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Chapter 1

Introduction: Quantum interference and
ring currents in nanoscopic physics

In the physical nanosciences, sending a current through a device is a common way to probe
the internal structure, e.g., electrical currents serve as sensors in scanning tunneling micro-
scopes (STM)[1, 2] and mechanically controllable break junctions (MCBJ)[3, 4]. In molecular
electronics[5], they operate single molecular switches[6-11] as well as molecular motors[12-16].
For such applications it is important to understand how current flows through a device: Sensing
can be efficient only if the signatures of the measured current-voltage characteristics (IV) can be
related reliably to their microscopic origin. Likewise, a controlled device operation and a system-
atic improvement of its performance also relies on a precise knowledge about the driving currents.
For instance, the dissipation of heat is closely intertwined with the local current densities. To
establish the required microscopic understanding, a good part of the theoretical nanosciences has
always dealt with the question of how to interpret the experimental IV in terms of the detailed
physics that governs at the nanoscale.

Current flow at the nanoscale differs qualitatively from its classical counterparts due to quantum
interference. Such quantum interference effects can significantly enhance or reduce the current
through quantum structures. Where the classical Kirchhoft’s circuit law predicts a current increase
by a factor of two for two identical paths, constructive interference allows for enhancements up
to a factor four. In non-identical paths, destructive quantum interference is possible, reducing
the resulting current by orders of magnitude. Indeed, quantum interference effects in transport
through single molecules has been a topic intensively investigated over the last decade, both
experimentally[17-28] and theoretically[29-40]. Both, constructive and destructive interference
effects were recently shown to survive at room temperature: constructive interference enhancement
beyond Kirchhoff’s circuit law has been demonstrated in a single molecule with two parallel
connected benzene rings[27, 28], whereas destructive interference was measured in, e.g., anthracene
(three benzene rings) with additionally adsorbed oxygen atoms providing destructive interference
paths[26, 40].

Even in a single atom ring, e.g. in benzene, quantum interference can be experimentally observed.
Much lower conductance values are measured for meta-connected benzene rings (with asymmetric
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current paths) as compared to para-connected rings (with symmetric current paths)[17-24]. The
destructive quantum interference has been explained in terms of non-interacting tight-binding
models[33-39]. Interestingly, such tight-binding studies also exhibit (“bond”) currents circulating
around the carbon ring[36, 38]. Even though circulating (ring) currents do not contribute to the
total transport current they are important to analyze: (a) the magnitude of the ring currents can
significantly exceed the total current and (b) ring currents induce local magnetic fields which may
influence electron and nuclear spins as well as the electron motion itself.

In this thesis, we explicitly investigate the appearance of such ring currents and more generally
current patterns in transport through mesoscopic graphene® ribbons. In other words, we ana-
lyze the spatial structure of the scattering states. So far, explicit investigations of the spatial
dependence of the scattering states with their associated local current patterns are quite rare.
The reason is, presumably, that the local current density is not easily resolved, experimentally.
(However, related suggestions will be made later in this work.) This is unfortunate since current
patterns turn out to exhibit a very rich substructure that originates from quantum interference.
Figure 1.1 offers an illustration. The current patterns feature, e.g., small current vortices that are
related to orbital magnetism.

Indeed, ring currents in ring structures have been investigated already for a long time. For instance,
ring currents induced by magnetic fields applied to aromatic molecules is a field on its own in
quantum chemistry[41-43]. This goes back to 1936, when Pauling[44] and Lonsdale[45] calculated
the diamagnetic response in “benzene and other aromatic hydrocarbon molecules [assuming] that
the p, electrons (one per aromatic carbon atom) are free to move from carbon atom to adjacent
carbon atom under the influence of the impressed fields”[44]. The induced ring currents generate
a magnetic field which counteracts the external magnetic field (Lenz’s law). In the late 1960s, the
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Figure 1.1: Simulated local current density (integrated over the out-of-plane direction and normalized
to the spatial average current) induced by an applied bias voltage Viias = 250mV in a hydrogenated
graphene ribbon. Some interesting current paths are drawn in the picture for illustration, e.g., local
current vortices exceeding the spatial average current by orders of magnitude (see red regions). Plot
shows current amplitude (color), current direction (arrows), carbon atoms (gray crosses) and hydrogen
atoms (red crosses).




interaction of these shielding currents with the nuclear spin of hydrogen atoms has been measured
by NMR experiments[46-51]. Since the 1990s, ab initio studies became available which showed
the spatial structure of the induced current density[52—-57].

Diamagnetic currents induced by magnetic fields are not restricted to small molecules; they exist in
all structures with highly mobile electrons, e.g., also in graphene[58], in fullerenes[59], and also in
conducting metal rings. The latter are often used to investigate the consequences of the Aharonov-
Bohm (AB) effect[60]. (An electron picks up a phase when encircling a magnetic flux.) To allow
for interference effects, the phase coherence length must be larger than the dimensions of the
ring. Therefore, one needs either very small or clean samples or suppression of phase relaxation
by other means, e.g., by superconductivity in superconducting rings. Including two Josephson
junctions[61], such rings serve as superconducting quantum interference devices (SQUID)[62-64].
The induced ring currents allow for the measurement of very tiny changes in applied magnetic
fields. Superconductivity is a topic on its own which we do not discuss in this thesis, but Biittiker
et al. realized already in 1983, that also ring structures made of non-superconducting materials
can be driven by external magnetic fields: “small [...] rings of normal metal, driven by an external
magnetic flux, act like superconducting rings with a Josephson junction, except that 2e is replaced
by e”[65, 66]. Soon after, in 1985, the so called AB oscillations have been observed in normal metal
rings, i.e., in a gold ring of diameter d ~ 800nm [67]. (Up to now, AB rings have been fabricated
from various materials, e.g., also from graphene[68].) In the presence of an external magnetic field,
non-superconducting rings can also carry persistent currents: dissipationless circulating electron
currents that do not require an external voltage[69]. The electronic groundstate of the ring carries
a current. Time-reversal invariance is broken by the external magnetic field. The difference to
superconducting ring currents is that the ring currents vanish for zero external field. Evidence for
such persistent currents have been observed for low temperatures, 7'~ 10 mK, in 1990/91 for a
array of mesoscopic copper rings[70] as well as for an isolated gold loop[71].

In this thesis, instead of applying a magnetic field to induce ring currents, we apply an electric
field, i.e., a dc-bias voltage. This produces local current vortices, which in-turn induce local
magnetic fields. An established concept to calculate transport currents based on a microscopic
system description is the Landauer-Biittiker formalism[72-74]. It describes charge transport as
a sequence of scattering processes of (very weakly) interacting particles and applies in situations
where transport can safely be assumed to be phase coherent. The charming aspect of this approach
is that it reduces the transmission calculation for complicated nanostructures to the calculation
of the scattering asymptotics, incarnated in (usually a small number of) transmission coefficients.
As is often the case, reducing the complexity in such a way also eliminates fundamental physics;
in this case the spatial structure of the electron current density j(r), which describes the pathway
through the device.

To assess the local currents, the Landauer-Biittiker formalism is often reformulated in terms of non-
equilibrium Green’s function techniques (NEGF)[75, 76]. Indeed, tight-binding (TB) transport
studies using NEGF have been widely employed to calculate the local current structure in graphene
and graphene ribbons[77-85]. The resulting TB (“bond”) currents show vortices, ring current
contribution produced by local scattering centers like impurities and lattice defects[77-83]. Similar
TB transport studies in carbon nanotubes[86] and aromatic molecules (beyond benzene)[87, 88|
also show the formation of ring currents in the presence of scattering centers.
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While the TB simulations reveal a exciting qualitative feature of local current flows (ring currents)
their quantitative interpretation is not straight-forward. Calculations of the current density j(r)
or the induced magnetic field B(r) that are valid on atomic length scales and start from the
TB (“bond”) currents can be performed only if the spatial structure of real-space wavefunctions
is reinstalled.® However, usually the real-space representation (spatial basis set) of a given TB
model is not given sufficiently accurately and therefore this reconstruction is not practical. This
is one of the reasons, why we will avoid the use of TB models and rather advance a different
approach in this thesis.

Local basis sets are given explicitly, namely, when working with conventional codes employing,
e.g., the density functional theory (DFT) in order to construct an effective single-particle Hamil-
tonian for a given microscopic system (“device”). Making use of this, we combine DFT with
non-equilibrium Green’s function techniques (DFT+NEGF) to address the local transport prob-
lem. This combination has been used in the past by our group as well as by many others[89-96]
for the calculation of IVs. Its validity has been a matter of an intensive debate over the years;
by now, the Kohn-Sham (KS) based transport method can be considered an established tool.©
To the best of my knowledge, an application for local current densities, as we establish it in this
work, has not been realized before.

The main challenge of this thesis was the high computational cost of DFT transport for graphene
flakes with up to 2500 carbon atoms. Our calculations were run on the HERMIT/HORNET
supercomputer at the High Performance Computing Center (HLRS) in Stuttgart who kindly
granted a budget of five million CPU-hours for this work.P

Although we investigate the emergence of vortices in the local current density in graphene ribbons,
our results have a much wider scope. We presume that the effect applies to mesoscopic transport
with broken symmetries in general, and that a tendency for ring currents in seen in generic
mesoscopic systems.

We arranged our work into the following chapters: In Chap. 2 (and Appx. B), we present our
new implementation of the DFT+NEGF method, focusing on local transport quantities as well as
efficiency (parallelization and scalability) for large system sizes. Local transport quantities include
the local current densities j(r), but also induced observables like the induced magnetic field B(r)
and the total sample magnetization m. For this thesis, I implemented the DFT+NEGF method
for large two-dimensional systems on top of the existing transport code AITRANSS[97, 98]. (The
latter had been developed in our group to treat transport through molecules, and was not yet
suited for large transport calculations on a supercomputer.) Our implementation scales efficiently
when using up 1000 CPU cores, reaching graphene sizes containing of the order of 10% carbon
atoms. Relying on DFT, our implementation is not restricted to graphene, and may be used in
the future to study dc-transport in molecular films in general.

As first application, we investigate the transport behavior of narrow armchair graphene nanorib-
bons in Chap. 3. We see that already pristine nanoribbons feature inhomogeneous current pat-
terns, streamline patterns, due to the presence of confining edges which can be explained with
simple zone-folding arguments. These streamline patterns also provide an intuitive explanation
for the well-known strong position dependence of impurities[81, 99-102]. If the impurity is placed
outside the streamlines of the pristine ribbon, no qualitative changes in the current densities are




observed. When individual scatterers are placed inside a streamline, the current patterns change
significantly. In that case, we observe ring currents, prominent current density vortices that can
exceed the average through current by orders of magnitude. We illustrate the fundamental origin
of these ring currents by using simple two-path tight-binding (toy) models.

An interesting question is how these current vortices behave in large samples which include many
scattering centers. Does one observe a rich current pattern which features many vortices? In
Chap. 4, we see that this is indeed the case.

For that purpose, we investigate large hydrogenated graphene nanoribbons with a finite hydrogen
coverage, i.e., many hydrogen adsorbates which act as local scattering potentials. We discover
pronounced patterns in the local current density, current vortices, that go along with orbital
magnetism. The induced magnetism is important for several reasons. First, random magnetic
fields can induce spin relaxation which may be important for graphene spintronics[103]. Second,
the random magnetic fields can be experimentally observed, thereby serve as indication for the
vortex pattern. We propose a NMR-type experiment in the presence of an applied bias voltage
to observe the spatial fluctuations of the induced magnetic fields. Alternatively, one may tend to
measure the total induced magnetization m,, which is effectively the average rotation sense of all
current vortices. We predict a total magnetization of \/(m2) ~ 1 ug - 1/Vhias/ V that scales with

the square root of the bias voltage, independent of the system size.

A quantitative analysis of the current density fluctuations reveals that they follow a lognormal
distribution; in particular, the magnitude of the ring currents exceeds the average through current
by orders of magnitude in large spatial regions. In other regions, the current density is significantly
below the average through current. The associated magnetic fields exhibit drastic fluctuations and
large field gradients.

In the second part of Chap. 4, we discuss how the observed effects depend on system size, on
finite bias voltages, on different adsorbate concentrations or different adsorbate types, and on
relaxation effects. In all cases, the individual current patterns change, but the general (statistical)
features—strong current vortices significantly exceeding the average through current and a log-
normal distribution of the current density—remain. We thus propose that the observed current
vortices are generic and also relevant for experimental sample sizes, which are usually much larger
than the systems reachable by DFT transport.

Next, we discuss the influence of spin polarization on the transport behavior. First, we would
like to mention that we do not cover Kondo physics in this work. (For a recent review on Kondo
impurities in graphene, we refer to Ref. 104.) Instead, we focus on temperatures well above the
Kondo scale Tk. Indeed, there appears to be experimental evidence for a relatively small Kondo
temperature in graphene induced by spin-1/2 point defects, Tk <2 K [105]. In Chap. 5, we focus
on the spin-flip transmission as well as on the influence of spin polarization on the local current
density. We show that the spin-flip transmission in small hydrogenated graphene ribbons can
reach the same order of magnitude as the spin-conserving one. We relate this effect to exchange-
interaction rather than intrinsic spin-orbit interaction.

As the last topic covered in this thesis, we turn to self-consistency in Chap. 6. We discuss self-
consistency in the magnetic field, i.e., how the induced magnetic field backfeeds into the electronic
states. Since current-induced magnetic fields have not been discussed in graphene before, this is
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an open question. Our results show that the magnetic feedback is indeed minor and can be ignored
in most cases. The reason is simple: the current vortices mostly encircle single rings; the magnetic
flux through single rings is very small, in the order of 10~7 times the magnetic flux quantum ®.
Thus, the induced phase changes in the electronic wavefunctions are also small.

We close with conclusions and outlook in Chap. 7.

Last, I feel obliged to mention that several publications[106-113] were written during the work
on this thesis, see page 171 for the publication list. Therefore, also ideas of my coworkers have
found their way into this thesis. A great thanks to all my coworkers! Hence, a large overlap
between these publications and this thesis is expected. On the other hand, this thesis also contains
material, like the current density distribution functions, that have not—except at presentations—
been published yet.




Notes & Appendices

The main part of this thesis focuses on conveying the essential ideas and important results. There-
fore, short technical notes—that are not intended for the first-time reader—are moved to the end

of each chapter. They are marked by capital Latin characters in superscript, as

AB.C. - Longer

discussions are deferred to the appendices. For example, in Appx. A, we discuss the nomenclature
of graphene ribbons, the employed unit system, and give a list of abbreviations used throughout

this thesis.

Notes to chapter 1

The notes are for completeness, reproducibility and to help interested readers understand all the fine technical details.

We have chosen graphene, a two-dimensional sheet of
carbon atoms arranged in a honeycomb lattice, be-
cause it is a famous representative for two-dimensional
materials. Its unique features include a linear disper-
sion at the Fermi energy and a high electron mobility
rate[114-116]. Graphene, and two-dimensional mate-
rials in general, have been studied intensively in the
last decade[117]; especially after Novoselov et al. had
proven the stable existence of graphene in 2004[118].
Before, two-dimensional materials were believed to be
unstable due to the Mermin-Wagner theorem[119, 120].
Graphene and other (effectively) two-dimensional mate-
rials are stabilized by small deformations into the third
dimension. As expected, the main effort of transport in-
vestigations in graphene[114-116] focused on global ob-
servables, like the total current. The underlying spatial
structure of the current density was mostly ignored.

(page 2)

The problem of lacking spatial information is apparent
already in the simplest examples. Consider a infinitely
long circular wire carrying a spatially homogeneous cur-
rent Io. The wire radius R is the unknown spatial in-
formation. According to Ampeére’s circuital law, the az-
imuthal magnetic field inside the wire (at distance r to
the wire center) is B, = “37{0 &z and therefore strongly
depends on the (unknown) wire radius R. For infinitesi-
mal thin wires, the magnetic field diverges. This depen-
dence becomes even more pronounced when dropping
the homogeneity assumption of the current density.

(page 4)

C A disadvantage of DFT based transport is that a
formal justification exists—as often—only for special
cases[121-125]. For the qualitative results, that we
are after, that does not pose a problem. It is suffi-
cient to note that the exact pathways—as predicted
by the simulated current densities j(r)—are proba-
bly not reproducible in experiment. The qualitative
features—tendencies to form current vortices and broad
distribution—should be correct.

To circumvent this issue, one could in principle em-
ploy more elaborate methods like the GW approxima-
tion (GW), or coupled cluster theory (CC). In prac-
tice, these methods are computationally much too ex-
pensive to treat large graphene flakes. In other words,
DFT+NEGF is a method that provides atomic res-
olution by employing local basis functions while, at
the same time, it is computationally still feasible for
graphene flakes with thousands of carbon atoms.

(page 4)

As mentioned, ab initio transport simulations of local
current densities j(r) in disordered graphene nanorib-
bons with up too 2500 carbon atoms (equivalent to
37000 basis functions) are computationally expensive.
Thus, a proposal was sent (and accepted) to the High
Performance Computing Center Stuttgart (HLRS) for
five million CPU-hours on the HERMIT/HORNET su-
percomputer. For comparison, a single workstation
with 16 cores would run over 35 years for reach such
a budget. Many thanks to I. Kondov, A. Bagrets, and
F. Evers, who have helped writing the proposal.[113]

(page 4)






Chapter 2

Transport method: Calculation of the
local current density

This chapter presents the transport formalism based on density functional theory (DFT)
as used throughout this thesis for the calculation of the spatially continuous electron
current density j(r), and also for the induced quantities like the magnetic field B(r).
The physical results are deferred to subsequent chapters. The basic idea of DFT based
transport relies on the widespread Kohn-Sham (KS) formulation of DFT. The KS theory
replaces the full many-body system by a fictitious non-interacting KS system. We apply
single particle scattering theory to the non-interacting KS particles, i.e., we construct
the KS scattering states ¢¥xg(r) from the underlying DFT simulation and calculate the
KS electron current density as

1) = g 1 (V2 = Vs (1) s (). 2.)
im r'—r

This procedure is general and could be implemented also in other transport codes[89-96]
that rely upon DFT. So far, existing codes focus on global quantities like the transmis-
sion coefficients or the current-voltage characteristics but do not calculate the local
current density j(r). Examples include DFT-based tight-binding codes, like gDFTBI[89]
implemented on top of DFTB+[126], as well as full DFT codes, like TRANSIESTA[90],
SMEAGOL[91, 92] (both based on the DFT code SIESTA[127]) or WANT[93] (based on
QUANTUM ESPRESSO[128]).

We structure this chapter as follows: First, in Sec. 2.1, we summarize the basic ideas of
Landauer-Biittiker transport, and present a standard formulation using non-equilibrium
Green’s functions (NEGF). In Sec. 2.2, we apply the transport formalism to DFT and
especially discuss how a KS Hamiltonian for the bulk limit can be constructed from a
DFT simulation of a finite system. The implementation of the local current density,
including convergence tests for the continuity equation are presented in Sec. 2.3. The
induced local magnetic fields and the influence of finite grid spacings are discussed in
Sec. 2.4. After an investigation of the computational performance in Sec. 2.5, we close
with a summary of recommended numerical settings (Sec. 2.6).




2 Transport method: Calculation of the local current density

2.1 Landauer-Buttiker transport

In the following, we refrain from deriving the transport formulas and instead discuss the essential
physical ideas of Landauer-Biittiker transport[72, 73| using the non-interacting quantum dot as
toy model in Sec. 2.1.1. Then, in Sec. 2.1.2, we present how the Landauer-Biittiker formalism is
usually formulated in terms of non-equilibrium Green’s functions (NEGF). To deal with reser-
voirs, we employ a decimation technique to construct self-energies which model semi-infinite leads
(Sec. 2.1.3). We conclude in Sec. 2.1.4 with a short discussion how the transport simulations are
extended to systems with broken spin-rotational invariance. None of these techniques is new on
its own (e.g. see book by Di Ventra[76]), but combining them with ab initio methods in order to
investigate the local current density in film geometries has—to the best of my knowledge—never
been done before.

