolution towards the steady state after switching on
the level-lead coupling at time t = 0 can be described within the
RTRG-FS by closed integral representations both for the dot occu-
pation (Ai(t)) and the current I(t) [5]. Numerical results are
shown in Fig. 4. The long-time behavior away from resonance (i.e.,
ate,V,|le =V /2 > Ty, 1/t|) involves two different decay rates
describing the charge relaxation process and the broadening of
the local level induced by the coupling to the leads. Most notable
characteristics of the time evolution of both observbles are that
(i) the relaxation towards the stationary value is governed by
both decay rates, (ii] the voltage appears as an important energy
scale for the dynamics setting the frequency of an oscillatory
behavior, and (iii) the exponential decay is accompanied by an
algebraic decay o t2Y~1, The last result is of particular impor-
tance for applications in error correction schemes of quantum
information processing as it contrasts the standard assumption
of a purely exponential decay.

0 .
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FIG. 4: Time evolution of the dot occupation n(t) and the current I (t)
forU, = Uy = 0.1/mande = 10Ty
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Nano electromechanical blockade in carbon

nanotube quantum dots
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Understanding the influence of vibrational properties of the
atoms on electronic transitions in molecules constitutes a
cornerstone of quantum physics. Recent advances in build-
ing molecular-electronics devices and nano electromechani-
cal systems open a new arena for studying the interaction
between mechanical and electronic degrees of freedom in
transport at the single-molecule level. The tunneling of elec-
trons through molecules or suspended quantum dots has
been shown to excite vibrational modes, or vibrons. Beyond
this effect, theory predicts that strong electron-vibron cou-
pling dramatically suppresses the current flow at low biases,
a collective behaviour leading to a new blockade mechanism
and noise characteristic. In addition, strong electron-phonon
coupling may allow very new detection schemes for high
frequency (e.g. 100 - 800GHz) nanomechanical oscillations.

Molecular electronic devices and nano electro-mechanical sys-
tems (NEMS], both promising for future applications in electron-
ics and quantum information processing, provide new opportuni-
ties for exploring electron-phonon interactions at the single par-
ticle level. The interplay between discrete phonon, i.e. vibrational
modes, and electronic degrees of freedom directly influences the
physical properties of molecular quantum dot systems, including
for example dephasing of electronic quantum states and spin life
times. Carbon nanotubes, tubular molecules at the crossover to
quasi one-dimensional solids, are promising candidates for spin-
qubit applications and they allow tailoring discrete phonon mod-
es while providing freely suspended quantum dots. Beyond the
known detection of vibrational excited quantum dot states, col-
lective transport effects, such as the formation of polarons on a
single-electron level are theoretically expected to dominate
quantum transport through molecular systems and NEMS in the
strong electron-phonon coupling regime. We reported measure-
ments revealing Franck-Condon [1,2] blockaded transport in
freely suspended single-walled carbon nanotube quantum dots
[3]. Furthermore we reported on phonon assisted tunneling
within the Coulomb blockaded transport regime, where the vibra-
tional modes have been excited thermally. Both phenomena are
crucial for future investigations of molecular NEMS devices head-
ing towards the detection of quantum mechanical motion as well
as for controlling dephasing of electronic quantum states by
restraining coupling to the environment by confining the phonon
spectrum in quantum dot cavities.

In a confined metallic island tunnel-coupled to leads Coulomb
blockade suppresses the current except when a state is aligned
with the chemical potential in the source (S) or drain (D) lead
(Fig. 1a), leading to the well known Coulomb peaks in the current.
In a quantum dot (QD) additional discrete quantum levels are

present, and tunneling can occur either through the ground state
or through electronic excited states, giving rise to an electronic
spectrum similar to atoms. Semiconductor quantum dots are
usually fabricated in a bulk semiconductor, and other degrees of
freedom do not have to be considered. This is not the case for a
quantum dot fabricated in a suspended nanostructure, such as a
suspended carbon nanotube (CNT), where vibrational degrees of
freedom (or phonons) can modify the electronic spectrum. These
vibronic states can be probed at large bias voltage (Vs4), which
compensates the energy difference between the ground and
excited vibrational states (Fig. 1b). For a weak coupling between
the electronic and mechanical degrees of freedom, this new
spectrum does not change significantly the usual picture of
Coulomb blockade (Fig. 1a). This is not anymore the case when
the electron-phonon coupling is strong (Fig. 1b]. Similar to the
spectroscopy of a molecule, tunneling through such a system is
expected to be governed by the Franck-Condon principle [1,2]:
assuming that tunneling of an electron in the QD occurs much
faster than the time scale of mechanical motion, the system will
reach a new mechanical ground state with lower energy, so-called
Franck-Condon state (also known as polaron shift]). Since the
energy of the new ground state is lower, tunneling out of the
electron is strongly suppressed. Despite several experiments
showing vibrational excited states in suspended QDs [4, 5], the
exponential suppression of tunneling through the ground state
was never directly measured.

Fig. 1: Scheme of electron transport in a suspended quantum dot.
Figure adapted from Ref. [3].

A scanning electron microscope image of the suspended carbon
nanotube quantum dot device we were studying is shown in
Fig. 2. The suspended CNT is electrically and mechanically con-
nected to both source (S) and drain (D] contacts, while the cen-
tral suspended electrode is not electrically connected, and acts
as a middle suspended top-gate (TG). The process leading to the
electrical isolation is most likela due to the oxidation of the 2 nm
Cr layer between the gold electrode and the CNT during the etch-
ing process. A quantum dot in the CNT is formed between defects
along the nanotubes, which are presumably created during the
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release process and act as local barriers. The interesting configu-
ration of double top- and back-gates allow to extract the position
of the QD, which is located below the TG, as described in more
detail in Ref. [3]. Measurements have been done in two different
devices, with quantum dots formed at different locations along
the nanotube and all configurations show very similar results.

Fig. 2: Electron microscope micrograph of the suspended carbon

nanotube (white arrows) with the source and drain electrodes and
the central top-gate electrode. Scale bar correspond to 200 nm.
Figure adapted from Ref. [3].

The charge stability diagram of the QD as a function of the top-
gate voltage Vi, and the bias voltage V4 shows clear Coulomb
diamonds (see Fig. 3). The sizes of the Coulomb diamonds cor-
respond to the energy necessary to add an additional electron to
the QD. In the constant interaction model, this addition energy is
expected to be the sum of the classical charging energy E and
the quantum mechanical energy of the confined states AE,... We
see clearly in Fig. 3 that two characteristic energies appear, the
lower being E, the larger E¢ + AE.... The four-fold periodicity
observed in Fig. 3 is due to the possibility to add four electrons on
the same energy level, which is due to the combine spin and
orbital degeneracy (K and K’ points) in CNTs [14-16]. This is a
characteristic of a very clean CNT, which stays mainly undis-
turbed even below the top-gate.

A striking feature of these Coulomb diamonds are quasi-periodic
lines running along the edges of the Coulomb diamonds, as clearly
seen in the differential conductance shown in Fig. 3. Such lines
correspond to tunneling through vibrational excited states of the
quantum dot with an energy AE,;,. (see dashed lines in Fig. 3]. In
agreement with previous experiments we interpret them as longi-
tudinal phonon modes. By varying the temperature we could prove
the bosonic nature of these excitations (not shown] [3]. From the
experimental plot in Fig. 3, we also observe the suppression of
current through the ground state compared to the current through
the excited states. This can be clearly seen on all diamonds (see
strong dI/dV suppression around zero bias]. In contrast to previous
experiments [5], the height of the first step is considerably re-
duced compared to the height of the second step. This is a direct
observation of the effect described in Fig. 1: due to the formation of
the Franck-Condon state, tunneling through the ground state is
exponentially suppressed compared to tunneling through the
vibrational excited states. Formation of such a polaronic state is
unusual, and requires a particularly strong electron-phonon inte-
raction g. For equilibrated phonons, the conductance peak heights
are given by the Poisson distribution (dI/dV )™ ~ P, = e 8g"/n!, with
g the electron-phonon coupling parameter (see also Fig. 1).
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Fig. 3: Coulomb diamonds measured by sweeping the top-gate and

adjusting the back-gate simultaneously in order to keep the average
chemical potential in the leads constant. The differential conductance
plot emphasizes the vibrational excited states and the strong negative
differential conductance. Figure adapted from Ref. [3].

In summary we unambiguously demonstrated the Franck—
Condon blockade in a suspended carbon nanotube quantum dot.
The large observed electron—vibron coupling could ultimately be
a key ingredient for the detection of quantized mechanical mo-
tion and it emphasizes the unique potential for nano electro-
mechanical device applications based on suspended graphene
sheets and carbon nanotubes.
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Bistability and oscillatory motion of natural
nanomembranes within monolayer graphene

M. Pratzer, T. Mashoff, M. Liebmann, V. Geringer , M. Morgenstern

II. Institute of Physics B, RWTH Aachen University

The two-dimensional material graphene is an ideal candidate
for nanoelectromechanics due to its large strength and mo-
bility. Here we show that graphene flakes provide natural
nanomembranes of diameter down to 3 nm within its intrinsic
rippling. The membranes can be lifted either reversibly or
hysteretically by the tip of a scanning tunneling microscope.
The clampedmembrane model including van-der-Waals and
dielectric forces explains the results quantitatively. AC-fields
oscillate the membranes, which might lead to a completely
novel approach to controlled quantized oscillations or single
atom mass detection.

Graphene preparation is done by mechanical exfoliation on a Si0;
substrate as described elsewhere [1]. A graphene flake contain-
ing a monolayer region is identified, first, by an optical micro-
scope and, in addition, by Raman spectroscopy [2]. A gold con-
tact surrounding the graphene is produced using ebeam lithogra-
phy. In order to remove the residual resist and other adsorbates,
the sample is heated to 170° C for a few hours, first in air, and
then, directly before the measurement, in ultra-high vacuum (p =
2 x 10""° mbar). The monolayer region of (18 x 26) xm® is posi-
tioned below the tip of the STM by a piezo motor using the control
by an optical long distance microscope [2]. The measurements
are performed at 7= 4:8K with a high resolution STM [3]. All STM
images are measured in constant-current mode with the voltage
Uapplied to the sample.

Figure 1a shows a 3d representation of a monolayer graphene
surface at several tip-sample distances. At large distance (top),
the corrugated surface and the typical carbon hexagons are
visible. Decreasing the tip-graphene distance (middle, Figure 1a,
a small bump appears within the valley, which at even smaller
distance (bottom) increases in height and diameter. With respect
to the neighbouring hill, the valley is lifted by 32 pm, i.e. about
half of the initial height difference between hill and valley. Within stable hill lifted valley
the lifted area, the atomic structure changes from hexagons to a
triangular arrangement of bumps appearing at every second
atom position. By following up the line in Fig. 1b one clearly sees
that the bumps within the stressed area do not appear in the
center of the hexagons but at one of the atomic sites providing a
symmetry breaking between A and B lattice. The ball model pre-
sented in Fig. 1a illustrates a possible atomic arrangement ex-
plain- ing the broken symmetry induced by the compressive
stress. To reduce the stress a zig-zag like arrangement of the
carbon atoms is favoured. While the membrane’s lifting in Figure
1 is reversible, other valleys exhibit hysteresis. Figure 2a shows
the I( z)-curve of a hysteretic nanomembrane at a sample voltage

FIG. 1: Reversible lifting of the graphene nanomembrane. a) 3D
representations of an atomically resolved monolayer graphene at
different tip-sample distance as indicated on the right. At a large
distance (U= 1V, | = 0.1 nA) carbon hexagons are visible. Decreasing
the distance, a hill appears in the centre of the valley and the hex-
agons are transformed to bumps at every second atom position. b)
Magnification of the dotted area marked in a). The changing atomic
arrangement from relaxed (hexagons) to stressed (triangles) gra-
phene areas can be identified. The ball model sketched at the bottom

of a) illustrates a possible atomic arrangement.
of /= 1V. While approaching or retracting the tip, a jump in cur-

rent /by three orders of magnitude is observed with a hysteresis
of 50 pm. Such hysteretic membranes can be identified directly
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FIG. 2: a) I(z)-spectrum revealing hysteretic behavior of a nanomem-
brane. The inset shows the corresponding double well potential
calculated as described in [4]. b) Current response to an oscillating
tip voltage Umos (blue) measured at reference (black) and on nano-
membrane (red). c] Upper inset: in-phase lock-in current signal
recorded on reference (black) and nanomembrane (red). Main: ratio
of the two lock-in signals r, from the upper inset in comparison with a
fit using the model of a prestrained clamped membrane (blue line)
[5]. Right and upper scale show the deduced deflection amplitude Az
(right axis) and the applied electric field amplitude Eq (upper axis)
[4]. Lower inset: STM image with the two measurement positions
(white circles) and area of the membrane (dashed circle) marked.
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within constant-current images, if /is chosen within the bistable
range (see the noisy area in the inset of Figure 2c). In order to
model the observed behavior, we carefully analyzed the involved
interaction potentials. Besides the electrostatic potential be-
tween tip and graphene, the van der Waals potentials for
tip/graphene and graphene/Si0,, and the elastic potential of the
membrane are considered. The calculations of the interaction
potentials acting on the graphene membrane are described in
detail in Ref. [4]. The summed up potential exhibits two local
minima at a substrate graphene distance of z, = 0.9nm
representing the observed bistability (see inset in Figure 2a). A
reduction of the substrate graphene-distance by 0.3nm leads toa
more pronounced first minimum explaining the reversible beha-
vior of the membrane.

Next, we apply an ac-voltage U[t]= U, + U, cos(2 TVt with vary-
ing amplitude Ujat a dc-offset U,.=-0.3V = U, to compensate the
contact potential and at a fixed tip-substrate distance. The tip is
placed above the nanomembrane marked by the dashed circle in
the inset of 2c. We choose the stabilization current /,, = 0.2 nA
low enough to avoid snapping of the membrane. Figure 2b shows
the resulting //t/ and the applied U,.4(t) = U[t]- Uy for the mem-
brane (bottom] and on a reference (hill] position (top). At refer-
ence, /{t/is dominated by the capacitive crosstalk (phase shift of
90°). At the membrane, an additional in-phase signal, non-linear
with respect to U,..(t/, indicates the reversible membrane
movement. We use lock-in technique to measure the deflection
amplitude Az with respect to U The upper inset of Figure 2c
shows the lock-in output measured on the nanomembrane (red)
and on a reference position (black). To get rid of unknown para-
meters we use the ratio of the two lock-in signals 7. From r,, we
deduce Az numerically as displayed on the right scale of Figure
2c. The displayed Az and the corresponding electric field ampli-
tude £,deduced from U, and Az give an impression of the ampli-
tude-field relation achievable by low-frequency external excita-
tion. The high resonance frequency (V = 400 GHz) of such mem-
branes corresponding to 1.7meV might be favourable for quan-
tum electromechanics. Moreover, the nanomembranes consist-
ing of only 200-800 atoms are ideal resonators for ultra sensitive
mass detection. Detailed information are published in [4].
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Energy — Entropy Cycle in Nanoscale Pit Formation

at 2D Ge Layers on Si

K. Romanyuk, J. Brona, B. Voigtlander

Institute of Bio- and Nanosystems — Functional Nanostructures at Surfaces, Forschungszentrum Jilich

The structural stability of two-dimensional (2D) SiGe nano-
structures is studied by scanning tunnelingmicroscopy
(STM). The formation of pits with a diameter of 2 — 30nm in
one atomic layer thick Ge stripes is observed. The unantici-
pated pit formation occurs due to an energetically driven
motion of the Ge atoms out of the Ge stripe towards the Si
terminated step edge followed by an entropy driven GeSi
intermixing at the step edge. Using conditions where the pits
coalesce results in the formation of freestanding 8nm wide
GeSi wires on Si(111).

The structural instability of nanostructures during annealing is an
important issue which, along with the compositional instability,
can be a serious threat to the functionality of nanodevices. Since
the diffusion energies and intermixing barriers are particularly
low at surfaces, the stability of surface nanostructures is most
delicate. In the GeSi heteroepitaxial system there is a strong
thermodynamic driving force for intermixing, since intermixing
reduces strain and increases entropy [1, 2].

We have shown that the driving force for intermixing occurs to be
so strong that it provokes drastic morphological changes during
equilibration [3]. These structural changes are a way to bypass
the kinetic barriers for direct intermixing. In particular, we show
that one monolayer (ML) high Ge stripes grown at Si(111) step
edges are unstable towards pit formation during annealing. The
Ge leaving the stripe during pit formation attaches at the (Si
covered) Ge stripe and intermixes with the subjacent Si (Fig. 1).
The pit formation arises by a concerted action of processes driven
by an energy gain of the system and processes driven by an
increase of the entropy of the system due to intermixing. The
question arises why this rather complicated mechanism of pit
formation is followed instead of the much simpler direct vertical
intermixing of Ge with the subjacent Si. While the direct intermix-
ing process results in a final state of even lower energy as the
final state after pit formation, the kinetic barrier involved is much
smaller than the barrier for direct vertical intermixing which fa-
vors the pit formation.

After submonolayer deposition Ge atoms attach to the step edges
and form Ge stripes (Fig. 1(a)). It was found that the apparent
height measured in STM is ~ 1 A higher on Bi terminated Ge areas
compared to Bi terminated Si areas, allowing a distinction be-
tween Siand Ge on the nanoscale [4].

While attempting to grow alternating two-dimensional GeSi super-
lattices, we observed the formation of pits inside of Ge stripes for
certain growth conditions. The unexpected formation of one
atomic layer deep pits occurs if the growth of a Ge stripe is fol-
lowed by the deposition of a Si stripe and subsequent annealing
(Fig. 1(b]]. In the following a model is described which explains
the observed pit formation. In the first part of the pit formation

process an initial amount of Ge is moving from the Ge stripe (pits)
to the outer Si rim (Fig. 2(b)). For simplicity we leave out the
actual nucleation event. The driving force for the first part of the
pit formation process is bond energy gain. Ge-Ge bonds presentin
the Ge area are replaced by stronger Si-Ge bonds when Ge atoms
attach to the Si terminated step edges. This process decreases
the system energy and supplies an energetic driving force for Ge
to form pits and to diffuse to the Si terminated step edge.

FIG. 1: (a) STM image of a one atomic layer high Ge stripe grown at a

Si step edge. After Ge deposition a thin outer Si rim was grown. The
apparent height contrast between Si and Ge is induced by the Bi
termination of the whole surface. (b) After annealing at 733K unanti-
cipated formation of pits and motion of the Ge originating from the
pits to the outer Si rim is observed.

While the above reasoning can explain the initial pit formation,
the pit formation should stop quickly if all Si step edges are ter-
minated by Ge atoms (Fig. 2(b)). Subsequent Ge attachment at
the step edges would not result in any bond energy gain. A further
growth of pits, as observed in the experiment, would not be ex-
pected because it would only increase the step energy. In a
second step of pit formation the entropy driven GeSi intermixing
acts at then outer step edge. The amount of GeSi intermixing can
be close to 50% under usual conditions [5]. Due to the entropy
driven intermixing at the step edge Ge is trapped and fresh Si is
present at the outer step edge again (Fig. 2(c]). This Si starts the
energy gain driven Ge diffusion from the pits towards the Si con-
taining step edge again (Fig. 2(b]). The atomic processes shown
in Fig. 2(b) and (c) can be considered as the subsequent energy
driven and entropy driven parts of an energy—entropy cycle.

