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Consequently the simulation framework needs to scale
well onto highly parallel system architectures. This par-
allelization effort was part of the project with the aim
of removing performance bottlenecks from the code and
increase computational throughput.

Results

We were able to validate the simulation results against
measurements of test coatings provided by Malibu F&E,
a subsidiary of Schiico. These measurements include
both the roughness profile of the solar cell under investi-
gation and the efficiency of the measured cell as a func-
tion of frequency.

Figure 3: Measurement and simulation results for a tandem cell.

The first is used as input to model the interfaces be-
tween layers, while the latter provides the frame of refer-
ence to evaluate the simulation results against. The dif-
ferences in quantum efficiency between the real-world
cell and its simulation counterpart are explained by a
lack of material dependent input data of the PN junc-
tion, an additional layer in the cell that cannot be mod-
elled accurately without an appropriate description of its
electromagnetic properties. Furthermore, the roughness
profile of the lower layers of the tandem cell cannot be
obtained by standard measurements. Therefore, the pro-
file of a different amorphous silicon cell had to be used
as a substitute. Considering these factors, the simulation
results show high agreement between measured and
simulated data.

Using simulations, arbitrary interface roughness pro-
files can be generated and evaluated for their effi-
ciency potential. One particular such kind of surface
profile is for example a pyramidal structure for its
geometrical simplicity and single scale granularity of
roughness.

Amorphous Microcrystalline
silicon silicon
Experimental 10.82 9.30
Data

Table 1: Short circuit current density measured in mA/cm?.

Simulation of Thin-film Solar Cells

Figure 4: Simulation results of quantum efficiency for different angles
of incidence in parts of the spectrum.

Our simulation based studies thus strive to support in-
dustry partners in their efforts to produce next genera-
tion high efficiency photovoltaics.
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Introduction

Electrons in solids move in the electrostatic potential of
atomic nuclei and interact with each other via Coulomb
forces. In many materials each electron experiences the
other electrons only as a static cloud of negative charge.
Such materials are called weakly correlated. However,
there is an important class of materials where such a sim-
plified picture does not hold, i.e. the electrons dynamically
modify their surrounding electron cloud and are them-
selves influenced by the effects of this modification. These
materials typically contain transition metals or rare earths
and are called strongly correlated. The complex feed-back
phenomena that govern the dynamics of strongly corre-
lated electrons pose a challenge for a theoretical descrip-
tion. Even the simplest models, in which only the interac-
tion among electrons on the same atom is considered,
defy an exact solution. One of the few successful approxi-
mate approaches is the so-called dynamical mean-field
theory (DMFT), which becomes exact in the limit of infi-
nite spatial dimensions. This theory can be applied (Ref. [1])
by using powerful numerical simulation techniques.

oci2rr——m-—r—r———7T——T—7
OA—T——T——T
==Yt S s
|— 0.1 HUCz g R
o
5 0.08 g 1
-.c_u' e | |
0 .
QL_) 0_06 - 5.5U 6 6.5_]
o
£ 0.04} .
) Correlated Co- Mott
band insulator existence insulator
F o0.02} region R
0 PR ST R P SRS BT

45 5 55 6 65
Interaction U

Figure 1: Phase diagram showing correlated band insulator and Mott
insulator phases as well as the region where two solutions of the DMFT
equations exist. Here and in subsequent figures U and T are measured
in units of W/4. Inset: Double occupancy as a function of interaction
strength for two temperatures (Ref. [2]).

224

Spectral function A(®

6 4 =2 0 2 4 =
(0]

Figure 2: Spectral function for U=5 (correlated band insulator) as a func-
tion of temperature (Ref. [2]).