2.1.1 A toy model: the non-interacting quantum dot

Ideally, the transport problem consists of a closed system with a battery (electron source and
sink) and a junction which connects the two battery poles. In the Landauer-Biittiker approach,
such a complicated system is replaced by an open junction coupled to two reservoirs with different
chemical potentials u. Next, one assumes that the transport can be described by a stationary
solution, called steady state. In that case, the reservoirs continuously inject (or absorb) electron
wave packets which move towards (or away from) the junction. Here, we move to an effective single
particle description of the electrons.* Then, the reservoirs themselves can be modeled by closed
but (semi-)infinite left and right leads. Their occupation numbers f, /g are given by Fermi-Dirac
functions with individual chemical potentials, i.e., fi,/r(E) = f(E—puL/R)-

In the example of Fig. 2.1, the junction is represented by a single quantum dot (QD) at energy
E = e. When coupled to the leads, the electrons of the QD move to the left and right lead. The
rate is proportional to the number of electrons Ny in the QD. The proportionality constant v/h
is called rate or broadening (see remark about broadening). At the same time, the electrons from
the leads move to the QD with the same rate, but proportional to the occupation of the leads.
Thus, the total particle current from the left (right) lead to the QD is

Ik = VL% [fL/R(S) - Nd] : (2.2)

A stationary steady state solution requires Iy, + Ig = 0 (no charge accumulation in the QD).
The number of electrons Ny in the QD are therefore given by the weighted average of the lead
occupation numbers:

Ny = YLfL(E) + R fr(E) _ (2.3)

YL+ R

Thus, the basic ingredient for a non-equilibrium phenomenon is a difference in the occupation
numbers of the leads. If the energy ¢ of the QD is between the chemical potentials of the leads
(assume pp, > € > pg within a few kg7 for finite temperatures), the left lead continuously feeds

10




2.1 Landauer-Biittiker transport

HL— ¥~ N\ VR
€ €
N N N s R
/\y\) %fL(E) %fR(E) /\W)

B\ 8

N 2 N z

A\ N\

source quantum dot (QD) drain

(left lead) (single state at energy ¢) (right lead)

Figure 2.1: An example junction with a quantum dot (QD) coupled to two leads (source and drain).
The energy € of the QD state lies between the chemical potentials pp, /g of the leads. Thus, a current [
from left to right lead is generated and the occupation Ny of the QD lies between the occupation
numbers fr, /g of the left and right lead.

in electrons while the right lead continuously absorbs electrons from the junction. Thereby, they
generate a current I; through the QD:

(22) ’)’L( ) 23) 1 7R ( )
1 =1, = — — N, = - — . 2.4
)= 12 2 (o) - Na) 2 L (i 6) ~ (o) (24)
The dependence on the difference in the occupation numbers, fi,(¢)— fr(€), is typical for transport
phenomena.

Remark: Broadening

So far, we assumed that the density of states of the QD is sharp (i.e. a Dirac delta peak) and
neglected that it is indeed broadened by the coupling to the leads. In this example, the total
broadening v of the QD state is given by the sum of the individual broadenings, i.e., v = 7, +VRr.-
For the single QD, the broadened density of states p(E) is a Lorentzian peaked at E = ¢ with
width .

In the spirit of the Landauer-Biittiker approach, we assume independent channels, i.e., channels
with different spatial structure or at different energies do not influence each other. This also
follows from linear response arguments. Thus, the total current ;.. through the broadened state
is given by integrating all contributions weighted by the density of states, i.e.,
+0o0o +oo
dE
Itotal = dE p(E) Id(e’i:E) = ﬂT

—0o0 —00

(B)(fL(B) - fu(B)) (2:5)

with T(E) = 2mp(E) yLyr/(7L+7R). Here, we introduced an important quantity, the transmission
function 7 (FE), essentially the current per energy. It gives the probability for an electron with
energy F to propagate through the junction.

11




2 Transport method: Calculation of the local current density

2.1.2 Multichannel formulation using non-equilibrium Green’s functions (NEGF)

For the general case, the main (technical) difference is that the junction—called device region in
the following—contains a non-trivial inner structure. The broadenings 71,/)gr become broadening
matrices I'y /g, and the density of states and the occupation inside of the device region must be
calculated incorporating the inner structure. Here, we present the Landauer-Biittiker transport
through a device described by the general Hamiltonian HVi® (using NEGF, see Appx. B.1 for a
short overview of Green’s functions). Later, in Sec. 2.2, we employ DFT and use the KS Hamil-

tonian HXS as parametrization of the device Hamiltonian Hdevice,

Standard transmission calculation

To be more specific and to recall the basic definitions for the multichannel case, we consider an
example—a thin armchair graphene nanoribbon (AGNR5)—as shown in Fig. 2.2. We partition
it into a central region (device), a left and a right lead. The Green’s function G for the
uncoupled device reads

. . -1
GI™ee(B) = ((B +10)1 - H*ve) (2.6)

To model the infinite extension of the system in the (current flow) z-direction, we compute the
self-energies 31 g(F) using absorbing boundary conditions[129] as specified in Sec. 2.1.3. The
resulting Green’s function

G(E)™' = Gi™*(B) ™" — B1(E) — Zr(E) (2.7)

describes the propagation of independent particles in the device in the presence of the leads. The
transmission function 7 (E) is given by

T(E)=Tr{I'LGTR G}. (2.8)

Here, I', /g denote the anti-Hermitian parts of the self-energies, i.e., I'y, g = i(EL/R — ZLR). They
are the generalization of the broadenings v, /g (cf. Sec. 2.1.1) and account for the level broadenings
in the device region due to the coupling to the leads.

fu(lE) = f(E — ) fr(E) = f(E - pr)
_ I (for ML>E>MR)
i1 = €r + eVhias : > 1R = EF

EL Hdevice ER
: : Yy
Left lead i Device region H Right lead 7(2_5

Figure 2.2: Armchair graphene nanoribbon partitioned into left lead, right lead and device region
containing one nitrogen impurity (green).
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2.1 Landauer-Biittiker transport

When a bias-voltage is applied between the leads, (—e)Viias = ur — pr, the total electric current
(per spin) is given by
—+oo
—e

o= —clhow =5 [ AET(E)(A(E) - fu(B)) (29)

—0o0

which depends on the occupation numbers f;,/jg(E) of the left and right-travelling scattering
states. For low temperatures (" — 0), the occupation numbers can be modelled by step func-
tions [fL=0O(ur,—FE), fr=0(ur—F)]. In the second step, for small bias voltages (in limit of linear
response), both chemical potentials are near the Fermi energy (e.g. pup=cp+eViias, pr=cr) and
the total current (per spin) simplifies to

ML
— . 2
Iel T—0 he /dE T(E) Vbias— 0 _ % T(EF) Vbias . (210)
KR Go

G is the conductance quantum (per spin) and G¢7 (er) the zero-bias conductance. In a perfect
crystal, T(FE) equals the number of bands and the conductance—assuming spin degeneracy—is

quantized in units of the conductance quantum Ggpin =2Gy = % ~ T7.48 uS.

Local observables: current density and induced B-field

The retarded Green’s function G(FE) also allows to calculate the non-equilibrium Keldysh Green’s
function G<(E):

G< =iG |:fLI‘L + fRFR} Gt. (2.11)

For low temperatures (T — 0), and at energies ug < F < pur,, i.e. inside the voltage window, one
has fr,=1, fr=0, so that the Keldysh Green’s function G< reduces to

G<(E) =iG(E)I'L(E)G/(E). (2.12)

The Keldysh Green’s function is transformed to real-space representation using the orthonormal-
ized basis functions @;(r) which are based on the underlying DFT calculation: G<(r,r’,E) =
> gZ)i(r)ij(E)gé; (r') (for details, see Sec. 2.3). Using this decomposition, the particle current
density (per spin and energy) is expressed as

1
j(r,E) = L lim (Vy — V)G (r,r', E). (2.13)

27 2m r'—>r

The factor 27 reflects the Fourier transformation to energy domain. When applying a finite bias
voltage Vhias between left and right lead, e.g. pup=crp+eVpias and ur=cr, current contributions
within the bias window have to be integrated, i.e.,

BL
j(r) = /dEj(r, E). (2.14)

MR

13




2 Transport method: Calculation of the local current density

The current density response to the bias voltage (at zero bias) is given by

dj(r)

Vi) =j(r,ep). (2.15)

Vbias=0

The Fermi energy cr can be varied experimentally, e.g., by applying a back-gate voltage Vgate.

Further, the electric current density joi = —ej induces a magnetic field B and a magnetization m
which is calculated via the Biot-Savart law as:

Mo Jel(r') x (r — ') 3. _ } . 3 Mo Je(r') 3./
B(r) = 47r/ P d°r’, m= 5 [T X jel(r) d°r, A(r) = i) - r’|d r.
(2.16)

We also introduced the vector potential A required to calculate the magnetic feedback in Chap. 6.

Remark on finite basis sets: The current density as written in Eq. (2.13) satisfies a continuity-
equation in the basis set limit: V - j(r) = 0. For finite basis sets, this equation is violated. The
magnitude |V - j| decreases with increasing basis set size. At the end of all calculations, one has
to ensure that the basis set was large enough, so that V - j =~ 0.

2.1.3 Modeling the reservoirs: construction of the self-energies ¥\ 5

The Green’s functions include the left and right leads (reservoirs) via the corresponding self-
energies. They are readily calculated if the reservoir is quasi-onedimensional (i.e. a “long wire”),
if two conditions hold true: (i) a single particle theory can be applied and (ii) the hopping along
the wire is short range (i.e. only a finite number of neighbors). In that case, the lead can be
represented by a Hamiltonian that exhibits a tridiagonal block-structure:

block
Hp) A O
T block .
meed = |V H] ‘ : (2.17)
Wy
0 v,

Each of the blocks may be thought about as a “slice” of the original wire. The Hamiltonian H!'¢2d
of Eq. (2.17), therefore, corresponds to a wire consisting of M slices. Every slice is characterized
by its own block-Hamiltonian, HEJ]OCI‘. For simplicity, we assume that each slice is described by

the same block matrix, HE.I}OCk = HP'°k and that each slice connects to the other slices via a block

matrix V that is the same for every pair of neighboring slices (and zero otherwise). It is easy
to see that due to the block-diagonal structure a self-energy is readily calculated in a recursive
fashion. To motivate the recursion, we recall the familiar self-energy for coupling a quantum dot
(device) to a reservoir, 3 = [Viead|tGleadylead  For the quasi-onedimensional geometry, we have

[Viead]f — (0 - 0 VT) accounting for the fact, that the device couples only to the outmost

14




2.1 Landauer-Biittiker transport

slice of the wire. Along that logic, each slice of the wire can be coupled one after another, forming
the following recursion equations

SE)=VIG"Y(E)V, XYE)=0, (m=0,---, M—1) (2.18a)
-1

G™(E) = |(E + inaee) 1 — HRI* = Z™(E)| . (2.18b)
The number of blocks M it takes to converge the self-energies depends on the imaginary shift 1gec;
typically we have M = 50 — 400. Therefore, it would be numerically too expensive to calculate
the lead’s Green’s function G = [(E + inge.)1 — H'**d]~1 by full matrix inversion. The set of
recursion equation is often referred to as block decimation technique. On a mathematical level, it
is effectively a Gaussian elimination scheme.

In the final step, we make use of the fact that the full Hamiltonian, including left and right lead
together with the device, again has a block-structure:

Hlead VL 0
H=| vl pdovice vI || (2.19)
0 VR Hlead

Then, we evaluate the self-energies for the left and right lead using the same logic as before:

M =vigM-lyv,, sM=viGN-lvyg. (2.20)

To determine the coupling matrices Vp, g, we assume that the device Hamiltonian Hdevice a]s0
contains a left and right contact region, each of which is identical to a building block HP%k of

the lead, i.e.,
Hblock

Hdevice — . (221)
Hblock
That way, the (large) coupling matrices V7, /R can be built by using the same coupling matrix V
as in the leads:
vV
Vi = 0 (2.22)

00
0o0oo0|l Ve=|00
V 00 Do
For simplicity, we have been assuming here, that left and right leads are twins.?

The Green’s function for an arbitrary device H4Vi% in the presence of the leads is readily found
via matrix inversion:
-1
G(E) = |E1 -H¥> _sM(E) - sME)| . (2.23)

The Green’s function G(E) thus found is used to compute the transmission coefficient (Eq. (2.8))
and the electron current density (Eq. (2.13), see Sec. 2.3 for details).
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2 Transport method: Calculation of the local current density

Technical remark: The construction of the self-energies does not make explicit reference to
the device Hamiltonian HIeVi¢® Therefore, as long as different devices share the same coupling
matrices Vg, they also share the same self-energies. Hence, it is computationally advantageous
to store them on the hard disk. This technique was used, e.g., for treating AGNRs with different
impurity configurations.

Absorbing boundary conditions

The decimation technique (DT) gives a numerically exact result for the self-energy. It is efficient
with quasi-onedimensional wires and short range hopping.

In its standard implementation, DT is working with a (spatially) constant damping rate 7qec.
In order to generate an effectively smooth lead density of states near the Fermi energy ey, its
magnitude should somewhat exceed the level spacing Apys, i.e., Ngec =, Apr. The level spacing
decreases with the wire length, Ay; ~ vp2rwh/(MIl), where vp denotes the Fermi velocity and [
the width of each slice.

For realistic modeling, the absorption should occur in the leads, i.e., sufficiently far away from the
device. Therefore, a second requirement on n4ec is that it should be negligible near the contact to
the device. Ideally, n4ec vanishes in the device region. Now, if the damping is taken to be spatially
constant, then 7ge. will be small everywhere, so M must be large to satisfy the inequality.

As in previous studies[97, 98, 106], we apply absorbing boundary conditions (ABC)[129] to work
with a spatially varying nge.. We include ABC in the DT with the replacement nge. — fjlapc in
Eq. (2.18), using a purely local damping

flasc = n(r)d(r — £). (2.24)

The leakage rate (or damping rate) n(r) describes how electrons are adsorbed into the leads, and
(as discussed) should be negligible near the device and increase smoothly in the leads. As suitable
default parametrization for the leakage rate, we use

n(r) =no e r(L—d) , (2.25)

where k is the damping coefficient and d denotes the distance between the device region and the
absorption point r inside the reservoir.
(default values: ng = 1 Ha =~ 27.2eV and x = 16/L where L is total length of each lead®)

When applying this method to DFT (cf. Sec. 2.2.1), we take advantage of the local basis set: the
basis functions |@;) are centered at atoms sitting at position r;, and we approximate (Q;|&|@;) ~
r;0;;, i.e., fapc becomes a diagonal matrix.

Pictorial illustration: Fig. 2.3 shows an illustration of building the leads, applying the ABC via
the damping rate n, /g, and connecting the leads to the device.
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2.1 Landauer-Biittiker transport

(:

: : i Vi i H : :
rblockipyblockt Srblock device block: Cyblockipyblock’
Hpp™Hpp™ -+ HpiG H Hpry o Hpp©Hp

Left lead Device region Right lead 7(%_1.

Figure 2.3: Bottom: Schematic assembly of the total sys-
tem for transport through an AGNR5 with one nitrogen sub-
stituent. It consists of left and right lead, and device region.
For each lead, M equal building blocks HP'°% are connected
using the coupling matrix V. The device region already con-
tains the beginning of each lead, represented by two contact
regions (dashed blue box). Top: Schematic spatial depen-
dence of the leakage rates n(d) in the left and right lead as
used for absorbing boundary conditions. Near and in the
contact region the leakage rate is exponentially small (nearly
zZ€ero).

Figure 2.4: Actual geometry in
a DFT calculation of an impurity
and a lead system showing the
cutting procedure. The armchair
graphene nanoribbons (carbon
atoms in gray) are terminated
with hydrogen (red). The upper
system contains a single nitrogen
atom (green) as impurity in the
central device region.

2.1.4 Extension to systems with broken spin-rotational invariance

Most of this thesis deals with transport through systems with spin-rotational invariance. Never-
theless, including spin into the method is straightforward and we investigate the spin effects of
small AGNRs in Chap. 5 (partly published in Ref. 111). For simplicity (and since it is sufficient
for the following), we assume that the leads are spin-unpolarized. This is to be expected for
AGNRs.P Formally, the block matrix HP°* and therefore the self-energies 3y, /R get spin-indices
but are really spin-diagonal with identical spin blocks in both channels, i.e., HBI;’,Ck = Hblockg .

E(/TR = EL/R O’ -

All non-trivial spin-physics is restricted to the device region. The spin-dependent device Hamil-
tonian Hg'ff‘fice can contain non-diagonal elements, e.g., due to spin-orbit interaction. As a con-
sequence, the Green’s functions G,/ and Gja, also carry spin indices and contain non-diagonal
spin elements.

The generalized transmission function, cf. Eq. (2.8),

T(E) =Y T{(TLdss) Goo' (TrIe's') [Glloro} = Y TH{TL Goo TR [Gllors} = > Toor

’ /
oo oo _.
55’ =T ot

(2.26)

can be dismantled into spin-conserving (74, 7;;) and spin-flip (74, 7}1) terms, see Chap. 5 for
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2 Transport method: Calculation of the local current density

the physical discussion. On the other hand, the total current density, cf. Eq. (2.13),

. 1 h . .
i, B) = Tr oo i (Vi = V)G (rx', B) = > o (2.27)
o' —o g
=ijo

can only be separated into spin up and spin down currents. The off-diagonal spin elements of
limy (Ve — V3)GS_,(r,r', E) do not have a (direct) physical interpretation. Please note that
the spin up current j; may vanish arbitrarily and reappear in the spin down current j;. Only the
total current density j = js +j; is conserved, i.e., the continuity equation holds true, V - j = 0.

Remark: Independent spin channels (collinear spin physics)

If the spin channels are effectively independent, as in case of a collinear open-shell DFT cal-
culation, each molecular orbital is assigned to one of the two spin channels. No states with
contributions from both spin channels are allowed. Thus, the spin-dependent device Hamiltonian
Hgf;‘fice contains only spin-diagonal elements which are usually different in both channels, i.e.,
Hgi‘{ice = ng"ice 050 - All quantities then carry this single spin index. As a consequence, the
whole calculation separates into two additive spin-independent calculations, one for the spin up

channel (Hdevice = H(Tlevme) and one for spin down channel (Hdevice = Hie"i‘ze).

2.2 Density functional theory (DFT) based transport calculations

So far, the description of the method was general; the block matrices HP°% V and Hdevic® have
not yet been specified. In this thesis, we base the atomistic description on density functional
theory (DFT). [Please refer to Appx. B.2.1 for an overview on DFT.] Nevertheless, several other
effective single particle descriptions of molecular films are compatible with this methodology, e.g.,
nearest-neighbor-tight-binding models and Hartree-Fock (HF).

For this thesis, I implemented the presented formalism in our transport module AITRANSS[97, 98].
It reconstructs the Kohn-Sham (KS) Hamiltonian HX® from KS orbitals which are given in terms
of local basis functions. (See Appx. B.2.2 for details on the employed basis functions.) To keep
the computational effort feasible, our implementation employs the massively parallelized ab initio
package FHI-A1MS[130], whose scalability has already been demonstrated up to several thou-
sand CPUs[130-133]. To preserve this scalability, shared-memory (via OpenMP) and distributed-
memory (via MPI) parallelization approaches were implemented in our transport module (see
Sec. 2.5 and Appx. B.3 for details). Our module is readily adapted to other electronic struc-
ture codes that deliverer all (occupied and virtual) eigenstates in terms of local basis functions,
e.g., an interface to the TURBOMOLE package[134] has also been implemented and—whenever
possible—we use TURBOMOLE to cross-check our results.

It should be noted that the KS-based Landauer-Biittiker formalism has been established to repro-
duce the exact (physical) conductance only in two model situations: for non-interacting particles
and also in the presence of strong correlations, namely in the framework of the single impurity
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2.2 Density functional theory (DFT) based transport calculations

Anderson model (SIAM)[121-125]. Our implementation aims at intermediate situations, with in-
teraction effects that can be modelled qualitatively by effective local potentials and corresponding
excitations with a single-particle nature. With this caveat, we expect the general qualitative fea-
tures of our simulation results to be representative of the real physical system, in particular the
tendencies to form ring currents or streamline patterns—while the actual flow pattern for a given
atomic arrangement of device might somewhat deviate from our simulations. Nevertheless, one
must be aware that there are special examples where KS transport fails, even qualitatively (e.g.,
see Ref. 135).

2.2.1 Construction of the (bulk) Kohn-Sham Hamiltonian

With DFT (as well as HF') a minor complication arises because the matrices HPlock Vv and Hdevice
refer to the electronic structure of a subsystem embedded in the infinite bulk. For systems with
translational invariance, such as clean wires, the block matrices can be extracted from DFT cal-
culations employing plane waves and periodic boundary conditions. In this way, HP% and V
could be found.

In contrast, the device block HIVi® is not periodic and here a different procedure should be

applied. We extract it from a DFT calculation performed for a finite sized system using local
basis functions |¢;). (For basis function details, see Appx. B.2.2.)

A schematic representation of the partitioning is depicted in Fig. 2.4 (top). In the spirit of
Eq. (2.21), a part of the leads is also included in the device block HAVic® (“extended device block”).
As said, in this way, the coupling matrices Vi, /g, which couple the surface of the extended device
region to the electrodes, contain the same matrix elements as V.

Due to our choice of a local basis set, the KS Hamiltonian of the whole finite sized system, which
contains the extended device, exhibits a block-structure. The inner part resembles HIeVic®, The
extensions have to be chosen long enough to ensure the convergence of HIvi®® On a technical
level, the procedure is as follows. The KS orbitals [¢X5) (with KS energies eX5) are represented
by expansion coefficients ;; with respect to the orthogonal basis set |@;), i.e., [K5) = > 185) G-
The number of molecular orbitals |¢ZKS> equals the number of basis functions, so that the expansion
coefficients ¢;; form a square matrix. The orthogonal basis set |@;) is constructed from the non-
orthogonal basis set |p;) of the underlying DFT calculation using Léwdin orthogonalization[136]:
|@i) =225 lwj) [S™/2];; where S is the (symmetric) overlap matrix S;; = (¢;]p;), see Appx. B.4.1
for details.