The question arises why the system takes the complicated path-
way like the pit formation instead of the much simpler process of
direct vertical intermixing with the underlying Si? During vertical
intermixing high energy barriers have to be overcome in order to
reach the intermixed low free energy configuration. The relevant
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FIG. 2: In (a) and (c]) the initial and final states before and after pit
formation are shown. In the first part of the energy— entropy cycle
(b) the energy is reduced by replacing Ge-Ge bonds (at the Ge stripe)
through stronger Ge-Si bonds at the Si terminated step edge. The
subsequent GeSi intermixing is driven by a gain in mixing entropy (c].
Due to the intermixing Ge is trapped and the Si at the step edge is
(partly) restored activating the energy driven part of the cycle again.
An alternative simpler intermixing process without pit formation is di-
rect intermixing with the Si form the lower layer (d).

barrier for direct vertical intermixing is the barrier for intermixing
between the first and second layer which was recently measured
for the Bi/Ge/Si(111) system as ULE™?<€ = 2.2 eV [5]. The cor-
responding barrier at the step edge is lower (Usx? = 1.9 eV)
because the atoms are less confined by neighboring atoms at the
step edges [5]. The pits are formed because their formation
allows a path towards the minimum free energy configuration
which involves a lower barrier than the direct exchange path. Due
to the decreased energy barrier for GeSi exchange at the step
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edge, entropy can act more easily at the step edge while on the
terrace the lower entropy intermixed state is not realized due to
the large energy barrier involved with the GeSi exchange at the
terrace.

The pit formation can be also used for nanostructuring. Using
conditions at which pit formation is enhanced the fabrication of
freestanding GeSi stipes with single digit nanometer width is
possible. Fig. 3 shows an example of nanostructuring by pit coa-
lescence. A continuous ~ 8 nm wide freestanding GeSi wire has
been fabricated by pit coalescence. This wire is separated about ~
8 - 10 nm from the step edge. Here the complete initial Ge stripe
was removed. Such nanostructured templates can be used for
next stage nanostructuring as for instance anchoring molecular
nanostructures selectively at the wire or in the groove between
the step and the freestanding nanowire.

FIG. 3: Fabrication of a freestanding 8nm GeSi wire on the Si(111)

substrate obtained by pit coalescence.
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Cu-adatom mediated bonding in close-packed
benzoate/Cu(110)-systems

M.C. Lennartz1, N. Atodiresei3, S. Karthéuseri, R. Waseri'z, S. Bli]gel3

1 Institut of Solid State Research — Electronic Materials, Forschungszentrum Jiilich
2 Institute for Materials in Electrical Engineering and Information Technology 2, RWTH Aachen University
3 Institue of Solid State Research — Quantum Theory of Materials, Froschungszentrum Jiilich

Using UHV-STM investigations and density functional theory
(DFT) calculations we prove the contribution of Cu-adatoms
to the stabilization of a new high-density phase of benzoate
molecules on a Cu(110] substrate. We show that two differ-
ent chemical species, benzoate and benzoate Cu-adatoms
molecules, build the new close-packed structure. Although
both species bind strongly to the copper surface, we identify
the benzoate Cu-adatoms molecules as the more mobile
species on the surface due to their reduced dipole moment
and their lower binding energy compared to benzoate mole-
cules. Therefore, the self-assembly process is supposed to
be mediated by benzoate Cu-adatom species, which is ana-
logous to the gold-thiolate species on Au(111]) surfaces.

In future technological applications, metals should act as elec-
trodes or interconnectors to the CMOS world, whereas molecules
with their functional groups and their effort to self-assemble in
ordered layers are envisaged as the functional elements. Irres-
pective of the final circuit design, it is necessary to find suitable
molecule/metal combinations that provide the desired functional-
ity reliably. Because of its low resistance and its high heat capaci-
ty, copper combined with molecular materials is supposed to
provide the prerequisites for developing integrated circuits with
decreasing switching times, reduced heat dissipation, and higher
reliability. Therefore, the carboxylate/copper system is a promis-
ing alternative to the intensively studied thiol/gold system.

First characterizations of benzoic acid (CgHsCOOH) on Cu(110),
done by Richardson et al. [1], showed that benzoic acid forms large
domains of several well-ordered structures, depending on tempera-
ture and coverage. In this article, we present a UHV-STM experimen-
tal study and DFT calculations on the adsorption of benzoic acid on
a Cu(110) surface [2]. We demonstrate the role of the copper
adatoms in modifying the carboxylate/copper interface.

Straight forward vapor-deposition (Ts,=293 K, t=5 min,
p:4.?-10'4 mbar) with an additional annealing step at around
590 K results in a surface covered by a close-packed c(8x2)
surface structure of standing molecules. The benzoate molecules
bind usually on top of two copper atoms on the outermost surface
layer rows, resulting in a surface coverage of 0.25 [1]. Further-
more, we found regions with a new high-coverage structure [2].
The latter has a smaller feature size of the spots displaying a row
direction rotated by an angle of 35° with respect to the known
c[8x2] structure. Assuming commensurability and a standing-up
configuration, high-resolution STM images and linescans along
and between the molecular rows allow us to identify the unit cell
of the new high-coverage phase as a (1 1;-4 2] structure with two
molecules in the unit cell (Fig. 1).

a Cu(110) surface:

. adatoms
. first layer
. second layer

FIG. 1: a) Schematic of the new adatom-stabilized (1 1; -4 2] struc-
ture of the benzoates on the Cu(110) surface. b) High-resolution STM

image (Ur=0.78 V, 1;=0.36 nA) of the new close-packed structure with
unit cell and substrate vectors.

Both the benzoates at the corners and the benzoates in the centers
of the unit cell build rows in the [112] direction. The molecules at
the corner can be identified as chemisorbed on top of the copper
atom rows of the outermost substrate layer, whereas this is not the
case for the benzoate molecule in the center of the unit cell. A short
bridge site at the center of the unit cell can only be provided by the
incorporation of copper adatoms. This assumption is supported by
the heights of our linescans from STM measurements and studies
on flat-lying benzoate monolayers which can be interpreted by the
incorporation of copper adatoms. Therefore, the new structure is
described with a row of adatoms between the central benzoate
molecule and the outermost copper layer so that all benzoate
molecules of the unit cell bind on top of copper atoms and bridge
the short lattice site (Fig. 1).

Our ab initio total-energy calculations have been performed in the
framework of density functional theory (DFT) [3] by using the
Perdew-Burke-Ernzerhof (PBE) [4] exchange-correlation energy
functional as implemented in the VASP code [5, 6]. The mole-
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cule/metal system was modeled by a 3D repeated slab as de-
scribed in detail for example in [7].

The theoretical calculations prove that the strong covalent inte-
raction between the oxygen atoms of the carboxylate moiety and
copper surface atoms favors the adsorption of molecules in the
so-called bridge position. Neglecting the copper adatoms, we
calculate a first structure where one benzoate is placed on two
copper first-layer atoms and another benzoate molecule is placed
on top of two copper second-layer atoms. During the geometry
optimization, the second molecule relaxes to a configuration
where it binds directly to copper atoms of the first layer due to a
stronger covalent interaction, which can not be established with
copper adatoms of the second layer. This relaxed structure does
not agree with the one observed in the experiment. In a second
configuration, one benzoate molecule is placed on top of copper
first-layer atoms as before, but the second benzoate is substi-
tuted by a benzoate copper-adatom molecule placed on top of
two copper second layer atoms. This configuration relaxes toward
the experimentally observed (1 1; -4 2) structure with all ben-
zoate molecules in bridge positions.

Adsorption energy and enthalpy calculations demonstrate that
two different chemical species, namely the benzoate and benzo-
ate Cu-adatoms molecule, are strongly binding to the Cu(110)
surface. The absolute value of the adsorption energy of the ben-
zoate copper-adatoms molecule adsorbed on Cu(110] is 0.9 eV
smaller than the one of the benzoate adsorbed directly on
Cu(110) [2]. Therefore, the adsorption of the benzoate copper-
adatoms molecule is weaker, the bonds formed between the
copper-adatoms and the Cu(110) surface are easier to break and
this suggests that the benzoate copper-adatoms molecules may
have a higher surface mobility than the benzoate molecules.

Potential (eV/q,)

distance (A)

FIG. 2: Plane averaged electrostatic potential of the benzoate and the
benzoate copper-adatoms molecules. The vertical dashed lines
represent the positions of the copper and oxygen atoms.

In FIG. 2 we present the plane averaged electrostatic potential of
the benzoate and the benzoate copper-adatoms molecule. The
difference between the right and the left vacuum level shows the
magnitude of the dipole moment and represents the change in
the electrostatic potential along the molecule, when going from
the right to the left. Based on frontier molecular orbital interaction
theory arguments, due to the huge decrease of the dipole mo-
ment together with the smaller adsorption energy of the benzo-
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ate copper-adatoms molecule as compared to benzoate, we
conclude that the bonds between benzoate copper-adatoms
molecules and the Cu(110) are much easier to break than those
between benzoate molecules and the copper surface. The feature
indicates that the chemical species with higher surface mobility
are the benzoate copper-adatom molecules. This is not surpris-
ing, since for the well studied thiol/gold systems it has also been
shown that gold-thiol complexes are more mobile on the metal
surface than thiol molecules.

FIG. 3: Simulated constant-current STM image of the (1 1; -4 2)
monolayer chemisorbed on Cu(110) for an applied bias voltage of
Ur=-0.78 eV.

Finally we analyzed the real space topography of the (1 1;-4 2)
structure by simulating STM images for an applied voltage of Ur=-
0.78 eV (Fig. 3). Comparing the experimentally measured data,
the surface schema and the simulated STM images, we conclude
that the bright spots seen in experiment correspond to the spac-
ing between the molecules. These spots represent the tail of the
o and Tt bonding wave functions, which have a maxima located at
the anchoring carboxylate moiety. Although less obvious in the
experimental STM image, the different highs of the molecular
rows seen in the measured linescans are clearly visible in the
simulated STM image.
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Fabrication of nanogaps with modified morphology
by potential-controlled gold deposition

Zhiwei Yi, Marko Banzet, Andreas Offenhausser, Dirk Mayer

Institute of Bio-and Nanosystems - Bioelectronics, Froschungszentrum Jilich

Nanogaps consisting of facing nanoelectrodes are used to
contact nanoscale objects between the nanoelectrodes and
measure charge transport properties through them. Here,
nanogaps were fabricated by gold electrodeposition and the
surface morphology was modified by electrochemical poten-
tial, creating nanogaps with rounded surface at high overpo-
tentials and needle-like surface at low overpotentials. The
needle-like nanogaps showed smaller contact area and bet-
ter stability than the rounded nanogaps. The needle-like
nanogaps have the potential to electrical address individual
nanoscale object.

It is of fundamental and engineering interest to study electron
transport properties of nanoscale material, like nanoparticles,
nanowires, and single molecules. Bio-molecules are of particular
importance because they can function not only as electronic
components [1] but also as biosensors owing to their highly-
specific recognition capabilities. To measure molecules or other
functional components individually, two appropriate electrodes
separated by a nanoscale gap are required, which can be imple-
mented by various methods [2-4]. Tunable nanogaps are the
most versatile methods to investigate the molecule properties
since the size of the nanogap can be adjusted to the size of the
species or objects of interest.

In this work, electrochemical deposition was used to fabricate
nanogaps since this technique provides the possibility of modify-
ing the nanogap morphology. The electrode potential determines
the transition of growth mode between isotropic and anisotropic
growth, and influences the deposition process as well as the
resulting electrode shape. The morphology of the nanogap affects
the atomic configuration of the nanocontact interface and plays
an important role in addressing nanoscale objects. Another ad-
vantage of the electrochemical approach is that electrodeposi-
tion can be combined with electrochemical etching which facili-
tates in-situ closing and widening of the gap size, providing high
flexibility in the nanogap fabrication.

Here, adsorbent-free nanogaps were fabricated by gold electrode-
positing on template electrodes predefined on silicon chips by
electron beam lithography [5]. The template nanoelectrodes ar-
rays consisted of 29 pairs of facing electrodes, as shown in Fig 1a. A
Ti/Au layer of 5nm/50nm was sputtered on the wafer followed by a
lift-off process. The chip was insulated by three layers of PMMA
(200k/600k/200k) and an access window (5.8 um°) was opened
right over the electrode tips (Fig. 1b). The SEM image of the elec-
trode tip with a gap size of 150 nm is shown in Fig. 1c. The template
gap size was set to 150 nm as a compromise between fabrication
efforts and electrodeposition time. The tip of the triangle shape
electrode has a radius of curvature of 10 nm. This size is limited by
the actual resolution of the EBL machine and the lift-off process.

FIG. 1: Micrographs of template nanoelectrode arrays fabricated on a

silicon chip (a). Electrode tip covered by PMMA layers with an ex-
posed area at the center (b). SEM image of the electrode tip with a
gapsize of 150 nm (c].

A four-electrode configuration was used in the electro-chemical
deposition setup. Two nanoelectrodes were employed as working
electrodes and two flame annealed platinum wires were used as
reference and counter electrodes. An Autolab potentiostat with
Bipot module was used to control the potentials. Gold is an ap-
propriate material for the fabrication of nanogap because of its
ability to be polarized at large potential ranges. Furthermore,
there exists a well established surface chemistry based on thiol
and amino linker residues, which can be utilized when attaching
functionalized molecules to electrodes. In order to determine
appropriate potentials for Au electrochemical deposition, cyclic
voltammetry (CV) for both a macro electrode consisting of a gold
wire (1 mm] (Fig. 2a) and a gold nanoelectrode (Fig. 2b) in depo-
siting electrolyte was performed. The depositing electrolyte
contained 0.01 mM Chloroauric acid (Aldrich], and 0.5 M Lithium
chloride (Aldrich). A reduction peak was observed for the macro
electrode at 0.4 V. The oxidation of the gold wire started at 0.8 V
and had a maximum at 1.5 V. The CV shape of the nanoelectrode is
different from that of the macro electrode, because the diffusion
mode for the nanoelectrode is semispherical, whereas a parallel
diffusion can be assumed for the macro electrodes resulting in a
diffusion limiting gold deposition process. The reduction current
for the nanoelectrode was five orders of magnitude smaller than
that of the macro wire due to the very small surface exposed to
the electrolyte.

A series of potentials between 0.4V and 0.6V was chosen for the
deposition of gold. Comparing Fig. 2c and 2e, it becomes clear
that high overpotentials produce rounded gold depositions and
low overpotentials produce needle-like gold depositions between
the nanogaps. The rounded nanogap had very grainy structure
(Fig. 2c). The radius of the surface curvature at the tip could be up

61



Selected Research Reports

JARA-FIT Annual Report 2009

a b
0
10 £
£ g
- - i
-10 & (c)
0 /
05 10 15 0.4 06 08
E/V vs Ag/AgCI E/V vs Ag/AgCI

FIG. 2: The cyclic voltammograms of a macro gold electrode (a) and a

nanoelectrode (b) in Chloroauric acid electrolyte. The scanning rates
are 100 mV/s. Three SEM images of deposited nanogaps at potential
0f 0.45V (c), 0.55V (d), and 0.6 V (&) (vs. Ag/AgCl), respectively.

to hundreds of nanometers, forming quasi-parallel contacts
between electrode pairs. The radius of surface curvature in Fig. 2d
is smaller than Fig. 2c but still larger than Fig. 2e. The radius of
curvature of the sharpest gold needles (Fig. 2e) was as small as 1
nm. A non-equilibrium deposition can be used to explain the
formation of needle like structures, where low overpotential as
well as low concentration of electrolyte result in low nucleation
rates. Therefore, three dimensional nucleation growths would
turn into anisotropic nucleation growth at low overpotential.
Furthermore, the diffusion of gold atoms across step edges is of
significant importance for the actual shape of generated mounds.
Suppressed interlayer diffusion as presumably present for low
deposition overpotentials leads preferably to tapered mounds
while strong diffusion across step edges results in rounded depo-
sits [6]. Both nanoelectrodes were set to a potential in the depo-
siting range with a bias (13 mV) between them. The current be-
tween the facing electrodes was recorded after the electrodeposi-
tion began and converted to conductance afterwards. Fig. 3
presents the electrical characterization of the de-positing
process of a needle-like nanogap. One example of the conduction
traces during the depositing process is shown in Fig. 3a. With
increasing amount of gold deposited on the electrodes, the dis-
tance between electrodes was narrowed to values smaller 3 nm
and the tunneling current began to rise (from 20s to 25s]) until
the electrodes came into contact (1 Gg). At the last stage (from
25s to 28s), the current increased sharply from 1 Gg to over 40 Gy
with more materials deposited on the contact. Quantized conduc-
tance appeared when the electrodes were bridged by a few gold
atoms due to the quantum transport properties of electrons in the
nano regime (Fig. 3a inset]. The basic conductance quantum is
labeled as Gy which equals to 77.48 pS.

The depositing process can be stopped at the moment when the
current reaches a preset value, creating nanogaps from point
contact to several nanometers. Fig. 3b shows the conductance of
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two nanogaps, where the deposition was stopped and hold stable
at 1 Gy and 0.06 Gy (about 0.2 nm] in solution over 25 seconds.
This stability characterization can be performed at any gap size.
For the rounded nanogaps, it was difficult to observe quantized
conductance and to keep the gap at a fixed distance. This situa-
tion was probably caused by the large radius of curvature, which
leads to quasi-parallel interface between electrodes. For the
needle-like nanogaps, 80% of the deposited nanogaps can be
maintained at the defined size after stopping the depositing
process. Approximately 10% of the deposited nanogaps recede to
large gap sizes and the remaining 10% would jump to total con-
nection. Practically, if the nanogaps recede to wide gaps, the gold
deposition can be started again until the optimum gap size is
obtained.
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FIG. 3: Conductance traces during the deposition process (a) and the
quantized conductance (inset). Stability of the deposited sharp
nanogaps at 1 Gg and 0.06 Gg (b).

In summery, we utilized potential-controlled electro-deposition in
gold (IIl) electrolyte to fabricate nanogaps with modified mor-
phology and obtained either sharp nanogaps at low overpoten-
tials or rounded nanogaps at high overpotentials. We found that
the sharp nanogaps had much smaller contact area and better
stability than the rounded nanogaps. From our results it can be
envisioned that the size of a nanogap is tuned in-situ until it
perfectly matches to the size of an individual electroactive mole-
cule or successively to more complex molecular architectures.
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Signatures of spin-canting in a single-molecule

transistor

M. R. Wegewijs, S. Herzog

Institute of Solid State Research - Theory of Structure Formation, Forschungszentrum Jilich

We predict the basic experimental signatures of chiral spin
states in a single-molecule transistor. Such states occur
when two electrons spins are coupled by anti-symmmetric
Dzyaloshinskii- Moriya (DM) exchange interaction induced by
relativistic spin-orbit coupling. The predicted transport ef-
fects can be used to completely characterize the DM effect in
a single-molecule junction which is a key prerequisite for
using the spin degrees of freedom in single-molecule spin-
tronics.

Insight into the interplay of magnetic degrees of freedom and
transport processes has become a key issue in nanoscale elec-
tronics. Nowadays even relativistic spin-orbit effects can be
resolved in electrical transport experiments on nanoscale devic-
es, for instance, using STM on atomic chains or even single mag-
netic atoms on a surface. Intrinsic effects of spin-orbit coupling in
magnetic molecules have also been investigated in three termin-
al devices [1] allowing for the electric control over magnetism at
the single-molecule level. In the latter work easyaxis magnetic
anisotropy has been investigated, an effect induced in second
order in the spin-orbit interaction (SOI). The so-called Dzyalo-
shinskii-Moriya (DM] interaction, in contrast, can give rise to
effects in linear order in the SOl and favors spiraling spin-
structures. This antisymmetric exchange interaction, first identi-
fied by Dzyaloshinskii based on symmetry arguments , and later
derived from a microscopic model by Moriya , is fundamental to
the understanding of weak ferromagnetism in materials like
a — Fe,05. In single molecules the DM interaction is known to
have a large effect on the magnetism of dimers and plays an
important role in various single molecular magnets such as Mng,
Mny, and V;5. The DM-interaction is dominant in systems with
broken inversion symmetry, which is generically the case for a
molecule placed on a surface [2] or in a three-terminal junction. It
is therefore of interest to identify the characteristic transport
signatures of this “spin-canting”. A novel aspect here is that
multiple molecular charge states with different magnetic ground
states can be addressed. Furthermore nonequilibrium magnetic
excitations are induced by the transport, dominating over slow
magnetic relaxation processes. Clearly these are key issues for
the future application of molecular magnets in classical- or quan-
tum information storage or processing devices.