Results

Specifically we have adapted DMFT to study the behav-
ior of covalent insulators (Ref. [2]); materials examples
are FeSi, FeSb2, and CoTiSb. In these special insulators,
like in metals, the number of electrons fluctuates on
all atoms as the electrons move between atoms in the
crystalline solid. However, unlike metals, these materi-
als are not conductors, because the electrons are con-
fined to chemical bonds due to an associated binding
energy. In the language of correlated electron physics
such a material is said to have a charge excitation gap.
Introducing an electron-electron repulsion of strength
U on each atom the system may choose between two
options: i) bond formation, when electrons are shared
by neighboring atoms - a scenario favored at small U, ii)
each electron is confined to its respective atom, which
leads to the formation of local magnetic moments - a
scenario favored at large U. We have investigated the
intermediate regime between these two limits where
the physical properties become strongly temperature
dependent.
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Figure 3: Uniform (Q=[0,0]) spin (s) and charge (c) suscepti-bilities
and local spin susceptibility for U=4 (correlated band insulator); Ref.

[4].

The important control parameters are the overall band-
width W, which is a measure for the tendency of elec-
trons to move between atoms and thereby to spread
out in the crystal, the bare band gap V, which quantifies
the energy gained by forming a chemical bond between
neighboring atoms, the Coulomb repulsion U, which is
the energy needed to place two electrons on the same
atomic orbital, and the temperature T. In Fig. 1 we show
the overall U versus T phase diagram of our model ansatz
for covalent insulators. The limiting cases i) and ii) are
identified at weak and strong U, respectively. The transi-
tion between the two distinct phases, i.e. the correlated
band insulator and the Mott insulator phase, proceeds
through a continuous crossover for T>0.07 (in units of
W/4), while for lower temperature there is a discontinu-
ous first order transition with a coexistence region.

In a next step we fix the interaction strength U=5 and
vary the temperature T in the band-insulator phase. Fig-
ure 2 shows the corresponding single-particle spectral
functions. This quantity is experimentally accessible in
photoemission experiments; it determines the intensity
for the removal of an electron at a selected (negative) en-
ergy or for the injection of an electron (positive energy).
The gap around zero at low temperatures indicates that
the material is an insulator. The significant change of the
spectral function with increasing temperature is typi-
cal for correlated materials. An interesting feature of the
present model is the evolution from an insulator at low
T to a metal at high T with a continuous gapless spectral
function.This is a remarkably unusual temperature evolu-
tion, because in most materials the electrical conductivity
decreases upon heating. The temperature dependence of
the conductivity was explicitly calculated in Ref. [3].

The second unusual behavior is observed in the magnet-
ic (or spin) susceptibility, which determines the magneti-
zation of a material in an external magnetic field. In non-
magnetic metals, e.g. Al, the susceptibility is weak and
temperature independent. Magnetic metals instead, e.g.
Fe, are magnetized spontaneously without an external
magnetic field; above a critical temperature their mag-
netization disappears and the susceptibility decreases

Material-specific investigations of correlated electron systems

as 1/T with increasing temperature. The present model
exhibits a remarkably different magnetic behavior as
shown in Fig. 3. At low T the uniform, long-wavelength
susceptibility behaves as in a non-magnetic material.
However, upon heating the susceptibility rapidly grows
and eventually reaches the 1/T behavior typical for mag-
netic materials.

There is a close connection between the magnetic and
the transport properties of the present model for cova-
lent insulators. From analyzing the numerical results we
arrive at the following physical picture: At low tempera-
tures the electrons are confined to the chemical bonds
formed between the atoms, and thus do not participate
in conducting the electrical current. Each bond contains
two electrons with opposite magnetic moments, their
magnetic response therefore cancels. With increasing
temperature the chemical bonding is disrupted and each
electron tends to localize to an individual atom. An ap-
plied magnetic field can now align their moments with
the external field, which is reflected in a substantial in-
crease of the magnetic susceptibility.

On-going Research / Outlook

The effect of electronic correlations in band insulators
is still far from being completely understood. More re-
cently our studies were extended to LaCoO3 and related
materials, which exhibit similar temperature dependen-
cies of magnetic and transport properties. Although the
microscopic mechanisms are distinctly different a useful
lesson can be learned from acomparison. In a broader
perspective we continue the investigation of correlated
multi-band systems, which continue to surprise by un-
expected physics.