The device region is associated with the subset of all basis functions |@;) that are localized on
the atoms belonging to the device region. The device block Hamiltonian HAvic® is given by the
matrix elements of the KS Hamiltonian

HES = [nS)en> (nsl =D e il (@] (2.28)
n i

with Hé(zsj =", GinekS [571} i’ restricted to the basis functions of the device region subset.
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2 Transport method: Calculation of the local current density

By following the same line of ideas, one can also extract the block Hamiltonians for the lead
slices, HP°® and V, so that there is actually no need to employ a different set of computations
with periodic boundary conditions. Specifically, one considers a piece of a homogeneous wire, see
Fig. 2.4 (bottom), with left and right center slice and extensions to both sides. The corresponding
KS Hamiltonian will again represent this situation in its block structure when expressed in the
localized basis set |@;):

Hext Vext 0 0
Vvext T Hblock AV 0
0 vi Fgblock V’ext

0 0 \/’extJr H’ext

HES = (2.29)

Once again, the blocks V and HP'°% of interest to us are given by the matrix elements of HXS
that are associated with the corresponding left and right subblocks (slices). Again, care has to be
taken with the size of the extensions in order to ensure convergence of the center subblocks.”

2.2.2 Convergence tests: Kohn-Sham Hamiltonian & transmission coefficients

Kohn-Sham Hamiltonian

We present convergence tests that illustrate, how the KS blocks HP°* and V converge with
increasing length of the extension, i.e., with a growing distance of the center slices to the (left /right)
system boundaries. To this end, we perform a single DFT run for a long piece of the lead electrode.
The wire can be cut into slices and for each slice the diagonal block H'[jifd‘ (together with the
coupling V|, to the neighboring blocks) can be extracted. The index n is a measure for the
distance of the respective slice to the boundary. Slices sufficiently far away from the boundary
(n — o0) exhibit the same block-elements. These blocks enter the decimation procedure.

As a specific example to illustrate the convergence behavior, we examine a pristine AGNR5 in a

(spin-unpolarized) DFT calculation. For n = 0,...,9, we construct several block Hamiltonians
H%mk for slices which are n carbon rings away from the boundaries, see Fig. 2.5a. To quantify

the deviation AH between block Hamiltonians, we use two norms: the maximum norm |[|AH||yax
(referring to the maximal deviation in the corresponding matrix elements) and the Euclidean norm
||AH]||2. As is seen in Fig. 2.5b, either norm rapidly converges to the bulk limit. In fact, we find
that, e.g., n = 9 can be taken as a faithful approximation for the bulk block Hamiltonian, i.e. of
one slice in the infinite 1D system (n — oo) and therefore we take it as our reference in Fig. 2.5b.
We checked that the absolute convergence behavior for V is the same as for HP°. (Data is not
shown.)

Transmission coefficients

The matrix norms give an unbiased measure for the convergence of the block Hamiltonian. In the
physical context, however, one is more interested in the convergence of observables, which may

20




2.2 Density functional theory (DFT) based transport calculations
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(a) Extraction of Hp, (b) Dependence of H, onn

Figure 2.5: (a): Schematic extraction of the (pairwise overlapping) Hamiltonians Hp, from an
AGNR5 with a total length of 20 carbon rings. Each Hamiltonian Hj,) covers 2x2 carbon rings
(28 atoms [20 C, 8 H] and 320 basis functions). n denotes the distance of the extracted subsystem to
the border of the finite DFT system measured in carbon rings. [DFT details: FHI-aIMS, basis set tierd,
closed-shell, 284 atoms [200 C, 84 H], 3220 basis functions]

(b): Dependence of the subsystem Hamiltonian Hy,) on its position in an pristine AGNRS with 20
carbon rings in length. As matrix norms (left y-axis), we use the maximum norm ||AH|max =
max;; (|AH;;|) and the Euclidean norm ||AH||3 = 0yax Where oy is the largest singular value of AH.
The root mean square deviation A7 ,s (right y-axis) is plotted to show differences in the transmission
calculation, see Appx. B.5.1 for further details.

or may not be well represented by the unbiased measures that we have considered. Therefore, an
independent check of the convergence of the transmission is indicated, as well.

To this end, we perform a series of transport simulations using the set H%’Ck to construct the

corresponding sequence of self-energies. At the same time, Hl[’yﬁ’d‘ is used as device Hamiltonian,

i.e., Hdevice — H%’Ck, Vi, = Vg = V. We calculate the deviation AT (F) between the calculated
transmission 7 (F) and its exact value, which is given by the number of bands of the infinite
pristine AGNR5 at energy E (for bandstructure, cf. Fig. 2.6a). In Fig. 2.5b, we display the root
mean square deviation ATy, obtained by averaging A7 (E) over an energy interval Fy = ep—3¢eV

to Ey = ep + 3¢V (for details on ATy, cf. Appx. B.5.1).

Already at n > 1, the deviation in the transmission A7 drops below 10~2 and we see a regular
convergence pattern. Hence, we conclude that very short extensions, actually only a single carbon
ring wide, are sufficient in order to obtain quantitative transport coefficients in graphene ribbons.

To further illustrate the validity of our method, we also display the energy-resolved convergence
behavior in Fig. 2.6b. Only near steps, small deviations (up to 0.05 V) are discernible (see inset
of Fig. 2.6b). The exact positions of steps are recovered with minimally larger blocks (2 and 3
rings). We thus confirm our previous results.
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2 Transport method: Calculation of the local current density
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Figure 2.6: (a): Bandstructure of infinite one-dimensional pristine AGNR5 calculated with FHI-
AIMS tier1. (b): Transmission function and number of bands for different sizes of HP** (using blocks
with 1, 2, and 3 carbon rings in transport direction). Please note that the transmission calculation is
even able to resolve the marked avoided crossings in the bandstructure. As required, the transmission
functions drops by 2 in a small energy range at each avoided crossing.

Summarizing, we conclude that to achieve the numerical accuracy in the transport coefficients
that we are after in this work, it is sufficient for us to work with blocks HP°¥ and V containing
only one carbon ring; further coupling matrix elements can be neglected.

Remark on damping coefficients in 7fjagc: For the test calculations presented in Fig. 2.5b and
Fig. 2.6b, the default parametrization for the leakage rate n(r) (summarized after Eq. (2.25)) has
been used. We have ensured that our conclusions do not change under a moderate variation of
the damping rate and its spatial arrangement (cf. Appx. B.5.1). Specifically, when the leakage
rate is sufficiently large (179 ~ 0.1 — 1Ha) and smoothly approaches zero near the device region
(kL ~ 8 — 64), the step-like transmission function is reproduced as long as the leads are long
enough (M ~ 50 — 200). This is consistent with earlier works[129] for tight-binding models.

We mention that the number of building blocks M needs to be adjusted manually because it
depends on the width of the graphene ribbon. As a rule of thumb, the total length of each lead
should exceed its width at least by a factor of L/W ~ 10 — 25.9
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2.3 Spatially resolved current density j(r)

2.3 Spatially resolved current density j(r)

So far, we focused on global observables, like the transmission function 7 (E), that involve spatial
averages, see Eq. (2.8). In this section, we discuss how to calculate spatially resolved observables,
like the current density j(r).

2.3.1 Representation of the continuous current density using a finite basis set

As described in Eq. (2.13), the current density j(r, E') is calculated as a spatial derivative of the
Keldysh Green’s function G<(r,r’, F). Here, we explicitly evaluate j(r, E) in terms of the local
basis functions ¢;(r), i.e.,

. 1 h
j(r,E) = 35 rhglr(Vr/ —V.)G<(r,Y, E)
1 h .
= 2 am Ty = Vo) L AGG )
_1nh < a< N (2.30)
= e [%() (¢5-¢5) (vmr))]
g —’as_/
::ij
1 h as_ s
= > ) G5 (Vai)

ij

as
where G< := 2(G< — [G<]T) is an abbreviation for the anti-symmetric elements of the Keldysh
Green’s function. We employed that the basis functions @;(r) are always real by construction
(cf. Appx. B.2.2 for basis function details).

Other local quantities, like the non-equilibrium density n(r, E') or the local density of states p(r, E),
are calculated in a similar fashion (see end of Appx. B.4.1).

Remarks on discretization errors due to finite basis set sizes: The physical current density
must fulfill the continuity equation: V - j(r) = 0 at all points r. The basis sets we use (either
numerical orbitals or Gaussian orbitals) are finite and thereby incomplete. Hence, the orthodox
continuity equation is satisfied approximately and will be recovered only in the basis set limit.H
Therefore, we monitor in our calculations the divergence

Vi, E) ZQOZ G5 (a550))

+ iﬁ 3 (v¢i(r))33i<j (veim), (2:31)

2rm
ij

=0 (due to symmetry)

and ensure that our observables are converged with respect to the size of the basis set.
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2 Transport method: Calculation of the local current density

Finite differences: The necessary derivatives of the basis functions ¢;(r) are calculated numer-
ically using a symmetric two-point rule (e; are the canonical basis vectors):

Vigi(r) = 2A)7" |pilr+Ae)) — pir—Aey)| | (2.32)
Vfcpi(r) =A"?2 [gpl-(r—i—Aej) — 2¢;(r) + Lpi(r—Aej)] )

We chose A = /e, (¢ = 2.2- 10716 being the double floating point machine precision), leading to
accuracies in the order of 1071% and 10~° for first and second derivative, respectively.!

2.3.2 Convergence tests: basis size dependence of the current density

As a test, we investigate the local electron current density in pristine and functionalized AGNRS5.
For the physical discussion of the results, please refer to Chap. 3. We raster the current and
divergence formulas, Eq. (2.30) and Eq. (2.31), on a Cartesian grid with a grid spacing of 0.1 A.
The eight grid corners of the grid cuboid are (x,y, 2) = (Tmax/min£1 A, Ymax/minT1 A, +4 A), where
Tmax/min denote the maximal/minimal x-coordinate of any atom in the structure. All atoms are
located in the z = 0 plane.

Pristine AGNR5

In Fig. 2.7, we show an electron current density map at z = 0.4 A. A perfect streamline pattern
arises as a consequence of quantum confinement in the transverse direction (see Sec. 3.1 for the
physical discussion). The plot illustrates the partitioning and how the current flow is generated in
the NEGF approach. Within the left and right contact region (blue boxes), the self-energy Xy, g is
non-zero. Its anti-Hermitian piece generates the current flow, left source and right drain. Outside
source and drain, the divergence of the current is seen to be very small and can be controlled by
the size of the basis set, see Appx. B.5.2.

21072 2. (g +4-1072a.u.
-1072a.u +2-102a.u.

2-107%2a.u. 0
~1072a.u. —2-10"%a.u.
—4-10"2a.u.

—_— — — —

Y H

Figure 2.7: Inplane current density j.,(r, E) (left) and current divergence V - j(r, E) (right) for a
pristine AGNR5 at E = ep 4+ 16V, at a plane z = 0.4 A above the carbon and hydrogen atoms (gray
and red crosses, respectively). The current density carries one conductance quantum, 7 (F) = 1; its
direction is indicated by black arrows. The contact regions, where the self-energies representing the
leads are added, are marked in dashed blue. In these areas, numerical artifacts are seen in the current
density and in the divergence because the current appears from/disappears into the leads. The dashed
orange box is used for further convergence tests, see Fig. 2.10 and Fig. 2.11. The arrows give the
direction of the current density. [DFT details: FHI-aIMs, basis set tier1, closed-shell]
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2.3 Spatially resolved current density j(r)

AGNRS5 with a single nitrogen substituent

As next test, one carbon atom near the border of the AGNRS is substituted by nitrogen, cf. Fig. 2.2.
The latter then acts as a strong scatterer. The atomistic equilibrium structure of the graphene
lattice is hardly distorted and in particular stable against out of plan perturbation (see Sec. 3.2
for the physical discussion).

First, we note that the dependence of the transmission function on the basis set size is wealk,
see Fig. 2.8. We compare closed-shell calculations (with fractional occupation numbers using
FHI-A1vs) with the majority spin channel (a) of collinear open-shell calculations (with integer
occupation numbers using TURBOMOLE). Indeed, we observed a good collapse of all data curves.’
The main differences are small shifts in energy. As example, the energy points with 7(E) = 0.5
are marked with colored arrows.

In Fig. 2.9, we investigate the dependence of the current density on the basis set size. For a
proper comparison, we need to account for the small energy shifts of the KS Hamiltonian due
to the variation in the basis set size. Accordingly, we compare the current pattern based on the
principle that we fix the transmission (rather than the energy) when going from a current pattern
obtained for one basis set to the next one.

We observe a very rapid convergence of the current pattern. Only the divergence of the current
exhibits a significant quantitative flow. For increasing basis set size (tierl to tier2), the diver-
gence decreases rapidly. Note, that the basis sets SVP and tierl are of equal size but differently
constructed, and therefore their divergence pattern also differ slightly.

An additional check is to calculate the current density integrated over a cross szection at fixed x in
the yz-plane, I(z) = [[ j.(r, E)dydz, and compare it to the total current < T(E) (per energy

. . . . .
pristine ribbon
SVP o —H—

TZVP «
tierl closed —=—

tier2 closed

Transmission 7 (E)

Figure 2.8: Transmission function depending on basis set size and on spin treatment (open-shell
vs. closed-shell calculation). The main differences are small shifts in energy. As example, the energy
points with 7(E) = 0.5 are marked with colored arrows. TURBOMOLE: only a-channel of an open-shell
calculation in SVP and TzZVP basis set; FHI-AIMS: closed-shell calculation in tierl and tier2 basis
set.
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2 Transport method: Calculation of the local current density
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Figure 2.9: (a)-(c): Variation of the in-plane current density ju,(r,E) with increasing size of the
basis set for an AGNR5 with one nitrogen substituent (green cross) at a plane z = 0.4 A above the
carbon atoms restricted in z-direction to the central region near the nitrogen impurity (dashed orange
box in Fig. 2.7). The current density carries half a conductance quantum, 7 (E) = 0.5, in all cases;
the energy E is varied such that all plots share the same transmission value, see colored arrows in
Fig. 2.8 for exact position. The current direction is indicated by black arrows for the largest basis
set. (d)-(f): The divergence V - j(r, E) belonging to the respective current pattern in (a)-(c). The
divergence converges very rapidly with increasing size of the basis set. Divergence errors have a very
small impact on the current pattern.
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Figure 2.10: Relative deviation between the local current density integrated over a yz-plane and the
total current given by the transmission function. The z-position of the integration plane is measured
from the left side of the dashed orange box shown in Fig. 2.7, coinciding with the plot range of Fig. 2.9.
Also, as in Fig. 2.9, the transmission is fixed at 7 = 0.5. For clarity, only the markers of every 12th
sampling point are shown.
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2.3 Spatially resolved current density j(r)

and spin). The latter we have fixed by our choice to select the energy. The ratio of both, I,/ [%ﬂ,
should be unity and its deviation is reproduced in Fig. 2.10 as function of x. The deviation from
unity is small, with an amplitude that reduces rapidly with increasing basis set size.

Convergence tests for the current density: In Fig. 2.11, we show the current pattern devia-
tion (Aj), the current divergence (Ay.;), and the comparison to transmission (A7 ). All three are
formulated as root mean square errors:

2
A.i = \/‘1/ /dgr j(r7 E) _jlargestBasis(r7 E) ) (233)
sy =1 for(v s 230
2
Ay = / de (LE/ [ehzT(E) - 1) , (2.35)

with I, = [[ jz(r, E)dydz. In case of the current pattern, an exact reference solution is not
available, so we have to resort to the current pattern calculated using the largest basis set (tier3
using FHI-A1MS) for comparison. The spatial integrals are done by summing over the same grid
points which have been used for calculating the local currents, as described in the beginning of
Sec. 2.3.2, restricting the z-integration further to the (dashed orange) central part of the device
region, cf. Fig. 2.7.X

TZVPP
tierl/svp TZVP tier2 tier3 )
071 T T T T 5'1073
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total number N of basis functions in device region

Figure 2.11: Convergence analyses of the local currents shown in Fig. 2.9 with respect to the basis
set using FHI-AIMS (closed markers) and TURBOMOLE (open markers). The root mean square devia-
tions Ax are plotted over the number of basis functions per carbon atom (A7 on left y-axis; A; and
Aw.; on right y-axis). All error measures decrease when increasing the basis set size. The different
basis set contains different number of basis functions per hydrogen/carbon/nitrogen atom: tier1/svp:
5/14/14; Tzvp: 6/31/31; TZzvPP: 14/31/31; tier2: 15/39/39: tier3: 31/55/55.
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2 Transport method: Calculation of the local current density

All three error measures decrease when increasing the basis set size, irrespective of the underlying
DFT code. Interestingly, the error measures for the transmission (A7) and for the divergence
(Ay.;) are, for the same basis set size, always smaller using FHI-AIMS basis sets compared to
TURBOMOLE basis sets.

The results of this section are encouraging, because they suggest that the local current density
is an observable that rapidly converges with the size of the basis set. Already the smallest sets,
svp/tierl, allow for quantitative results.

AGNR41 with 20% hydrogen adsorbates

We now apply the presented method to larger systems, namely the AGNR41 shown in Fig. 2.12
functionalized with 20% hydrogen. For the physical discussion of the current vortices seen there,
please refer to Chap. 4. Here, we cover important technical details, e.g., the convergence behavior
with the basis set size.

Current patterns: Fig. 2.13 displays the current pattern of the large, mesoscopic sample for
two different basis sets, tierl and tier2. The visible deviations are located near the left/right
boundaries with values at the lower end of the logarithmic colorscale (dark blue). In the upper
three orders of magnitude, the current density is virtually identical.

Transmission function: In Fig. 2.14, also the transmission functions corresponding to the cur-
rent patterns are shown. At the energy chosen for Fig. 2.13, E=ep—635meV (orange arrow),

T infinitely extended T

D OOV OOBEN
T IILX X T oo wad

) & ) &

I tota]

A

l infinitely extended l N = 41 s

Figure 2.12: Atomic structure of a wide hydrogen-terminated armchair graphene nanoribbon (8 x 41)
with No = 41 carbon atoms in transverse direction (AGNR41). The nanoribbon has been function-
alized with additional 20% hydrogen atoms (additional 66 hydrogen atoms). Imagine a bias voltage
being applied between the (infinitely extended) upper and lower leads so that a current flows across
the device.
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2.3 Spatially resolved current density j(r)
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Figure 2.13: Basis set comparison of the local current density response (integrated over the out-of-
plane direction) in the AGNRA41 of Fig. 2.12 at energy F=ep—635meV (orange arrow in Fig. 2.14).
The current exhibits very strong mesoscopic fluctuations which exceed the average current by two
orders of magnitude in the logarithmic color scale. The current density is plotted relative to average
current density I/L,,, with width L, = 5.19nm. Plot shows current amplitude (color), current direction
(arrows), carbon atoms (gray crosses) and hydrogen atoms (red crosses).
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Figure 2.14: Transmission of the AGNR41 shown in Fig. 2.12 comparing the basis set convergence
(tierl vs. tier2) of the relaxed structure with the deviation to the distorted (unrelaxed) structure
with a tierl basis set. Additionally, the number of channels of the pristine AGNR41 is shown (orange).

the transmission is well converged, as was to be expected. For different energies slightly larger
deviations can be seen, that are mostly to be interpreted as small shifts of the resonance energies.
Only in the relatively dense region of the spectrum, these shifts can become comparable to the
level spacing, so that larger deviations occur. In these regions, differences in the current patterns
can occur (see Appx. B.5.4 for current pattern at F = ep + 155 meV, blue arrow in Fig. 2.14).

We conclude, that a tierl basis set already gives a qualitatively reliable transmission function,
but for resolving the fine structure of the transmission a larger basis set is required.
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2 Transport method: Calculation of the local current density

2.4 Magnetic field B(r) induced by the local current density

Additionally to the local current density (which is not easy to measure in actual experiments),
we can calculate the induced magnetic field B(r) and the vector potential A(r) that accompanies
the dc-current flow. The magnetic fields can feed back into the current flow itself (see Chap. 6).
But also, the magnetic fields could potentially be detected in experimental setups that allow to
perform a measurement of the nuclear magnetic resonance (NMR) in the presence of the current
flowing (see Sec. 4.1.4).

2.4.1 Implementation of the law of Biot-Savart

The integrals in Eq. (2.16) for the magnetic field B, the vector potential A and the magnetic
moment m are readily evaluated on a properly chosen Cartesian grid with grid spacing §, which
was already used to raster the current density j(r) in the device region:

53
m = > (r—0) x [-j(r)], (2.36)
B(r) = a?8* [—j@’j]_xrﬁr; ) (2.37)
o
Alr)=a?8| S [‘;3_&2‘] + C[—(J;(r)] : (2.38)
r'#r

where we replaced Z—g by the squared fine-structure constant o, reflecting the atomic units used
in the calculations. (The minus sign reflects the negative electron charge). As usual, the definition
of the dipole moment makes explicit reference to the origin of the coordinate system, O. In order
to eliminate spurious contributions to m originating from the leads, we chose for O the center of
the integration box. For the magnetic field integral, the sum over r’ explicitly omits the singular
point r = r’. It does not contribute, because the angle integration of j(r’) x (r — r’) vanishes in
the cubic volume element with center r.