The DM interaction arises in its most elementary form in a mole-
cular dimer where two localized electrons interact via Coulomb
and hybridization terms, in combination with local spin-orbit
scattering into excited orbitals. As a result, an effective spin-spin
interaction arises between the spin 1/2 localized at the mono-
mers labelled by 7=1, 2 (see Fig. 1):

Hepr=]8;+S;+D - (S;xS;)+B- (S, +S5)

FIG. 1: Dimer with localized spins, which are slightly canted due to

interplay between DM interaction and isotropic exchange coupling J.
The grey vertical lines indicate the spin orientation without DM
interaction. The dimer is probed in a three terminal junction (Vy: bias
voltage, V;: gate voltage). Tunneling of single-electrons is only
possible between monomers and from one monomer to the adjacent
lead.

The isotropic exchange typically dominates, resulting in a singlet
and triplet split in energy by /. The antisymmetric exchange
interaction is specified by a vector D which is, like / an intrinsic
property of the molecule. Although typically it presents a weak
perturbation, it can mix two multiplets of different total spin
length, S= 0 and 1. The magnetic field B (in energy units, where
gl = 1) enhances this mixing by bringing one triplet component
close to the singlet, resulting in an energy level anticrossing at
|B| = /. Interestingly, this mixing strongly depends on the orien-
tation of the field B relative to the DM vector D. For B||D the sing-
let state does not mix with the lowest triplet and the states can
cross, since in this case the Zeeman and DM terms commute
(they contain three different spin-components). In contrast, for B
1 D the singlet and S, = 1 triplet states are mixed. Further-
more, the relative orientation of the two spins shows an interest-
ing field dependence: For example, in case of the ground state the
antiparallel spins are slightly canted at zero field and rotate
towards each other with increasing field, until they are almost
perpendicular at the anticrossing point B = /. For higher fields B >
Jthey become aligned by the external field This “canting” of the
spins is quantified by the expectation value (S; x S, ), whose sign
indicate the chirality of the intra-molecular spin structure.

We have studied the single electron transport signatures of this
most elementary realization of DM interaction in detail [3] for a
molecular dimer placed in a three terminal junction (see Fig. 1).
We have used a microscopic many-body model which captures
the basic physics discussed above while incorporating all elec-
tron charge, orbital and spin degrees of freedom, which are re-
quired for a full calculation of the transport current as function of
the applied voltages and the magnetic field. The corresponding

63



Selected Research Reports

JARA-FIT Annual Report 2009

[f1.[e] [f]
8.9

8.6

8.3

[d] [d].[e]
_8

% 0.92 0.96 1 1.04 1.08 B, [J]
- I |cydv,
s 0.0004 0.001 0.002 0.004

FIG. 2: Differential conductance dI/dVy (in units of the tunnel rate
I') versus bias voltage V and the magnetic field magnitude B, for
fixed direction B L D. The microscopic parameters are chosen such
that the effective exchange anti-ferromagnetic, ] =4 meV and D = -
(0.32; 0; 0) meV and the electron thermal energy T = 0.02 meV is
sufficiently low to resolve the DM-anticrossing.

effective DM interaction for the two-electron charge state can be
derived perturbatively giving

iAly1 [tiatarr
D=2 111(1221

€1'— €1 U

+ 771221') -(1-2)

where 1 < 2 denotes the same term with the roles of the mono-
mers interchanged. Clearly, a nonvanishing DM vector will arise if
the two monomers show any asymmetry in their excitation spec-
tra (€;, €) Coulomb interaction matrix elements (v), spin-orbit
couplings (4;) and imaginary matrix elements of the quenched
orbital moments 1;;. We now highlight the most characteristic
transport feature of the DM interaction [3]. Experimentally, due
to the Coulomb blockade effects, one is able to tune the gate
voltage such that only two successive charge states of the mole-
cule are involved, which are here states with N = 1and N = 2
extra electrons on the dimer. In Fig. 2 we show the differential
conductance d[/dVy as the bias Vg and the magnetic field is
swept, for the field direction B L D. A clear spinallowed conduc-
tance peak approaches the boundary line of the single-electron
tunneling (SET) and Coulomb-blockade (CB) regimes and the
transport spectrum displays a pronounced anticrossing. This
maps out the anticrossing in the N = 2 energy spectrum, allow-
ing the magnitude of the DM vector to be read off:

1
AVyap =7 |D| (1)

However, in contrast to the energy spectrum, Fig. 2 reveals an
additional transport resonance running straight through the
anticrossing gap. This indicates non-equilibrium occupation of
magnetic V=1 electron states induced by the non-linear trans-
port. If the external magnetic field is rotated, the size of the gap in
the transport spectrum shows pronounced oscillations, in partic-
ular for B || D the anticrossing in the energy spectrum vanishes.
Based on this we have formulated a magneto-transport mea-
surement scheme [3] by which the ax/s of the D-vector can be
determined.
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FIG. 3: Conductance dI/dV} as function of Vp for fixed magnetic field
B L D and B, = ] i.e. a vertical trace through Fig. 2. The electrodes
have antiparallel spin polarization and dI/dVj is shown for several
degrees and signs of the spin-polarization p. The transition energies
are marked by green vertical lines.

However, to determine the sign of spin-chirality of the molecular
ground state, i.e.whether D is aligned antiparallel or parallel to
this above found axis, ferromagnetic electrodes are needed.
These can nowadays be attached a single molecule to create a
spin-valve device [4]. Here we orient both spinpolarization axes
of the electrodes perpendicular to the plane spanned by the
external magnetic field and the D-vector for a maximal effect.
Then a clear signature of the definite spin-chirality induced by the
DM interaction is that for antiparallel electrode polarizations the
monomer spins in the N = 2 ground state will both be oriented
either favorably or both unfavorably for the transport. Fig. 3 in-
deed shows that the ground-state conductance peak [d] is clear-
ly enhanced for p > 0 and suppressed for p < 0, whereas the
peak [f] involving the V= 2 excited state with opposite chirality
shows the opposite behavior. From a measurement resembling
Fig. 3 one can thus experimentally infer the ground state spin
structure [3] i.e. the microscopic canting of spins in a single-
molecule device is accessible by transport measurements.

[1] H. Heersche, et. al., Phys. Rev. Lett. 96, 206801 (2006]).
[2] M. Bode, et. al. Nature 447, 190 (2007).

[3] S. Herzog and M. R. Wegewijs, Nanotechnology, in press,
(2009).

[4] Hauptmann, J. R. and Paaske, J. and Lindelof, P. E., Nat. Phys.
4,373, (2008).
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Long range order of selfassembled structures of
4-methyl-4’-(n-mercaptoalkyl)biphenyls

onAu(111) surfaces

M. Kazempoor, M. Miiller', M. Homberger®, U. Simon®, G. Pirug’

1 Institute for Bio-and Nanosystems - Functional Nanostructures at Surfaces, Forschungszentrum Jilich

2 Institute of Inorganic Chemistry, RWTH Aachen University

We investigate the long range ordering of 4-methyl 4'-(n-
mercaptoalkyl)biphenyls [BPn) on Au(111) surfaces syste-
matically for n = 2 — 6 applying Low Energy Electron Diffrac-
tion (LEED). Commensurate structures are deduced from
sharp LEED patterns allowing the determination of unit cell
sizes with intrinsic accuracy at variance with repeating units
as deduced from topographical STM contrast. Consistent
structure models are proposed within the limitations of STM
based lateral distance and angle measurements.

The comparison of LEED and STM results suggests that LEED
reflects mainly the adsorbate substrate registry whereas the
topographical STM contrast depends on the outer electronic
structure strongly influenced by the intermolecular interac-
tion.

The selfassembly of organic molecules is a promising bottom up
approach for molecular electronics. Controlled charge transfer
within Tt-conjugated aromatic phenyl groups indicates electronic
functionality. The ordering of these selfassembled monolayers
(SAM) depends not only on the intermolecular but also on the
molecule substrate interaction. It turned out that the quality of
these structures can be improved indroducing alkene spacer
chains between the thiol anchoring group and the aromatic sys-
tem. Furthermore the sp3 like configuration of the S adsorbed to
the Au(111) surface and bound to the C of the alkane chains
leads to different packing densities due to different tilt angles of
the molecular axes for odd and even numbered BPn’s. [1-4]

Molecularly resolved STM pictures demonstrated the high perfec-
tion of these SAMs. Periodically repeating units seem to be re-
lated to commensurate structures. Whereas for the odd num-
bered molecules an oblique 2v3 x V3 is proposed [4] (Fig. 1)
polymorphism with phase transitions between rectangular and
oblique unit cells is observed for the even numbered molecules
[5-8] (Fig. 2). Consistent with the molecular orientation as

STM : (2v3w3)

a= 521024
b=10.3205 A
d=58t4"

determined by NEXAF the odd numbered molecules are more
densely packed than the even numbered molecules [6]. Common
to all of these structures is the 2v3 unit vector parallel to the [11
2] except for the o-phase of BP4 which has been denoted as a
rectangular 5v3 x 3 structure. It should be mentioned, that the -
phase of BP4 has been controversly indexed as a 6v3 x 2v3 [6]
and 5v3 x 2v3 [?] structure with two rows of 4 evenly spaced
molecules in the [112] direction with next nearest neighbor
distances of 7.48 A and 6.23 A, respectively. This results with the
same number of 8 molecules per unit cell in a significantly differ-
ent packing density of 32.3 A%/mol and 26.9 A%/mol, respectively.
This discrepancy should be resolved by LEED provided the ad-
sorbed layer is stable against electron irradiation. Attempts with
conventional LEED systems which require primary beam currents
in the pA range failed. This problem can be solved using a micro
channel plate (MCP) LEED system which allows a more gentle
examination with a reduced electron dose in the pA range due to
an amplification > 2x 10° of the diffracted electron beam.

In order to exclude preparation dependent differences the ad-
sorbed layers are prepared under similar conditions as applied for
the STM investigation although in situ characterization is not
possible with LEED as a UHV based method. The BPn molecules
are deposited in the gas phase or from solution, subsequently
transferred into the UHV and annealed at different temperatures.
In principal both methods yield the same results even though the
structural quality of the gas phase deposited layers is higher.

The adsorption of BP3 has already been investigated in a com-
bined STM and LEED study by Azzam et al..[4] On the basis of the
repeating units seen in STM images these authors proposed a
213 x V'3 structure which seems to be supported by a LEED pat-
tern showing the corresponding but diffuse superlattice spots.
The unit cell contains 2 inequivalent molecules due to different
adsorption sites or azimuthal orientation. The LEED pattern which
we obtained using a MCP LEED demonstrates that the diffuse

LEED : fav3xvo1)

a=998A
b=275A
d=57°

FIG. 1: Comparison of repeating units (STM) [?] and unit cells (LEED) for BP3 on Au(111)
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FIG. 2: Comparison of repeating units (—, STM] [4, 7] and unit cells (—, LEED) for BP4 phases on Au(111) after annealing as indicated

spots seen by Azzam et al. can be better resolved into sharp
clearly separated spots arising from a 2\3xV91 structure. While
the angle between the unit vectors is with 57° only slightly
smaller than 60° in a 2v3xV'3 unit cell, the length of one unit cell
vector differs by V913 = 5.5. This apparent discrepancy can be
resolved within the typical accuracy achieved in lateral meas-
urements from STM images comparing 5 repeating units with the
unit cell as determined by STM and LEED, respectively (Fig. 1).
The same structure has been found for BPS.

In view of possible odd/even effects [1] we studied also BP4 as
an example for even numbered BPn’s which show after annealing
more than one ordered phase. A comparison between the STM
images [6, 7] and the LEED structures is shown in Fig. 2. The 5v3
length for the repeating unit of the o-phase is not compatible with
the symmetry of the corresponding LEED pattern. Instead a 4v3
periodic length should be assumed. For the 3-phase the 6V3x2V3
structure [3,5] can be safely excluded in favour of 5V3x2V3
structure [7]. Combining the periodicity seen by STM and LEED
common unit cells can be derived within the lateral accuracy
generally expected for STM:

a-phase: 4\3x6 B-phase: 53x2V3 Y-phase: \67x2\3

The transition between these phases is schematically shown in
Fig. 3. Assuming for the c-phase a non primitiv 43 x 23 unit cell
with 8 molecules which is consistent with the 4V3x6 structure
the phase transformations o—B—Yy can be described by a lateral
extension followed by an azimuthal rotation and a slight com-
pression. The resulting fractional coverages could be supported
by XPS.

The comparison of repeating units seen by STM with unit cells
uniquely determined by LEED implies that these methods sense
periodic overlayers in a differently. While the tunnelling current
should depend much more on the outer electron density, the
diffraction reflects the ordering of the main scatterers, namely
the sulphur-gold complex next to the substrate surface. Stress
release or intermolecular interactions within the self assembled
layers may be responsible for the apparent differences. [9]
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FIG. 3: Phase transitions for BP4 on Au(111)
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Structure and Energetics of Azobenzene on Ag(111):
Benchmarking Semiempirical Dispersion Correction

Approaches
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3 Fachbereich Physik, Freie Universitat Berlin

We employ normal-incidence x-ray standing wave [NIXSW])
and temperature programed desorption (TPD) techniques to
derive the adsorption geometry and energetics of the proto-
typical molecular switch azobenzene on Ag(111). This allows
us [1] to assess the accuracy of semiempirical correction
schemes as a computationally efficient means to overcome
the deficiency of semilocal density-functional theory (DFT)
with respect to van der Waals [vdW] interactions. The ob-
tained agreement underscores the significant improvement
provided by the account of vdW interactions, with remaining
differences mainly attributed to the neglect of electronic
screening at the metallic surface.

The potential of a molecular nanotechnology has motivated many
studies of functional molecules at surfaces. In this context, a simula-
tion platform for precise predicting of all relevant modes of the
molecule-substrate interaction is required. The adsorption of organic
molecules poses particular difficulties to theory, because the preva-
lence of dispersive interactions restricts the applicability of semi-
local exchange and correlation (xc) functionals within DFT. Since
high-level theories including vdW interactions by construction are
still barely tractable for large surface-adsorbed molecules, computa-
tionally inexpensive semiempirical dispersion correction schemes to
semilocal DFT (DFT-D) are appealing. In these approaches, vdW
interactions are considered approximately by adding a pairwise
interatomic CSR'E term. At distances below a cutoff, motivated by the
vdW radii of the atom pair, this long-range dispersion contribution is
heuristically reduced to zero by multiplication with a short-range
damping function. To verify the proposed simplification, accurate
data from experiment for mindfully chosen prototype molecules are
desired. In this report, we respond to this need by providing refer-
ence data on energetics and structure of the molecular switch azo-
benzene (Fig. 1a) adsorbed on Ag(111). We applied NIXSW tech-
nique to derive the structural data, i.e. adsorption height and mole-
cular distortions. For the later, we employed a novel analysis
scheme which enabled us to overcome the challenge caused by a
presence of spectroscopically identical carbon atoms at different
heights. In short, the NIXSW exploits the fact that adsorbate atoms
located at the positions of the antinode planes of a standing x-ray
wave field induced by Bragg-reflection exhibit a maximum in the
photoelectron yield (PEY). Scanning the photon energy through the
Bragg energy shifts the position of the antinodes from the lattice
planes to halfway positions between them. At different photon
energies, the PEY thus probes different vertical locations of adsor-
bate atoms relative to the substrate lattice planes.
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FIG. 1: (a) Adsorption model of azobenzene with key structural parame-
ters ® and dy.g (b) Experimental photoemission spectra of azoben-
zene/Ag(111) (blue ®) and clean Ag(111) (o). For clean Ag(111), the
three component lines of the fit are plotted as solid black lines. The fit
of azobenzene/Ag(111) requires two additional components (shaded
in blue (N1s) and displayed as a dashed line). (c] Extracted PEY as a
function of photon energy relative to the Bragg energy (@) and the
corresponding fits. (d) Argand diagram of d. and f. for N1s (blue @) and
Cis (green @), and corresponding average points (). The red spiral
represents calculated d. and f. for C1s as ® sweeps from -5 to 90°. The
vector sum of the six C atoms contributing to this is shown in the bot-
tom left part (zoomed by a factor of 3) for ®=13°.
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The NIXSW experiments were conducted at the ID32 ESRF beam
line. The fits of measured PEY curves (i.e., integrated PE intensi-
ties vs. photon energy) for N1s and Cls core levels (Fig. 1c)
provide two structural parameters for each species: the coherent
position d. and the coherent fraction f.. The former is related to
the average distance of the photoemitter from the relevant family
of bulk lattice planes; the latter describes its actual distribution.
For C, the fits yield d. = 0.28 and f. = 0.24. To quantify the N1s PEY
atAg(111), the N1s core level must be separated from plasmonic
Ag3d satellites. After corresponding deconvolution, the fits of the
PEY curve for N1s give the d. = 0.30 and f. = 0.53. This yields the
height of N atoms as dy ;= 3.07A.

Coherent fraction and coherent position derived from C1s data
represent a vector sum of individual contributions of single car-
bon atoms at the Argand diagram [1]. In the general case of
nonplanar (tilted) geometry of azobenzene phenyl rings, this is
not directly related to the actual average height of carbon atoms.
To obtain the value of the tilt angle, we calculated the vector sum
of contributions of individual carbon atoms for all possible tilt
angles from (-5 to 90°) for the height of N atoms fixed to experi-
mentally found value of 3.07 A. The intersection of the final curve
(red spiral in Fig. 1d) with the average of experimentally found
parameters for Cls core level uniquely defines the tilt of the
phenylring as -1°.

With accurate temperature programmed desorption experiments
we also defined the desorption energy of azobenzene on Ag(111)
as 1.08 +0.05 eV (Fig. 2).
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FIG. 2: Desorption spectra at different relative coverages ©. The inset
plots the desorption rate In(d©®/dt) at @=0.075 ML. The line slop
determines the desorption energy.

We now compare the experimental data to the results obtained with
the recent DFT-D schemes due to Grimme (GO6) [2] and Tkatchen-
ko and Scheffler (TS) [3]. In Fig. 3, the zero-point energy (ZPE)
corrected desorption energies for different cases are displayed
versus dy.,,. At the optimized adsorption heights, both bare DFT-PBE
and the two DFT-D schemes yield an essentially planar molecule.
This small variation indicates that the differential surface interac-
tion within the extended molecule is too weak to overcome the
molecular distortion cost. In contrast, the adsorption height is a
very sensitive indicator of vdW interactions’ strength.
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Indeed, bare DFT-PBE strongly overestimates this distance and
produces only a weak binding; whereas both GO6 and TS lead to a
sizable reduction of dy,, (2.75A and 2.98 A). Unfortunately, the
improved structure goes hand in hand with a notable overbinding.
Excluding other possible reasons, we conclude that the the main
source of the error in the predicted binding energies lies in the
screening of dispersive attractions between the adsorbate atoms
and the increasing number of more distant substrate atoms. By
construction, such screening is not accounted for in the strictly
pairwise evaluation of the dispersion interaction as inspired by
Hamaker theory. Its anticipated effect, however, would primarily be
a geometry-unspecific lowering of the binding energy. We mimicked
this by reducing the number of substrate layers considered in the
pairwise interaction CR® term and by even diminishing the Cq
coefficients of the Ag atoms in the topmost surface layer; this
indeed shifts the computed binding energy curves in Fig. 3 up, but
essentially without affecting the positions of their minima. Consi-
dering that the screening length in Ag is of the order of the interlay-
er distance, such a restriction of the considered terms to just the
topmost layer is justified as a first step to improve the applicability
of existing DFT-D schemes to adsorption at metal surfaces. The
corresponding curve for the TS scheme (Fig.3) comes indeed
remarkably close to the experimental reference.

0.0 v —=
\ P
0.5 F\\ 5
. e
< \y *r
0 77
= 1.0 l s'/
o \ b 4
o i e
w \ T PBE ——
L4 PBE+GO6 -+ -
' PBE+TS = = =
20 & - PBE+TS(1L) — - —
et Exp. ——
20 3.0 4.0 5.0 6.0 7.0 8.0
dy-aq (A)

FIG. 3: ZPE-corrected desorption energy curves, computed with bare
DFT-PBE and the two discussed DFT-D schemes. The black data point
marks the experimental values and errors. Also shown is the curve
computed with the TS correction reduced to the topmost layer Ag
atoms.