Charge susceptibility
o o o
N o o® =

o
(V)

o

[,0]

Figure 4: Charge susceptibility throughout the Brillouin zone . At a high
temperature (T=1/5, red) the susceptibility is almost constant. At low
temperatures (T=2/15, green, and T=1/15, blue) the uniform susceptibility
(q=[0,0]) drops to zero, due to the opening of band gap; unpublished.
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Since the challenging part of our computational algo-
rithm is a Quantum Monte Carlo (QMC) random walk,
the code is readily parallelized. The computational re-
quirements of the continuous-time QMC are compara-
tively simple; fast processors in parallel are needed, but
not extensive memory. Since the random walks on dif-
ferent CPUs are independently performed, fast network
communications are not required either. The new gen-
eration of high-performance computers on the Petascale
will likely allow us to compute material specific proper-
ties of more complex systems. Therefore, we expect that
materials’ properties tailored towards specific purposes
might become predictable. To this end new algorithms
will have to be developed to efficiently use the super-
computers’ resources.
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Introduction

The diluted magnetic semiconductors (DMS) are ordinary
semiconductors from 1V, llI-V, [I-VI groups of periodic ta-
ble doped usually with transition metals (TM) from the
3-rd row, such as Mn, Co, Fe, V. They posses conventional
properties of semiconductors and exhibit also some un-
conventional properties like half-metallicity, i.e. the me-
tallic behaviour is in the one spin channel only while the
band structure in the other spin channel preserves the
energetic gap. The most interesting advantage of these
systems for the experimental community is probably the
magnetism,and great potential of DMS to be used in spin-
tronics devices [1]. For theoreticians, DMS pose a challenge
for various models and ab-initio methods since the long-
range classical interactions mix in these crystals with
strong electronic correlations at impurities and their close
neighbors. Another complication for physicists is disorder
and clustering of dopants in groups of atoms showing un-
predictable mutual interactions. All above facts make the
field of DMS one of the most hot research spots.

To be used in fabrication of spintronics devices, materi-
als must show ferromagnetism at least at room tem-
perature. So far none of such reports established in the
community due to different sample preparations and
a variety of factors which are difficult to control. Also
the theoretical predictions are not conclusive, since the
magnetic dopants belong to the class of problems for
which the most widely used method, i.e. the density
functional theory (DFT) in the local density approxima-
tion (LDA) or in the generalized gradient approximation
(GGA) flavor, fails to predict correctly the band structure
and all derived from it properties. One of the methods, to
improve the description of strongly correlated systems,
is the pseudopotential self-interaction correction (pSIC)
scheme. Therefore, we implemented this method to the
very popular “quantum espresso” code, and we improved
the equations for forces [2]. We performed also calcula-
tions with the LDA+U method and used the obtained
magnetic couplings in the Monte Carlo simulations of
classical Ising spins to estimate the Curie temperatures
for the ferromagnetic phase transition.

The main system of our investigations is silicon doped
with rhenium [3]. Silicon is a basic material for electronic
devices and together with germanium it is intensively
studied as a host material for DMS. Rhenium has not
been studied theoretically as a dopant for DMS so far. It
deserves special attention due to much stronger hybridi-
zation with the host than the 3rd row TMs. The experi-
mental studies for rhenium in amorphous silicon open
a challenging prolem why room temperature ferromag-
netism in this material disappears when samples stay at
ambient conditions for a few months.

Results

The basic information about new DMS under investi-
gation is energetic preference for the formation of im-
purities at various crystal sites and their charged and
magnetic states. We checked five lattice positions for the
impurity in silicon: the substitutional site (S), the tetrago-
nal interstitial site (1), the hexagonal interstitial site (H),
the exchanged position where the interstitial site is oc-
cupied by Si and the close substitutional site is occupied
by Re (E), the divacancy configuration where two silicon
atoms are removed and the Re atom is placed in the mid-
dle of the removed bond (D) [3]. All formation energies
(with respect to the substitutional site) and magnetiza-
tions are collected in Table I.