For the vector potential, we treat the cube with center r analytically, the singularity can be
integrated to

+8/2+6/2+6/2 dr du d +1/2 41/9 41/ b
/// Iyz /// xyz 54 (2.39)
—6/2—-6/2—-6/2 —1/a —1/2 —

=:C

where ( is the grid-spacing independent integral, ¢ = £[31n(7 + 4v/3) — 7] ~ 2.380.
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2.4 Magnetic field B(r) induced by the local current density
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Figure 2.15: Convergence of the magnetic field distribution (in out-of-plane direction at z=0) in-
duced by the current distribution at energy E=cp+155meV (blue arrow in Fig. 2.14; cf. Appx. B.5.4,
Fig. B.10). The magnetic field strongly varies and changes sign from region to region. On the right
side, the convergence of the magnetic field with respect to the grid spacing ¢ is shown. Note how some
features (marked by black arrow) simply vanish when employing a too coarse grid, e.g. § = 0.8 A.
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Figure 2.16: Convergence of the vector potential (in-plane components at z=0) induced by the
current distribution at energy E=ep+155meV (blue arrow in Fig. 2.14; cf. Appx. B.5.4, Fig. B.10).
On the right side, the convergence of the vector potential with respect to the grid spacing § is shown.
The spatial average was removed before plotting, i.e., A — (A) is plotted.

2.4.2 Convergence tests: grid spacing dependence of the magnetic field

As with any discretization, the magnetic field B(r), the vector potential A(r) and the magnetic
moment m carry a residual dependence on the grid spacing J, that vanishes in the continuum
limit § — 0.

Magnetic field & vector potential pattern

In Fig. 2.15 and Fig. 2.16, the grid dependence of the spatial pattern of the magnetic field and the
vector potential is displayed: B(r, E=ep+155meV) and A(r, E=cp+155meV), cf. blue arrow in
Fig. 2.14. One convinces oneself that at grid spacings 6 < 0.2 A), both, the magnetic field and the
vector potential are converged. For coarser grids, features (arbitrarily) vanish from the calculated
fields.
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2 Transport method: Calculation of the local current density

Global deviations

In order to obtain more quantitative information, we also consider the discretization error for
quantities that average over the entire sample.

The magnetic moment, associated with the magnetic field shown in Fig. 2.15, is ms—o(E) =
(0.03,—0.01, —1.51) ug/V (extrapolated for 6 — 0). In Fig. 2.17, we show the relative root mean
square deviation of the magnetic moment and how it converges when taking the continuum limit.

\/‘m(s(E) —mzs:o(E))Q

:

(2.40)

Am,rel(é) =
‘m§:0(E)

As is seen there, the magnetization rapidly converges reaching accuracies better than 1% at
§ <0.2A. Data for a similar convergence test for the magnetic field B(r) with

2
\/‘1/ f5 d3r‘B5(r, E) _ BﬁnestGrid(r’ E)‘
ABel(6) = ) (2.41)

2
\/ L [, d3r|BfinestGrid(y, E)’

are also displayed in Fig. 2.17. In order to reduce the numerical effort, here the reference point
is taken to be the calculation with the finest computational feasible grid, being firestGrid—q 1 A
for B(r). The symbol [ indicates a summation over the grid with spacing §. At § < 0.2 A, the
relative discretization error drops below 10% which we feel is acceptable given that the raw data

spread over four orders of magnitude.
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Figure 2.17: The relative mean root square (left y-axis) of the magnetic field B(r, E=er+155meV),
the vector potential A(r, E=cr+155meV), and the magnetic moment m(E=cr+155meV) depending
on the grid spacing §. The grid spacing is used for both, rastering the current, and integrating over
space. Additionally, the logarithmic deviation (right y-axis) of the magnetic field is shown.
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2.5 Performance measurements: scaling and parallelizability

An analogous relative error measure for the vector potential, Aa ;e1(6), shows that the vector
potential converges even faster, dropping below 1% for § < 0.2 A.

In order to better account for the logarithmically broad distribution in magnetic field strengths,
we introduce a logarithmic measure for the discretization error,

2
: (2.42)

3

1
AB,10g1o (6) = V/5d3rz
=1

effectively a root mean square error for the exponents. Again, there is a clear convergence behavior,
see Fig. 2.17. Already at 6 < 0.3 A, the logarithmic deviation falls below a quarter decade, so that
deviations are hardly visible in logarithmic plots like Fig. 2.15.

logyo | Bi(x, ) /Bf<iGrid(r, )|

2.5 Performance measurements: scaling and parallelizability

In our DFT calculations of larger systems exceeding thousand carbon atoms, we rely on FHI-A1MS.
It uses the ELPA[133] package tuned for petaflop-applications to solve the Kohn-Sham eigenvalue
problem on massive parallel computer clusters. The scalability of FHI-A1MS has been shown by
the maintainers[130]. Therefore, we restrict ourselves to the discussion of the performances of
our new transport module; the KS states of the DFT reference calculation and the eigenvector
representation of the corresponding overlap matrix S are assumed to be given and stored on the
hard disk in a HDF5-file[137].

The observables we consider for benchmarking are the transmission 7, and the current density j(r);
our test systems are hydrogen saturated AGNRs of 4 different sizes, see Fig. 2.18. Further param-
eters: tierl basis set (14 basis functions per C; 5 per H), self-energy is iterated M = 200 times
and the resolution of the real space grid was 6=0.2 A, with 31 lattice points in z-direction. Per-
formance checks were carried out at the High Performance Computing Center Stuttgart (HLRS)

. 2.2nm ) 6.5nm ,

Besete! .“.H)‘:E; Siletetetstatated

Y IRARRRRERRRRRRRS
zé—'x AGNRI17 (10x17) AGNR23 (15x23) AGNR35 (21x35) AGNRS50 (30x50)

Figure 2.18: AGNRs used for benchmarking from left to right: 170 carbon atoms (10x17), 345
(15%23), 735 (21x35) and 1500 (30x50). The size of the block HP'*k used to build the lead is marked
in green (one carbon ring in transport direction); the whole system (including hydrogen termination)
is used as device Hdevice,
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2 Transport method: Calculation of the local current density

on the CRAY XE6 (Hermit) cluster. Each node is equipped with 2 - 16 = 32 cores (Dual Socket
AMD Interlagos @ 2.3GHz 16 cores) with 1-2 GiB RAM per core. The nodes are connected by a
fast interconnect, the CRAY Gemini interconnect technology.

Scaling of computational time and memory: Fig. 2.19a displays how the memory (M) and
CPU-time (7T') requirements scale with the system size parametrized by the number of basis
functions, N. As is seen from the fits,” the memory requirement scales with N? (number of
elements in the Green’s functions). The computational time for the current calculation also scales
like a second order polynomial in N (and not third order) because the overlap of basis functions
at different atoms is negligible beyond a distance that exceeds several bond lengths.

Parallelizability: The data presented in Fig. 2.19a has been obtained with a single MPI process
(Nypr = 1) parallelized using threads on p = 32 CPU cores. We now report about the speedup
that we achieve using MPI to run several processes (each combining p = 8 CPU cores) on different
computational nodes. Then, the wall time (total real world calculation time) T, ., decreases with
the number of processes Nypr; ideally, it is inversely proportional to it.

Number of processes Nyipr

1000 64 & 32168 4 2 1
32 = = :
_ m £ | T-calc. +
= 100 16 5 & g || dr)-cale |
e s = T ' Amdahl - 0.08 —
0 < | perf. scaling —
= 10t 4 = 7 06}
an > A - 1
2 g o, L V.4 i
o 3 S g4l , 0.04
= E o] . P e E
S 1L 1 & S S )
. = 4 P y a=0.013
/2 > 0.2 F e ' N a=0.010 ]
1/10 N | ; i 1/4 % 0 ? 0 0.04 1
1 1 4 = 1 1 i 1 1
000 0000 0000 E 0 02 04 06 08 1
Number of basis functions N Inverse number of processes Nﬁ%)l
(a) Computational cost (b) Scaling behaviour

Figure 2.19: (a): Left axis: Core hours (wall time times number of CPU cores) T and Tj for
calculating transmission 7 and current density j per energy point (average value for 128 energy points),
respectively. Right axis: The corresponding memory requirements My and Mj. The solid lines are
the following fits (with n = N/10000): T7 = (0.660n + 0.409n2) h, Tj = 26.8n? h, M+ = 4.55n* GiB,
M; = 6.37n? GiB.

(b): Scaling behavior when using Nypr processes, each using p = 8 cores, which communicate via
MPI with each other. For an AGNR35 (21x35) containing N = 10675 basis functions, ng = 128
transmission values and ng = 32 current densities have been calculated, ensuring that every process
can calculate on a separate energy point. The (theoretical) perfect scaling S(P) = P is shown in solid
black. This benchmark employs up to 256 CPU cores.
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2.6 Summary: recommended numerical parameters

In Fig. 2.19b, we plot the reduction factor (inverse speedup) S=! = T, /T1 over the inverse
number of MPT processes, Ny;p;. According to Amdahl’s law S~! = [a+ (1 — a)/Nypi] the “serial
fraction” of the code, i.e., the saturation «, can be estimated (« is the remaining value in the inset
of Fig. 2.19b for N1\7[%’I — 0). It turns out to be 1% for 10675 basis functions. In other words, the
present parallelization will cease to be efficient at aNypr &~ 1, i.e., at ~ 1000 cores.

2.6 Summary: recommended numerical parameters

In this chapter, we have presented a formalism to calculate the electron current density j(r) and
the induced magnetic field B(r). It is based on the non-equilibrium Green’s function technique
and density functional theory formulated in an atom-centered basis sets. The implementation of
the formalism is especially constructed towards quasi-onedimensional wires. Then, the leads can
be dealt with employing a standard recursive Green’s function method (decimation technique).
Extensive test of the numerical parameters have been performed to establish the reproducibility
of the results. In particular, we ensured that despite of the finite basis set the continuity equation
is fulfilled in the basis set limit.

For the important application to the case of armchair graphene nanoribbons (see the follow-
ing chapters), we have summarized the numerical parameters for quantitative correct results in
Tab. 2.1, as they are used throughout this thesis. In particular, we use a moderate basis set
(14 basis function per carbon atom; double-( quality) to calculate quantitatively correct current
patterns. Larger basis sets are needed if small energy shifts in the transmission function are
unacceptable.

Additionally, Tab. 2.1 also lists settings for strict convergence tests. All calculations which show
new physical effects must be checked using at least these stricter settings. For this thesis, we have
always picked test systems which were checked for convergence using these settings.

recommended settings for
reference
quantitative results ‘ convergence checks
basis set size tierl / Svp tier2 / TZVPP Figs. 2.9, 2.10,
(basis functions per carbon atom) (14/14) (39/31) 2.11, 2.13, 2.14
grid spacing ¢ 5 =0.2A 5§ <0.1A Figs. 2.15, 2.16, 2.17 |
length-width-ratio of each lead | L/W ~ 10 — 25 L/W > 50 Sec. 2.2.2, Tab. B3 |
length of each slice HPck 1 carbon ring > 2 carbon rings | Fig. 2.5b, Eq. (2.29)
length of extensions H® 1 carbon ring > 3 carbon rings Fig. 2.6b

Table 2.1: Recommended numerical parameters for quantitative correct results and for additional
(more strict) convergence checks. The last column lists references to the data on which the recommen-

dations are based.

IThis is the end of the method chapter.™
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Notes to chapter 2

The notes are for completeness, reproducibility and to help interested readers understand all the fine technical details.

The effective single particle treatment is—in the
Landauer-Biittiker framework—mnecessary for electrons
in the leads because otherwise, even injecting electrons
moving towards the junction requires solving a full
many-body problem. In this thesis, we also restrict
ourselves to effective single particle treatment for the
electrons in the junction, although this is not required
by the Landauer-Bittiker viewpoint. One exception is
given in Sec. 3.3.3 where explicit interaction effects are
shortly discussed on the basis of a small tight-binding
model. (page 10)

Please note, that the left and right leads are assembled
from opposite directions, but are otherwise identical.
The resulting self-energies are thereby related by a sym-
metry transformation. In practice, it is much easier to
calculate two self-energies. For the left lead, Eq. (2.18)
are iterated as written. For the right lead, one replaces
V — V. (page 15)

The total length of the lead is given by the number M of
slices H”'°® in the lead plus one (for the contact region)
times the length [ of a single slices, i.e., L = (M + 1)I.
(page 16)

Since we examine transport in armchair ribbons, the
left and right border is of zig-zag type. These zig-zag
borders facilitate spin-separation, especially for ribbons
which are not much longer than wide[138]. These spin-
separations do not describe the infinitely extended sys-
tem, which we intend to investigate. Therefore, we sup-
press the spin-separation using spin-unpolarized DFT
simulations. In the following, the remaining finite-size
effects (caused by the difference between hydrogen ter-
mination and carbon continuation) are dealt with by
choosing a large enough system. (page 17)

Ideally, both matrix blocks H™°* in Eq. (2.29) are
identical. In practice, they slightly deviate from each
other for finite sized extensions. These deviations are
usually small and not important for the transport phe-
nomena; we minimize them by taking the arithmetic
average of both matrix blocks (per element with respect
to the orthogonal basis set |@;)). (page 20)

A single carbon ring contains 4 carbon atoms in
transport direction (i.e. armchair direction). Thus,
the matrix V describing only one carbon ring in-
cludes all carbon-carbon couplings up to fourth-nearest-
neighbors. (page 22)

For the AGNRS5, containing 2 carbon rings in width, the
rule of thumb means that values M = 2-L/W =~ 20—50
are reasonable. For wider ribbons, larger values are
needed, i.e. for AGNRA41, containing 20 carbon rings in
width, values of M = 20-L/W = 200—450 are necessary
for converged leads. Please, compare this with Fig. 2.14
(left) where the bandgap, calculated with M = 200, of
the pristine AGNRA41 is not yet fully developed. The
(theoretical sharp) step near E = e is still slightly
smoothed. (page 22)

M

H The continuity equation can only be fulfilled exactly
at all spatial points using a finite basis set if the ba-
sis functions themselves are tuned to fulfill the conti-
nuity equation, i.e. by forcing that they comply with
the Laplace equation: V- Vy;(r) = Ayp;(r) = 0. Liou-
ville’s theorem forces such (harmonic) basis functions to
be constant everywhere in space (since basis functions
are bounded to represent molecular orbitals), perishing
any usefulness of this approach. (page 23)

—

The functional error of the symmetric two-point rule for
first and second derivative with spacing A scales with
O(A?). Therefore a small A should be chosen. On the
other hand, calculating differences is numerically unfa-
vorable because of a finite machine precision ¢ (double
precision: & = 2.2 -107'%). The finite precision error
scales with O(¢A™1) and O(sA™?) for first and second
derivative calculation, respectively. Since we only need
the second derivative for the divergence which is not a
physical quantity but a convergence measure, we sac-
rifice its accuracy in favor of a uniform A, and choose
an optimal A = e for the first derivative, leading to
accuracies in the order of 107!° and 107° for first and
second derivative, respectively. The units used in the
code are atomic units, i.e., Bohr radius for the length
scale, which is the correct length scale on which the
basis function vary. (page 24)

The minority channel (3) looks slightly different due
to different occupation induced by an overall odd num-
ber of electrons in combination with integer occupation
number. Allowing for fractional occupation numbers
as in FHI-A1Ms, a collinear open-shell calculation con-
verges to the closed-shell calculation. (page 25)

In z-direction, we exclude one carbon ring additionally
to the (dashed blue) contact regions since the basis func-
tions cannot be strictly separated in space and therefore
the contact regions do not have the strict borders im-
plied by the dashed blue box. In fact, parts of the self-
energies X, /g, representing the leads, also contribute to
regions next to the blue dashed region, cf. Appx. B.5.2.
Please also note, that the absolute value of the error
measures Aj and Ay.; depend (arbitrarily) on the up-
per and lower integration borders in y and z-direction.
Away from the AGNRS5, the local currents and the di-
vergence are exactly zero, giving no measurable error.
Because of the averaging procedure, the error measures
Aj and Avy.; can become arbitrarily small by integrating
over sufficiently space. To compare the error measures,
it is important to perform the integration always on the
same grid. (page 27)

For comparison, we also fitted a single exponent (valid
only in the plotted regime): Ty = 107°2'N'32p,
T; = 10°S1N9h My = 10T NS5 GiB, M; =
10795 N124 GiB. (page 34)

I dedicate this extremely useful footnote to Sir “Terry”
Pratchett (*28 April 1948; 112 March 2015), e.g., see
Ref. 139. (page 35)



Chapter 3

Application I:
Narrow armchair graphene nanoribbons

We investigate the transport behavior of narrow armchair graphene nanoribbons.
We start with pristine ribbons in Sec. 3.1, and observe perfect streamline pat-
terns in the current density. These streamline patterns arise as a consequence of
quantum confinement in the transverse direction, as can be explained with simple
zone-folding arguments. Next, in Sec. 3.2, we investigate the transport properties
of ribbons with nitrogen substituents, and observe a strong dependence on the po-
sition of the nitrogen substituent. This dependence is intuitively explained by the
streamline patterns. If the nitrogen is placed outside the streamlines of the pristine
ribbon, hardly any effect on the transport is observed. Placing the nitrogen inside a
streamline, the current pattern changes significantly and shows prominent vortices,
ring currents, which induce orbital magnetism. The fundamental origin of these ring
currents is then explored in Sec. 3.3 using simple two-path tight-binding toy models.

3.1 Pristine ribbons

As first application, we investigate the current flow through pristine AGNR N, armchair graphene
nanoribbons with N¢ carbon atoms in the transverse direction (y-direction), see Appx. A.1 for
detailed nomenclature. We find perfect streamline patterns (Sec. 3.1.1) which are a consequence of
quantum confinement in the transverse direction (Sec. 3.1.2). We observe and explain a threefold
periodicity in N¢. The periodicity remains valid in the bulk limit (Sec. 3.1.3), i.e., for very wide
ribbons.

Pristine armchair graphene nanoribbons are spin-unpolarized, in contrast to ribbons with zig-
zag borders, which facilitate spin-separation[138]. Thus, no spin-effects are considered in this
section, and we apply closed-shell DFT transport calculations using TURBOMOLE and FHI-A1MS
as described in Chap. 2.
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3 Application I: Narrow armchair graphene nanoribbons

3.1.1 Streamline patterns in the current density

The simulated current pattern for a single channel (7 = 1) in an AGNRS5 is shown in Fig. 3.1. We
make the following observations, which remain true for wider AGNRs discussed later in Sec. 3.1.2.

A perfect streamline pattern arises (see Fig. 3.1a). The current flows along carbon-carbon bonds
but there are carbon atoms in the center of the AGNR5 which are not even touched by the current
flow. Thus, the overall current pattern is strongly inhomogeneous already in this simple pristine
case. Two cuts perpendicular to the current direction are shown in Figs. 3.1b and 3.1c. The
current is divided into flows above and below the carbon plane. This is expected because the
current follows the shape of the m-orbitals of the electrons near the Fermi energy. These m-orbitals
are hybridizations of p,-orbitals of single carbon atoms. Therefore, they have a node in the carbon
plane, suppressing any current contribution there. Because of the perfect z-mirror symmetry of the
current density and the trivial structure in z-direction, we restrict ourselves to zy-cuts at z=0.5 A
(as shown in Fig. 3.1a) in the following. The value 2=0.5A is chosen since it corresponds to the
maximum current density (see Figs. 3.1b and 3.1c).

The transmission function 7 (E) of pristine AGNR5—shown in Fig. 3.2a—is quantized in integer
values due to the perfect periodicity of the ribbon in transport direction. Effectively, 7 (E) counts
the number of bands available for transport at energy E. So far, we discussed the single channel
case (T = 1, black arrow in Fig. 3.2a). Now, we shortly turn to the two channel case (7 = 2,
gray arrow). The current pattern shown in Fig. 3.2b shows the superposition® of two channels,
the already discussed streamline channel and an additional second channel. Due to the latter, the
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~
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Y
(2=0.5 A fixed)

(a) zy-cut at z=0.5A (b) yz-cut at z=x0 (c) yz-cut at x=x1

0.000

Figure 3.1: Local current density response (per spin) for perfect single channel transmission 7=1 in a
pristine narrow hydrogen-terminated armchair graphene nanoribbon (AGNR5) for different cuts: (a) a
cut along the zy-plane at 2=0.5 A, and (b/c) cuts along yz-planes at z=xg and z=x; in, respectively.
The current pattern shows two prominent streamlines, see (a), which are split into flows below and
above the ribbon plane, see (b/c). The z=0.5 A-plane, and the xq/x;-planes are shown in dashed
white. Plot shows current amplitude (color), current direction (arrows), carbon atoms (gray crosses),
and hydrogen atoms (red crosses). [DFT details: TURBOMOLE, basis set TzvPP, closed-shell]
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3.1 Pristine ribbons
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(a) Transmission of pristine AGNR5 (b) Current pattern at 7 =2

Figure 3.2: (a) Transmission function of pristine AGNR5. The single channel (7=1) case and
double channel case (T=2) are marked. The corresponding current patterns are shown in Fig. 3.1
and Fig. 3.2b, respectively. (b) Local current density response (per spin) for two channels (7=2) in
pristine AGNR5. The streamline pattern mixes with an additional channel, so that all carbon atoms
are touched by the current flow. Plot shows current amplitude (color), current direction (arrows),
carbon and hydrogen atoms (gray and red crosses). [DFT details: TURBOMOLE, basis set TzvPP, closed-shell]

current touches all carbon atoms resulting in a more homogeneous flow. To focus on fundamental
properties of single scattering states, we will restrict the investigations to the single channel case
in the remainder of this thesis, meaning 7=1 (or 7<1 when including impurities).