In conclusion, we used the data on azobenzene adsorption on
Ag(111) to assess the performance of two DFT-D schemes. The
most recent TS scheme [3] is found to provide quite accurate
structural properties, albeit at sizable overbinding. We assigned
this geometry-unspecific overbinding primarily to the neglect of
metallic screening of the dispersive interactions. This affirms that
existing DFT-D schemes are not suitable to describe the role of
vdW interactions in adsorption at metal surfaces comprehensive-
ly. However, the insight that the adsorption geometries are less
sensitive to the neglect of screening suggests that these
schemes may provide significantly improved structural data at
zero additional computational cost.

[1] G. Mercurio et al, Phys. Rev. Lett. 104, 036102 (2010).
[2] S. Grimme, J. Comput. Chem. 27, 1787 (2006).
[3] A-Tkatchenkoand M. Scheffler, Phys. Rev. Lett. 102,073005 (2009).
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Puls-clamp technique for characterisation
of single-cell stimulation electrodes

A.van Ooyen, W. Mokwa, U. Schnakenberg

Institute of Materials in Electrical Engineering 1, RWTH Aachen University

Areliable test method is required to evaluate charge injection
capability for neural stimulation applications that demand
both a large amount of charge injection and a small electrode
size. The pulse-clamp method is well suited for analysis of
electrode materials, since the time scale is equal to that
used for the stimulation procedure. Simulations were per-
formed and compared to experimental results from mea-
surements of sputtered iridium oxide film (SIROF) electrodes.
Results show that the model correlates well with experimen-
tal data. This approach can be used for the characterisation
of minaturised stimulation electodes.

The design of novel bidirectional interfaces for /n vitro single
neuron networks is an important step towards the use and un-
derstanding of neuronal coupling to electronics and neuronal
enhanced signal processing in biohybrid circuits. Such devices
typically feature electrodes based on either platinum, titanium
nitride, or iridium oxide (Ir0x). A number of reports documenting
the use of IrOx microelectrodes for neuroengineering and biomed-
ical applications have been presented [1-3]. The interest in this
material is driven by its excellent properties as a functional coat-
ing for implantable stimulation electrodes, with applications in
stimulating/recording of heart, neuronal or retinal tissues. Due to
its fractal surface morphology, the IrOx’s capacity for charge
storage is significantly higher compared to platinum. This also
results from a fast and reversible faradaic reaction which involves
reduction and oxidation of the oxide [4].

Since the traditional electrochemical tests, i.e. cyclic voltamme-
try (CV] and impedance analysis, do not operate at the same time
scale or voltage amplitudes as is required in neural stimulation,
they are inadequate to investigate the true electrode dynamics.
Therefore, a reliable test method is needed to evaluate the charge
injection capability at the neuron/electrode interface, since high
resolution neural stimulation demands both a large amount of
charge injection and a small electrode size. These requirements
are met by the pulse-clamp method which was introduced by
Mortimer and co-workers [5] and also used by Hung et a/. [6].
The focus of this paper is to examine and discuss the use of the
pulse-clamp technics to characterize single neuron stimulation
electrodes. We adapted and improved a pulse-clamp circuit which
operates similar to the setup used earlier by Mortimer et al. [5]
that achieved stable high-speed operation on low current values
to characterize and compare electrodes well below 300 pm in
diameter for the first time [7-9].

Planar microelectrode arrays (MEAs) were fabricated by sputter-
ing of an iridiumoxide layer on gold elecrodes as described in [?]
by using a Nordiko NS2550 magnetron sputtering tool (Control
Process Apparatus Inc., Fremont, CA, USA) with the following
parameters: 180 W DC power, 100 sccm argon flow and 10.4

sccm oxygen flow. A 3 um thick layer of parylene-C (deposited
with a Specialty Coating Systems PDS 2010 Lab-coter) was used
as an insulating layer, covering the leads while leaving free ac-
cess to the electrodes sites and contacts. Electrodes with differ-
ent diameters are shown in Fig. 1.

FIG. 1: Planar IrOx microelectrodes of different sizes
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FIG. 2: Current and charge behaviour during pulse-clamp experiment

The principle of the pulse-damp method is to perform a discharge
current measurement with a high time resolution after an elec-
trode has been charged by a current pulse, as shown in Fig. 2.

First the working electrode is set to a potential, e.g. 0 V vs. the
reference electrode. During testing, the instrument switches to
current mode and forces a constant current (cathodic or anodic),
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simulating half of a neural stimulation pulse sequence, called the
current clamp (CC). Directly after this current pulse the potential
of the stimulation electrcode is fixed to the same value as before
the pulse, instead of immediately following with a second current
pulse of equal charge and opposite polarity. This stage is called
the potential clamp (PC). As shown in Fig. 2, a certain amout of
charge is injected during the CC, followed by a discharging phase
during the PC. Three different stages in the discharge phase can
be identified [5]: the fast discharge directly after the CC, corre-
lated to fast recoverable electrochemical processes, the slow
discharge, based on slow recoverable processes, and a certain
difference of charge which cannot be recovered due to being
stored in permanent products of faradaic processes, the unre-
coverable charge.

All experiments were carried out on planar SIROF microelectrodes.
Phosphate buffered saline (PBS] solution with 154 mM NaCl was
used as the electrolyte in all experiments. The setup used con-
sists of the improved pulseclamp circuit and a National Instru-
ments NI USB-6125 device for data acquisition at a sample rate of
1.25MS/s and a resolution of 16bits, which complies with de-
mands set by the pulse-clamp circuit regarding speed and resolu-
tion. Using a custom designed LabVIEW program the current was
measured and the corresponding charge was obtained by calcu-
lating the time integral. The current pulse width was kept con-
stant at 400 ps and the magnitude of the current during the CC
was adjusted to ensure that no water electrolysis or electrode
dissolution occurred. All experiments where performed within the
charge injection limits of 1 - 5 mC/cm’ in the safe potential win-
dow of -0.6 V-0.8 Vvs. Ag/AgCl.

Figure 3 illustrates the measured charge of two SIROF microelec-
trodes, one having a 100 um diameter (approx. area of 7850
um?) and the other 25 um (approx. area of 500 pm®), during a
pulse-clamp experiment.

A cathodic current pulse of 400 ps was applied to the electrodes
maintaining an equal charge density per area of approx. 0.12
mC/cm®. This results in a total injected charge of 10.13 nC for the
100 pm and 507 pC for the 25 pum electrode. The amount of
charge recovered in this process is higher than 94% for both
electrodes. Comparing the discharge stages of the two elec-
trodes, it can be observed that the 100 pm electrode has a slower
discharge compared to the 25 pm one. Most likely this is due to
different capacitances and therefore different RC time constants.
The scalability of the pulse-clamp circuit allows it to be used to
accurately quantify the quality of a surface modication for micro-
electrodes well below 300 um in diameter. By applying the pulse-
clamp method it can be seen that when very low charge densities
are applied nearly no charge loss is present due to the double-
layer capacitance charge storage or reversible redox reactions.
However, the charge loss cannot be totally avoided as has been
shown before by Brummer and co-workers [13]. The pulse-clamp
results of SIROF electrodes of different sizes show charge losses
less than 6%, and a superior reversible charge injection capability
of SIROF compared to platinum microelectrodes of the same size,
even at higher charge density levels. The pulse-clamp method
allows an accurate electrode parameter extraction and a com-
parison of the charge-injection capabilities of different electrode
sizes and materials.
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FIG. 3: Measured current of SIROF electrodes with different sizes and
its correlated charge retrieved by integrating over time, after [9]
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Dynamics of spin-torque oscillators in
vortex and uniform magnetization state

R. Lehndorff', D. E. Biirgler", S. Gliga*, R. Hertel', P. Griinberg", C. M. Schneider, Z. Celinski’

1 Institute of Solid State Research - Electronic Properties, Forschungszentrum Jiilich
2 Center for Magnetism and Magnetic Nanostructures, University of Colorado at Colorado Springs, USA

Current-driven magnetization dynamics in spintorque oscilla-
tors (STO) has a high potential for high-frequency (HF) appli-
cations. We experimentally study current-driven HF excita-
tions of STOs in the vortex and uniform in-plane magnetized
state. Our ability to switch between these two states in a
given STO enables a direct comparison of the STO characteris-
tics. We find that the vortex state maximizes the emitted HF
power and shows a wider frequency tuning range.

Spin-torque oscillators  (STO] based on ferromagnet/ non-
magnet/ferromagnet (FMg,.o/NM/FMq..) layered structures are an
application of current-induced magnetization dynamics. They
show a steady precession of the magnetization of FM,, under
the action of a spin-polarized DC current. This precession gene-
rates via the giant or tunnel magnetoresistance (GMR, TMR)
effect a HF voltage oscillation with frequencies in the GHz range,
which can be tuned by the DC current amplitude and the external
magnetic field strength. Still, one drawback of STOs is their low
output power. Several groups work on the synchronization of
arrays of STOs in order to achieve useful power levels. While this is
a very promising approach, maximizing the output power of every
single STO is undeniably the first step to do.

There are several possible arrangements for ST0s, e.g. with in-
plane, out-of-plane, or vortex-type magnetized FMg,q and/or
FMgee. Comparing the characteristics of HF excitations — especial-
ly output power — from different experiments is not conclusive,
because impedance and absolute resistance variations of the
samples strongly influence the detected power. Here, we study
HF excitations in two mentioned arrangements that we are able
to realize in the same STO. While FMgyq is uniformly in-plane
magnetized, FMq. is either uniformly in-plane magnetized or in a
vortex state. The direct comparison shows some advantages of
the vortex state for the application of STOs [1].

Samples are fabricated by depositing 150nm Ag/ 2nm Fe/ 6nm
Ag/ 20nm Fe/ 50nm Au by molecular beam epitaxy on GaAs(100).
The nanopillars are defined by electron beam lithography and ion
beam etching and have a circular cross section with a diameter of
230 nm. Only the top magnetic layer (FMq.) is laterally confined,
while the bottom layer (FMg,q) In our study we applied the ALD
technique to is extended with a typical width of 15 pm (see inset
in Fig. 1). The dimensions of FM., are in a regime where a mag-
netic vortex and a uniform inplane magnetization are both stable
states [2]. The 2 nm-thick FMg.q is uniformly magnetized on
length scales much larger than the pillar diameter as long as a
small magnetic field suppresses domain formation.

Figure 1 shows current-perpendicular-plane (CPP) GMR curves at
10 K with the magnetic field applied in the sample plane. Starting
from saturation at 150mT (blue curve) FM,, and FMg,.q undergo

a gradual change from parallel to antiparallel alignment due to
stray field interaction. The completely antiparallel alignment is
reached at OmT and results in a high resistance. FM¢,, shows a
uniform in-plane magnetization in this field range. After field
reversal at about -20mT in the formation of a vortex in FM,
results in a drop of the resistance. Upon further sweeping the
field, the vortex core is moved from the center of the disk to the
rim until it is expelled at about -100 mT. Micromagnetic simula-
tions qualitatively reproduce this behavior as shown by the mag-
netization patterns in Fig. 1 (for more details see [1]).
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FIG. 1: CPP-GMR curves for increasing and decreasing field. Symbols
and simulated micromagnetic magnetization patterns for FMgyeq
(bottom) and FMg. (top) correspond to the decreasing (blue) sweep
direction.

Figure 2 shows current-induced CPP resistance changes at 10 K
and various field strengths. The initial states were prepared by
magnetic field sweeps according to Fig. 1. We observe hysteretic
switching of FM.. (e.g. green and red curves]. The highresistive
state at positive currents corresponds to uniformly and antiparal-
lelly aligned magnetizations in FM¢., and FMg,.q, whereas the low-
resistive state at negative currents is due to the vortex state in
FMfee. This is in agreement with previous experiments on
Fe/Ag/Fe nanopillars [3], which have established that the spin-
transfer torque due to a positive current acts towards an antipa-
rallel alignment. The fact that we do not observe a switching to
the vortex state at positive currents in Fig. 2 proves that the
prevalent torque in the switching processes does not originate
from Oersted fields. These circumferential fields tend to switch
the magnetization of FM,. into a vortex state also at positive
currents, just with the opposite vorticity compared to negative
currents.
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FIG. 2: Current-induced switching between the lowresistive vortex
and high-resistive uniform state. The black and purple curves start in
the uniform state, all others in the vortex state. For clarity the graphs
measured at 40 and 30mT are offset by +20 and +40m Q, respec-
tively.

We measure DC current-induced HF excitations of the magnetiza-
tion at room temperature by amplification and detection of vol-
tage oscillations across the nanopillar using a microwave probe
station. The voltage variation arises from the GMR of the Fe/Ag/Fe
stack, which reaches 2% or 22mQ in Fig. 1. The impedance of our
sample was 11 Q at 1.5 GHz. Figure 3(a) shows the HF response
of a STO in the uniform state measured in an in-plane field of 82
mT. The low frequencies of the excitations are the result of the
cancellation of the dipolar coupling field of about 80mT by the
external field and the rather large size of the element, for which
the standing-wave mode has a low frequency. The observed blue-
shift behavior at low currents can be interpreted in terms of stan-
dingwave modes, which are deformed by the Oersted field. At
higher currents the red-shift sets in that is explained by a predo-
minantly homogeneous in-plane precession of the mag-
netization. Figure 3(b) shows representative HF excitations of a
STO in the vortex state. Here, the gyrotropic mode [4] of the
vortex is excited as previously reported by Pribiag et a/. [5]. The
gyrotropic mode is the lowest excitation mode of a magnetic
vortex and consists of a circular motion of the vortex core around
the equilibrium position. The radius of the trajectory is propor-
tional to the excitation amplitude. When for increasing current the
trajectory approaches the rim of the disk, the vortex experiences
a stronger restoring force, increasing its precessional frequency.
This results in a linear increase of the frequency yielding a mode
agility of +17 MHz/mA [Fig. 3(b]]. At each spot within the trajec-
tory of the vortex core, the magnetization rotates during one
period of the gyrotropic cycle by full 21T about the sample normal.
Thus, for a vortex core moving on a trajectory close to the rim of
the sample the product of oscillation amplitude times area, where
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FIG. 3: Spin-transfer torque induced excitation of qualitatively differ-
ent oscillatory modes in a STO: (a) Standingwave mode in the uni-
form state and (b) gyrotropic mode of the vortex state. The micro-
wave power generated by the gyrating vortex for a given DC current in
(b) is much higher than for the standing-wave mode in (a).

oscillations take place, is maximized. As a consequence, the
emitted power of the STO in the vortex state is nearly three times
the power emitted in the uniform state (Fig. 3).

In conclusion, we directly compared the characteristics of a STO
in either the uniform state or the vortex state. Higher agility, wider
tuning range, and higher output power are all advantageous for
the application of the vortex state in STOs. Although this conclu-
sion is derived from metallic, GMR-type STOs, our generic, mi-
cromagnetic arguments are also valid for the technologically
more relevant TMR-based STOs.
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Observation of the underscreened
Kondo effect in a molecular transistor
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We present first quantitative experimental evidence for the
underscreened Kondo effect, an incomplete compensation of
a quantized magnetic moment by conduction electrons in an
even charge spin $= 1 molecular quantum dot, obtained by
electromigration of Cgy molecules into gold nanogaps. The
persistence of logarithmic singularities in the low tempera-
ture conductance is demonstrated by a comparison to the
fully screened configuration obtained in odd charge spin 5=
1/2 Coulomb diamonds.

When a magnetic impurity is inserted in a piece of metal, its
magnetic moment can be completely screened by the conduction
electrons, owing to their quantized spin 1/2. This general pheno-
menon, the Kondo effect, has been thoroughly studied in diluted
magnetic alloys [1] and has attracted considerable attention in
the more recent quantum dot systems [2]. Clearly, impurities
carrying a spin S greater that 1/2 need to bind several electronic
orbitals in order to fully quench their magnetism, and Nature
seems to conspire in always providing enough screening chan-
nels for that situation to occur in general [3]. Therefore, the
possibility that screening may happen to be incomplete, as in-
itially proposed on theoretical grounds by Nozieres and Blandin
[5], has remained elusive for almost thirty years, despite the
great experimental control that one can achieve with artificial
quantum dot setups. The observation of the underscreened Kon-
do effect is also especially appealing since it constitutes one of
the simplest cases where standard Fermi Liquid Theory is vi-
olated.

We report here [6] on the first observation of the anomalous
logarithmic behavior in the temperature and bias voltage depen-
dent conductance in a spin $= 1 quantum dot below the Kondo
scale as previously predicted for underscreened impurities [?],
and successfully confront our results with quantitative numerical
renormalization group (NRG] calculations. Our Cgy molecular
transistor [8] is described by two orbital levels (-1, +1) coupled
to two metallic leads (£ 4) (see figure 1.b], resulting in two Kondo
scales 74, 7x»associated to each of the two channels. Moderate
left/right asymmetries in the tunneling amplitudes leads to vast-
ly different Kondo scales, because of the exponential behavior of
the Kondo scale on tunneling amplitudes, a situation that natural-
ly occurs with electromigration, as the molecule tends to stay
preferably closer to one of the electrodes. Fig. 1 shows indeed
that our conductance maxima, here shown for two different de-
vices, are much lower than the quantum value 26'2//7, with e the
electron charge and / Planck’s constant. It is then possible to
have a large range of temperatures 7y, << 7 << Iy, over which
underscreened behavior prevails. A further crucial condition for
the realization of the underscreened Kondo effect is the forma-

a c
30)
2S>n,, underscreened
25=n,, fullyscreened
25<n, overscreened s
£
G
b +1

di/av (2et/hy 10

= ,
0.05 0.35
d 40 - e

V, (mV)

40 : :
didv (2e7/h) 9-° 19 15
[

ey 17 18 19 20 21 22
V., V) dI/dV (2e*/h) I
00 01 02

mga w

FIG. 1: a. Summary of the different types of Kondo effects according
to impurity spin S and number of screening channels ng; b. Tunneling
model of our single molecule transistor: two orbital levels couple to
two leads; ¢. Conductance map of sample A recorded at T = 35mK.
Dashed lines are positioned at the gate voltages where more detailed
studies where performed; d. Conductance map for sample B; e. Zoom
inside the dotted rectangle defined in the even diamond of sample A.
The white arrows represents the singlet-triplet splitting in both
samples.

tion of a spin § = 7 unit itself, which is evidenced in our devices via
the spectroscopically resolved singlet-triplet excitations see
figure 1.d-e.

We now present the study of our two different devices (see figure
1.c-d}, both showing fully screened and underscreened Kondo
anomalies. In the fully screened Kondo effect, the conductance
versus lowering the temperature has a logarithmic increase
above the Kondo temperature, and then saturates in a quadratic,
Fermi-liquid like fashion. On the other hand, the underscreened
Kondo effect is expected to show two distinct logarithmic beha-
viors [?], above and below the highest Kondo temperature Ty,.
ThisThis is best seen by plotting the derivative of conductance
with respect to temperature as a function of inverse temperature,
as suggested in [?]. Our data in the inset of figure 2a, taken for
the even diamond of sample A, clearly display two distinct 1=T
regimes. Another way to discriminate both Kondo effects is to
perform a fit to NRG results [3, 4] of single channel spin $= 1/2
and 5 =1 Kondo models. The obvious qualitative differences,
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FIG. 2: a. Derivative of the conductance at gate V, = 2:17V and bias V,,
= 0V in the even Coulomb diamond of sample A The best fit is ob-
tained for an underscreened Kondo model (blue) and gives G, = 0.14
(in units of 2e2/h] and Ty = 1.1K; b. Derivative of the conductance at
Vg = 1.2V and V, = OV in the odd Coulomb diamond. The best fit is
obtained for a fully screened Kondo model (red) and gives G, = 0.34
and Tk = 4.4K; c. Conductance data of a and b compared to the rele-
vant NRG curves. d. Differential conductance at the base tempera-
ture rescaled in universal form, with G’ = G(Tpase), and G’y such that
the conductance is G’y/2 at eV}, = kpTk.

namely the apparent divergence in dG/T}/dTat low temperature T
for spin §=1 and the presence of a maximum for spin $=1/2, in
addition to the quantitative agreement with the NRG predictions
are strong indications of two remarkably different Kondo states,
see Fig. 2a-b.

