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In the surface physics group model systems of
well defined surfaces and interfaces are sys-
tematically studied in order to address fun-
damental issues that are potentially relevant
for nanoscience and nanotechnology. Our
laboratory is well equipped for the prepa-
ration and characterization of clean sur-
faces, ultrathin metal films, molecular mono-
layers and covalently bonded single layers
like hexagonal boron nitride or graphene,
all under ultrahigh vacuum (UHV) condi-
tions. Techniques available to us include
x-ray photoelectron spectroscopy (XPS) and
diffraction (XPD), angle-resolved photoemis-
sion spectroscopy (ARPES), two-photon pho-
toemission (2PPE) using femtosecond laser
pulses, low-energy electron diffraction (LEED)
and variable-temperature scanning tunnel-
ing microscopy (STM). At the nearby Swiss
Light Source (SLS) we operate two more pho-
toemission spectrometers, one for spin- and
angle-resolved photoemission spectroscopy
(SARPES) and one for photoelectron diffrac-
tion and holography. A growing network of
national and infernational collaborations ex-
pands this set of fechniques and provides us
also with the necessary theoretical support.

The research carried out during the report pe-
riod can be grouped into four topics:

- Monolayer films of hexagonal boron nitride and
graphene on metal surfaces
The boron nitride nanomesh is a one atom
thick layer of hexagonal boron nitride (h-
BN) on Rh(111) surfaces, which we discov-
ered a few years ago (1). It exhibits a
very regular hexagonal corrugation pat-
tfern with 2 nm wide “holes”, i.e. regions
where the layer is more strongly bonded
to the metal surface, and a periodicity
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of 3.2 nm, giving the surface a mesh-like
appearance in STM images. We have
continued the studies of Co cluster for-
mation on the nanomesh by adsorbing
Co carbonyls. Preliminary results indicate
that these molecules strip off their carbonyl
groups completely and, when deposited
at low temperatures (60 K), tend to form
rather monodisperse ultrasmall clusters in-
side the holes. In the context of a new
collaborative SNF SINERGIA project (since
1 October 2008), where the nanomesh
template functionality in solutions is ex-
plored, our main activity is the study of
the adsorption of water molecules on the
nanomesh. Low-temperature STM images
show the formation of monodisperse two-
dimensional ice crystals. In the course
or two Master projects (J. Schmidlin and
Mario Thomann), our room temperature
STM was equipped with a detector for pho-
tons excited locally by the tunneling cur-
rent from the fip. Recently a clear con-
trast with the nhanomesh periodicity could
be observed on a h-BN covered Rh(111)
surface. Finally, we have extended our ac-
fivities in the field of sp? bonded mono-
layer networks to the closely related sys-
tfems of graphene on transition metal sur-
faces. A direct comparison of the proper-
fies of graphene and boron nitride mono-
layers on the Ru(0001) surface are pre-
sented in Sec. 12.1.

Ultrafast processes at surfaces

Using femtosecond laser pulses from an
amplified laser system, time-resolved pho-
toemission can be used to observe fast
electron dynamics at surfaces. Two mao-
jor projects have been pursued and suc-
cessfully finished last year. Image poten-
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fial states, which exist in front of metal
surfaces, may be spin-split due to the
exchange-split bandstructure of the metal.
Such a state has been identified in front
of the h-BN/Ni(111)-surface investigated
here. It can be exited resonantly using
the second harmonic from a Ti:Sa laser sys-
tfem (2). The energy position of the im-
age potential state is sensitive to the mag-
netic phase and can be used as an ultro-
fast thermometer for the phenomenologi-
cal spin temperature in the surface region
of the metal. By means of an intense in-
frared pump pulse, energy is pumped into
the system, leading to the reduction of the
magnetic moment within a few hundred
femtoseconds (3). As a consequence of
the enhanced electron temperature, the
tfransient position of the image potential
state shiffs fowards higher energies within
about 200 fs after the pump pulse. This shift
can be related to spin disorder resulting in
an effective spin temperature close to the
Curie temperature of bulk nickel.