3.1.2 Influence of transverse confinement & selection rules

After discussing the current flow in pristine AGNR5, we will now generalize the results to broader
ribbons and investigate the dependence of the current flow on the number of transverse carbon
atoms N¢. This work has been done in close collaboration with J. Wilhelm and has also been
published in his master thesis[140] and in our joined publication[109].

Transmission function of AGNRs

To discuss the dependence of transport properties on Ng, we explicitly investigate four rib-
bons: AGNR11-14. The transmission function, shown in Fig. 3.3, already shows three classes:
AGNR(3m), AGNR(3m—1), and AGNR(3m—2) [m € N]. AGNR11 and AGNRI14, belonging
to class AGNR(3m—1), feature a small bandgap (~ 0.1eV) and a wide energy region with ex-
actly one channel (7=1). AGNR12 [AGNR(3m)] shows a larger bandgap (=~ 0.6eV) and still a
moderate region with exactly one channel. AGNR13 [AGNR(3m—2)] also has a larger bandgap
(=~ 0.8€eV) but it features a significantly smaller single channel region. These three classes are
consistent with earlier DFT bandgap calculations[141-143]. The three-fold periodicity remains
true for larger AGNRs, but the bandgaps decrease as 1/N¢ with a class dependent prefactor.
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Figure 3.3: Transmission function of several consecutive pristine AGNRs. The single channel (7=1)
case is marked by an arrow. The corresponding current patterns (for the single channel) are shown in
Fig. 3.4. For plotting reasons, the transmission functions are slightly shifted on the y-axis; the correct
values are always exact integer multiples. My thanks to J. Wilhelm who performed the numerical
calculations[140]. [DFT details: TURBOMOLE, basis set SVP, closed—shell]

Current patterns in AGNRs

Next, we tend to the current patterns of AGNRI11-14, shown in Fig. 3.4. For Ng=3m-—1,
Figs. 3.4a and 3.4d, we still see the perfect streamline pattern. Please note, that all stream-
lines together form a single channel. Therefore, the current per streamline decreases with the
number of streamlines, as can be seen by comparing AGNR11 and AGNR14.

The other two classes, Nc=3m (Fig. 3.4b) and Nc=3m—2 (Fig. 3.4c) , still show strongly textured
current patterns but no perfect streamlines. Only at the border, the streamlines survive. In the
interior, the current is more complicated but its amplitude still shows a node structure in transverse
direction, e.g., the current pattern in AGNR12 has three nodes in y-direction: one in the center
and two next to the surviving streamlines at the borders. This already hints at transverse quantum
confinement as origin for these effects. Also, the number of nodes, and equivalent the number of
maxima, grows with increasing ribbon width. In fact, the integer m is the number of maxima in
transverse direction. Also, m equals to the number of streamlines for No=3m—1.

This periodicity in the ribbon width continues to wider ribbons. In every third ribbon, for
Nc=3m—1, a perfect streamline pattern exists. For No#3m—1, the current density shows stream-
lines only at the boundaries, but more complicated patterns in the ribbon center. We thus also find
a periodicity on N¢ for the current patterns, but only two qualitatively different cases: No=3m—1
(with streamlines) and Ng#3m—1 (without perfect streamlines).

As a final remark, please note that pristine AGNR12 and AGNR13 even show backflowing currents,
local current contributions that flow (at least partially) against the total current direction.
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Figure 3.4: Local current density response (per spin) for perfect single channel transmission (7=1)
in pristine AGNR11-14. AGNR11 and AGNR14 show perfect streamline patterns, while for AGNR12
and AGNR13 the streamline pattern survive only at the border. Plots show current amplitude (color),
current direction in the upper part (black arrows), carbon atoms (gray crosses), and hydrogen atoms
(red crosses). My thanks to J. Wilhelm who performed the numerical calculations[140].

[DFT details: TURBOMOLE, basis set SVP, closed—shell]

Selection rules

The transverse structure of the current patterns can be explained by standard zone-folding ar-
guments, which are well-known in carbon nanotubes[144, Sec. 3.2], and have also already been
applied to AGNRs[143]. First, we look at the spatial structure of the wavefunction ¢ in transverse
direction and assume that hardcore boundary conditions apply, i.e.,

Y(y=0)=0, and  Y(y=Ly) =0, (3.1)

with L, being the ribbon width. The only k-points respecting these conditions are

kym:Ll‘m, form e Z. (3.2)

The width of an AGNRN( is approximately® given by L, = (N¢ + 1)a,. Here, a, = av3/2 is the
carbon-carbon bond length projected to the y-axis. [The carbon-carbon bond length is a and a
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Figure 3.5: (a) First Brillouin zone of graphene showing both Dirac points, K and K', and reciprocal
lattice vectors, by and by. The zone-folding procedure is indicated for AGNR8 and AGNR9, exem-
plarily. (b) Schematic visualisation of the wavefunctions for states near the Fermi energy, showing
their dependence on the transverse direction. Hardcore boundary conditions are applied at the hydro-
gen atoms (red crosses). In the case of AGNR5/11/14 (AGNR(3m—1) in general), the nodes of the
wavefunction exactly matches carbon atoms (gray crosses), explaining the perfect streamline pattern.
In the other case, the nodes are slightly shifted away from carbon positions, so that all carbon atoms
carry contributions near the Fermi energy.

link between neighboring atoms is given by, e.g., a = a(!/2,v3/2).] In Fig. 3.5a, the first Brillouin
zone of graphene with the two Dirac cones K and K’ is “sliced” at the valid k-points

3m - -
Fum = Ky g Ky = 52 = o] (3.3)
exemplary shown for Nog = 8 and Ng = 9. For N¢ = 8, as for any Ng = 3m—1, the Dirac
cone is directly hit: £, ,, = K,. Thus, the spatial structure of electronic states near the Fermi
energy in an AGNR(3m—1) is expected to be governed by K, (at least in y-direction). Together
with the contribution of the other Dirac cone, KQ’J = —K,, a standing wave with wavelength
A = 21/K, = 6a, emerges. Being an even integer multiple of the transverse bond-distance a,
(and because of symmetry), the nodes of such a standing wave coincide with carbon atoms. This is
sketched in Fig. 3.5b for AGNR5/11/14 and explains the formation of perfect streamline patterns
in the current density of AGNRs(3m—1).

For AGNRs with Nc¢ # 3m—1, no allowed wavevector ky ,, coincides with the Dirac cones. The
nearest allowed wavevector K, = k, ,,,—choosing m € Z so that |K, — K| is minimal—is slightly
off. Therefore, the wavelength

1—|—Nic for Ng =3m
M. = 21/K, =6a, - { 1 for No = 3m — 1 (3.4)
1—@ for No =3m — 2
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3.1 Pristine ribbons

is no integer multiple of a, (for N¢ # 3m—1) and the nodes of the standing wave pattern do not
match the carbon rows, see Fig. 3.5b. Instead the nodes are “between” the carbon atoms which
is the reason for the node structures seen in AGNR12 and AGNR13.

Remark: The above arguments apply equally well to the local density of states (LDOS) in
equilibrium. Indeed, the LDOS shows the same node structure in the transverse direction as the
current density (see for example our publication[109, Fig. 10]). But the LDOS does not obey a con-
tinuity equation, and therefore shows additional structure along the ribbon direction (z-direction).
Therefore, the LDOS forms at most pseudo-streamlines. On the other hand, the LDOS can be ac-
cessed by a scanning tunneling microscope (STM), see Tersoff-Hamann theory[145]. Nevertheless,
to the best of my knowledge, no experiment has so far observed the pseudo-streamlines (or current
streamlines) in AGNRs(3m—1), probably because edge irregularities destroy the streamlines and
the fabrication of perfect pristine AGNRs remains challenging.

3.1.3 Streamline patterns in the bulk limit

We now explain how the bulk limit of the current density is reached. In the bulk limit, the stream-
line pattern should vanish because the boundaries should no longer play a significant role. But
when investigating the current density response for wider ribbons (up to AGNRA41, see Fig. 3.6), we
see no indication that the streamline patterns vanish, except that the total current is distributed
into m streamlines whose amplitudes are therefore reduced by m (cf. Appx. C.1 for further details).

The streamlines vanish in the bulk limit in another fashion. The energy range A Fy—; in which only
a single channel exists decreases for increasing ribbon width. As discussed on the basis of Fig. 3.2b,
the streamlines only exist at 7 = 1. One expects a 1/N¢ decay for this energy range in wide
ribbons. Our DFT simulations support such a decay (cf. Appx. C.1) and give as numerical value

2
AEr_y ~ 5eV

for No > 1. (3.5)

For bias voltages larger than this energy window, eVhias > AFE7—1, the streamline pattern mixes
with other channels, thereby vanishing. Thus, for fixed bias voltage, the streamline pattern be-
comes less and less important for increasing ribbon width. Nevertheless, for sufficiently small bias
voltages, we predict the appearance of streamlines in all AGNRs(3m—1), regardless of their width.

%1073 [a.u.]
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Figure 3.6: Local current density response (per spin) in pristine AGNRA41 (single channel, 7=1).
No deviations from the perfect streamline pattern are visible. Note, that the plot has been rotated
compared to previously shown current density plots. [DFT details: FHI-AIMS, basis set tieri, closed-shell]
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3 Application I: Narrow armchair graphene nanoribbons

3.2 Ribbons with a single nitrogen substituent

After discussing current patterns in pristine AGNRs, we now consider ribbons with a single nitro-
gen substituent as scattering center. There are three different (not symmetry-equivalent) positions
in an AGNRS5 for a nitrogen substituent, see Fig. 3.7a. In Sec. 3.2.1, we examine the influence of
the nitrogen position on the transport properties. Placed inside a pristine streamline, the current
pattern changes significantly and shows prominent vortices. These ring currents induce orbital
magnetism which we discuss in Sec. 3.2.2 using the example of nitrogen substituted to position 3.
Finally, in Sec. 3.2.3, we summarize simulations with other impurity types, and conclude that the
discussed effects (strong position dependence and ring currents) are generic and independent of
the impurity type.

Remark: We checked that all three structures (AGNR5 with a single nitrogen substituent as
shown in Fig. 3.7a) remain planar. For this purpose, we placed the nitrogen atom 0.2 A above the
in-plane position of the substituted carbon atom. After a geometry relaxation using DFT, the
nitrogen returns into the planar position with an accuracy better than 10~* A.

3 ’ pristine AGNR5
2 nitrogen at pos. 1
= nitrogen at pos. 2
o 2 nitrogen at pos. 3
S)
i
g
2 1
<
s

0

E — ey [eV] Eres
(a) AGNRS5 with nitrogen atom (b) Transmission of AGNR5 with nitrogen substituents

Figure 3.7: (a) Atomic structure of an AGNR5 with one nitrogen substituent (in green at position 3).
All three symmetry-inequivalent positions for a nitrogen substituent are marked.

(b) Transmission function for AGNR5 containing a single nitrogen substituent. The black arrow
marks the energy (E=ep+1¢€V) for which the current density responses are shown in Fig. 3.8a—c. The
transmission of AGNRS5 with nitrogen at position 2 or 3 shows a prominent dip, an antiresonance at
energy F = Fles. [DFT details: FHI-AIMS, basis set tierl, closed-shell]
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3.2 Ribbons with a single nitrogen substituent

3.2.1 Position of impurities: placement inside or outside the streamlines

In Fig. 3.7b, we show the transmission of all three systems together with the pristine case. Most
interestingly, the transmission function for position 1 (blue) does not show any qualitative changes
near the Fermi energy when compared to the pristine case. Only the steps are smeared out which
is expected as soon as the perfect periodicity is perturbed. Also, the current density response
at F=ep+1eV—shown in Fig. 3.8a—does not show any visible deviations from the streamline
pattern. We conclude that placing a nitrogen substituent outside of the pristine streamlines
hardly influences the transport near the Fermi energy.

dlyota1/AViias = 0.125 GEP™ = 9.66 - 100 A/V E—cp =16V

dlyota1/AViias = 0.978 GEP™ = 7.58 - 1075 A/V E—cp =16V

l

15 2 25 3 4.5 0 5 10 15 20
(a) nitrogen at pos. 1, E—ep = 1€V (b) nitrogen at pos. 2, E—ecp = 1€V
Alyota1/AViias = 0.123GP™ = 9.52- 1070 A/V E—cp =16V dlipiar/dViias = 0.094GP™ =7.31-10A/V  E—ep = 1.25¢V

[( otal [f otal

35 40 0 10
() nitrogen at pos. 3, E—cr = 1eV, E < Fies (d) nitrogen at pos. 3, E—cr = 1.25eV, E > Fyes

Figure 3.8: (a—c) Local current density response (integrated over the out-of-plane direction) nor-
malized to the average through current of AGNR5 with a single nitrogen substituent (green cross)
at position 1-3, respectively. The corresponding energy (E=ecp+1eV) is marked in Fig. 3.7b by a
black arrow. The current pattern in (a) shows a hardly perturbed streamline pattern, while (b/c)
show prominent ring currents whose amplitudes exceed the average through current by a factor of
about 30 (see color scale).

(d) Current density response corresponding to (c), but above the antiresonance (E > E,e5), whereas (c)
shows the current pattern below the antiresonance (E < E,es). Note how the ring current direction
Changes between (C) and (d) [DFT details: FHI-A1MS, basis set tierd, closed—shell]

45




3 Application I: Narrow armchair graphene nanoribbons

Quite the opposite happens when the nitrogen substituent is placed inside a streamline. The
transmission function for position 2 and 3 shows an additional feature, a dip (antiresonance) at
FE = El¢ which is due to interference effects. The current density response near the antiresonance
is shown in Fig. 3.8b and Fig. 3.8c. Both current patterns differ qualitatively from the streamline
pattern, showing a prominent ring current near the nitrogen substituent.

We will discuss these ring currents in Sec. 3.2.2, but for the moment let us summarize that we can
analyze the dependence on the position of the impurities in AGNRs(3m—1) in terms of streamlines
and we find a simple, intuitive explanation for the position dependence. If the impurity is placed
inside a streamline, the transmission is suppressed over a large energy window. On the other hand,
the transmission function and the current pattern is hardly affected when placing an impurity
outside a streamline. This explanation seems to be general, see Sec. 3.2.3 for an example with
OH-adsorbates on AGNRI11.

Remark on spin magnetism: The nitrogen feeds in an extra electron into the conduction band
of the ribbons. Having an odd number of electrons, one may think about spin-polarization and
Kondo effect. Concerning the Kondo effect, we recall that the flat geometric structure of the rib-
bons suggests that the unpaired electron is not localized but completely immersed in the ribbon’s
m-band. We therefore do not expect a Kondo effect/Coulomb-blockade type situation. For all
three nitrogen positions, we checked this expectation by an open-shell calculation that produces
two (identical) half-occupied states at the Fermi energy suggesting the absence of a (nearby)
magnetic instability. Hence, Kondo-physics is probably not relevant in these systems.©

3.2.2 Ring currents & orbital magnetism

We now investigate the antiresonance in the transmission function at F = Fi (cf. Fig. 3.7b).
We restrict ourselves to the nitrogen at position 3 (red curve). In Fig. 3.8c and Fig. 3.8d, the
current density response is plotted below and above the antiresonance, respectively. At first
glance, both patterns look similar: they feature a prominent ring current around the 6-atom ring
with the nitrogen substituent. The magnitude of the ring currents is not restricted by the total
current. Instead, we observe that the ring currents are larger than the average through current
by a factor 30-50 (see color scale).

Nevertheless, there is an essential difference between the two current patterns: the ring cur-
rent direction. It changes from clock-wise (below FE,es, Fig. 3.8¢c) to anti-clockwise (above Eles,
Fig. 3.8d). This becomes even more interesting, if we recall that ring currents are related to or-
bital magnetism. The induced magnetic field, shown in Fig. 3.9, also changes the direction when
transversing the antiresonance. The magnetic field strength reaches dB,/dVi.s = 150 mT/V with
a large gradient reaching 1T/(V nm). The observations are especially important in the context
of nanoelectronics. Such a ribbon may work as a current-field converter: a nanoscopic coil. The
sign of a macroscopically applied voltage fixes the sign of a microscopic induced field.
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3.2 Ribbons with a single nitrogen substituent

Alota/AVias = 0.123 G5P™ = 9.52. 1076 A /V E—cp =1V dlpa1/AViims = 0.094GP™ = 7.31 .10 6A/V  E—ep = 1.25¢V
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(a) nitrogen at pos. 3, E—er = 1€V, E < Eyes (b) nitrogen at pos. 3, E—cr = 1.25eV, E > Fyes

Figure 3.9: Magnetic field response (in out-of-plane direction) induced by the current patterns shown
in Figs. 3.8c and 3.8d, respectively. The field is plotted in the carbon plane (2=0), but being divergence
free, it hardly changes with z (checked for z = &1 A). [DFT details: FHI-A1vs, basis set tier1, closed-shell]
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Figure 3.10: Transmission function (solid red) and magnetization per bias dm. /dVias (perpendicular
to the graphene plane, dashed black) for the AGNR5 with nitrogen at position 3 (transmission as in
Fig. 3.7b). The magnetization shows a sign change directly at the antiresonance E=F,.s. The orange
arrows mark the energy for which the current response is plotted in Figs. 3.8c and 3.8d, respectively.
[DFT details: FHI-AIMS, basis set tierl, closed—shell]

Magnetization

To investigate the ring currents in the complete energy range, we calculate the magnetic re-
sponse dm, /dWas induced by the current patterns and show it in Fig. 3.10. [total magnetization:
m = % Jr % jai(r) dr, cf. Eq. (2.16)] First, note that the magnetic response changes its sign exactly
at the antiresonance (see magnification), reflecting the change of the ring current direction. Sec-
ond, the magnetic moment (and also the inducing ring currents) is linear in the detuning F—F\cs
whereas the transmission shows a quadratic dependence. That means that near the antiresonance,
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3 Application I: Narrow armchair graphene nanoribbons

the ring currents dominate. They become arbitrarily large compared to the total through current.
For all energies, the amplitude of the magnetic response is in the order of 0.1-0.5 ug/V (per spin).
An experimental observation should be feasible.

Remark 1: Although interesting from a theoretical point of view, comparing the ring currents
to near-vanishing through currents may be of less importance from a practical point of view. As a
compromise, we only plot current density responses with finite transmission 7 2 0.1 in the main
part of this thesis, so that an experimental observation is—in principle—possible (see Appx. C.2
for an example with near-vanishing transmission).

Remark 2: There is an additional much-sharper antiresonance at E = e + 1.345¢€V, see mag-
nification of Fig. 3.10. The same effects can be observed: the transmission vanishes quadratically
but the magnetic moment vanishes only linearly, see Appx. C.2 for further details.

Finite bias voltage

So far, we discussed only the current density response to an infinitesimal bias voltage. From the
magnetization response dm,/dVipias in Fig. 3.10, one already expects finite ring currents also for
finite bias voltages because there are large regions with dm,/dVi.s having a constant sign. In
Fig. 3.11, the current density and the induced magnetic field is calculated for a bias voltage eVyas =
FEies — ep = 1.145eV which covers the range between Fermi energy and antiresonance. In that
range, the magnetic response dm,/dVii,s does not change its sign.

Thus, Fig. 3.11 suggest that the ring currents should be observable for finite bias voltages. In that
case, we expect a ring current exceeding the average through current by about a factor of 10. The
magnetic field reaches 130 mT which might be detectable experimentally, e.g., by a magnetic STM.

Tiotal = 0.316 GP™ Vi = 2.81- 105 A Voias=1.145V  Iipia = 0.316 G5 Viyiae = 2.81-1075 A Viias=1.145V

I total

X X X X X X X X X X
0.‘

X X X X X X X X X X

Imml

L, =6.80A Jday (x)dz/ Lt MggLor;l =413mT B.(r) %
0 ) 10 15 =30 =20 —10 0 +10 +20 430
(a) Current density (finite bias voltage) (b) Induced magnetic field (finite bias voltage)

Figure 3.11: (a) Current density and (b) induced magnetic field for a finite bias voltage Viias=1.145V.
All previously discussed features remain. The magnetic moment of the current density is m,=0.44 ug
for both spin channels (m,=0.22 up per spin channel). [DFT details: FHI-A1MS, basis set tier1, closed-shell]




3.2 Ribbons with a single nitrogen substituent

The associated total magnetic moment m,=0.44 up (for both spin channels) lies also in an ob-
servable order of magnitude. For our system, it significantly exceeds previously reported values
of orbital magnetism, e.g., by Im et al. [146] who report orbital magnetism in carbon nanotubes
due to structural (Stone-Wales) defects with a maximum magnitude of m=0.08 pup.