The evolution of the Kondo peak as a function of magnetic field,
as seen in the bias spectrum of Fig. 3.a-b, displays even more
dramatic effects, showing anomalous sensitivity of the under-
screened Kondo rsonance to a magnetic field, as confirmed also
by the numerical solution indicating that the underscreened
Kondo resonance starts to unveil its magnetic excitations for
Zeeman energies as low as k7,16, see figure 3.d-e.

In conclusion, we have given comprehensive experimental evi-
dence for the occurence of Nozieres and Blandin underscreened
Kondo effect in even charge molecular quantum dots. Our analy-
sis, based on the stark differences with respect to regular trans-
port properties of fully screened impurities, was strenghtened by
NRG calculations. An unexpected magnetic field sensitivity of
partially screened Kondo impurities was also discovered, that we
could confirm theoretically. This work illustrates the striking
versatility of molecular electronics for the investigation of fun-
damental aspects in quantum magnetism.
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FIG. 3: a. b. Differential conductance versus bias voltage and mag-
netic field for sample B in the odd and even diamonds; c. Positions of
the Zeeman peaks of both samples and odd/even diamonds, as
extracted from above. d. e. NRG calculations of the energy E depen-
dent equilibrium local density of states A(E;B;T = 0) at zero tempera-
ture, normalized to its E = B = 0 value, for the spinS=1/2and S=1
single-channel Kondo models and magnetic field values ,, gB/ksTk =
0;1/8;1/4;1/2;1 (top to bottom).
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Scanning tunneling spectroscopy of a dilute 2DES
exhibiting Rashba spin splitting

S. Becker, M. Liebmann, T. Mashoff, M. Pratzer, M. Morgenstern

II. Institute of Physics B, RWTH Aachen University

Using scanning tunneling spectroscopy (STS) at 5 K in B-
fields up to 7 T, we investigate the local density of states of a
two-dimensional electron system (2DES) created by Cs ad-
sorption on ptype InSb(110]). The 2DES, which in contrast to
previous STS studies exhibits a 2D Fermi level, shows stand-
ing waves at B= 0 T and wave numbers in accordance with
theory. In magnetic field percolating drift states are observed
within the disorder broadened Landau levels. Due to the large
electric field perpendicular to the surface, a beating pattern
of the Landau levels is found and explained quantitatively by
Rashba spin splitting within the lowest 2DES subband.

The spin-orbit coupling in semiconductors provides the opportuni-
ty to manipulate spins by electric fields, which might become a
central handle in spintronics. The corresponding spin-splitting is
called the Rashba effect. It has been probed in Ill-V-
semiconductors, e.g., by the beating pattern of Shubnikov-de
Haas oscillations or by the analysis of weak antilocalization. The
Rashba effect has also been probed on metal surfaces by angular
resolved photoelectron spectroscopy as well as by STS. In the
latter case, either the enhancement of the density of states close
to the onset of the two-dimensional surface band or the suppres-
sion of quasiparticle interference caused by a missing spin-
Umklapp scattering has been used to deduce the Rashba effect
indirectly. Theoretical considerations reveal that the Rashba
splitting is not directly visible in quasiparticle interference pat-
terns probed by STS, if only single scattering is considered. Subtle
changes of the quasiparticle interference appear, if multiple
scattering becomes relevant.

So far, Rashba spin splitting within semiconductors has not been
probed in real space. Here, we use the surface doping effect,
which leads to a twodimensional electron system (2DES) directly
at the surface of a low-gap Ill-V semiconductor to be probed by
STS. In our case the 2DES is induced by a minute amount of Cs
(1.5% of a monolayer) on a strongly p-doped InSh(110) surface
(N, = 10%*m™2). Similar 2DESs have been prepared before,
exhibiting a quantum Hall effect down to B= 2 T (filling factor 7)
and a reasonable mobility of u = 6000 cm’=(V s). The low gap
provides, in addition, a relatively large Rashba splitting as well as
a strong Landau and spin splitting. By STS analysis, measuring
the local density of states LOOS(x, ) by the differential conduc-
tivity d/dV (x, y), such 2DESs revealed transitions from strong
to weak localization, a spatially continuous wave pattern caused
by multiple scattering, drift states in magnetic field and the local
density of states across quantum Hall transitions. Our 2DES has
one occupied subband of inversion-layer electrons, showing a
standing wave pattern at the Fermi level in Fig. 1(a). The inset
shows the Fast Fourier Transformation (FFT) of the real-space
image, exhibiting the contributing electron wave vectors as a ring

FIG. 1: (a), (b) dI/dV (X, y) images recorded at the Fermi energy (Vs
=0mV) and at (a) B=0Tand (b) B=7T;300 nm x 300 nm, V), =
300mV, I5¢qp =200 pA, Vipoq = 1MV, pixel resolution: 1 nm; insets

show Fourier transformations of real space data.
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FIG. 2: Electron energy E relative to the Fermi energy Er plotted
against the k value parallel to the 2DES layer. The dots represent the
dominant K values extracted from STS measurements. The upper line
shows a parabolic dispersion with an effective mass of m* = 0.022 x
m,. The lower curve is a numerical solution as descibed in [1].

structure. From multiple measurements at different sample
voltages, which correspond to the electron energies relative to
the Fermi level, the electron energy dispersion £{4) can be ex-
tracted as is shown in Fig. 2. The experimental values shown as
dots are plotted together with the theoretical upper and lower
limits: a parabolic dispersion neglecting the nonparabolicity of
InSb and a numerical approximation which overestimates the
nonparabolicity as described in Ref. [1].

In a perpendicular magnetic field Landau quantization and spin
splitting is expected. At = 7T a dominant wave length is not
visible anymore as evidenced by the FFT in the inset of Fig. 1(b).
Fig. 3(a)—(f) show the evolving complex LDOS patterns within
the lowest Landau level. In local spectra as shown in Fig. 3(g] one
can identify the spin splitting of the first Landau level as double
peak structure. The onset of the first Landau level is shifted by
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FIG. 3: (a)—(f) dI/dV images with 1.5 nm resolution recorded at B =
7T, Vseap = 300mV, Iszqp = 200 pA, Vinog = 1mVyms, with different
sample voltages as indicated, 150 nm x 150 nm; the intensity
marked by black lines highlights a drift state moving uphill with
increasing energy; (g) local dI/dV curves spatially averaged over
the two small areas marked in (f).

approximately 20meV which can be identified as the potential
fluctuation. Evaluating the distance of square and circle in Fig.
3(f), we deduce a spatial length scale of the potential corrugation
of about 30 nm.

The black lines in Fig. 3(a)—(f) highlight an upward movement of
a drift state onto a potential hill. They roughly mark the d/dV
intensity of a closed structure, which at low energy surrounds an
area of about (80nm)°. With increasing energy, the dark inner
area shrinks continuously condensing towards a small spot in (f).
The visibility is disturbed by the overlap with states from other
levels. Therefore, Fig. 3(a) is taken from the lower spin level and
Figs. 3(b)—(f) are taken from the higher spin level leading to
reduced overlap with other states in both cases.

Measurements of the DOS in the whole energy range of the first
subband show oscillations of the Landau level intensities, as can
be seen in Fig. 4. The spectra can be reproduced by overlapping
spin split Landau levels with different energy spacings for the two
spin branches due to the Rashba effect. This results in a beating
with a frequency varying with the magnetic field in accordance
with the experiment. Simulating the spectra using a level broa-
dening in agreement with the deduced potential disorder from
Fig. 3(g) and a Rashba parameter value of @ = 7 x 10" eVm
reproduces the beating lengths very well as indicated by arrows
in Fig. 4. The Rashba effect is caused by the electric field perpen-
dicular to the surface due to the asymmetric potential confining

’6

the 2DES. Because of the strong doping of our sample, we esti-
mate a large Rashba parameter of 9—-11 x 10" eVm within a
triangular well approximation. The slightly higher value with re-
spect to the fit is probably caused by the neglected barrier pene-
tration within the triangular well approximation.
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FIG. 4: Spatially averaged dI/dV (DOS) spectra at different B-fields
as marked (experiment) in comparison with simulations using a = 7
x 10" evm.

This is the first time that the Rashba effect in a semiconductor
2DES has been quantitatively measured by STS. More details re-
garding the measurements and calculations can be found in [1].

[1] S. Becker, M. Liebmann, T. Mashoff, M. Pratzer and
M. Morgenstern, arXiv:1001.4957v1 [cond-mat.meshall].
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Based on first-principles calculations, we demonstrate that
magnetism hinders the formation of long chains in break
junctions. We find a distinct softening of the binding energy
curve of atomic chains due to the creation of magnetic mo-
ments that crucially reduces the probability of successful
chain formation. Thereby, we are able to explain the long
standing puzzle why most of the transition-metals do not
form long chains in break junctions and provide an indirect
proof that in general suspended atomic chains in transition-
metal break junctions are spin-polarized.

One of the most exciting challenges in break junction (BJ) expe-
riments is the search for evidence of magnetism in suspended
monoatomic transitionmetal (TM) chains. From the theoretical
point of view everything is clear: recent first-principles studies
show that 3d, 4d and 5d freestanding and short suspended mo-
nowires are magnetic and possess giant values of magneto-
crystalline anisotropy energies [1]. However, experimentally still
no unambiguous evidence for magnetism in BJs exists. Our strat-
egy to tackle this open question is a theoretical analysis of the
most fundamental and experimentally easily accessible property
of these systems: the probability for successful chain creation
itself [2]. The trend arising from numerous BJ experiments is that
monoatomic chain formation is most probable for late 5¢TMs as
well as Ag and Au.

To analyze the influence of magneism on chain creation proba-
bility we apply our recently developed model which describes
the chain formation in BJs and which is able to provide a detailed
insight into the complicated process of chain elongation and
breaking based on energy arguments [3]. Being computational-
ly easily accessible, this model relies only on a few system-
specific parameters with transparent physical meaning which
chracterize the thermodynamics of chains in break junctions. In
our model chain formation succeeds if the criterion for stability
and producibility are met. The criterion for stability quantifies
the breaking of the bonds between the nearest neighbor atoms
within the suspendend monowire, while the criterion for produci-
bility formulates the condition for a successfull transfer of a lead
atom into the chain. The validity of this model for predicting
trends in BJ formation of pure chains and even chains with ada-
toms and impurities for transition and noble metals has been
demonstrated [3].

We obtained the material-specific parameters needed for analyz-
ing the elongation criteria for magnetic and nonmagnetic chains
by performing density-functional theory calculations with the
one-dimensional version of the Jiilich FLAPW code FLEUR [4]. In
all cases we included spin-polarization and spin-orbit coupling. In

order to operate with continuous quantities we fit the calculated
binding energy «(4) as a function of interatomic distance in the
chain dby the so-called Morsepotential, which provides the anal-
ysis on the basis of a couple of physically meaningful parame-
ters.
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FIG. 1: Calculated chain energy ¢ (d]) (circles) as a function of intera-
tomic distance d for both nonmagnetic (black) and magnetic state
(green) are shown for (a) Fe and (b) W. The Morse-fit is shown with
solid lines. The binding energy curves and the magnetic moments M
in (c) and (d) correspond to the ferromagnetic and antiferromagnetic
ground state for Fe and W, respectively.

By comparing the tendency for successful chain creation with
and without magnetism, we find that the presence of magnetism
crucially softens the total energy profile £(d) — an effect mainly
attributed to the intra-atomic exchange, Fig. 1. This bond soften-
ing has a crucial impact on the chain formation probability: the
softer the bonds the harder chain elongation gets. Thus, we come
to a conclusion that magnetism significantly suppresses chain
formation. While nonmagnetic chains successfully form for al-
most all TM elements, the formation of chains with magnetism
included is, in agreement with experiments, predicted to take
place only for Ir, Pt, Au and Ag [2].

With the knowledge of all key quantities entering the criteria for
stability and producibility we can further analyze both criteria in
the phase space of the number of atoms (A) and interatomic
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distance (0] (see Fig. 2). Each of the criteria leads to a distinct
region where it is fulfilled and accordingly the chain is stable (S)
or producible (P). Ideally for a successful chain elongation event
to happen, both regions (S) and (P) have to overlap (SP). Analy-
sis in terms of S and P diagrams provides a simple and insightful
way to analyze the complicated process of chain formation [3].
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FIG. 2: Phase diagrams for Fe, Ru, and W-BJs with (a),(c],(e) and
without (b),(d),(f) spin-polarization of the chain atoms. Plots indi-
cate regions of stability (S, dark gray), producibility (P, light gray],
separated by a white region or overlapping in the SP region (in
green). The starting point along the x-axis is the chains’ equilibrium
interatomic distance, while the assumed surface orientations of the
leads are indicated explicitly. The input parameters for W, Fe and Ru
are given in [2]. (g) provides a schematic summary of our results.
Shown is the chain formation probability, proportional to the size of
SP-regions, versus chain length, proportional to the highest N for
which an SP-region exists, with (green) and without spin-polarization
(gray) in relation to the experimental findings (red) in all cases in
arbitrary units relative to Au. Arrows indicate (exemplified for Fe, Ru
and W) the consequence on the chain formation caused by switching
off the finite magnetization in the chain.
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Comparison of the phase diagrams for different TMs, shown for
Fe, Ru, andWin Fig. 2, underlines, that the formation of local mag-
netic moments strongly suppresses the probability of chain
formation for 3d, 4d, and 5d elements. If we ignore the formation
of magnetism among the 3d-, 4d-, and 5d-TM series Cr, Mn, Fe, Ru,
Rh, Ag, Re, Os, Ir, Pt and Au exhibit extensive SP regions (Fig.
2(b],(d)) indicating successful chain formation for these ele-
ments. Even for W (Fig. 2(f)] with bcc(110) electrodes neglecting
magnetism results in touching S and P regions, indicating chain
formation for more open lead structures. Allowing for the forma-
tion of local spin moments the picture changes completely: SP
regions emerge exclusively for Ru (Fig. 2(c)), Ag, Ir, Pt, and Au
while for all other elements the S and P regions are clearly sepa-
rated and no chain formation occurs (Fig. 2(a),(e] and in [3]].
While for Pd and Pt chains the influence of magnetism is small
due to relatively small spin moments, the SP-regions of Ru (Fig.
2(c)) and Ir are considerably less extended for magnetic chains
than for nonmagnetic ones, underlining the suppression of chain
formation by magnetism.

While our predictions based on the assumption that chains in BJs
are magnetic match and explain the experimental findings for
successful Ag, Ir, Pt and Au chain formation, the results of the model
for non-magnetic suspended chains contradict the experimental
observations at several crucial points (Fig. 2(g]). Firstly, nanocon-
tacts of 3¢:TMs such as Fe are reported to form only point-contacts
with no tendency to form longer chains. Secondly, also BJ-
experiments using W as tip-material result only in point-contacts,
moreover, W tips are widely used in STM- and AFM-experiments due
to their structural rigidity preventing substrate-induced reforma-
tions. Thirdly, non-magnetic Ir chains would become as long as
those of Pt, and almost as long as those of Au, in direct disagree-
ment with experiments which report significant decrease of chain
formation probability and length when going from Au to Ir. These
clear contradictions to existing experimental evidence lead us to
the conclusion that only when chains in BJs are magnetic, the
experimentally observed trends can be reproduced and explained
throughout the 34, 4d, and 5d transition- and noble-metal series.
Therefore, by reductio ad contradictum, comparing theoretical
predictions with experimental findings, we provide a convincing
evidence that TM chains in BJs are magnetic [2].
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Ferromagnetism in semiconductors and insulators has at-
tracted strong attention due to possible applications in spin-
tronics. After the discovery of diluted magnetic semiconduc-
tors, where a small fraction of transition element atoms is
dissolved in nonmagnetic semiconductors creating a ferro-
magnetic state, it has recently been realized that ferromag-
netism can also be targeted for in oxides by dissolving non-
transition-elements, so-called sp-atoms [1]. In this respect,
Nitrogendoped Mg0 has been proposed as a candidate for sp-
magnetism. As we find via ab-initio calculations, ferro-
magnetic order can be established, but the Curie tempera-
ture, T, is rather low, of the order of 30 K for 10% N concen-
tration [2].

Our approach is based on the local density approximation (LDA)
to density-functional theory. For the solution of the Kohn-Sham
equations we use the Korringa-Kohn-Rostoker Green-function
method (KKR) [3], while the disorder at the Oxygen site is de-
scribed within the coherent potential approximation (CPA). After
calculating the electronic structure self-consistently, we employ
the method of infinitesimal rotations [4] to extract the inter-
atomic exchangecoupling parameters J,,, of the Heisenberg
Hamiltonian H= Xy Jun€n - €5 here, &, and &, are the direc-
tions of magnetic moments at sites » and ». The stability of the
ferromagnetic state is quantified by solving the Heisenberg Ha-
miltonian for the Curie temperature within the random-phase
approximation (RPA) [5].

The electronic structure of MgO, N, is best understood
through an analysis of the spin-dependent density of states
(DOS), shown in Fig. 1 for a concentration x = 5%. The energy
range of choice is around the valence band, dominated by the
Oxygen p-states; the conduction band, where the Mg states
dominate, is much higher in energy (Mg0 has a gap of 8 eV),
and is therefore irrelevant. When Nitrogen impurities are dis-
solved in Mg0, the impurityinduced p-levels are positioned in
the gap, approximately 0.5 eV above the valence band edge.
This is because N is to the left of 0 in the periodic table, and is
therefore less electronegative. In addition, since N has one less
electron, one of the impurity p-states is empty, resulting in an
unpaired electron and therefore a spin moment of 1 ug. As the
concentration increases, the impurity gap-states interact,
forming impurity bands. However, because the 2p states are
rather localized, Hund’s rule is still applicable and the atomic
moments remain strong also at high concentrations. The ex-
change splitting is of the order of 1 eV, while the system shows
a half-metallic character: the majority-spin states are fully
occupied, and the Fermi level cuts through the minority-spin
impurity states at 2/3 filling. The spin moment is unchanged, at
1 up perimpurity atom.
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FIG. 1: Atom-resolved density of states of Mg0Oy 95Ny s.Red line:
Oxygen DOS. Blue, shaded area: spin-split Nitrogen DOS. Black,
dashed line: Magnesium DOS.

The positioning of the impurity band compared to the Fermi ener-
gy suggests a ferromagnetic interaction via Zener's double-
exchange mechanism. This acts in the following way. If two N
impurities are aligned ferromagnetically, then the hybridization
between the half-occupied states results in an impurityband
broadening; the occupied part of the band shifts to lower ener-
gies, and energy is gained.

The strength of the ferromagnetic coupling can be seen more
clearly by examining the distancedependent pair exchange inte-
ractions. These are presented in Fig. 2 for concentrations 1%, 3%
and 5%. A strong concentration dependence of J,,,; is seen, cha-
racteristic of the double-exchange mechanism: smaller concen-
trations amount to stronger interaction. However, the most im-
portant effect is the exponential decay of J,,; with distance R.
This is a result of the spin-up band gap at the Fermi energy (see
Fig. 1]. As a result of this decay, the stronger interactions at low
concentrations (e.g. 1%) are irrelevant for T, since the average
inter-impurity distance so large that the interaction is practically
zero. This effect is known as magnetic percolation [6]. If we
approximate the exponential decay of [,y (R) by setting J,,; =0
after a certain cutoff radius Rc then there we find a percolation
threshold, i.e. a characteristic concentration, depending on R,
under which 7C= 0. In Fig. 2 we also show the percolation thre-
shold for certain inter-impurity distances corresponding to peaks
in the value of ],y (R). These peaks appear predominantly in the
(110) direction, along which the impurity wavefunction has its
largest extent. We see, for example, that a concentration of at
least 4.9% is needed, for the second-neighbour along (110) to
start playing a role for 7C (corresponding to the peak of /.,y at R
= 1.41 a;). For concentrations under 1.5%, the interactions that
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FIG. 2: Pair exchange interactions J,,;, as a function of distance
(measured in lattice parameters ao) for several N concentrations in
Mg0,_ Ny.

play a role are of the order of 0.1 meV or less, and we consider
them negligible. Therefore we conclude that the overall percola-
tion threshold for the appearance of a ferromagnetic state in
MgO,_, N, is 1.5%.