S | E H D
Ef 0.00 0.23 119 1.80 2.24
M 0.99 0.00 0.00 1.83 233

Table 1: Formation energies (Ef) for the single sites with respect to the
formation energy of the S site [in eV] and magnetic moments (M) in the
cell [in Bohr magneton], calculated within the GGA method.

The most stable substitutional configuration has low
magnetic moment of 1 Bohr magneton in contrast to the
Mn impurity, which has the high spin moment of 3 Bohr
magnetons within the GGA method. Presented results
were obtained from the calculations of the 64-atom cell
doped with one Re atom. The interstitial Re is nonmag-
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netic within the GGA method since the impurity d-states
fall into the conduction band due to the underestima-
tion of the silicon band gap, which is a common prob-
lem in semiconductors described by the DFT method.
The same problem remains within the DFT+U method
since the silicon gap cannot be improved by the meth-
od, which corrects only the position of the d- or f-states.
Hence, within the DFT and the DFT+U methods, the in-
terstitial impurities in Si:Re cannot be described properly.
To study the magnetic interactions between the im-
purities, wihin the DFT or DFT+U methods, we need to
restrict our investigations to substitutional impurities
only. Such calculations showed that these interactions
are long-ranged and stronger in the case of the second
method. The obtained energy differences between the
ferromagnetic and antiferromagnetic states where used
in the Monte Carlo simulations of Ising spins [4], and the
estimated Curie temperatures at two doping concentra-
tions are collected in Table 2.

X T..(GGA) Teer(GGA+U)
3% 84 230-350
5% 190 690-820

Table 2: Critical temperatures [in K] for the ferromagnetic (FM) phase
transition within the GGA method and for the ferromagnetic/super-
paramagnetic (FM/SP) phase transition within the GGA+U method for
two concentrations (x) of impurities.

For the DFT+U method, we show the range of tempera-
tures at which the magnetic clusters start to form, since
due to very strong magnetic interactions the uniform
magnetization of samples is followed by another magnet-
ic phase at lower temperatures, i.e. superparamagnetism.
This is a phenomenon connected to the very large relaxa-
tion times for spins in strong magnetic clusters.

In order to include the interstitials into our system, we
implemented the pSIC method and checked two ener-
geticaly low lying configurations S and | [5]. The slightly
more opened gap of Si allows the d-states of the intersti-
tial Re to fall below the conduction band, and in a result
the magnetic moment is equal to that of the substitu-
tional site. The densities of states (DOS) for both impuri-
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Figure 1: Density of states (DOS) for single Re impurities in the cell in the
substitutional and the interstitial site calculated with the pSIC method.
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Figure 1: Density of states (DOS) for single Re impurities in the cell in the
substitutional and the interstitial site calculated with the pSIC method.
Figure 2: Formation energies of neutral and charged impurities with
respect to the neutral substitutional site.

ties obtained within the pSIC scheme are presented in
Figure 1.

The energy of the interstitial site is higher than that of the
substitutional site. Therefore, the migration of impurities
in the crystal is less plausible. The formation energies of S
and | impurities and their charged and magnetic states as
functions of the Fermi level position with respect to the
valence band maximum is presented in Figure 2.

From the crossing of charged negative substitutional im-
purity and charged positive interstitial impurity, which is
below the energies of both neutral rhenium atoms, we
can derive a very interesting conclusion about the charge
transfer from the I-case to the S-case. Indeed, the calcu-
lations with both impurity types in the one larger cell (96
atoms) confirm this prediction and both rhenium sites
are nonmagnetic.This is bad for the DMS but a co-doping
of such systems revives the magnetism again, and the n-
type is more efficient for the magnetic moment of the
whole system than the p-type. The neutral impurity pairs
of different types: SS, Il and SI are energetically more fa-
vorable than single impurities, and the pair which forma-
tion energy is the lowest is a mixed pair, a bit higher in
the energy is the Il pair,and finally the SS pairs lay about
0.5 eV higher than the lowest SI pair. The most favorable
pair has the formation energy per impurity lower than
the formation of single Re sites of 1.9 eV.