Remark on m;, my, B;, B,: In this section, we have restricted ourselves to the magnetic
field B,(2=0) and magnetic moment m, perpendicular to the graphene ribbon. Since both,
B and m are pseudovectors (axial vectors), their in-plane components are exactly zero due to
the z-mirror symmetry of the transport setup. In the case of disorder, like hydrogen adatoms
in Chap. 4, some carbon atoms are moved out of the ribbon plane, and the symmetry is broken.
Then, the in-plane components m,,my, B;, B, are finite. Nevertheless, they are still suppressed
by an approximate z-mirror symmetry, and we will focus on m,/B, also in these cases.

3.2.3 Summary & generalization to other impurity types

So far, we discussed a nitrogen substituent as an example and found two main effects: (i) a strong
position dependence explainable by the streamlines and (ii) a tendency to form ring currents.
We presume that these results are general since they also appear with many different types of
impurities as well. In this section, we summarize and refer to such other examples.

The first effect, the position dependence, is also shown in Fig. 3.12 for OH adsorbates on AGNR11.
If the OH group is adsorbed on a carbon atom inside a streamline, the transmission is suppressed
over a large energy window (cf. Fig. 3.12b). Otherwise the transmission and the current pat-
tern is hardly affected (cf. Fig. 3.12a). The antiresonance for OH at position 4 (E~erp—0.45€V)

3 pristine AGNR11 3 prist. AGNR11
D OH at pos. 1 —— ) OH at pos. 2 ——
g OH at pos. 4 g OH at pos. 3
o 2 R o 2k OH at pos. 5 ——
'% '% OH at pos.
g 1r | 1 g 1r 1
£ \‘ f =
= | =
1]
1]
0 ] ] il ] ] 0 ] \ 1 I

-15 -1 —-05 0 0.5 1 1.5 -15 -1 =05 0 0.5 1 1.5
E —ex [eV] E —ef [eV]
(a) OH placed outside streamline (b) OH placed inside streamline

Figure 3.12: Transmission function of AGNR11 with one OH-adsorbate at different positions. The
positions are counted from the center of the AGNRI11, corresponding to the nomenclature used in
AGNRS5, see Fig. 3.7a. My thanks to J. Wilhelm who performed the numerical calculations[140].

[DFT details: TURBOMOLE, basis set SvP, closed-shell]
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3 Application I: Narrow armchair graphene nanoribbons

is very sharp with minor contributions to transport with finite bias voltages. The general fea-
tures, that the transmission is strongly dependent on the position of the OH group, was already
observed[81, 99-102], and the streamline patterns of the underlying pristine ribbons provide an
intuitive explanation.

Second, also the tendency to form ring currents is general. In close collaboration with J. Wilhelm,
we have observed ring currents for adsorbates (OH and H), as well as for substituents (nitrogen
and boron) for several different AGNRs[111, 140]. Our results are supported by other groups
which have applied TB models to disordered graphene ribbons; the resulting TB bond currents
also show ring currents[77-83]. Ring currents have also been reported in carbon nanotubes due to
structural defects[146]. In all these cases, the ring currents are related to a quadratically vanishing
transmission at an antiresonance. The ring currents vanish linearly and change their direction at
the antiresonance.

3.3 Tight-binding (toy) models explaining the ring current formation

In this section, we investigate tight-binding (TB) toy models to explain the formation of ring
currents. We can explain all qualitative features of the ab initio treatment, but of course no
quantitative features, like numbers and local spatial structures.

The transport method for TB systems follows the DFT method—as described in Chap. 2—but
with one crucial difference. Local current densities are not available due to missing spatial in-
formation. Instead, we need to work with “bond currents”, current contributions flowing from
one TB site to another. Such bond currents are defined to fulfil at least a continuity equation in
the TB lattice, but not in real space (see Appx. C.3 for details). The bond current j;_,; flowing
directly from site [ site i is defined as

st = Tt () (1) (36)

where |1) is the scattering state and ¢;; the hopping element between site [ and i.

We first discuss a non-interacting TB two-path model in detail (Sec. 3.3.1). Then, in Sec. 3.3.2,
we discuss the role of broken path symmetry using a selection of different non-interacting TB
tow-path models. Last, we shortly comment on multi-particle interaction effects (Sec. 3.3.3).

3.3.1 A non-interacting two-path model

Our two-path (toy) model, defined in Fig. 3.13a, features two paths—a top and bottom path—
that connect to the same reservoirs, given by semi-infinite TB chains. Importantly, the symmetry
between the two paths is broken by adding (different) on-site potentials et g to each path. The
results of a simple analytic calculation (which we postpone to the end of this section) are displayed
in Fig. 3.13b. First, it reproduces the well known fact[147] that antiresonances (destructive in-
terference) are generic encounter in this model: the transmission function 7 vanishes at the
antiresonance Fes = %(61“ +¢eB).
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transmission 7 (E) bottom current jp
= total current jiota) —— magnetization m, --------
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Figure 3.13: (a) Tight-binding (TB) two-path model featuring a ring (hoppings ') with (different)
on-site potential e, in both arms. The ring is attached to semi-infinite TB chains with hopping ¢.
(b) The total current, proportional to the transmission, and current in both arms as calculated for
the two-path model of (a). The currents are proportional to the incoming current ji,. The magneti-
zation m, = (jg — jr)A/2 (proportional to the orbital current) depends on the unspecified area A of
the ring. (¢ =t/V?2; er = —ep = 1t)

As novel results, we also calculate the currents in the separate arms, jr and jg. Near the antires-
onance, they have opposite sign, thereby generating a loop current. The orbital magnetization
m, = (jp — j1)A/2 is given in terms of the (unspecified) area A of the ring. Both, the currents in
the ring and the orbital magnetization vanish linearly near the antiresonance while the through
current (transmission) vanishes quadratically. Thus, the model recovers the qualitative aspects of
the AGNR5 with a nitrogen substituent, as discussed in the previous section. Again, the ratio of
the ring currents and the through current becomes arbitrarily large near the antiresonance Fig,
and the ring current changes its direction emphasizing the close relation of the effect to quantum
interference.

Qualitative explanation of the antiresonance

To qualitatively explain the interference effect, we first regard a single path (TB chain) with an
on-site potential €y on one site. The scattering phase ¢,

€0

tangp = —————
Ay 2tsink’

(3.7)
accumulated by a plane wave (wavevector k) depends on the absolute value and the sign of &g
(cf. Appx. C.4). This is expected, since a positive (negative) on-site potential locally decreases (in-
creases) the kinetic energy and therefore increases (decreases) the wavelength. In two-path models,
containing two equidistant paths with different on-site potentials, the different wavelengths lead
to a phase difference, which is the origin of the destructive interference effect at the antiresonance.
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3 Application I: Narrow armchair graphene nanoribbons

Analytic solution

To get additional insight, like access to the (complex) transmission amplitude ¢(E), we now solve
the two-path (toy) model analytically. The Hamiltonian

£ =< - tni; [|—(n+1)><_n| + |n+1><n|} - t’[|T><—1| + |T><1|} - t’[|B>(—1| + |B><1|} + h.c.)
+ e1|T)(T| + es|B)(B| (3.8)

describes the ring and two semi-infinite TB chains, as shown in Fig. 3.13a. We are interested in
the scattering solution, i.e., we search for eigenstates of H which include an incoming wave |¢i,) =
S etk=n)|—n) with wavevector k. We thereby effectively restrict the energy E = —2tcosk

to the band of the TB chain, i.e., E' € [—2t,2t]. For the scattering state, we make the ansatz

W> _ Z [(e+ik(—n) + re_ik(_n)>‘—n> + ¢e+ikn‘n> +T‘T> + B’B) (3.9)

n=1

which includes 4 free parameters: a reflexion amplitude r as prefactor of the reflected wave, a
transmission amplitude ¢ as prefactor of the transmitted wave, and the wavefunction weights T'
and B for the sites |T') and |B), respectively. Enforcing the state to be an eigenstate of the

Hamiltonian with energy E = —2t cos k, we get four conditions:
Lt !
¢>:?(T+B):1+r, (3.10a)
(e * 4 ret* 4 peth) 4 Xex = EX  for X € {T,B}. (3.10b)

Solving this linear set of equations and introducing the abbreviation Eyes = %(ET +¢eB), we get

2itt’ sin k 2itt’ sin k

T= %(E—g]g), = %(E—ET), (3.11a)
4it" sin k 22 E(F — Eyes) — t2(E — e)(E —

6= ———(E - Ew), p = 2BE ~ Bres) tD( wE=er) 3y,

which all share a common denominator D := t(E — eg)(E — 1) + 4t"2e*(E — Eyes).

The transmission function is given by the absolute square of the transmission amplitude, i.e.,

1
U2E(E — Eres) — t2(E — eg)(E —er)]?
Att2(E — Eres) sin k

T(E) = |¢]> = (3.12)

1+

For ep # ep, the transmission vanishes at F¥ = FE\s due to destructive interference (antiresonance).
Please note that there is no antiresonance (and therefore also no ring currents) without the on-site
energies. In particular, T(E) = 1 VE if ex = ep = 0, = t//2.
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3.3 Tight-binding (toy) models explaining the ring current formation

We calculate the bond currents in the ring as well as the incoming and total current as

2
jin = j,2H71 = ﬁt sink‘, (313&)
Y=1in
. . . 2 .
Jtotal = J—25-1 = J1s2 = ﬁtsmk T, (3.13b)
. . 2 E —ep
= = —tsink T ———— 3.13
JT = JT>1 = St T2(E — F) (3.13¢)
. . 2 E—ep
= = —tsink T ————. 3.13d
JB i= JBo1 = ptsin T2(E " B ( )

As expected, the ratio between the total current jiota1 and the incoming current ji, is given by
the transmission 7. The current formulas for the top and both path can be combined to

E_eB/T

Because of the denominator (£ — Eyes), the local currents jr/g become arbitrarily large compared
to the transmission 7 near the antiresonance at Fyg.

Expansion near the antiresonance Ees

Next, we expand the solution in the vicinity of the antiresonance FEy¢ keeping only the leading
order (assuming e # ). The sine of the wavevector ks near the antiresonance stays positive
as long as ks stays away from the band edges, i.e., sin kyes > 0 for —2t < FEes < 2t. The auxiliary
denominator D used in Eq. (3.11) is given by a (real and negative) constant,

t _
Dyos(E) = _Z(5T —eB)? +O(E — Eres) DY eR™, (3.15)
N———
DO

at the antiresonance. Thus, the transmission amplitude
(3.11b) 4it" sin kyes
DI(‘)BS

Ples

vanishes linearly at Fyes and changes its sign. This is important for two reasons. First, it means
that the transmission

ﬁeS(E) = “Zsres,Z = ‘d)l}esp (E - EreS)2 + O([E - EreS]3> (3‘17)

res (E) (E — Eres) + O ([E — Eres]2) ol € iR™ (3.16)

vanishes quadratically at the antiresonance. And second, it means that the ring current vanishes
linearly, changing its sign and sense of rotation. This is evident from Eq. (3.14), whose expansion

(3.14) E—egr . Jin

jT/Bres(E) Tres 2 Jin = :l:z

(E - Eres)

vanishes linearly at the antiresonance. The different signs arise from the term E—ep, p; with
positive sign for jr, negative sign for jg.

‘qb%es‘Z (5T - 5B) (E - Eres) + O([E - Eres]z) (318)
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3 Application I: Narrow armchair graphene nanoribbons

Interference effects

To understand the importance of the sign change in the transmission amplitude for the ring current
reversal, we take one step back and consider the total scattering state |¢(E)),

e~ ikn |y
n:z—x ) |TY — |B)
N —~ =
[Y(E)) = [Yim) +7(E)[¢r) + ¢(E) 1) + X(E)|timp) , (3.19)
—— ~—
i C+“‘"”"n> glc'”‘""‘n + #(u +|B>>

n—=-—oo

as a superposition of an incoming wave |¢y,), a reflected wave |1),), a transmitted wave [¢y) and
a local non-degenerate impurity state |¢imp) (with prefactor x(E) = itﬂ%nk(sT—eB)). The first
three terms are just plane waves, with e*” being the only energy-dependence. Further, we include
the term 5 (|T') +|B)) in the transmitted wave [¢/1), so that [¢hin) 4+ 7tr) + ¢|tt) already satisfies
the continuity equation.”

To study the interference effects, we investigate the transmitting region where only two terms are
relevant, e.g., only [¢) = ¢|x) + x|¥imp) contributes. The bond current from site i to site j is
then given by

2
Jimvg =5 Im s (Y10) (71¥) (3.20)
2
== Tty { [G120uli) (G 190) + X1 (impli) ) + [ 63 (i 8) 1) + 6" x4011i) o) |
normal current for |¢x) — 0 since real

interference term linear in ¢

where the first term, proportional to the transmission 7 = |¢|?, gives the normal through current
for the transmitted state. The second term vanishes since, assuming time-reversal invariance,
|imp) does not carry a current on its own. The interesting term is the third one, where inter-
ference effects occur between the local impurity state |timp) and the transmitted wave. Explicit
calculations show that this term carries the ring currents.® Near an antiresonance, the transmis-
sion amplitude ¢ changes its sign, but x remains finite. [Xres(E) = 77 Pres (617 —€B) + O(E — Eres)]
Therefore, the total sign of the interference term changes simply due to the sign change in the
transmission amplitude. This explains the ring current reversal near such antiresonances.

A similar (much shorter) analysis for the interference effects in carbon nanotubes due to structural
(Stone-Wales) defects has also been reported by Im et al. [146].

3.3.2 The role of broken path symmetry in two-path models

In Fig. 3.14, we show several TB two-path models with and without ring currents. This serves two
purposes. First, we show that the physics described by our model is general, and not restricted to
exactly one two-path model. Second, we discuss how exact symmetries can suppress the emergence
of ring currents.
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Tight-binding models with ring currents

Tight-binding models without ring currents

ENJT
t . t/:E \é: t ~ t
Jml Q t/A'Bjml

) ]

-1

—2t —t 0 t 2t
Energy E

Transmission, currents [jiy),
magnetization [Ajin]

(a) 4-site ring model with symmetry-breaking on-site
potentials +e in the paths. This leads to current
backflows running opposite the total current direc-
tion. [e=t; m.=(j—jr)A/2; the dotted curves are
+8(E/t)'+8(E/t)? and +16(E/t)?]
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(b) 4-site ring model with different hoppings ¢’, ¢ in the
paths which is not sufficient to generate backflow currents,
i.e., all currents remain positive: jr,g(E) >0 VE.
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(c) 6-site ring model where the symmetry of the two
paths is broken by different hoppings ¢ and ¢'.
[t'=t/2; m.=(js—jr)A/2]
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(d) 6-site ring model with the same hopping ¢ inside the
two paths. The difference in hoppings of the paths to the
leads is not sufficient to generate backflow currents.
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(e) 4-site ring model where the leads are connected
asymmetrically, forming different path lengths. In
such a model, no further symmetry-breaking terms
(in hopping elements or on-site energies) are needed
to allow for current backflows.  [m.=(3j8—j1)A/4;
dotted curves are +4(E/t)*+2(E/t)* and +4(E/t)"]

Legend

transmission 7 (E)
= total current jiotal ——
top current jp —
bottom current jp

magnetization m,

Figure 3.14: A selection of tight-binding (toy) models with (left column) and without (right column)
ring currents. Ring currents include current backflow, i.e., the current through (at least) one path
becomes negative at some energies: jr < 0 or jg < 0.



3 Application I: Narrow armchair graphene nanoribbons

The first model, Fig. 3.14a, is the already discussed two-path model but with a restricted pa-
rameter set (t'=t, ep=—ep). As discussed, it shows ring currents with sign changes near the
antiresonance. The asymmetry in the on-site potentials is important for this model. Without this
asymmetry, no antiresonances and ring currents are observed, cf. Fig. 3.14b. Here, the symmetry
t'|T) < t"|B) prohibits ring currents, i.e., the top current jp must flow in the same direction as
the bottom current jp.

On-site potentials are not a necessary ingredient for the emergence of rings currents. In larger
rings, e.g. a 6-site ring as in Fig. 3.14c, different internal hoppings are sufficient. Since the graph
is bipartite (and without on-site potentials), the model is particle-hole symmetric, resulting in a
mirror-symmetry for the transport quantities around zero energy. Thus, the two antiresonances are
symmetric to zero energy. Both feature a quadratically vanishing through current and a linearly
vanishing magnetization. The different inner hoppings are important in this model. Without that
difference, no ring current emerge, cf. Fig. 3.14d. We conclude, that exact symmetries relating the
inner structure of two paths are sufficient to suppress ring currents; see Appx. C.5 for a detailed
(formal) proof.

The last model, Fig. 3.14e, shows the emergence of ring currents due to asymmetric path lengths.
Again, such a model is particle-hole symmetric, forbidding a sign change in the transmission am-
plitude at Eyes = 0. Instead, the transmission amplitude goes as ¢res x (E — Eres)Q. This behavior
causes quadratically vanishing ring currents (proportional to ¢.es) and a quartic dependence of
the transmission, Tres = |¢res|? o< (B — Eres)t.

We conclude that the investigated physics is general. Ring currents are proportional to the trans-
mission amplitude ¢ near antiresonances, and therefore, they always exceed the through current
which is quadratic in ¢. Only exact symmetries are able to suppress the phenomenon. Since such
exact symmetries are (nearly) always broken in experiment, we expect local ring currents in all
geometries that include rings.

3.3.3 Multi-particle interaction effects: a DMRG study

So far, we worked with (effective) one particle theory. In our TB (toy) models, interaction effects
were ignored, and on the DFT transport level, interaction is effectively treated at a mean-field
level. Therefore, the question whether ring currents survive explicit interaction effects was never
touched. For that, we cite the master thesis of B. Schonauer[148]. Although there are many studies
of explicit interaction effects in TB models, the work of Schénauer is of special importance to our
work since he studied the interaction effects on the bond currents using the same TB two-path
model as used in this thesis, cf. Fig. 3.13a for the TB model.F

In his work, density matrix renormalization group (DMRG[149, 150]) was used to study the
influence of interactions on the time-dependence of bond currents. The interaction was given by
a nearest-neighbor density-density interaction,

AH = U |fr fipr + et i + A Aoy + Ay ﬁT] : (3.21)
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3.3 Tight-binding (toy) models explaining the ring current formation

where U > 0 is the repulsive interaction and 7, is the density operator of site x. The interaction
was restricted to the 4-site ring structure. The leads were assumed non-interacting, but correlation
effects in the leads were kept.

An example of his investigations is shown in Fig. 3.15. There are two main effects. First, the
upper and lower link currents exceed the transmitted current significantly, and most of the time,
one of them flows against the total current direction. Thus, explicit interaction effects do not
destroy ring currents, at least not in principle. This is the most important result of Schénauer’s
work in the context of this thesis.

Second, his work shows that there are even more open questions related to ring currents. As shown
in Fig. 3.15, the bond currents oscillate in time. Schonauer was able to relate the frequency w
of the current oscillations to the energy difference between the many-body groundstate of the
uncoupled ring structure and its first excited state. So far, an estimate for the time-scale on

which (if at all) the oscillations decay to a steady state is not available and remains an open
question.

Please refer to Schonauer’s thesis[148] as we are neglecting many (numerical and physical) details.

0.04
< 0
=
—~
=
&
§ -0.04
o transmitted current
o upper link current
lower link current
_008 i 1 " 1 n I n I
5 10 15 20 25 30

time ¢ [1/]]

Figure 3.15: Time-dependence of bond currents in a two-path TB model which includes a nearest-
neighbor density-density interaction. At time ¢ < 0, the system is prepared in the groundstate with
an applied bias voltage Viias. At time ¢ = 0, the bias voltage is instantaneously switched off and the
system evolves according to the Schrodinger equation. Cosine functions with frequency w (solid lines)
are fitted to the numerical data (circles). Numerical parameters: t=t'=J, er=0.5J, eg=0, U=2J,
t"=0.5J, eVhias=0.4J. Plot reproduced with permission of B. Schénauer[148, Fig. 4.9].
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Notes to chapter 3

The notes are for completeness, reproducibility and to help interested readers understand all the fine technical details.