The second project concerned time-
and angle-resolved photoelectron spec-
troscopy from a self-assembled mono-
layer of tetramantane molecules ab-
sorbed onto Ag(111) and Au(111) surfaces.
Tetramantane is the first member of the
class of higher diamondoids, which are
small nanometer-sized molecules of car-
bon atoms in a diamond structure (4).
These monolayer systems were previously
shown, using synchrotron radiation, to
have a negative electron affinity (5). They
represent thus very efficient electron emit-
ters. Using a widely tunable parametric
amplifier as light source, a threshold be-
havior was found for the excitation yield.
This threshold could be related to the sub-
strate bandstructure. Moreover, the ex-
periments allowed the angular emission
cone to be measured and the value of
the negative electron affinity to be es-
fimated. From these and further time-
resolved measurements we conclude that
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the initial excitation takes place in the sub-
strate. Furthermore, the retention time of
the electrons in the diamondoid orbital be-
fore emission could be estimated to be be-
low 2 fs, indicating a very efficient charge
tfransfer from the substrate to this orbital
and subseqguent emission into vacuum.

In parallel to these efforts, photon-assisted
field emission from sharp W-tips was stud-
ied by using infrared pulses from the laser
oscillator.  In order to characterize the
fips and the electron-emission intensity
patterns, a position-sensitive, microchan-
nelplate amplified electron detector was
used. For this purpose new read-out elec-
tfronics and data acquisition routines were
implemented within a Bachelor project (R
Dond). The emission patterns show a very
distinct asymmetry, which is related to the
propagation direction of the light field.
These patterns are currently being simu-
lated by using finite-element methods.

Spin-resolved photoemission and momentum
mapping

Our spin-resolved photoemission cham-
ber at the SLS (COPHEE, the complete
photoemission experiment) has been up-
graded with new high voltage electronics
for the Mott detectors, which has resulted
in a further increase of the detection effi-
ciency and in the operation stability. The
combination of the unique capabilities of
COPHEE with the two step analysis routine
we developed last year (6) has resulted
in a variety of new and unexpected re-
sults. We have, for example, been able
to measure a spin splitting of Pb quan-
tum well states which is not accessible with
spin integrated ARPES (see Sec. 12.2). Fur-
ther have we been able to provide the
first direct experimental observation of the
quantum spin Hall phase on the surface
of a BiSb alloy (7). In order to determine
the influence of reduced dimensionality
on the spin structure of surfaces, we have
performed SARPES measurements on the
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Bi(114) vicinal surface. The Fermi surface
of this system primarily consists of a pair of
one-dimensional spin split bands (8). Be-
cause all electrons at the surface with pos-
itive momentum have spin up and all elec-
frons with negative momentum spin down,
Bi(114) can be considered as the parent
compound of a one-dimensional quantum
spin Hall system.

- Further instrumental developments

For molecules adsorbed on ferromagnetic
surfaces the spin-dependent coupling of
molecular orbitals to states of the under-
lying substrate can be studied. In or-
der to exploit the versatile preparation
and characterization environment of our
photoelectron spectrometer chamber, we
have engaged in a development project
for a simplified type of spin detector that
is compatible with the existing hemispher-
ical electron analyzer. In this new type of
Mott detector, backscattered high-energy
electrons are measured within scinfillators.
The light pulses are extracted by glass rods
out of the UHV. A first prototype has been
built and is currently undergoing tests.

For more efficient studies of ultrafast phe-
nomena on surfaces by means of time-
resolved photoemission, a new electron
display analyzer has been implemented,
which allows the whole angular distrioution
of photoelectrons at a given energy to be
recorded in one shot (9). The commission-
ing included the setup of a new vacuum
system and building a new sample mao-
nipulator. Within a new Bachelor project
(M. Hausherr) the visible light pulses of the
second harmonic of the Ti:Sa laser are
again frequency-doubled to about 6 eV
in a new g-barium-borate crystal and cou-
pled info the vacuum system by using a
SrFs-viewport, which is transparent for uv-
radiation.

In the following, two highlights of last year’s re-
search are presented in more detail.
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12.1 Comparison of  single-layer

graphene and hexagonal boron
nitride on Ru(0001)

in collaboration with:  S.Gunther and J.
Winfterlin, Department Chemie, Ludwig-
Maximilian  Universitdt, D-81377 Munchen,
Germany; B. Wang and M.-L. Bocquet, Lab-
oratoire de Chimie, Université de Lyon, Ecole
Normale Suprieure de Lyon, CNRS, F-69007
Lyon, France; D. Martoccia and R R. Willmott,
Swiss Light Source, Paul Scherrer Institut, CH-
5232 Viligen, Switzerland.