As we can see, the problem with physical description
of DMS is complex and needs further simulations with
clusters containing more than 2 impurities in the cells,
and also further code development which we announce
in outlook.

The calculations presented here need strong comput-
ing power, because the interactions are long range and
the cells achieve the size of about 250 atoms, while we
stay at the quantum mechanical accuracy, and we have
to optimize the positions of atoms around impurities.
Therefore, we performed the calculations parallel in the
k-points in the reciprocal space.

We also implemented a new method, the pSIC scheme,
to the popular quantum espresso code. Without these
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hardware and software tools the subject would be un-
treatable. Also the classical Monte Carlo simulations of
Ising spins for the estimate of critical temperatures need
quite strong computer power, since the impurities in
the supercells are randomly distributed and the size of
classical cells is large. Numbers of impurities for concen-
trations of a few percent achieve thousands and Monte
Carlo measurement numbers are of order of millions.

On-going Research / Outlook

There are four classes of further problems which seek to
be calculated in the future for DMS: 1) larger clusters of
impurities (more than two) should be calculated, since in
the experiment the transition-metal atoms tend to form
islands, 2) electron and hole co-doping would need a bet-
ter method than the simplified pSIC approach, 3) impu-
rity states at the Fermi level should be treated with inclu-
sion of dynamic correlations, 4) non-collinear magnetic
order should be considered.

The clusters of impurities need to be embedded in larger
supercells, which means that their size will approach
1000 if we add the interactions between clusters (these
are important for a good estimate of Tc). All above needs
to be optimized geometrically since the energy gain for
lattice relaxation is higher than the energy difference
between the ferromagnetic and the antiferromagnetic
configurations.

The exact positioning of impurity states, especially the
unoccupied states, which form the electron traps must
be calculated with a method including the quasi-particle
excitations, e.g. GW method. We have implemented this
method to the quantum espresso code, together with
the mixed-basis (we added gaussians) and with exten-
sive use of the crystal symmetry, in order to be able to
employ pseudopotentials with more valence electrons
(deeper atomic shells are important in the description of
these kind of electronic correlations). In the next step we
will need more cpu cores to run this code parallel in the
k+q point rotations.

The problems with strong correlations at the Fermi level
need to be solved with the dynamical mean field theory,
which includes also the temperature. This way one can
answer the question how the temperature changes the
single site magnetism, and within the dynamical cluster
approximation one can say about the temperature de-
pendence of interactions between the impurities. This is
very important, since at the moment we perform only ze-
ro-temperature ab-initio calculations and simulate ther-
modynamics on the classical level. We are almost ready
with the code development to deal with this problem.

Finally, we also pursue the implementation of the pSIC
approach together with the non-collinear spin to be able
to work with the full Heisenberg hamiltonian instead of
the simple Ising model.

First-principles calculations for diluted magnetic semiconductors
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Introduction

Symmetries play an important role in physics, as they
pose tight restrictions on physical laws and phenomena.
One of the most important symmetries is time reversal
symmetry: physical laws remain unchanged if the arrow
of time is reversed. For a classical particle, reverting the
arrow of time means reverting its velocity. Time reversal
symmetry then dictates that the particle’s trajectory -
regardless of how complicated it is — will be traced back
exactly if the particles velocity is turned around (see Fig.
1a). This equality of forward and backward moving parti-
cles is a very striking example of the restrictions of time
reversal symmetry.

Indeed, if time reversal symmetry is broken, a very differ-
ent picture emerges. For example, time reversal symme-
tryis broken in an external magnetic field, where forward
and backward moving particles are deflected in opposite
directions due to the Lorentz force. In this case, reverting
the direction of motion of the particle will result in two
very different trajectories (see Fig. 1b). Only if the direc-
tion of the magnetic field is also reversed, are identical
trajectories possible.