The superposition of several current channels in pris-
tine AGNRs is a simple summation of all channels. No
interference effects occur between the channels. The
interference effects are already included in the band-
structure determining the spatial shape of the individ-
ual bands/channels. (page 38)

We write that the width of an AGNRN¢ is only ap-
prozimately equal to L, = (Nc + 1)a, because it is
unclear where the exact border is; how much “space”
do the hydrogen atoms “occupy”? The choice L, =
(Nc + 1)ay is a simple choice consistent with TB con-
siderations. Implementing hardcore boundary condi-
tions as in Eq. (3.1) in a TB model could be done by
adding one additional site (the hydrogen site) at each
border with an infinite on-site potential. In that case,
the width L, is proportional to Nc+1. (page 41)

There is evidence that an AGNR5 with a nitrogen sub-
stituent (placed on position 3) does not feature spin-
polarization. In FHI-AIMS, a spin-polarized DFT cal-
culation with an initial spin density of unity at the
nitrogen atom converges to a nearly spin-unpolarized
solution. The states at the Fermi energy of the fi-
nite cluster are split by 3.5meV in the different spin
channels whereas the average level splitting (of ten
states near the Fermi energy) is about 200 meV. For
states away from the Fermi energy, the spin splitting
is even smaller. This remaining spin-polarization is
probably due to the need to stop the SCF iteration at
some point. (Basis set: tierl, convergence settings:
sc_accuracy_rho/eev/etot 7E-5/1E-3/1E-6)

Furthermore, open-shell and closed-shell calculations
yield the same transport behavior. In Fig. 2.8, we com-
pared closed-shell calculations (with fractional occupa-
tion numbers using FHI-AIMS) with the majority spin
channel (@) of collinear open-shell calculations (with in-
teger occupation numbers using TURBOMOLE). Indeed,
we observed a good collapse of all data curves. The
minority channel (8) looks slightly different due to dif-
ferent occupation induced by an overall odd number of
electrons in combination with integer occupation num-
ber. Allowing for fractional occupation numbers as in
FHI-A1Ms, a collinear open-shell calculation converges
to the closed-shell calculation. (page 46)

D An alternative explanation for the partitioning used in
Eq. (3.19) is to move all terms directly proportional to
the scattering amplitude ¢ to the transmitted wave. On
the technical level, the partitioning separates the con-
tribution of the two paths, in a symmetric and anti-
symmetric part:

T|T) + B|B) = (322)
(3.10a) L (8112) i1t/ sink
= 2¢7 - D
—— ——
_T+B T-B

(1) -18)) .

anti-symmetric

5 (D+18)+—

symmetric

The symmetric parts contribute to the total through
current and are therefore included in [¢y). The asym-
metric terms remain in |9imp). (page 54)

Here, we explicitly evaluate the interference term

=2 Tty [ X (Wi ) 191) + 6 X (1) (Gl
(3.23)

near the antiresonance E=Fes. [The interference term
was originally defined in Eq. (3.20).] We restrict our-
selves to the top path, i.e., to jr := jr—1, meaning
i =T, 7 = 1. The second part of the interference term
vanishes because (1|thimp) = 0. We are left with the
first part,

t

P G ofhres

.interf. 2 ’ ’/*\ —N
JTres = ﬁImt |:¢r95 © Xres ° <¢imp|T> . <1|?/}t>] + ...
~~ ——
G)ll'es (E - Eles) 1
tsin kres
= 95 |¢rles|2 (ET - 5B) (E — Eres) + ...,
2h
Jin/4

(3.24)
which exactly reproduces the top current jr . near the
antiresonance, cf. Eq. (3.18). (page 54)

F In addition to the TB (toy) model shown in Fig. 3.13a,
B. Schonauer[148] replaced the link ¢ directly between
the 4-site ring and the two semi-infinite TB chains by
a weak link t" < t. (page 56)



Chapter 4

Application lI:
Graphene with hydrogen adsorbates

We investigate the current density j(r) in hydrogenated armchair graphene
nanoribbons (AGNRs) with finite hydrogen coverage with about 103 carbon atoms.
We start, in Sec. 4.1, by studying the linear current response of a rectangular
graphene flake (16x83) for a fixed hydrogen concentration. We discover pronounced
patterns in the local current density, namely current vortices, that induce orbital
magnetism. The current density follows a lognormal distribution, that reflects
in broad (spatial) fluctuations. This indicates that the magnitude of the ring
currents in several spatial regions exceeds the average (through) current by orders
of magnitude. The associated magnetic fields exhibit strong fluctuations and large
field gradients. To observe the spatial fluctuations of the induced magnetic fields,
we propose a NMR-type experiment in the presence of an applied bias voltage.

In Sec. 4.2, we discuss the dependence of our results on the system size. Our
predictions aim at the bulk limit, i.e., for experimental sample sizes, which are
typically larger than the systems accessible to DFT transport. Additionally, we
cover the effects of finite bias voltages, different adsorbate concentrations, and
different adsorbate types. In all cases, the general features—large current vortices
and a lognormal distribution of the current density—remain.

In Sec. 4.3, we analyze the magnetization m,, effectively the average
sense of rotation of all current vortices. We predict a total magnetization of

(m2) ~ 1upg - v/Vhias/ V which scales with the square root of the bias voltage,
and is independent of the system size.

Effects of lattice relaxation, especially crosstalk between several adsorbates
via their interaction in terms of lattice strain, can play an important role for the
optimal lattice geometry. In Sec. 4.4, we study the relaxation effects in hydro-
genated AGNR41. We find that the crosstalk indeed feeds back into the electronic
structure, the transmission function and the local current density. However, the
qualitative (statistical) features of the current density remain unaffected.
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4 Application II: Graphene with hydrogen adsorbates

(a) AGNR16x83 (b) AGNR8x41

Figure 4.1: (a) A wide hydrogen-terminated armchair graphene nanoribbon (AGNR16x83) that has
been functionalized with 20% hydrogen atoms. The functionalized area (16x83 carbon atoms including
hydrogen termination and additional 266 adsorbed hydrogen atoms) has been geometrically relaxed
using DFT. The ribbon is extended (infinitely) in z-direction by pristine AGNR83 employing an infinite
lattice algorithm. (b) A smaller sample (AGNR8x41) with 20% hydrogen adsorbates (i.e., additional
66 adsorbed hydrogen atoms). [Plot shows carbon atoms in gray, hydrogen atoms in red. Transport is

in z-direction.]
4.1 Transport through wide hydrogenated AGNRs

We start our investigations by considering a wide armchair graphene nanoribbon: an AGNR16x83
which is functionalized with 20% hydrogen, see Fig. 4.1a. This is one of the largest AGNRs avail-
able to our DFT transport method. For comparison against finite size effects, we also employ a
smaller sample (AGNR8x41), also functionalized with 20% hydrogen, as shown in Fig. 4.1b. The
hydrogen adatoms are randomly positioned above and below the carbon atoms. (For construc-
tion details, see Appx. A.1.) The AGNRs are geometrically relaxed using DFT until all remaining
forces drop below 1072 eV/ A. For our simulations, we use closed-shell DFT with tier1 basis func-
tions using the Perdew-Burke-Ernzerhof functional (PBE)[151] as implemented in FHI-A1mMs[130].

We chose hydrogen because hydrogen is one of the common adsorbates on graphene seen in
experiment. The concentration of 20% is selected due to two reasons: (i) experiments are usually
performed with a (quite large) finite concentration, (ii) the concentration should be below the

percolation threshold of 30.3% site defects.*
In this section, we focus on transport effects in the linear response limit of AGNR16x83/AGNR8x41
with a fixed hydrogen concentration of n = 20%. We defer investigation of the detailed size depen-

dence, effects of a finite bias voltage, different adsorbate concentrations, and different adsorbate
types to Sec. 4.2. The effects of spin polarization on the current density are deferred to the

following chapter, especially to Sec. 5.2.4.
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4.1 Transport through wide hydrogenated AGNRs
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Figure 4.2: Transmission functions T (red, left y-axis) and sample magnetization per bias dm, /dViias
(perpendicular to the graphene plane, dashed black, right y-axis) belonging to the ribbons shown in
Fig. 4.1. The transmission features many antiresonances; in the vicinity of the antiresonances, the
sample magnetization dm,/dVpias shows sign changes. The transmission functions 7Tpristine (orange,
left y-axis) of pristine ribbons exhibit sharp steps and a small band gap at F = ep with 7 = 0. The
blue arrow marks the energy for which the current density and magnetic field response are plotted in
Fig. 4.3. [DFT details: FHI-AIMS, basis set tierl, closed-shell. For the AGNR16x83, there are two clipped peaks in the
magnetization at E—ep = 0.102€V (and 0.217€V), reaching up to dm./dV = 67.8 ug/V (and 50.1 ug/V), respectively.]

4.1.1 Transmission and magnetization

As a first evidence that sizable ring currents, as discussed in Chap. 3, also exist in larger samples,
we plot the transmission and the total magnetization (per bias) in Fig. 4.2 for both AGNRs.
The ring currents reflect in a non-zero total magnetization dm,/dVi.s. [Total magnetization:
m = 1 [r x ja(r)dr, cf. Eq. (2.16).] The transmission function, 7(E), is strongly peaked; each
peak reflects an individual current carrying sample states. The many maxima are separated by
very sharp antiresonances.

A suppressed transmission (7=0) in this setup should be understood as a consequence of quantum
interference. The adsorbates split off resonant levels from the conduction band continuum. In the
present case, the hydrogen adsorbates force the underlying carbon atom into an sp3-hybridization.
Thus, the former m-electron of the carbon atom is removed from the m-band. The associated quasi-
localized state contributes a separate transport channel that can interfere with the original ones.
At the antiresonances, the interference is destructive and the transmission vanishes. The mag-
netization dm,/dWas follows the peak structure of the transmission; at most antiresonances,
it also changes its sign. Such physics is described by the same mechanism as in Sec. 3.3: sign
changes in the transmission amplitude are induced by quantum interference effects, and reflect in
a quadratically vanishing transmission function, but in linearly vanishing local ring currents.
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Figure 4.3: (a) Local current density response (integrated over the out-of-plane direction) for the hy-
drogenated AGNR16x83 shown in Fig. 4.1a. The current exhibits very strong mesoscopic fluctuations
that reflect in a logarithmic color scale covering five decades. Some interesting current paths are drawn
in the picture for illustration. Plot shows current amplitude (color), current direction (arrows), carbon
atoms (gray crosses), and hydrogen atoms (red crosses). (b) Induced magnetic field (in out-of-plane
direction). The magnetic field strongly varies and changes sign from region to region. The field is
plotted in the (averaged) carbon plane (2=0), but being divergence free, it hardly changes with z.



4.1 Transport through wide hydrogenated AGNRs

4.1.2 Current density response and induced magnetic field
Current density

Figure 4.3a shows the current density response in AGNR16x83 at the energy corresponding to the
transmission peak marked by a blue arrow in Fig. 4.2a. The current flow follows indeed a com-
plicated filamentary pattern, and more importantly, the flow has a pronounced tendency to form
ring structures (eddies) with a local current strength that exceeds the (average) through current
by orders of magnitude (see dark red regions). Also, local backflow channels where the current
runs against the average current exist. Such local backflow channels are evidence of ring currents
of a larger spatial extend. In general, large current fluctuations—the current density in Fig. 4.3a
covers five decades (see logarithmic color scale)—are characteristic for mesoscopic fluctuations
of wavefunctions in disordered media[152]. The latter manifest as reproducible fluctuations of
the transmission (cf. Fig. 4.2) with an amplitude corresponding to the order of one conductance
quantum when control parameters like the energy are varied, e.g., by gating.

We checked that the current density response at other transmission peaks is qualitatively the
same: local ring currents exceed the average through current by orders of magnitude, and the
current magnitude strongly varies from region to region. This is to be expected also from the
magnetization response plotted in Fig. 4.2 since the latter shows the same features over a broad
energy range.

Magnetic fields

The strong fluctuations in the current density induce a highly inhomogeneous magnetic field,
see Fig. 4.3b. The sign of the out-of-plane component B, changes from region to region. The
resulting magnetic islands strongly vary in size, ranging from subatomic distances up to several
nanometers. This is an additional evidence for current eddies of different size since each magnetic
island correspond to a ring current which encloses the corresponding region.

Remark on m,, my, B;, B,: We have restricted ourselves to the magnetization m, and mag-
netic field B,(z=0) perpendicular to the graphene ribbon. The other components of the magne-
tization are suppressed by an approximate z-mirror symmetry. For example, the magnetization
(per spin) induced by the current density of Fig. 4.3a is calculated as m = (—0.7,0.5,67.8) ug/V.
It perfectly aligns in z-direction. [The finite grid error for each component is in the order
of Ami?j y = 2ug/V so that mg, m, vanish within our systematic error bounds.] The in-plane-
components of the magnetic field, B, and By, also follow an approximate z-mirror symmetry, i.e.,
every contribution above the carbon plane is canceled by an opposite contribution from below.
Additionally, the divergence condition 0,B, + --- = 0 reduces the z-dependence of B, while the
features of B, By wash out quite fast when moving away from the carbon plane (see Appx. D.2.2
for an example).
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4 Application II: Graphene with hydrogen adsorbates

4.1.3 Distribution functions of the current density and the induced magnetic field
Current density

We already discussed that the current density has a broad distribution since its magnitude covers
five decades as shown in Fig. 4.3a. In this section, we quantify the current density distribution,
and see that it is logarithmically broad, i.e., described by a lognormal distribution.

Figure 4.4 shows the distribution

P(nz) =

| fdz 32(0)
Z (5 lnIL’ - ].n - .~ |:j;>vg;y = % = }fz;] (4’1)

Points jgvg;y

of the current density response ji = dji/dViias, integrated over the z-direction. To form a dimen-
sionless quantity, the integrated current density is normalized to the average through current per
width jgy ey, and the logarithm of the ratio is investigated. (To avoid overcrowded distribution
plots, we use a diamond ¢ to mark linear response quantities, i.e., X® = dX/dVjpjas.)

We first note that the distribution of the current magnitude follows (nearly perfectly) a lognormal
distribution

1 Inz — p)?
Plognormal(ln l‘) = \/ﬂa exp |: — (n:;o_zm] s |:m = ‘fdz jo‘/jgvg;y] (42)

which has been parameterized by the mean value p and the standard deviation o of the simulated
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Figure 4.4: Distribution function for the current density response j*™ = [dzdj/dViias (integrated
over the out-of-plane direction and normalized to the average through current) of an AGNR16x83 at
E—er=0.104€V (as shown in Fig. 4.3a). The lognormal distribution Piognormal has been parameter-
ized by the calculated mean y and standard deviation o of the distribution P[In([j*™|/jS,q,)]. It
appears as a (downward opening) parabola in the double-logarithmic plot. The values u and o also
determine Pcomponent Which is the expected distribution function for a single component of a vector
whose magnitude is lognormal distributed, assuming that all components are equivalent (see text and
Appx. D.5.2).
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4.1 Transport through wide hydrogenated AGNRs

current magnitude.® Most surprisingly, the mean value—the most frequent value—is significantly
larger than zero, u > 0. The mean value u refers to the current density normalized to the average
through current. Therefore, already the most probable (i.e. typical) current density value (maxima
of the Piognormal in Fig. 4.4) exceeds the average through current by a factor of e# ~ 14. Due to
the continuity equation, this must imply the presence of strong ring currents, as seen in Fig. 4.3a.

Next, we turn to the distributions of the individual current components j, /., cf. Fig. 4.4. These
distributions are asymmetric with long tails for smaller values. The asymmetry and the long
tails are expected and coincide well with the analytical expectation Peomponent- The distribu-
tion Pcomponentv

Peomponent (I |z4]) = /d«p P(p) /dcos@ P(cos ) x
~—— ———

or —1 /2
+o0o
X / dInz Piognormal(In ) 6 (In || — In(|z cos 0])) (4.3)
—0o0
= il 24
ez xz ( 1 xz o~
= — 4+ —1In ) with 7 := e,
2 V2 V20
describes individual components x; of a vector whose magnitude = = |x| follows a lognormal

distribution with mean y and width o. An additional assumption in the calculation of Peomponent is
that all three vector components are equivalent, i.e., the spherical angles ¢ and cos 6 are uniformly
distributed: P(p) = /2= and P(cosf) = 1/2 (see Appx. D.5.2 for the analytical calculation of

Pcomponent ) .

Surprisingly, the assumption of equivalent vector components seems to hold true for the current
density distributions shown in Fig. 4.4, i.e., the distribution for the out-of-plane current com-
ponent (j.) coincides with the distributions for the in-plane current component (j,/j,). This
happens only for a large impurity concentration (cf. Sec. 4.2.2) where the graphene sheet is no
longer locally flat but strongly distorted since many carbon atoms are moved out of the average
carbon plane due to sp3-hybridization. Therefore, we relate isotropic current density distribution
functions to lattice deformation in the out-of-plane direction.

The assumption of uniformly distributed angles can also be checked directly by calculating the
distribution functions of the angles, see Fig. 4.5. The in-plane angle ¢ is indeed (nearly) uniformly
distributed, while the distribution for the out-of-plane angle cos 6 is only approximately uniform.
The remaining features are an enhancement of cos = 0 (jLe,) and cosf = £1 (j||e.).

The first peak (cosf=0)—describing a preferred current flow in the carbon plane—is expected.
The second peak (cosf==+1), however, is unexpected since it describes currents perpendicular
to the graphene plane. In that case, some of the electronic orbitals that form the hydrogen-
carbon bonds participate in the transport. (See Appx. D.2 for additional cuts through the three-
dimensional current density.)

In summary, we found that the magnitude of the current density follows a lognormal distribution,
centered at a current value which exceeds the average through current. This is important since
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Figure 4.5: Distribution functions for the azimuthal angle ¢ and the polar angle 6 of the current
density response joi"t = J dzdj/dVisas (integrated over the out-of-plane direction and normalized to
the average through current) of an AGNR16x83 at F—erp=0.104€V (as shown in Fig. 4.3a). [jgit =

oIt sin 6 cos , j5it = |jO| sin fsinp, jIT = [§oIt| cos 0]
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Figure 4.6: (a) Distribution functions for the magnetic field response B® = dB/dVjas (in the carbon
plane, z=0) of an AGNR16x83 at E—ep=0.104¢eV (as shown in Fig. 4.3b). (b) Distribution functions
of the angles of the induced magnetic field.

[BS = |B°|sinfcosp, BY = [B°|sinfsing, BS =|B°|cos, By = (n0dliotal)/ (47 LydViias) = (oeT) /(4w Lyh) |

these current contributions must refer to ring currents due to the continuity equation. (Since the
current density integrated over any cross section yields the through current, any local enhancement
must result in backflow somewhere else.)
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4.1 Transport through wide hydrogenated AGNRs

Magnetic field

The distribution functions for the magnetic field component are shown in Fig. 4.6. They may
be relevant for NMR-type experiments since they determine the distribution of the NMR-shifts
(cf. Sec. 4.1.4). Since the magnetic field is induced by the current density, one expects a similar
distribution for both. Indeed, the absolute value of the magnetic field also follows a lognormal
distribution. On the other hand, the magnetic field has a preferred direction: the z-direction. The
angles cos = 1 (B||e,) are more likely than angles with in-plane contributions, see Fig. 4.6b.

Remark: The current density decays exponentially at the transition from the graphene flake to
the vacuum. We are not interested in these border effects. They start to emerge in the vicinity
of the hydrogen termination. Therefore, only current contributions at least one carbon ring away
from the border are included in the distribution functions. Similarly for the magnetic field. Please
refer to Appx. D.5.3 for details.

4.1.4 Observable consequences of nanoscale ring currents

Detailed mappings of the current flow have been attempted relatively recently. In 2000, Topinka
et al.[153, 154] investigated the current flow through quantum dots (QD) embedded in a two-
dimensional electron gas, and measured the change of the conductance 0G(r) induced by placing
a charged AFM-tip in the current flow at position r. A large change in dG(r) was related to a
large current density at point r (before disturbing with the tip). They observed a rich filamentary
structure. However, the original interpretation of the pattern in terms of current flows has been
questioned, later. Indeed, the conductance change dG(r) is not necessarily directly proportional
to [j(r)]. Instead, in the course of the analysis[155], it was emphasized that, strictly speaking,
dG(r) reflects the sensitivity of the scattering states to local perturbations at position r. The
dependence of the scattering states on the (perturbed) scattering potential V' (r) is nonlocal due
to the quantum-mechanical origin. Placing a tip somewhere, may influence the current pattern far
away since it changes the local phases, and thereby influences quantum-interference effects directly.

Since the local current density is not easily measured directly, it is important to look for indirect
evidence. The induced magnetic field provides such indirect evidence. A manifestation of current
eddies are strong fluctuations in the local magnetic field. Such magnetic fields could feed back
into the current flow itself and induce spin-relaxation. Furthermore, they could potentially be
detected in experimental setups that allow to perform a measurement of the nuclear magnetic
resonance (NMR) in the presence of a current. Also, one can think of a direct mapping of the
induced magnetic field, instead of a mapping of the current density.

Spin-relaxation due to the induced (inhomogeneous) magnetic field

In leading order perturbation theory, the spin-relaxation rate is 7, ! ~ (ugBo)*7, where By is
the typical strength of the random magnetic field and 7 denotes the time it takes the electron
to move from one current loop to the next[156]. For the magnetic field depicted in Fig. 4.3b, we
expect upBg/h ~ 100MHz at Vij.s = 1mV.© This value is in the range typical of hyperfine-
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interactions. When other sources of spin-relaxation are missing, e.g. spin-relaxation induced by
spin-orbit interaction is weak, the current-induced spin-relaxation might become the relevant
source of spin-relaxation. In particular, for strongly disordered films, the relaxation rate 75 formally
diverges due to multiple scattering events, i.e., the electron is “trapped” in current loops around
scattering centers[157]. On the other hand, recent works indicate that spin-orbit interaction may
be significant in hydrogenated graphene, enhanced by lattice distortion[158-160], and therefore it
is momentarily not clear if current-induced spin-relaxation is a relevant mechanism in graphene.