Next we turn to the calculation of T as a function of concentra-
tion. This is calculated within the RPA, after creating a supercell
with randomly placed impurity atoms, with their interactions
taken from the CPA calculation (as in Fig. 2). The results for the
concentration-dependent T are shown in Fig. 3 for concentra-
tions up to 15%. We see that, after the percolation threshold of
about 1.5%, T, increases linearly as a function of concentration.
This behavior is brought about by the decrease of the average
inter-impurity distance, which improves the quality of magnetic
percolation. However, we find that the Curie temperature is rather
low, certainly too low for applications: even at a high concentra-
tion of 10%, T¢ is only 30 K. As we see in the inset of Fig. 3, one
would have to reach concentrations of 50% to achieve room-
temperature ferromagnetism; unfortunately such concentrations
are experimentally unrealistic.
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FIG. 3: Calculated Curie temperature as a function of N concentration
inMg0,_, N,.

We believe that there can be two types of “engineering” in order to
increase the Curie point. One is a codoping by another type of
impurity, that could assist the impurity-gap states of N to become
more longranged, e.g. by shifting the N impurity band. Our tries in
this direction have not been met with success. The second way
would be the engineering of concentrated nano-structures in the
Mg0 matrix, such as delta-doped layers, nano-columns or nano-
dots. The high local concentration at such inclusions could be
sufficient to achieve a magnetic state at room temperature.
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The magneto-optical Kerr effect (MOKE] is a widely employed
technique for the characterization of ferromagnetic thin
films. However, a quantitative analysis is usually hampered
by the lacking knowledge of precise magneto-optical para-
meters. We report the thickness dependence (0-60 nm] of
the linear and quadratic MOKE in epitaxial bcc-Fe(001) sam-
ples and extract a complete set of parameters for the quan-
titative description of the MOKE response of bce-Fe (001).

The magneto-optical Kerr effect (MOKE] is probably the most
important tool for the magnetometric characterization of thin-film
samples relevant for spintronics. Among its most common appli-
cations are the quantitative determination of the coercivity,
magnetic anisotropy, and interlayer exchange coupling from the
analysis of hysteresis loops recorded with the MOKE signal. Other
prominent applications are the investigation of spin dynamics in
the timedomain and magnetic domain imaging. The main advan-
tages of the MOKE over other techniques are its compatibility
with high magnetic fields, surface sensitivity with a typical infor-
mation depth of some 10 nm, a time resolution down to the sub-
picosecond regime, and a reasonable spatial resolution of the
order of about 0.5 #m. However, many applications of the MOKE
neglect the absolute magnitude of the Kerr effect, which is given
by the magnitude and phase of the complex Kerr angle. The rea-
son is that the full quantitative MOKE information is generally not
linked by simple analytic formulae to the material properties, i.e.
indices of refraction n and linear and quadratic magneto-optical
(MO) coupling parameters Aand Gof all involved layers.

Here we report on a magnetometric study of the MO response of
bce-Fe(001) wedge-type samples with thicknesses ranging from
0 to 60 nm. We have determined both components of the complex
Kerr angle, the Kerr rotation & and the Kerr ellipticity €. Effects
linear and quadratic in the magnetization, LMOKE and QMOKE
respectively, are separated by fitting the hysteresis loops to a
single domain model. The QMOKE, which is known to be anisotrop-
ic, i.e. dependent on the sample orientation, has been determined
for both Fe(001)[110] and Fe(001)[100] directions parallel to
the plane of incidence. By fitting the thickness dependence of
LMOKE and QMOKE we are for the first time able to extract a full
set of Fe material parameters n, K, (611 - Gy,), and G4 at a light
wavelength of 670nm [1].

Epitaxial bce-Fe(001)(wedge)/Ag(1 nm]/Au(2 nm) films have
been prepared by molecular beam epitaxy on a GaAs/Ag(001)
buffer system. The Au capping layer has been chosen thick
enough to prevent oxidation and thin enough to be able to deter-
mine large Kerr angles. The Ag interface layer prevents a possible
alloying of Fe and Au. The Fe thickness has been varied conti-
nuously between 0 and 8nm for sample A and stepwise in sample
B with discrete Fe thicknesses of 5, 8, 12, 18, 24, 32, 44, and
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FIG. 1: Field dependence of measured (black) and calculated (red)
Kerr ellipticity € and Kerr rotation © for a 60nm Fe film. The direction
of the magnetization is with short arrows, the easy axis directions of
the magnetocrystalline anisotropy with crossed long arrows.

60 nm. MOKE measurements were performed using light from a
diode with a wavelength of 670 nm and a spectral half-width of
less than 2 nm. The incident light is polarized in p direction (elec-
tric field component in the plane of incidence), and the angle of
incidence is 15° with respect to the sample normal. A photo-
elastic modulator (PEM) with diagonal modulation axis operating
at f =50 kHz, a polarizer oriented in $direction, and a homemade
diode detector are used to convert the light intensity into an
electrical voltage. With this setup the small f (50 kHz) compo-
nent determined with a lock-in amplifier is to first order propor-
tional to the p-ellipticity etimes the reflected intensity, while the
much larger 2f (100 kHz) is to first order proportional to the
reflected intensity alone. By introducing a quarter wave plate
between sample and PEM we are able to measure the p-rotation 6
instead of the ellipticity €. The two Kerr angle components (@and
€) are calculated by dividing the measured f component with and
without quarter wave plate by the 2f component.

It is convenient to expand the complex Kerr angle ® = 8+ jeasa
function of the directional cosines of the magnetization [2], e.g.
in longitudinal and transversal cosines m, ; for in-plane magneti-
zation:

D =Yiayers i[liml,i + qumyime; + g mi; + O(mg)] (1)

where [; are the longitudinal, and g ; and q,; the quadratic re-
sponse coefficients. The longitudinal coefficients [; stem from the
linear MO coupling parameter A'alone and are isotropic as long as
the FM layers have cubic symmetry. The quadratic coefficients
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are due to a combined effect of the linear and quadratic MO coupl-
ings and are anisotropic. For cubic systems the q coefficients
have the form [2]:

@1 = Goor + (Go11 — qoor) SiN?(2y) (2)
q; = %(%11 = qoo1) Sin(4y) (3)

Where yis the angle between the in-plane component of the light
wavevector and an in-plane Fe[001] direction. oo, and qo11 s
are QMOKE constants for the plane of incidence parallel to the
[001] and [011] directions, respectively. We determine / g1
and ¢o11 by analyzing remagnetization loops recorded with
different sample orientations ). The explicit relations between /
Goo1, and qoq1 and the MO coupling parameters &, (6 - Gi2),
and G4 are givenin [2].

Typical MOKE loops for a 60 nm Fe film are shown in Fig. 1. The
experimental &and ecurves are plotted in black. The red lines are
fits to a single domain model taking into account the sample
orientation J; the cubic anisotropy parameter, and describing the
Kerr angle via Egs. (1—3). While the left loops recorded at y= 45°,
i.e. with field parallel to a hard [011] direction, depend on | and
qo11, the right loops are recorded at y = 22.5° and, therefore,
depend on /and both gg11 and ggo1. The simultaneous fitting of
the loops for both orientations ) yields a full set of MOKE re-
sponse coefficients / ggp1, and go11-

The thickness dependence of the experimental LMOKE and
OMOKE measured in [011] direction are shown in Fig. 2 by red
circles and blue triangles for sample A and B, respectively. QOMOKE
is also measured in [001] direction, but not shown here, see [1].
The slope of all curves begins to asymptotically flatten at about
40 nm, which determines the MOKE information depth. The non-
monotonic thickness dependence indicates that the additivity
law [3] is generally not valid. Black, dotted lines show the thick-
ness dependences of LMOKE calculated using literature values
for the indices of refraction and the linear MO coupling. Obviously,
these calculations fail to describe © properly. The red and blue
lines are the result of our fits based on the full 4 x 4 matrix formal-
ism [4] using fixed indices of refraction for Ag and Au from litera-
ture as specified above, and treating the index of refraction and
the MO couplings of Fe as free parameters. The red and blue
curves correspond to the data of samples A and B, respectively.
The fit results and a comparison to literature values are given in
[1]. It turns out that a satisfactory fit over the whole thickness
range with only one thickness-independent set of material para-
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FIG. 2: Thickness dependence of the measured (red circles and blue
triangles for sample A and B, respectively) and calculated (lines)
LMOKE (left) and QMOKE for the Fe[011] direction (right) parallel to
the plane of incidence. The black, dotted line is calculated from
literature parameters.

meters is impossible. The fit to the data of sample A with smaller
thicknesses results in a significantly (10%) larger index of refrac-
tion with different phase as compared to the thicker sample B. On
the other hand, the MO coupling parameter A mainly differs in
phase by about 10°, while the absolute values are in rather good
agreement (<3%). Thus, it seems that the difference between thin
and thick Fe layers is mainly of optic rather than of magneto-
optical origin. Possible explanations for the thickness depen-
dence are: (i) The tensile strain of the Fe due to the small lattice
mismatch of 0.7% between Fe and the Ag substrate (ii) a relaxa-
tion of the lattice constant of Fe for larger thicknesses resulting
in a thickness dependence of the optic properties of the Fe layer,
(iii) altered electronic properties of the thin Fe layer due to the
proximity to the noble metal substrate and the capping layers,
and (iv) interfacial MOKE contributions, which have been neg-
lected in the theoretical description.

To our knowledge this is the first report of the secondorder MO
coupling constants of Fe. They are comparable to the first-order
constants and thus, of general significance for the theoretical
and quantitative description of the MOKE.

[1] M.Buchmeier, R. Schreiber, D. E. Biirgler, and C. M. Schneider
Phys. Rev. B 79, 064402 (2009).

[2] K. Postava, D. Hrabovsky, J. Pistora, A. R. Fert, S. Visnovsky,
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[3] Z.0. Qiu, J. Pearson, and S. D. Bader, Phys. Rev. B 45,7211
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[4] P.Yeh, Surf. Sci. 96,41 (1980).
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We have investigated the crystal- and magnetic structures of
the recently discovered multiferroic silicate pyroxene LiFe-
Si,06 and the closely related germanate LiFeGe,0¢ by single
crystal and powder x-ray and powder neutron diffraction and
by magnetic susceptibility measurements. Both compounds
are monoclinic, space group P2;/c (below 230 K) and do not
exhibit any structural phase transition down to 1.4 K and 5 K
respectively. Despite their close similarity, however, they
transform to different magnetically ordered states below
about 20 K. This diversity of the magnetic ground states is
quite typical for transition metal ion-containing pyroxenes.
To our current understanding, the following ingredients con-
tribute to this diversity: Almost 90° superexchange coupling
within the chains of edge-sharing B-octahedra (here: B =
Fe*) with a resulting ambiguity of even the sign of the
strongest (intra-chain) interaction, competing superex-
change interactions via two different kinds of T0,-tetrahedra
(here: T = Si, Ge) and an intrinsic structural instability to-
wards a "kinking" of the tetrahedral chains which in turn
modulates the superexchange interaction in a very delicate
way.

Multiferroicity - the combination of more than one ferroic property
in either a single phase material or in a multilayer heterostructure
- has recently attracted a lot of scientific and technological inter-
est. In particular, multilayer devices are considered candidates
for a number of applications involving magnetic control of elec-
trical properties and vice versa [1,2]. From the basic science
point of view, the structural, electric and magnetic prerequisites
for a simultaneous breaking of time and space inversion symme-
try in a material are still not well understood [3]. Recently Jod-
lauk et al. [4] have discovered that - among the very abundant
rock forming mineral family of the (clino-) pyroxenes (general
formula ABT,0g; A = Li, Na, Ca, Sr; B = Mg, Fe, Co, Ni, Mn, Cr, Ti, V, Al,
Ga, Sc; T = Si, Ge) - three compounds (NaFeSi,0g, LiFeSi,0¢ and
LiCrSi,0¢) are (magnetoelectric) multiferroics below about 10 K
[4]. Other transition-metal pyroxenes are not or have not yet
been shown to be multiferroic. A comparison of these isotypic
compounds offers the unique chance to gain a deeper insight into
the structural and electronic preconditions for multiferroicity in
general and for those in pyroxenes in particular.

In the pyroxene crystal structure (Fig.1) the B atoms (here: Fe
form zig-zag-chains of edge-sharing BOg-octahedra which are
linked via common corners by two types of T0, (Si, Ge] tetrahe-
dral chains. The usually univalent A-cation (here: Li*) occupies a
distorted AQg octahedron.

Magnetic susceptibility measurements for both compounds,
multiferroic LiFeSi,0g as well as LiFeGe,0g (not reported to be

3+]

multiferroic) show a simple Curie-Weiss law above about 60 K and
100K respectively with negative extrapolated Curie-
temperatures of -25.4(5) K and -78.6(5) K and paramagnetic
moments of 5.78(5) Wg and 6.16(5) Lg. Both compounds order
antiferromagnetically at 18.4(2) K and 20.2(2) K (determined
from the inflection point of the susceptibility vs. temperature
curve) [5,6]. Also as a feature common to both compounds, a
pronounced spin-flop transition is observed at moderate external
magnetic fields of about 65 kG and 45 kG respectively. This cor-
responds nicely with the observation by Jodlauk et al. [4] made
for multiferroic NaFeSi;0g that the initial ferroelectric polarization
occurring along the monoclinic b-axis without an external mag-
netic field is easily suppressed by a magnetic field along a* (perp.
to b and c) and a magnetic field-induced ferroelectric polarization
develops along the c-axis [4].

FIG. 1: Crystal structure of the pyroxene LiFeSi,0¢, green: FeOg-

octahedral chain, brown: SiOs-tetrahedral chain. The polyhedra
around the Li-ions (yellow) are omitted for clarity.

The zero field magnetic structure of both compounds has been
studied by magnetic neutron powder diffraction at the G4.1 dif-
fractometer at LLB-Saclay [5,6] and at the SPODI diffractometer
at FRM-II in Garching [6]. LiFeSi,0¢ as well as LiFeGe,0g shows
collinear magnetic structures with no indication of a spin-spiral
which is often observed in multiferroics. In both compounds, the
magnetic moments lie in the a-c-plane. For LiFeSi,0g, the magnet-
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ic space group is P2;/c" and the structure is described by a ferro-
magnetic coupling of spins within the infinite B-ion chains of
edge-sharing octahedra, while the coupling between these chains
is antiferromagnetic (Fig.2). For LiFeGe,0g, the magnetic space
group is P2';/c and the magnetic unit cell is doubled along the a-
direction. Within the B-cation chains, spins are coupled antifer-
romagnetically, while the chain to chain coupling is antiferro-
magnetic when superexchange coupling is mediated by the GeB
tetrahedron and ferromagnetic in the case of the GeA tetrahedron
(Fig.2).

FIG. 2: Schematic drawing of the magnetic structures and superex-
change paths of LiFeSi,0s (top) and LiFeGe,0g (bottom) derived from
powder neutron diffraction data [5,6].

This qualitatively different behavior of the two closely related
compounds is not at all understood yet. Streltsov and Khomskii
[7] have discussed the electronic structure and magnetic proper-
ties of pyroxenes in the framework of LSDA+U calculations. They
have estimated the intra-chain exchange interaction to be on the
order of 15.8 K while the two competing inter-chain interactions
amount to about 1.9 K and 3.4 K. Most remarkably, a large spin
polarization on the bridging oxygen of about 0.2 L is observed.
This transferred moment is estimated to reduce the AFM superex-
change coupling to about 5 K which would bring the supposedly
strongest intra-chain interaction close to the inter-chain interac-
tions. The influence of such transferred moments is usually neg-
lected and considered as not being important. Obviously, in the
case of the pyroxenes, transferred moments need to be taken
into account to understand even qualitatively the observed mag-
netic ground states. Similar calculations for LiFeGe,0; are cur-
rently not available.
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Another remarkable feature of these transition metal pyroxenes
is their pronounced magneto-elastic coupling that leads to a
strong magnetostriction at the magnetic phase transition (Fig.3).
Obviously, this magnetoelastic coupling is much more pro-
nounced in the multiferroic silicate pyroxene and qualitatively dif-
ferent from that in the germanate pyroxene.
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FIG. 3: Relative changes of the lattice parameters of LiFeSi0s (top)
and LiFeGe,0s (bottom) at the magnetic ordering temperature rela-
tive to those at 1.4 K and 5 Krespectively. Data from neutron powder
diffraction experiments [5,6].

This observation further demonstrates that not only ferroelectric
and magnetic but also elastic properties are strongly interacting
with each other and make the pyroxenes a rather unique class of
multiferroics.
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We have carried out extensive measurements of the phonon
dispersion relation and phonon density of states for the
newly discovered parent and superconducting FeAs com-
pounds using inelastic neutron scattering technique. The
phonon spectra are analyzed using ab-initio and empirical
model calculations giving density of states and dispersion
relation. We found strong temperature dependence of some
phonons in CaFe,As; near the structural phase transition
around 172 K, which may indicate strong electron phonon
coupling and/or anharmonicity. Furthermore, measurement
of phonon density of states in CaFe,_Co,AsF compounds (x=
0, 0.06, 0.12) support coupling of electrons and phonons in
Co doped CaFeAsF compounds.

The discovery of superconductivity in fluorine-doped RFeAsO (R =
rare earth) and K-doped BaFe,As, has stimulated enormous
interest [1-10] in the field of condensed matter physics. It is
important to note that these compounds have high supercon-
ducting transition temperatures without requiring the presence of
copper oxide layers. Electron or hole doping suppresses structur-
al and magnetic phase transitions and induces superconductivity
at lower temperatures. At present, it remains unclear whether the
change of the electron concentration by doping is essential for
achieving superconductivity or whether the suppression of the
phase transition into a magnetically ordered state is the main
effect.

Theoretical electronic structure calculations for FeAs compounds
show that superconductivity in these compounds is mainly due
to the structural and electronic states of the Fe-As layers. The
mechanism of superconductivity, and in particular the role of
lattice dynamics in superconducting pair formation in these
newly discovered compounds is still to be settled. Meanwhile it is
necessary to study phonon dynamics carefully in these mate-
rials. This has motivated us to carry out measurements of phonon
dynamics [4-10] in parent and superconducting FeAs com-
pounds.

We have extensively carried out [4] inelastic neutron scattering
measurements of phonons on a single crystal of CaFe;As,. The
measurements allowed us to establish a fairly complete picture
of phonon dispersions in the main symmetry directions. The

Tata Institute of Fundamental Research, Colaba, Mumbai 400 005, India
Frontier Research Center, Tokyo Institute of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama 226-8503, Japan
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FIG. 1: Energy scans [4] taken at 0 = (2.5,1.5,0) at room temperature
and at a temperature far below the structural phase transformation
temperature of 172 K. The full lines are fit curves to the data. The
dashed lines show phonon intensities calculated from density func-
tional theory convoluted with the experimental resolution. The calcu-
lations were based on the experimental room temperature structure
(which is non-magnetic, left hand side) and the orthorhombic low
temperature structure (right hand side). For better visibility the
calculated profiles (dashed lines) in the lower and upper panels are
shifted down by 200 counts.

experiment was carried out on the 1T1 triple-axis spectrometer at
the Laboratoire Léon Brillouin, Saclay. The phonon spectra were
also calculated by density functional theory (DFT) in the local
density approximation (LDA). There are serious discrepancies
between calculations done for the optimized structure and expe-
riment, because the optimised structure is not the ambient pres-
sure structure but is very close to the “collapsed” structure
reached at p = 3.5 kbar. However, if the experimental crystal
structure is used the calculation gives correct frequencies of
most phonons. We also observed strong temperature depen-
dence of some phonons near the structural phase transition near
172 K. We have also carried out spin-polarized DFT-GGA calcula-
tions in the orthorhombic phase of CaFe,As,. The calculated pho-
non spectra for non-magnetic/spin-polarized structures are
shown as dashed lines in Fig. 1. It appears that the calculated line
widths of phonon modes are larger in the orthorhombic phase
because the orthorhombic distortion leads to a splitting of modes.
The agreement between our experimental results and the calcula-
tion is poor, which further suggest anomalous phonons in
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CaFe,As;. Our findings indicate that the interplay between mag-
netism and the lattice is in some way responsible for the anomal-
ous phonons in CaFe;As,. That is to say, the coupling of the vibra-
tional and the electronic degrees of freedom is stronger than
calculated by DFT, and hence phonons might play an important
role in superconductivity in the doped compounds.