In the quantum regime, where particles also have a dis-
tinct wave character, the effect of time reversal symme-
tryis best understood in terms of the quantum mechani-
cal phase. Time reversal symmetry then dictates that the
phases of forward and backward moving particles must

a).

be equal. If time reversal symmetry is broken by a mag-
netic field, the original and the reversed path acquire dif-
ferent phases (shown as different colors in Fig. 1c) even
if the trajectories themselves are disturbed only margin-
ally by the field.

Indeed, an external magnetic field is typically the only
way to break time reversal symmetry. However, Mon-
dragon and Berry [1] proposed a (hypothetical) neutrino
billiard, where forward and backward moving particles
acquire different phases when reflected by the walls. In
this case, time reversal symmetry is rather broken by the
walls, not a magnetic field.

Such a neutrino billiard is thus a way to probe our under-
standing of the fundamental principles of physics. Un-
fortunately, it is only a gedanken experiment and impos-
sible to realize as such in practice. However, the recent
discovery of graphene allows to effectively probe the
same physics.

Results

Graphene is a two-dimensional sheet of carbon atoms
arranged in a honeycomb lattice (Fig. 2a). It possesses
various unique properties and is very promising for future
electronic applications. Consequently, the Nobel prize was
awarded for its discovery in 2010 [2]. One unique aspect
of graphene is its electronic band structure which fea-
tures a linear, Dirac-like dispersion otherwise only known

c).

Fig.1: Time reversal symmetry in physics. (a) Regardless of how complicated the trajectory of a classical particle, it will be traced back exactly if the
particles direction of motion is turned around. (b) This is not true any more if time reversal symmetry is broken by a magnetic field B, and the particle
is deflected by the Lorentz force. (c) In the quantum mechanics regime, a magnetic field can have more subtle effects: Even if the trajectories do not
differ significantly, forward and backward moving particles can accumulate very different phases (represented as different colors along the paths).
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from high-energy physics in fundamental particles as the
neutrino. However, unlike the neutrino case there are two
Dirac cones at different points of the Brillouin zone (Fig.
2b). These two Dirac cones are time-reversed partners, i.e.
reverting the arrow of time not only reverts the velocity of
electrons, but also interchanges the Dirac cones. It is thus
the presence of the two Dirac cones that prevents per se
the kind of time reversal symmetry breaking predicted in
a neutrino billiard.

However, under certain conditions graphene may effec-
tively appear absolutely equivalent to neutrinos: If only
long-range impurities, such as Coulomb impurities, are
present, the two Dirac cones are decoupled. In this case,
although strictly speaking present, the real time reversal
symmetry that interchanges the Dirac cones becomes
ineffective, as electrons in different cones do not interact.

In this limit, only a “wall” is needed to obtain the physics
of the neutrino billiard, and this is obtained by cutting
structures out of the graphene sheet. Of particular inter-
est are narrow, straight ribbons (graphene nanoribbons).
These come in two main variants, namely zigzag (Fig. 2c)
and armchair (Fig. 2d) nanoribbons, distinguished but
the shapes of their edge. Armchair ribbons are further
distinguished into metallic and semiconducting (related
to their electronic properties) depending on their width,
with one third of all ribbons being metallic, and two
thirds being semiconducting.Changing the width by one
row of atoms can change the character from metallic to
semiconducting and vice versa.

a) ... b)
<) ' d)

Fig. 2: (a) Carbon atoms in graphene are arranged in a honeycomb
lattice. (b) The band structure of graphene features two Dirac-like dis-
persions at the K and K’ points. These two Dirac cones are timereversed
partners, but remain uncoupled if only long-range disorder is present.
(c) and (d) Zigzag and armchair graphene nanoribbons, respectively.

For zizgzag nanoribbons with only long-range disorder it
was in principle known that time reversal symmetry is
effectively broken [3]. Through a careful analysis of the
Dirac equation we could show that also metallic arm-
chair ribbons feature an effectively broken time reversal
symmetry, whereas time reversal symmetry is intrinsi-
cally conserved in semiconducting armchair ribbons. The
microscopic origin of this effective time reversal symme-
try breaking is exactly the same as in the neutrino bil-
liard: forward and backward moving particles acquire dif-
ferent phase shifts due to reflections at the ribbon edges.