Graphene and hexagonal boron nitride (h-
BN) are isoelectronic sp? hybrid-bonded net-
works that can be grown on fransition metals
(10). For the case of h-BN/Rh(111) the for-
mation of a nanomesh with new functional-
ities has been reported (1; 11; 12). Grown
on Ru(000T) A-BN (13) and graphene (g) (14)
also form large supercells, with laftice con-
stants of about 3 nm, that are caused by the
laftice mismatch between the sp? network
and the substrate.  For ¢g/Ru(0001) surface
X-ray diffraction showed a surprisingly large
(23x23) unit cell (referenced to the primitive
RU(000T) unit cell) containing four 3 nm sub-
cells (15). The strong site dependence of the
inferaction to the substrate leads to a cor-
rugation or rippling of the overlayers with a
height difference between strongly bonded
and weakly bonded regions of the sp? net-
works, which is in the order of 0.1 nm. Bonding
occurs wherever nitrogen or carbon atoms
sit on top of metal atoms (16; 17). For the
graphene layer this condition can be met
by either one of the two carbon atoms in
the unit cell, while for h-BN there is only one
nitrogen atom in the unit cell. The overall
area of strongly bonded regions it therefore
larger in the graphene case. This has the
consequence that the h-BN nanomesh has
isolated strongly bonded patches (holes) and
graphene has connected, strongly bonded
valleys and weakly bonded mounds with a di-
ameter of about 2 nm (18). One layer is in fact
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Figure 12.1: Views of the height modulated graphene (g) and h-BN on Ru(0001). M and V denote mounds
(high) and valleys (low) of the graphene, H and W holes (low) and wires (high) of the h-BN. The six ball model
panels illustrate the three different bonding regions (fcc, top), (top, hcp), and (hcp, fcc).
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Figure 12.2: Band structures of graphene and h-BN nanomesh on Ru(0001) along T K: (a) He ll,, photoemission
data of g/Ru(0001). (b) and (c) Density Functional Theory (DFT) results of g/Ru(0001) for the low ((C4, Cg)
(top, hcp)) and high ((C4, Cg) (hcp, fcc)) regions, respectively (see Fig. 12.1). (d) He Il, photoemission of
h-BN/Ru(0001). (e) and (f) DFT results of h-BN/Ru(0001) for the low ((B, N) (fcc, top)) and high ((B, N) (hcp, fcc))
regions. The vertical lines at and near K in (a) and (d) indicate the boundaries of the 1x 1 surface Brillouin
zones for Ru (red dashed), h-BN (blue solid) and graphene (green solid). The sizes of the dots in the theoretical
curves represent the p, weight of specific adsorbate atoms in the bands, where blue describes atop atoms
(C4 in (b) and N in (e)) and red hollow site atoms (Cp in (b) and B in (e)). Black dots in (c) depict the weight

averaged over the two carbon atoms in the graphene unit cell. Thick yellow curves are guides for the eyes.
From Ref. [18].
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reminiscent of the casting mould of the other
(see Fig. 12.1). Obviously this may cause simi-
larities and differences in the electronic struc-
ture and functionality of the two systems.

The electronic structures along TK in the 1x]1
surface Brillouin zones of A-BN/Ru(0001) and
¢g/Ru(0001) show a large w-band gap at the
K point. For graphene the carbon-substrate
inferaction causes this gap. If reflects the sub-
strate induced symmetry breaking between
the two carbon sublatftices ¢4 and Cp of
graphene. A charge tfransfer of 0.05 elec-
trons per carbon atom to the graphene layer
moves this gap fully into the occupied states
(Fig. 12.2 a)), with electron pockets forming
around the K points (18). For h-BN the sub-
lattice symmetry breaking is intrinsic since the
nitrogen and the boron network are not even
identical in the free standing case - hence the
large band gap. Most of these observations
(Fig. 12.2 (a, d)) are reproduced by density
functional theory (DFT, Fig. 12.2). The gaps
and, for the graphene case, the charge frans-
fer are nicely reproduced in calculations for
the strongly bonded (low) regions (Fig. 12.2 (b,
e)). Inthe h-BN case, the splitting of the ¢ and
7w bands resulting from the conftribution of the
weakly bonded (high) regions is also repro-
duced (Fig. 12.2 (f)), while the predicted clos-
ing of the gap on the mounds of graphene
(Fig. 12.2 (¢)) is not seen in our data.