Further, we have measured [10] composition as well as tempera-
ture dependence of the phonon density-of-states in FeAs com-
pounds with composition CaFe;_CoAsF (x= 0, 0.06, 0.12]. The
electronic structure calculations for these compounds show that
bands near the Fermi level are mainly formed by Fe 3d states,
which is quite different from other 122 and 1111 FeAs com-
pounds, where both Fe and As are believed to be related to super-
conductivity. The difference in electronic structure for fluorine
based compounds may cause phonon spectra to behave diffe-
rently as a function of composition and temperature in compari-
son with our phonon studies [5,6,9] on parent and superconduct-
ing MFe,As, (M=Ba, Ca, Sr). The composition as well as tempera-
ture dependence of phonon spectra for CaFe;_ CoAsF (x = O,
0.06, 0.12) compounds have been measured (Fig. 2) using time
of flight INAC and IN6 spectrometers at ILL, France. The compari-
son of phonon spectra at 300 K in these compounds shows (Fig.
2) that acoustic phonon modes up to 12 meV harden in the doped
compounds in comparison to the parent CaFeAsF. While interme-
diate energy phonon modes from 15 meV to 25 meV are also
found to shift towards high energies only in the 12 % Co doped
CaFeAsF compound. The experimental results for CaFe;_,Co,AsF (x
= 0, 0.06, 0.12) are quite different from our phonon studies
[5,6,9] on parent and superconducting MFe,As, (M=Ba, Ca, Sr)
where low-energy acoustic phonon modes do not react with
doping, while the phonon spectra in the intermediate range from
15 to 25 meV are found to soften in these compounds. We argue
that stronger spin phonon interaction play an important role for
the emergence of superconductivity in these compounds. The
lattice dynamics of CaFe,_,Co,AsF (x= 0, 0.06, 0.12) compounds
is also investigated using the ab-initio as well as shell model
phonon calculations. We show that the nature of the interaction
between the Ca and the Fe-As layers in CaFeAsF compounds is
quite different compared with our previous studies on CaFe,As,.
In conclusion, we have carried out extensive measurements of
the temperature dependence of phonon spectra for parent and
superconducting compounds using the inelastic neutron scatter-
ing technique. Our work on FeAs parent and superconducting
compounds shows that electron-phonon coupling is present in
these compounds but it can not be solely responsible for the
superconductivity.

86

300K
:%‘if“%”ﬁ.,
> 0.08] Co 0% /\ Shell model
E ——Co6% /
W o] Co12%
“o M/’“/J\
//-J N
0.00 - —
0.08 Magnetic .- Ab-initio
—— Non magneic ‘;\ Co 0%
0.04 4
0.00 /f : : =
0 10 20 30 40 50

E(meV)

FIG. 2: Comparison of experimental phonon spectra [10] for
CaFe;_.Co,AsF (x = 0, 0.06, 0.12). The phonon spectra are measured
with incident neutron wavelength of 5.12 A using the IN6 spectrome-
ter at ILL. The calculated phonon spectra using the shell model and
ab-initio are also shown. The calculated spectra have been convo-
luted with a Gaussian of FWHM of 5% of the energy transfer in order to
describe the effect of energy resolution in the experiment.
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We propose a mesoscopic circuit comprising two uncorre-
lated single-particle sources and two distant Mach-Zehnder
interferometers, which allows in a controllable way to pro-
duce orbitally entangled electrons. Two-particle correlations,
appearing as a consequence of erasing of which path infor-
mation, manifest themselves as an Aharonov-Bohm effect in
the noise. In an appropriate time-interval the concurrence
reaches a maximum and a Bell inequality is violated.

Two-particle interference effects are quantum mechanical phe-
nomena of particular interest. They are known from examples in
optics, like the Hanbury Brown-Twiss effect and the Hong-Ou-
Mandel effect. In mesoscopic physics electrons can play a similar
role as photons do in optics. Indeed, high-frequency single-
particle emitters have been realized experimentally in the integer
quantum Hall effect regime [1]. A mesoscopic cavity - indicated
by A or B in the Figures showing the setups proposed by us — is
driven by a time-dependent gate potential, yielding the periodical
high-frequency emission of quantized charge. The particles (elec-
trons and holes] are injected into edge states, operating as wave
guides, and encounter splitters realized by quantum point con-
tacts. These tools allow for the implementation of complex inter-
ferometers in mesoscopic systems showing two-particle interfe-

rence effects.

An example for tunable two-particle correlations is manifest in the
electronic analogue of the Hong-Ou-Mandel interferometer [2],
showniin Fig. 1.
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FIG. 1: Single particles are emitted from the two capacitors A and B

—

(indicated by circles) through quantum point contacts (indicated as
dashed lines) into edge states (indicated by full lines), where they
can possibly collide at the central quantum point contact C.
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FIG. 2: Emitters A and B driven by potentials U, (t) and Uy (t) inject
single particles into edge states (solid lines). After scattering at a
center QPC (C) particles reach Mach- Zehnder interferometers with
Aharonov-Bohm fluxes ®; and ®. The colored (dotted and dashed)
lines show possible two-particle amplitudes which lead to particle

collisions erasing which path information.

Particles are emitted from the two mesoscopic capacitors, 4 and
B, which are contacted by quantum point contacts (QPCs), with
reflection (transmission) coefficients 7, (t4) and 1 (tz), to
chiral edge states. The capacitors serving as single-particle
sources are driven by time-dependent potentials U, (t) and
Ug (t), with equal frequency Q. The emitted particles are trans-
mitted or reflected at the center QPC (C], with reflection (trans-
mission) coefficients 7¢ (t¢). and then reach contacts 1 and 2.
Arriving at the contacts independently they generate the shot
noise, P;,, which - depending on the particle number emitted per
period from both sources - is found to be an integer multiple of
Py = —(2e?/m)T: R0, the shot noise produced by the central
QPC alone. However, when two particles of the same kind meet at
the middle QPC a noise suppression is found due to the Pauli
principle. This setup is at the basis for the design of a two-particle
emitter with a controllable degree of correlations.

In the work presented here we explore the entanglement produc-
tion from two uncorrelated sources. For this purpose we extend
the mesoscopic circuit in the quantum Hall effect regime compris-
ing two independent single-particle sources mentioned before, by
two distant Mach-Zehnder interferometers (MZIs,) with magnetic
fluxes [3], as shown in Fig. 2. Therefore before reaching the con-
tacts 1 to 4 the signals from the single-particle sources traverse
the lower (d]) or upper (u) arms of two MZIs, L and R, pierced by
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magnetic fluxes, @, and ®y. Some of the possible trajectories
are indicated in Fig. 2.

We use a scattering matrix approach [4] and describe the me-
soscopic capacitors, o = A,B, serving as single-electron sources,
by a Fabry-Perot like amplitude,

[ee]
S,(t, E) =1, + t2 Z r;_leinT“‘iq’g(t)
q=1
depending on the energy of an incoming particle and the time it
exits. Here T, is the time a particle spends for a single traversal of
the capacitor. Due to the time-dependent potential a particle
picks up a phase

of (9=2f

The scattering matrix of the full system also depends on the
central QPC and the Mach-Zehnder interferometers. A phase is
accumulated when a particle coming from source o = 4, B tra-
verses the upper or the lower arm of the interferometer § = L, R.
This phase depends on the time for the traversal of the respective
interferometer arm and on the magnetic flux. We here discuss the
case of slow driving, meaning that the frequency Q is much
smaller than 7%, but importantly without requesting restrictions
on Q with respect to the time scales related to the entire system.
This means that the traversal times of the interferometer arms
can be long with respect to the time scale set by the driving.
Single-particle interferences in the current are suppressed if the
difference in the path lengths of the interferometer arms is bigger
than the spreading of the wavepackets emitted by a driven capa-
citor. We characterize this arm length difference by the differenc-
es in the traversal times, T, and Tp. Still, two-particle correlations
can be observed in the noise properties. We calculate the symme-
trized zero-frequency noise power (shot noise), P;,, for currents
flowing into contacts 1 and 2. If the arm length difference of the
MZls are commensurate, AT: = At; = £AT1g, we find,

P, = —P Z {T.Tx [1 — L(At%)] —yLyr - cos(®, + Dp)
[L(AES — ADYE LA + AD)])

dt’Ua(t”).

—q7q

with the parameters T and Y containing the MZI transmission
amplitudes. Here the time difference At® depends on the emis-
sion times from the single particle sources and the time delay
due to the asymmetry of the set-up. Therefore At® contains
information on the time difference with which particles from the
two sources arrive at the interferometer entrances. This time-
difference enters the Lorentzians, defined by L(X) = 4T ,I'z/
[X2 + (T, + )%, where Ty and T’z are the widths of the
current pulses emitted from the capacitors Aand 5.

The second line in the expression for A, is a magnetic flux-
dependent contribution, appearing whenever the emission times
of the cavities are such that a collision of two electrons (and/or
two holes] can take place at the interferometer outputs,
|AtS + At| <Tg. Together with the commensurability of the arm
lengths, this implies that the collisions take place at both interfe-
rometers. The result is an appearance of non-local two-particle
correlations irrelevant for the current but with a pronounced
effect in the noise. In other words, the two-particle correlations
manifest themselves as an Aharonov-Bohm effect in the noise.
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FIG. 3: Two-particle Aharonov-Bohm oscillations in the shot noise
correlation P12 as a function of the difference in magnetic fluxes
@, — @y and difference of phase ¢ of the potentials U,(t) and
Ug(t). This phase difference is related to the tunable difference in
the emission times from the two cavities.

In Fig. 3 we show the shot noise for A;; = A as a function of the
magnetic flux difference and the phase shift ¢ between poten-
tials Uy (t) = U,cos(02t) and Ug(t) = Ugcos(2t + @), which
is related to the difference of emission times from the two capaci-
tors. At ¢ = @, the condition At® — At = 0 is satisfied and an
electron emitted by the capacitor A and moving along the lower
arm of an interferometer can collide (overlap) with an electron
emitted by the capacitor B and moving along the upper arm of
the same interferometer (vice versa for ¢ = —@,). The two-
particle correlations appear as a consequence of erasing of
which-path information due to collisions taking place at distant
interferometers and in general at different times. Therefore, a
variation of the phase difference between the driving potentials
can switch on or switch off the two-particle Aharonov-Bohm ef-
fect, by avoiding or allowing for collisions. Note the dipat ¢ =0 is
the fermionic Hong-Ou-Mandel effect mentioned above, appearing
when particles collide at the central QPC. This is the case if
At® = 0 and the first contribution to Py is suppressed.

In an appropriate time-interval, i.e. in the time intervals in which
the which-path information is erased, the concurrence reaches a
maximum and a Bell inequality is violated, proving the existence
of time-bin entanglement. This means that the tenability of the
single-particle sources allows in a controllable way to produce
orbitally entangled electrons.
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The recent discovery of pnictide superconductors has drawn
extensive attention because it provides a new opportunity to
investigate the mechanism of superconductivity [1]. Since
magnetism and superconductivity appears to be intimately
related in iron pnictides, it is therefore important to under-
stand their magnetism. Among various parent compounds of
iron pnictide superconductors, EuFe,As, stands out due to
the presence of both spin density wave of Fe and antiferro-
magnetic ordering of the localized Eu** moment. Both reso-
nant x-ray scattering and neutron diffraction experiments
have been carried out to determine the magnetic structure of
this compound and investigate the coupling between two
magnetic sublattices. The determination of magnetic struc-
ture of EuFe,As, parent compound is significant to under-
stand the relationship between superconductivity and mag-
netism in pnictide superconductors.

Most of the research on pnictide superconductors has focused on
AreAs(0,.,F,) (with #=La, Nd or Sm etc.] and AFe,As, (with A=
Ba, Ca, or Sr etc.), the so called '1111' and '112' families. These
two families are closely related since both of them adopt a lay-
ered structure with a single FeAs layer in the unit cell of '1111
and two such layers in the unit cell of '122". The superconducting
state can be achieved either by electron or hole doping of the
parent compounds. Considering that the electronic states near
the Fermi surface are dominated by contributions from Fe and As,
it is believed that the FeAs layers are responsible for supercon-
ductivity in these compounds.

EuFe,As; is a peculiar member of AFe,As, family since the 4site is
occupied by Eu®", which is an Sstate rare-earth ion possessing a
4f structure with the electron spin §= 7/2. However, the mag-
netic ordering and the details of magnetic structure of EuFe,As,
have not been clarified so far via neutron diffraction due to the
extremely large neutron absorption cross-section of Eu. There-
fore, the element-specific resonant x-ray scattering acts as an
attractive complement to neutron diffraction methods for mag-
netic structure determination. Here we report the magnetic struc-
ture determination of EuFe,As; by using the combination of reso-
nant x-ray scattering and neutron diffraction methods.

The single crystals of EuFe,As, with typical dimensions
5x5x1mm’ were grown by the high temperature solution growth
method using a fourth element, Sn as the solvent. Single crystal
neutron diffraction measurement was performed on hot-neutron
four-circle diffractometer HEIDI at FRM I (Garching, Germany). A
Cu (220) monochromator was selected to produce a monochro-

matic neutron beam with the wavelength at 0.868 A. X-ray scat-
tering data were collected on ID20 beamline at ESRF (Grenoble,
France) by using both horizontal [Tt-incident light) and vertical
(o-incident light) diffraction configurations. The beamline optics
was optimized close to Eu /3 absorption edge (6.97 keV] for
resonant measurements.
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FIG. 1: (a)(c) The contour map shows the Q dependence of the (103)
and (041) magnetic reflections. (b)(d) 0 scan of (103) and (041)
magnetic reflections. The (103) reflection is observed in k scan
because of the existence of twinned domains.

The crystal structure of EuFe;As, can be described within the
framework of tetragonal symmetry at 300 K. Upon cooling down,
the crystal structure distortion from tetragonal (S.G. /4/mmm) to
orthorhombic (S.G. Fmmm) structure was revealed by the split-
ting of the tetragonal (220) reflection into the orthorhombic
(400) and (040) reflections. To clarify the magnetic structure of
EuFe,As;, at low temperature, extensive search of magnetic re-
flections was performed in the reciprocal space. In addition to the
expected nuclear reflections, two sets of magnetic superstruc-
ture reflections can be clearly identified with two magnetic
propagation wave vectors (1,0,1) and (0,0,1) respectively. The
neutron diffraction contour map of (103) and (401) reflections
fully illustrated the intensity distribution as shown in Fig. 1(a)
and Fig. 1(c]. In Fig. 1.(b), the Jscan of (103) reflection can be
fitted by a single Gaussian function with k = 0.991. This strongly
indicates that the (0] type reflections (with ~Aand /equal to odd
number) are associated with the (400) domain and they can thus
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be described with the propagation wave vector k = (1,0,1], which
is related to the antiferromagnetic order of Fe®* moments. Conse-
quently, the magnetic reflections with a propagation wave vector
k =(0,0,1) (with ~even and /odd] are due to the long range order
of the localized Eu®" moments. The moment direction of Eu®* can
be determined as along the adirection since the Jscan on (041)
reflection (Fig. 1(d)] giving a peak position of k = 4.01. By taking
into account of twinned components properly, the refinement on
both Fe*" and Eu®" magnetic sublattices was carried out and the
magnetic structure of EuFe;As; is unambiguously determined as
illustrated in Fig. 3(a). The magnitudes of Eu®" and Fe®* moments
is deduced to be 6.8(3) and 0.98(8) w4, respectively. The anti-
ferromagnetic configuration of Fe’* moments is also observed in
other iron pnictides that we have investigated, such as BaFe,As,
[2] and CaFeAsF [3]. It should be noted that the Fe moment is
quite small (less than 1 ] in all iron pnictides and the origin of
that small iron moment in these compounds can be explained as
the result of the itinerant character of iron spins or the nearest
and next nearest neighbour superexchange interactions between
Fe ions which give rise to a frustrated magnetic ground state.
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FIG. 2: A energy dependence of o-TU channel of (209) reflection
(filled circles) at 10 K. Fluorescence is shown for comparison
(crosses). The inset shows the experimental azimuth behavior of the
(209) reflection (circles) compared to calculated evolution in case of
Eu moments along crystal a (solid line) or b (dashed) axis.

Fig. 2 shows the resonant x-ray scattering spectra of the (209)
reflection in the o-TU channel at 10 K in the vicinity of the Eu /3
edge. At resonance, there is no component in the -0’ channel as
expected. In the inset of Fig. 2 measured resonant intensity in the
o-TU channel as a function of the azimuth angle is plotted to-
gether with the expected dependences. The resonant x-ray scat-
tering data confirmed that the Eu moments are aligned along the
crystallographic g axis.

Fig. 3(b) shows the temperature dependence of the (112) and
(003) magnetic reflections attributed to the ordering of Eu®’
moments. The onset temperature of Eu®’ magnetic order is de-
duced to be 19 K. The magnetic ordering temperature of Fe®
moment is estimated to be 190 K based on the temperature
dependence of the (101) and (103] magnetic reflections (see
Fig. 3(c]). The tetragonal-orthorhombic structural phase transi-
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tion also takes place at 190 K as revealed by the sharp change of
full width at half maximum in (040] nuclear reflection, which
indicated the existence of the strong coupling between the struc-
tural and magnetic phase transitions in EuFe,As,.
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FIG. 3: (a) Illustration of the magnetic structures of EuFe;As; at 2.5 K.
(b) Temperature dependence of integrated intensity of (040) nu-
clear reflection as well as the (103), (112) and (003) magnetic
reflections below 22 K. (c) Temperature dependence of integrated
intensity of (103) and (101) reflections; temperature dependence of
FWHM of (040]) reflection.

In summary, both single crystal neutron diffraction and resonant
x-ray scattering experiments were performed to investigate the
crystal and magnetic structure of EuFe,As,. With decreasing
temperature, the antiferromagnetic order of Fe® moments set in
at 190 K with the propagation vector k = (1,0,1). The tetragonal
to orthorhombic structural transition occurs simultaneously with
the antiferromagnetic order, which indicates the strong coupling
between the lattice and Fe magnetic degree of freedom. Below 19
K, the Eu® moments order antiferromagnetically with the propa-
gation vector k = (1,0,1) and are aligned along the a axis. Our
studies also suggest a weak coupling between the Fe®" and Eu®'
magnetic sublattices [4,5].
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EUV dark-field microscopy for nanoscale defect

inspection
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An actinic EUV microscope for defect detection on mask
blanks for operation in dark field using table top discharge
produced plasma (DPP) source has been developed. Several
test structures (pits and bumps) and natural defects on
multilayer mirrors were characterized with an atomic force
microscope (AFM) and than investigated by our Schwarz-
schild Objective (SO) based EUV microscope. Possible defect
detection limits with large field of view (FOV) and moderate
magpnification will be discussed by terms of required source
photon flux and detection camera performance.