Symmetries and the conductance of graphene nano ribbons

T T T T T T
| — semiconducting ac
Gl zigzag, E = 0.017¢
r — zigzag, E = 0.1¢
@ — metallic ac
~ 01r
N
Vo)
Q
S
2 0.05 -
~~
; L
L | J‘. S .“ -I- |

L , ) J
0 0.05 0.1 0.15 0.2

Fig.3: Weak localization correction 3G as a function of magnetic field
B from the simulations. 3G is the conductance measured relative to
the conductance at zero magnetic field. Data is shown for zigzag and
armchair (ac) ribbons.

How can this effective time reversal symmetry breaking
be observed in an experiment? It turns out that a simple
current measurement through a nanoribbon suffices, as
we can make use of a phenomenon called weak locali-
zation which is intimately related to time reversal sym-
metry. The conductance (inverse resistance) of a nanos-
tructure is smaller the more electrons are scattered back
from the structure. Since paths going in opposite direc-
tions (as in Fig.1a) accumulate the same phase if time re-
versal symmetry is present, they interfere constructively,
enhancing backscattering and leading to a decreased
conductance compared to the case with broken time re-
versal symmetry.

In an experiment one can then measure the conduct-
ance as a function of magnetic field. Usually one then
observes an increase in the conductance with increasing
magnetic field, as for zero magnetic field time reversal
symmetry is present and hence conductance decreased,
whereas in a magnetic field time reversal symmetry is
broken and conductaance enhanced. However, if time re-
versal symmetry is (effectively) broken already without a
magnetic field, the conductance should be independent
of magnetic field.

To show that our predictions for graphene nanoribbons
are testable in experiment, we have performed quantum
transport simulations using realistically large systems
containing tens of million atoms. The computational
cost of these simulations requires supercomputers such
as the HLRB2.

In Fig. 3 we show the results of the weak localization
behavior as obtained from the simulations. Indeed,
we observe a strong magnetic field dependence of the
conductance for semiconducting armchair ribbons as
expected for preserved time reversal symmetry. In con-
trast, we see no or only little magnetic field dependence
for zizgzag and metallic armchair ribbons, as expected
for broken time reversal symmetry at zero field. In ad-
dition to this we also see a magnetic field dependence
for zigzag ribbons with certain parameters where there
is a source of scattering between the cones due to the
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interplay of the zigzag edge and the long-range disorder
which is beyond the scope of this article.

Apart from the fundamental perspective, ribbons with
effectively broken time reversal symmetry are also in-
teresting for applications, as they can conduct a certain
amount of current (corresponding to one conductance
quantum) without dissipation, i.e. heat production (see
the article linked below for more information).

Outlook

An experimental observation of this effective time re-
versal symmetry breaking requires a good control of the
fabrication of graphene nanoribbons. First of all, the rib-
bons should not have defects on the atomic scale, since
these would scatter between the Dirac cones and re-
store time reversal symmetry. Further, the edges must
be controlled up to atomic precision (an additional row
of atoms turns a metallic armchair ribbon into a semi-
conducting one). The recent, fast experimental progress
on fabricating and controlling graphene edges however
gives hope that our predictions can be tested in the near
future.
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In this booklet, the Leibniz Super-
computing Centre (LRZ) reports on
the results of numerical simu-
lations performed in particular
between 2009 and 2011 on the High
Performance Computer in Bavaria
(HLRB I1). The papers were selected
from the review reports of projects
that have used the supercomputer.

HLRB Il was in operation between
2006 and 20m. Its architecture was an
SGI Altix 4700 system, based on Intel
[tanium2 processors (Montecito). The
machine had 9720 processor cores,
39 TByte of shared ccNUMA memory,
600 TByte attached disks and a peak
performance of 62.3 TFLOP/s. It was
ranked no.10 in the Topsoo-list at the
time of installation.
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The articles provide an overview

of the broad range of applications
that require high performance
computing to solve challenging
problems. For each project, the
scientific background is described,
along with the results achieved and
the methodology used.