12.2 Rashba-type spin-orbit splitting
of quantum well states in ultra-
thin Pb films

in collaboration with: Luc Patthey, Swiss Light
Source, PSI, Viligen, Switzerland and Gus-
tav Bihimayer, Institut fUr Festkdrperforschung,
Forschungszentrum Julich.

When the thickness of a metal layer is smaller
than the electron coherence length, quan-
tum well states (QWS) may form in the layer.
Within a simple model these are well de-
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scribed by standing electron waves between
the metal-substrate and metal-vacuum inter-
face. We have performed spin and angle re-
solved photoemission spectroscopy (SARPES)
measurements on QWS in thin Pb fims. It
will be shown that the atomic and electronic
structure of the metal-substrate interface pro-
vides the essential ingredient for the occur-
rence of Rashba type spin-orbit splitting of
these quantum well states. This is a relativis-
tic effect caused by the effective potential
gradient that results from the breaking of the
space inversion symmetry at surfaces or inter-
faces (19). In the reference frame of the elec-
tron this is equivalent to an in-plane magnetic
field, and in a first approximation bands with
opposite spin will be shiffed in opposite mo-
mentum directions. The size of this band split-
ting depends on the atomic spin-orbit cou-
pling strength and on the magnitude of the
potential gradient, where a larger potential
gradient results in a larger splitting.

The metal-vacuum interface and the metal-
substrate interface are typically not identical
for a thin metal layer, and consequently the
space inversion symmetry is broken.  Simi-
larly to the situation for metal surface states
this should result in the spin splitting of the
quantum well states. However, up to now
no splitting that can be explained by this
mechanism has been observed. It has been
shown previously that QWS may show a
spin splitting due to hybridization with inter-
face (20) or surface states (21), which ei-
ther decays with layer thickness or is sensi-
tive to contamination. Here we report the
first observation of an intrinsic Rashba type
spin-orbit splitting in metallic QWS by SARPES
(22). An example of these results is shown
in Fig. 12.3. The measured splitting of the
Kramers pairs of approximately 15 meV is
larger than what is observed in the classical
Rashba systems, the two-dimensional elec-
tron gases in semiconductor heterostructures
(23), but too small to be directly accessible
by high resolution ARPES. The additional tag
of spin polarization is needed to separate the
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Figure 12.3: Spin and angle resolved photoemission
data for an 8 ML thick Pb layer on Si(111)v/3xv/3
(R30°). (a) Measured and modeled spin polarization
in the z-direction of the sample. (b) Measured spin
polarization along the y and z direction of the sam-
ple. (c) Spin resolved spectra obtained from the spin
polarization in the z-direction. The splitting between
the two peaks is 14 meV. (d) Schematic representa-
tion of a constant energy surface where the arrows
of band A and B refer to the direction of the spin
polarization axis (from Ref. [22]).

two split peaks. Furthermore we find a rever-
sal of the spin orientation with respect to the
Au(111) L-gap surface state (24) and no strong
dependence on the Pb layer thickness.

The magnitude of the splitting, the spin po-
larization direction and the absence of a
dependence on the layer thickness are ex-
plained by the net result of competing ef-
fects at both interfaces. This interpretation is
corroborated by state-of-the-art density func-
tional theory calculations where the substrate
is included (22). This means that the spin-orbit
inferaction takes place throughout the whole
layer, but the necessary asymmetry is induced
by the two interfaces of the fiim. This opens
up the possibility to manipulate the Rashba ef-
fect by inferface engineering. This funability in
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combination with the technologically interest-
ing size of the band splitting and the fact that
the system is formed on a semiconductor sub-
strate, can provide a next step to the realisa-
tion of a spin field effect tfransistor as proposed
by Datta and Das (25) and may benefit other
fields of spintronics.
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