The fabrication and inspection of defect-free mask blanks is still a
challenge on the way to ultra large scale integrated devices (UL-
SI) that utilize extreme ultraviolet lithography (EUVL). EUV litho-
graphy is planned now to be introduced at 32 nm half pitch or
beyond. Such small pitch sizes demand even higher quality- and
cleanness- levels for multilayer mask blanks. One of the impor-
tant requirements for EUV lithography is an extremely low
amount of critical sized defects which have to be controlled at
different stages of the lithographic process. Thus, a scanning tool
that enables defect detection of large area masks (150 x 150
mm]) with a high speed and sensitivity to tiny defects is highly
demanded. Since defects can also be found inside a multilayer
(“phase defects”] an actinic inspection at the wavelength of the
lithographic process (13.5 nm +/- 2% bandwidth) is necessary.

A reflection EUV microscope operating in dark-field mode was
created on a basis of EUV transmission microscope [1,2]. The
scheme and photo of the instrument are shown in Figures 1 and
2. The optical path includes a xenon gas discharge EUV source, a
deflection multilayer mirror, a multilayer coated Schwarzschild
objective and an EUV sensitive CCD camera. The main vacuum
chamber is fixed on a massive frame and placed onto a granite
base to decrease vibration impact. A three axis positioning sys-
tem was designed to hold and move commercial mask blanks
with nanometer precision. An easy access and remote opening
enables the operator to change mask blanks inside the main
chamber. The deflection mirror below the Schwarzschild objective
at 45° directs light from the source to the object. The mirror also
acts as zero stop for the specular beam enabling dark field opera-
tion by shadowing the directly reflected EUV beam. Due to in-
creased contrast, a dark field operation is strongly preferred
[3,4]. A pinhole aperture was used to match the illumination
cone to the size of the deflection mirror (3 mm) and to suppress
stray light.

To understand the detection limits for small defects at moderate
magnification and large field of view (FOV), scattering simula-
tions of small defects by several methods have been performed.

As a first approximation a pinhole diffraction model was com-
pared with Mie scattering for different defect materials (Figure 2).
Close match of the two approaches is observed as well as very
small influence of defect material on the resulting scattering
distribution. With the present setup two arrays (one with pits and
one with bumps]) of programmed defect structures on multilayer
mirrors were investigated.
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FIG. 1: EUV dark-field microscope in reflection mode consisting of an
xenon gas discharge produced plasma source, a deflection mirror, a
Schwarzschild objective and a thinned back illuminated CCD.

FIG. 2: EUV dark-field microscope (photo).

The measurements of the pit structures (Figure 4) and bump
structures (Figure 5) show high sensitivity of the setup to nano-
scale defects.

91



Selected Research Reports

As shown in Figure 4 programmed defects down to 40 nm can be
observed. The characterization of these defects using the atomic
force microscope (AFM] measurements is ongoing work.

A comparison between calculated numbers of photons which
could be collected by the system using the pinhole model (Figure
3) and measured numbers of photons for the different pit sizes is
shown in Figure 6. The observed intensities show quite good

JARA-FIT Annual Report 2009

with the EUV microscope, which gives first information about
performance of the system. Modeling the scattering behavior of
defects can allow to extract important defect characteristics, e.g.
defect size. Good correlation has been obtained by comparison of
experimental results to a pinhole diffraction model. The calcu-
lated number of photons, hitting a pixel, roughly fit the measured

correlations with simulated values.
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FIG. 3: Mie scattering distribution as a function of the scattering
angle and pinhole diffraction model for two diameters: 30 nm and

112 nm and for different materials.
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FIG. 4: EUV image of programmed pit defects in a multilayer mirror of

sizes from 1 ym to 20 nm. Signal from defects size down to 40 nm
can be observed.

To predict scattering behavior of defects more precisely we
started collaboration with the Fraunhofer institute IISB. The sev-
eral types of amplitude and phase defects with different size,
shape and position related to the multilayer mirror surface will be
simulated using the rigorous electromagnetic field computation
and the wave guide approach. We expect that these simulations
will show a better accordance to the experiment and so give more
detailed information about the defect characteristics.
In summary, dark field microscopy is the appropriate solution for
defect inspection due to the high contrast and correspondingly
high sensitivity. The capability of the table top EUV microscope in
dark field mode to perform sensitivity to small amplitude defects
was demonstrated. Several test structures were characterized
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FIG. 5: EUV dark-field image of programmed bump defects on a multi-
layer mirror.
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FIG. 6: Number of photons collected by the CCD for different defect
sizes. Circles represent the measured numbers of photons and the
solid line the calculations in the pinhole approximation considering

all loses in system. The data is based on an irradiation dose of about
1.6mJ/cm’.

Ongoing work on a rigorous scattered model will allow to predict a
scattering behavior of a wide range of amplitude and phase de-
fects. The implementation of a grazing incidence collector will
provide a significantly higher photon flux from the source to the

object. This will increase the sensitivity to small defects due to
improved signal to noise ratio of the CCD.

[1] L. Juschkin et al., EUV microscopy for defect inspection by
dark-field mapping and zone plate zooming, Journal of Phys-
ics: Conference Series 186, 2009.
[2] K. Walter, Auslegung und Charakterisierung eines Extrem-
Ultraviolett-Transmissionsmikroskops, PhD Thesis, 2005.
[3] K. A. Goldberg et al., Performance of actinic EUVL mask imaging
using a zoneplate microscope, Proc. SPIE, 6730, 67305E, 2007.
[4] T.Terasawa, et al., Actinic mask blank inspection and signal analysis
for detecting phase defects downto 1.5 nmin height, JJAP, 48, 2009.
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Transmission electron microscopy has taken a great step
forward with the introduction of aberration-corrected elec-
tron optics. An entirely new generation of instruments
enables studies to be performed at a resolution well below
100 picometres, and the accuracy of spatial measurements
has reached a few picometres. These new possibilities are
meeting the growing demand of nanosciences for an atomic
understanding of materials and device properties together
with the validation of the expected functionaltities. However,
understanding the results is generally not straightforward
and only possible with extensive quantum mechanical calcu-
lations. Actually, in order to be able to appreciate the
progress that has been achieved it is essential to be aware of
three basic facts about electron microscopic imaging.

The first fact is that atomic structures are not imaged in electron
microscopy in any way comparable to light microscopy where the
information is primarily obtained by exploiting the locally varying
absorption of the sample. The atomic world is that of quantum
mechanics and none of the electrons entering the sample is ac-
tually absorbed, but an electron wave field is interacting with the
interatomic potential. On account of the high electron energies
this interaction has to be described by the Dirac equation which
for the conditions applying to TEM adopts a Schrédinger form with
relativistically corrected electron wavelength and mass. Solving
this equation for a given interatomic potential gives us the exit
plane wave function (EPWF) at the lower specimen surface. The
basic task in atomic-resolution TEM is not to calculate the scatter-
ing problem but instead, since we have to conclude “backward”
from images on structure, to invert it.

In electron microscopy, ‘images” recorded are waveinterference
patterns. In general the way to derive from the images the under-
lying structure includes two steps. In the first the EPWF is com-
puted since this is the actual object of our optics and it contains
all the information on the specimen we can get. Unfortunately,
typically about 20 images are required which are recorded by
varying e.g. the objective lens focus over a certain range. Since
varying the focus induces phase shifts into the electron wave
field this technique has similarities to interferometry. This means
that by this technique we are probing the wave function; actually
we are measuring it. The second step is to conclude from the
EPWF to the specimen structure. Since no technique is known as
yet that allows to directly calculate the potential and on this
basis the structure “backwards” from the EPWF, the only solution
is to do a “forward” calculation. For this purpose a model structure
based on a first guess is constructed and iteratively improved to
obtain a best fit between the calculated and experimental EPWF.
This procedure is, however, hampered by the fact that there is no
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FIG. 1: Computer-simulated images for a SrTi0; crystal viewed along a
[110] zone axis. (a-c): Images corresponding to different aperture
radii in the back focal plane of the microscope’s objective lens (f)
selecting the beams that contribute to image formation. In sequence
(a) to (c), the sample contains an empty atom column. With the
smallest aperture (full circle in (f)), only the transmitted and four
diffracted beams are used to form the image. This situation corres-
ponds to uncorrected electron microscopy where wider apertures
cannot be tolerated because of the effect of lens aberrations. Super-
ficially, (a) appears to show an atomic lattice, but this bears little
resemblance to the real lattice imaged in (c) with the widest aperture
setting. Atomic resolution is only provided in (c). Note the artefacts
in (b) taken with the intermediate aperture size. Two “atomic max-
ima” appear on both sides of the hole. Images (d) and (e}, corres-
ponding to the smallest and the largest aperture size, respectively,
show simulations for a 30% reduction in occupancy of the atomic
position marked with an arrow in (e). To reveal this reduction in
occupancy, the large aperture used in an aberration-corrected in-
strument is essential [1].

direct access to imaging parameters as sample thickness and the
precise direction of the incident electrons. There is no other pos-
sibility but to treat these parameters as variables that also have
to be determined by means of the fitting procedure. Therefore,
the result generally is not an image in the conventional sense but
a computer model of the structure that gives the atomic species
and coordinates.

The second fact is that imaging in the fully aberration corrected
mode, although technically feasible, is never ever used in TEM.
The background for the need to operate the microscope at a
certain value of residual aberration arises from the fact that
atomicresolution TEM is mainly based on phase contrast. This
means that the information on the specimen structure is encoded
in the EPWF in terms of a locally varying phase shift. Since phases
cannot be “seen”, a technique analogous to Zernike phase con-
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trast in light microscopy, i.e. converting phase into amplitude
information, needs to be applied in TEM as well. Unfortunately a
Zernike type phase shifter is not available for TEM. Therefore, the
necessary phase shift has to be introduced by exploiting the
aberrationinduced phase shifting properties of the microscope’s
objective lens by tuning the lens’ spherical aberration parameter
for a certain residual value. Since also a deviation from exact
focus contributes to the desired phase shift, this is combined
with a certain amount of defocusing. In colloquial language one
could say that the cost for seeing anything is that one has to
accept that the images become “unsharp” to a certain extent.

The third fact characterising atomic-resolution TEM is that it is
generally not a “snap shot” or “single image” technique. The rea-
son for this is that there is also no way to know a priori the exact
focus of the lens nor can the focus be judged reliably by visual
inspection. Again the image series obtained at varying lens defo-
cus provides us with a solution to this problem. Following an
iterative procedure we obtain the correct focus values while
solving for the EPWF. With the EPWF and the eventual sample
structure available it is certainly no problem to select from a
series of images that one whose image intensity distribution fits
best to the measured atomic structure. Now we can “believe”, at
least to a certain extent, what we are “seeing”. However, without
the described thorough investigation regarding their background
such single images are of very limited value.

How then should “atomic resolution” be defined? The answer is
simple as can be: The information must be entirely local on the
atomic level. Any change in the position or occupancy of an atom-
ic site in the sample must show up in the image as an individual
signal localised only at the corresponding atomic position. In this
stringent sense only the images obtainable in modern aberration-
corrected instruments are matching the standards of genuine
“atomic” resolution. As a matter of fact, the first images showing
contrast resembling that of atomic structures were published
more than 50 years ago. These images were obtained by placing
an aperture in the back focal plane of the objective lens by which
only a few low-angle reflections were selected to form the image.
This is equivalent to constructing an image taking into account
the basic Fourier components only (Fig. 1a). Although such an
image shows a periodic structure consisting of contrast dots,
which superficially resemble an atomic lattice, it is entirely in-
adequate with respect to atomic resolution in the sense just
defined. Atomic “individuality” requires high-order Fourier compo-
nents (Fig. 1b-c] which in early days could not be allowed to
contribute to the image due to the detrimental influence of lens
aberrations.
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FIG. 2: Polarisation domain wall in PZT. (a) Atomic structure. The
shifts of the oxygen atoms (blue circles) out of the Ti/Zr-atom rows
(red circles) can be seen directly, as can the change in separation
between Ti/Zr and Pb (yellow circles). Arrows give the direction of the
spontaneous polarisation, which can be directly inferred from the
local atom displacements. (b) Atomic-resolution measurements of
the shifts of oxygen (0], and titanium/zirconium (Ti/Zr) atoms as a
function of distance from the wall centre in a longitudinalinversion
domain wall. (c) The value of the local polarization Ps that can be
calculated from these data [3].

In contrast, today’s aberration corrected instruments yield im-
ages of such quality that we can virtually put our finger on indi-
vidual atomic positions. For illustration purposes Fig. 2 displays a
ferroelectric domain boundary in PZT. Not only that all the differ-
ent atomic positions are well resolved, we can even measure the
individual lateral shifts of the atoms, in the order of 40 pm, out of
their symmetry positions which induce electronic lattice polarisa-
tion [2]. An investigation employing Gaussian regression analys-
es reveals that such position measurements can be carried out at
a precision of better than = 5 pm [3]. Such a precision is by far
superior to that of any other stateof- the-art microscopic tech-
nique including STEM and STM. Although resolution is defined by
the minimum separation of two optically broadened intensity
peaks at which these can just be separated in the image, the
distance between two well isolated peaks can be measured at a
precision more than an order of magnitude higher.

[1] K. Urban, Nature Materials 8 (2009), 260-262.
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mann, Phil. Trans. R. Soc. A367 (2009), 3735-3753.
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and A. Thust, in: Advances in imaging and electron physics,
ed. by P. Hawkes, vol. 153 (2008], pp. 439-480, Academic
Press, Oxford (UK).
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Acoustic emission generated during phase transitions can
give unique information on avalanches that accompany
domain formation and domain boundary movement. Power
laws indicating self-similar processes can frequently be
observed over many orders of magnitude in the amplitudes,
energies or durations of the acoustic wavetrains. In this
study, the ferromagnetic shape-memory Heusler alloy
Ni;MnGa was investigated in-situ under applied magnetic
fields. The focus was on the intermediate (premartensitic)
transition to a micromodulated phase that precedes the
martensitic transition. In the range of the applied fields up to
1T, the field stabilizes the high-temperature cubic phase by
shifting the transition to lower temperatures. At low fields the
distributions of the acoustic emission events show power-
law behavior which reflects the absence of characteristic
scales associated with the transition. The field dependence
of the exponents was experimentally determined.

In the class of smart materials, particularly the ferromagnetic Ni-
Mn-Ga alloys have received great attention due to their ability to
produce giant magnetic field-induced strains [1], which is the
basis of the magnetic shape-memory effect. This effect is closely
related to a diffusionless (martensitic) phase transition and
results in a domain structure which can be understood as a re-
sponse of the elastic and magnetic degrees of freedom to the
applied magnetic field. The magnetic field does not only have an
influence on the shape of an object, it is also known to shift the
premartensitic transition to lower temperatures. To study the
effect of a magnetic field on the premartensitic transition, the
acoustic emission (AE] spectroscopy is used. AE is a technique
well suited to study externally stimulated structural changes in
solids that occur at scales ranging from nanometers to microme-
ters. It provides valuable information on the transition dynamics.

In a narrow range of compositions close to the Ni,MnGa Heusler
stoichiometry, the martensitic transition is preceded by a pre-
martensitic transition to a 3M modulated phase [2]. This first-
order transition is nevertheless announced by a strong but in-
complete softening of the [ £ 0] TA; phonon mode at { = 0.33 [2,
3]. Magnetoelastic coupling has been proposed to play an essen-
tial role for this transition to occur [4]. In addition, the transition
has been related to a magnetically driven locking of the tweed
texture that occurs at high temperatures and thus considered a
precursor to the martensitic transition [5]. This study aims at the
effect of a magnetic field on the dynamics of the premartensitic
transition, in particular with regard to a controversy regarding the
stability range of the premartensitic phase [6].

Using a single crystal, we studied the premartensitic transiton by
varying the magnetic field. Fig. 1 shows the experimental setup,
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FIG. 1: Schematic depiction of the experimental setup, consisting of
an electromagnet and a temperature-controlled sample holder. In
some cases a small pressure is applied on top of the sample to
stabilize the sample position.

consisting of a temperature-controlled sample holder between
the poles of an electromagnet, which allowed fields up to 10 kOe
(equivalent to 1 T). The emitted acoustic signals (Fig. 2] were
detected by means of a high-sensitivity piezoelectric transducer,
which is acoustically coupled to the sample surface and has a
frequency range of approx. 100 kHz to 1 MHz at a resonance
frequency of 150 kHz. The duration, amplitude, and energy distri-
butions of acoustic events (wavetrains] associated with the
premartensitic transition were measured via a commercial AE
acquisition setup (Euro Physical Acoustics]. The transition was
thermally induced by temperature cycles. The martensitic trans-
formation temperatures without applied field were determined to
be My =213 K and M; = 195 K in the cooling run, and A, = 200 K
and A; = 217 K in the heating run. To avoid distortions of the AE
signal by noise picked up from the cooling system or other
sources, also a reference sample without phase transition was
measured. These data were used for an amplitude-duration filter
employed in all further measurements. The temperature interval
over which AE could be detected was associated with the transi-
tion region (M = 244+1 Kto M| = 222+1K).

As depicted in Fig. 2, already moderate fields were sufficient to
suppress the acoustic activity (and hence the premartensitic
phase) completely. A detailed data treatment indicates a shift of
the peak acoustic activity of about 3 K towards lower tempera-
tures at higher magnetic fields. Such a shift of the premartensitic
transition temperature is consistent with other reports [6-8].
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FIG. 2: Exemplary acoustic emission activity during the forward
transition at selected magnetic fields.

An outstanding feature of diffusionless phase transitions is the
observation of power law behavior in various distributions, which
reflects the absence of characteristic length and time scales
associated with the transition process. Such behavior was also
experimentally found for the duration D, amplitude A, and energy
E of the AE events associated with the premartensitic phase. Fits
based on the maximum likelihood method yielded the exponents
O (amplitude), O (duration), and € (energy) as a function of
the magnetic field. All exponents increase with increasing field
and saturate at approx. 1.5 kQOe (Fig. 3). The exponents indicate
that higher magnetic fields lead to acoustic event distributions
with an enhanced number of wavetrains of short durations with
smaller amplitudes and energies. Zero field exponents were
determined as o« = 2.44 +0.03, 8d=43+11ande=173+%
0.02, which is in excellent agreement with a zero field exponent of
o=2.3+0.15reported elsewhere [9].
AE activity has been detected for both forward and reverse inter-
mediate transitions in a range of (weak] applied magnetic fields.
The occurrence of AE for sufficiently small fields emphasizes the
discontinuous, jerky character of the phase transition. For the
material class investigated here, AE is known to be linked with
shuffles consisting of shifts of (110) planes in the [-110] direc-
tion with a periodicity of three atomic planes. The transition
process occurs through a sequence of discontinuous steps of the
order parameter. These are related to sudden changes in the local
strain field that arise due to the interplay of transition-induced
domain movement and pinning effects. Our studies therefore
suggest that for the intermediate transition, the magnetic field
essentially plays the role of an ordering field that controls pinning
effects. This is supported by the fact that the AE activity during
forward and reverse intermediate transitions decreases for larger
fields and is suppressed for fields exceeding ca. 2.5 kQOe, which is
close to the magnetization saturation field. This interpretation is
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corroborated by the observed increase of the amplitude, energy
and duration exponents as the field is increased. The steeper
slope of the power-law distributions means that, compared to the
large signal fluctuations, small and short signals are overpropor-
tionally enhanced when a magnetic field is applied. The increased
fluctuations on all scales suggest that the magnetic field leads to
an overall weakening of the first-order character of the transition.
Whether the reduction in energy barriers due to the ordering field
is able to yield a second-order transition is an open question.
Should this occur, the absence of interfacial energies would ex-
clude all pinning-depinning processes and explain the suppres-
sion of AE with increasing the magnetic field [ 10].
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Fig. 3: The acoustic emission events are characterized by power law
distributions with exponents showing a distinct dependence on the
applied magnetic field: experimental values for the duration expo-
nent (a), the amplitude exponent(b), and the energy exponent (c].
The lines are guides to the eye.

In our opinion the large magnetocyrstalline anisotropy is respon-
sible for the coupling between transition and magnetization in
Ni;MnGa. Therefore, under an applied magnetic field, the distribu-
tion of magnetic moments will be modified, which in turn should
affect the transition path. Moreover, this effect is presumably
also responsible for the (weak) decrease in magnetization which
takes place at the transition.
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