NMR-type experiment

Second, we discuss a potential NMR-type experiment. The important part is to measure the
NMR-resonances in the presence of a current. In the case of hydrogenated graphene, one would
focus on the spin of the hydrogen cores, i.e., spins of individual protons. In addition to the NMR-
shift due to the chemical environment, the observed NMR-shifts depend on the induced local
magnetic field, and therefore depend on the applied bias voltage. If one is able to reconstruct the
atomic structure (via NMR or otherwise), and is able to follow individual NMR-resonances, one
might “see” the ring currents emerge when slowly increasing the bias voltage. Since the NMR-
shifts measure the local magnetic field, one can in principle measure the orbital current flow with
atomic precision in a global experiment. Admittedly, such an NMR-type experiment would likely
be challenging because it needs to be performed under an applied bias voltage.

Direct mapping of the magnetic field

A direct measurement of the induced magnetic field pattern could be possible using Lorentz
transmission electron microscopy (LTEM)[161, 162]. A high energy electron beam is shot through
the sample. The beam is deflected by the magnetic field in and near the sample. Measuring the
angle of deflection, the magnetic field can be reconstructed. The advantage of this method is
that it directly gives the spatial dependence (in contrast to NMR and spin-relaxation which first
average over the sample). Resolving larger magnetic islands, in the order of nanometers, would be
sufficient to show the existence of the current eddies. When increasing the bias voltage, current
eddies at different positions would dominate, and one would see the creation and destruction of
magnetic islands.

4.2 Influence of system details and bias voltage
on the local current density

We presented the linear current density response and the induced magnetic field for a large flake
(AGNR16x83) in Sec. 4.1, and discussed the physical implications. In this section, we investigate
if the picture of local current vortices must be altered when details in the transport setup are
varied. First, in Sec. 4.2.1, we analyze how the statistics of the individual scattering states evolve
for different sized AGNRs as well as for different hydrogen concentration (Sec. 4.2.2). Next, in
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Figure 4.7: Overview over all hydrogen-terminated AGNRs used to study the size dependence. The
colored boxes mark the region that is functionalized with 20% hydrogen atoms. Two different aspect
ratios are investigated: square (W/L = 1, green boxes) and wide (W/L = 3, blue boxes) AGNRs.
The self-energies, representing the semi-infinite leads, only depend on the width of the AGNR, i.e., on
the number of transverse carbon atoms N¢. The self-energies were therefore stored on hard disk and
recycled (Cf. remark at end of Sec. 21.3). [Plot shows carbon atoms in gray, hydrogen atoms in red. Transport

is in m-direction.]

Sec. 4.2.3, we discuss the effect of a finite bias voltage, i.e., how several transport states add up.
The effects of a different adsorbate, hydroxyl groups, is discussed in Sec. 4.2.4. In all cases, we
find the qualitative picture of current vortices remaining unchanged.

4.2.1 System size dependence

System selection: wide and square AGNRs

In this section, we investigate the dependence of the observed phenomena on the system size. For
this purpose, we employ differently sized AGNRs as shown in Fig. 4.7. We employ two different
width-to-length ratios: square AGNRs with W/L = 1 and wide AGNRs with W/L = 3. Both sets
of AGNRs are functionalized by 20% hydrogen which were randomly positioned above and below
the carbon atoms. Then, the structures were geometrically relaxed until all remaining forces drop
below 1072eV/A. For further construction details, please refer to Appx. A.1.
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Figure 4.8: Local current density response (integrated over the out-of-plane direction) for the hydro-
genated AGNR34x59 shown in Fig. 4.7. The current exhibits very strong mesoscopic fluctuations that
reflect in a logarithmic color scale covering four decades. Some interesting current paths are drawn in
the picture for illustration. Plot shows current amplitude (color), current direction (arrows), carbon
atoms (gray crosses), and hydrogen atoms (red crosses).
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Figure 4.9: Magnetic field response (in out-of-plane direction) induced by the current density response
shown in Fig. 4.8. The magnetic field strongly varies and changes sign from region to region. The field

is plotted in the (averaged) carbon plane (2=0), but being divergence free, it hardly changes with z.
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AGNR34x59

A candidate for wide AGNRs was already discussed in the previous section. As candidate for
square AGNRs, we shortly discuss the emergence of ring currents in AGNR34x59. The trans-
mission function 7 (E) of AGNR34x59 is also dominated by individual sharp peaks (only shown
in Appx. D.7.1, Fig. D.13e). We checked that the magnetic response dm,/dV.s also shows the
known sign changes at most antiresonances (not shown). We thus presume that the aspect ratio
of the AGNR has a minor influence on the discussed qualitative physics.

We check this conjecture in Fig. 4.8 and Fig. 4.9, which show the current density response and
the induced magnetic field for an energy corresponding to a transmission peak. Again, we see the
usual pattern: ring currents exceeding the average through current by orders of magnitude and
large spatial fluctuations resulting in a color scale covering four decades. The induced magnetic
field shows again magnetic islands of strongly varying size. We note that the ratio of the maximal
current density normalized to the average through current is in the order of 10? whereas for the
wide AGNR16x83 it was larger, in the order of 103. An similar tendency can be observed in the
magnetic field response. We, thus, presume that the effect of current vortices is more pronounced
in wide AGNRs. This is supported by the magnetization m, which features larger values for wide
AGNRs, see Sec. 4.3.

The distribution functions shown in Fig. 4.10 show that the current magnitude still follows a
lognormal distribution, and the angles are still approximately uniformly distributed. The distri-
butions are smoother due to the larger number Npgints of spatial points used in the calculation.
The very small difference between ¢ = 0 (j, > 0) and ¢ = £7 (j, < 0) results in the small average
through current. All together, this supports the previously discussed results of Sec. 4.1.
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(a) Distribution of the current density (b) Distribution of the current density angles

Figure 4.10: (a) Distribution function for the current density response jot = J dzdj/dVisas
(integrated over the out-of-plane direction and normalized to the average through current) of an
AGNR34x59 at F—ep=—366meV (as shown in Fig. 4.8). (b) Corresponding distribution functions
for the azimuthal angle ¢ and the polar angle 6.
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4.2 Influence of system details and bias voltage on the local current density

Characterization of distribution function via mean p and width o

To further quantify the statistics of individual scattering states—especially their size dependence—
we apply the following procedure: For all systems shown in Fig. 4.7, we calculate the transmission
function which always features a peak structure near the Fermi energy. Then, we choose transmis-
sion peaks near the Fermi energy and calculate the current density response, the induced magnetic
field, and the corresponding distribution functions. We do not present the raw data explicitly (all
data is given in Appx. D.7), but instead, we focus on the distribution functions of the current
density, and characterize them by their mean g and standard deviation o. These moments refer
to the logarithm of the integrated current density normalized to the average through current, as
employed in Figs. 4.4 and 4.10a.

Figure 4.11 shows the size dependence of the mean p and standard deviation o averaged over all
selected energies. We see a weak dependence on the AGNR size. If anything, the mean p decreases
slightly for larger systems whereas the width ¢ increases. For all systems, p+ ¢ > 2, meaning that
a significant portion of the current density exceeds the average through current by two orders of
magnitude. [Remember that u and o are the moments of the lognormal distribution.] Because of
the continuity equation, this can only result in significant ring currents.

Simply calculating the moments p and o does not ensure that the current distributions follow
a lognormal distribution. We manually checked the current distributions, see Appx. D.7, and
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Figure 4.11: Flow of the mean p and width o of the lognormal distribution of the magnitude of
the current density response in different AGNRs with 20% hydrogen adsorbates. For each AGNR,
the current density response is calculated at several energies (each with peaks in the transmission).
The mean p and width o of the corresponding distribution function is averaged over all considered
energies. The analogue is performed for the three deviation measures APx. (Note that the deviation
measures APy are multiplied by a factor of two, c.f. plot legend. For geometries, see Fig. 4.7.)

73




4 Application II: Graphene with hydrogen adsorbates

indeed, the magnitude of the current density always follows a lognormal distribution. To visualize
this verification in the flow diagram, Fig. 4.11, we define a deviation measure Ap, ,

2

AP1nj X \//dlnx ’11173(111 (L‘) —In Plognormal(ln (L‘) ) (4.4)

that measures the deviation of the distribution function P(In x) from a lognormal distribution (pa-
rameterized with correct center and width), i.e., it measures the deviation from the (downward
opening) magenta parabola plotted in Figs. 4.4 and 4.10a (see Appx. D.5.1 for the full defini-
tion of Ap, . including integration cut-off). Similarly, we define the measures Ap, and Ap__,
that quantify the deviation of the current density angles from a uniform distribution (again, see
Appx. D.5.1 for a formal definition). For our purpose, deviation measures below unity are evi-
dence that the current magnitude and the angles of the current density approximately follow a
lognormal and uniform distribution, respectively. Please note that Ap_ decreases monotonously
for increasing system size. Thus, in the limit of large system sizes, the in-plane angle ¢ seems to
be perfectly uniformly distributed. That means that local current fluctuations, i.e. ring currents,
are isotropic and completely mask the through current. In such a case, one might expect a power
law behavior, e.g., an inverse linear dependence on the system size, Ap, o< N, 1 Our data is

carbon”
compatible with an exponent of —1 (but also with many others due to a small statistics).

We thus conclude that the magnitude of the current density response follows a lognormal dis-
tribution, irrespective of the size of the AGNR. A significant portion of the current distribution
exceeds the average through current by orders of magnitude leading to strong current vortices.

Remark: Here, we based our investigations on AGNRsN¢ with No=3m—1 (m € N), in which
streamlines emerge in the pristine case (cf. Chap. 3.1). In Appx. D.7.3, we investigate hydro-
genated AGNR42 and AGNR43, and find no qualitative differences for the other classes, No=3m
and Ng=3m—2.

4.2.2 Impurity concentration

Until now, we worked with a fixed hydrogen concentration of n = 20%. In this section, we vary the
hydrogen concentration from 0% to 40% at fixed system size. We already discussed the limiting
case of pristine AGNRs with zero concentration n = 0% in Sec. 3.1. [The distributions of pristine
ribbons are shown in Appx. D.5.4, Fig. D.12.] Now, we simulate transport through AGNR41 with
varying hydrogen concentration. In all cases, the leads are given by pristine AGNR41. Thus,
the self-energies are identical, and stored on hard disk for recycling. To study the current density
statistics, we repeat our procedure: From the calculated transmission function, transmission peaks
are selected, and the associated current density responses and distribution functions are calculated.
In Fig. 4.12, we plot the flow of the mean p and width o of the distribution function averaged
over the selected energies. For finite concentration, i.e., n > 1%, the mean p is above zero so
that significant portions of the current density exceed the average through current. The width o
hardly depends on the concentration. The deviation measures Ap are more interestingly. They all
increase for small impurity concentrations, Ap,, ; and Ap,_, even diverge. The magnitude of the

cos 0
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Figure 4.12: Flow of the mean p and width o of the lognormal distribution of the magnitude of the
current density response for an AGNR41 with varying concentration of hydrogen adsorbates. For each
concentration, the current density response is calculated at several energies (each with peaks in the
transmission). The mean p and width o of the corresponding distribution functions are averaged over
all selected energies. The analogue is performed for the three deviation measures APx. In pristine
AGNRs, n = 0%, there are no transmission peaks. The averaging was performed over six energies
with 7 = 1; all showing identical streamline patterns. (Note that the deviation measures APy, ; and

AP, are multiplied by a factor of two, c.f. plot legend.)
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(b) AGNR24x41 with 40% H

drogen adsorbates. The out-off-plane current component j, shows a qualitatively different distribution
function when compared to the in-plane current component j, and j,. (b) Corresponding distribution
functions for the azimuthal angle ¢ and the polar angle #. The azimuthal angle ¢ is approximately

uniformly distributed. In contrast, the distribution of polar angle cosf shows as significant peak at
cos f = 0 which favors the in-plane current component (jLe,). A Lorentzian %W (y=0.04)

is shown for comparison.
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current density is no longer lognormal in pristine ribbons and cos is not uniformly distributed
for small concentrations. Thus, there are two questions: (i) how is the current density distributed
for small but finite concentrations, e.g. for n = 1%, and (ii) how are the angles then distributed?

To answer this type of questions, we tend to the current distribution for n = 1% as shown in
Fig. 4.13a. The magnitude of the current distribution still follows a lognormal distribution and
the in-plane current components also follow the expected behavior given by Peomponent- The
distribution for the out-of-plane current component (j,) is however shifted to smaller values, i.e.,
in-plane current components dominate. This is consistent with the angle distribution shown in
Fig. 4.13b. The polar angle cos 8 is no longer near a uniform distribution but shows a pronounced
peak at cos@ = 0. Please note the logarithmic scale. Thus, for smaller hydrogen concentrations,
we find that the current density flows mainly along the graphene plane. Only minor current
contributions from the bottom to top side exist. This is what one expects in pristine AGNR,
the current near the Fermi energy is solely carried by m-orbitals. The m-orbitals have a node in
the graphene plane and cannot mediate a current contribution from one side to the other. For
higher concentrations, more and more m-electrons form bonds to the adsorbed hydrogen atoms.
The remaining o-orbitals (z-mirror symmetric) start to contribute. That way, current paths
connecting both graphene sides exist.

4.2.3 Finite bias voltage

Current density for eVhias > A [bias voltage > level spacing]

So far, we discussed the current density response dj/dVi.s induced by an infinitesimal bias voltage
dVhjas, i-€., the limit in which the applied bias voltage Vi,s is much smaller than the level spacing A.
In this section, we investigate the opposite limit, a large bias voltage eViias > A.

Applying a finite bias voltage involves the integration of current contributions over an energy range
of width eVpias. This is computationally demanding and therefore we restrict the investigation
to 20% hydrogen on the medium sized AGNR8x41 whose atomic structure and transmission
function have already been presented in Fig. 4.1b and Fig. 4.2b, respectively. The level spacing
of the AGNR8x41 near the Fermi energy is approximately A ~ 50meV (cf. Appx. D.1). We use
a bias voltage of Viias = 1V, summing over about N = eVjas/A = 20 states.

The current density induced by Viias = 1V is shown in Fig. 4.14a. The current density exhibits a
streamline-type pattern carrying the total current (from top to bottom) that is overlaid by strong
fluctuations that reflect in a logarithmic color scale covering three decades. Local current vortices
(eddies) still exist, but mostly encircle only single carbon rings. Although they still exceed the
average current by about one order of magnitude, they are not as prominent as for infinitesimal
bias voltage.

We explain this behavior in the following way: Inside the bias window, individual transport states
exist which all show current vortices of varying sizes. These vortices are differently positioned,
and by summing over the states, the vortices encircling several carbon rings are washed out. Only
the smallest vortices (encircling one carbon ring) survive. On the other hand, contributions to
the average through current cannot cancel each other. Therefore, the average through current
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Figure 4.14: (a) Local current density for the hydrogenated AGNR8x41 (shown in Fig. 4.1b) at
a finite bias voltage Vias = 1V. The current density integrated over the out-of-plane direction
normalized to the average through current javey, = Itotal/Ly. The current density exhibits a
streamline-type current pattern carrying the total current (from top to bottom) that is overlaid by
strong fluctuations that reflect in a logarithmic color scale covering three decades. Local current
vortices encircle mostly only single carbon rings. (b) Magnetic field (in out-of-plane direction) induced
by the current distribution shown in panel (a). Induced magnetic field (in out-of-plane direction).
The field is plotted in the (averaged) carbon plane (2=0). (c) Distribution function for the current
density j™/jave:y = | dzj/jave;y shown in panel (a). (d) Corresponding distribution functions for the
azimuthal angle ¢ and the polar angle 6.



4 Application II: Graphene with hydrogen adsorbates

becomes larger compared to the current vortices. On a quantitative level, the analysis is as follows:
Adding up current vortices scales like adding up random numbers, i.e., increasing like v/A’. On the
other hand, the through current increases linearly, Iiota1 o< N. Therefore, the current fluctuations
normalized to the average through current are expected to decrease as 1/v/N.

The induced magnetic field still shows random magnetic islands, see Fig. 4.14b. The amplitude By
of the field fluctuations is about By ~ 10 mT. This is larger than our earlier estimate, By ~ 1 mT
(cf. Sec. 4.1.4), for a single transport state. Here, we integrate over about N & 20 states, so that
a larger field of about VN ~ 4.5 is expected if the transport states add up randomly. [Since
the through current increases linearly with the number of transport states, this means that the
magnetic field per through current decreases as 1/v/N.]

The distribution functions of the finite current density normalized to the through current are shown
in Figs. 4.14c and 4.14d. They show the same features as before: the magnitude of the current
density follows a lognormal distribution, all three individual current component are equivalent.
The mean p = 0.61 of the lognormal distribution is however shifted to smaller values reflecting in
the reduced dominance of the current vortices observed in Fig. 4.14a. [For comparison, u 2 2 for
an infinitesimal bias voltage.]

The distributions of the angles are still similar to the infinitesimal bias voltage case, but the small
bump at ¢ = 0 evolved to a significant peak in P(y). This peak accounts for a significant net
current through the ribbon. [¢ = 0 refers to a forward flow, while ¢ = £ refers to backflow.]

Thus, for eViias/A = 20, we see the same qualitative features—current vortices and a broad lognor-
mal current distribution—as for an infinitesimal bias voltage (eVhas/A — 0). On a quantitative
level, however, we observe that the magnitude of the current vortices (normalized to the through
current) is reduced and we expect that for large bias voltages or larger samples (eViias/A > 100)
streamline patterns of the through current dominate, current vortices are further reduced and
vanish in the limit eVias/A — 00.

Current density evolution for continuously increasing Vjas

Instead of looking at a single bias voltage, one is also interested in the evolution of the cur-
rent density and its associated distribution functions for continuously increasing the bias voltage.
We focus on the evolution of the current distribution function which is characterized by the mo-
ments x4 and o. (A selection of current density plots for varying bias voltage is given in Appx. D.3,
Fig. D.4.)

As a preparation, we consider the transmission 7 and the density of states (DOS) p plotted over
the integrated number N of transport states, as shown in Fig. 4.15 (bottom). This choice of the
x-axis has the advantage that the individual transport resonances (peaks in 7 and p for N < 15)
are equidistant; of course, the area below the curves no longer correspond to the energy integral.
[The transmission function as function of the energy FE is shown in Fig. 4.2b.] From the individual
equidistant peaks, we conclude that each peak in the transmission refers to a separate state in the
sample.
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Figure 4.15: (top/center): Flow of the mean u (red) and width o (green) of the lognormal distribution
of the current density magnitude in hydrogenated AGNR8x41 (shown in Fig. 4.1b). Additionally,
several deviation measures APx are shown. In the top panel, the current density response is taken at
a specific energy, j(E) = dj/d(eVhias)| &, whereas the current density is integrated from the Fermi energy
to the chosen energy in the center panel, j = fi dE’ j(E"). (Note that the deviation measures APy
are multiplied by a factor of two, c.f. plot legend.)

(bottom): Transmission function 7(E) and DOS p(FE) taken at energy E(N). The z-axis (of all
panels) is not the energy E but given by the number of states A/ (integrated DOS from Fermi energy
to energy F); that way, the transmission peaks (for ' < 15) are equidistant. They are evidence that
the current is carried by individual sample states. For convenience, the energy E(N) is given on the
right y-axis (dashed black). [The small current arrows (red, green, blue, magenta) on top of each panel mark the
energies for which explicit distribution function are shown in Appx. D.5.4, Fig. D.10 and Fig. D.11. ]

In Fig. 4.15 (center), the moments of the current density distribution for a finite bias voltage Vijias
are shown. The bias voltage is related to the number of states N by N = fi p(E")dE" with
E = ep + eWVpjas, i.e., N = 0 refers to Vs = 0. We checked that the distribution for the current
magnitude remains lognormal for all bias voltages, cf. the deviation measure Ap, (see also
Appx. D.5.4, Fig. D.11 for example distributions). The center p of the lognormal distribution
moves to smaller values but stays above zero, u > 0. Hence, the lognormal distribution is always
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centered at current values above the average through current. Its width o 2 1 is virtually constant,
i.e., it does not depend on the bias voltage Wiis. At first glance, this is somewhat surprising:
averaging N uncorrelated distributions, one would expect the width of the average distribution to
decay as 1/ VN. One has to keep in mind that we do not average the distribution functions but
the spatially resolved current density. Spatial fluctuations in the current density are correlated
across different transport states belonging to nearby energy, i.e., regions with small (or large)
local current density feature a small (or large) current density for a broad energy window. [The
results fit the discussion for Vi, = 1V showing a lognormal distribution for the current density
magnitude for Viis = 1V, cf. Fig. 4.14c.]

Last, in Fig. 4.15 (top), the moments of the distribution of the current density response for
infinitesimal bias voltages are shown. The number of states N refer to the energy E at which the
current density responses are calculated. Again, the distributions remain lognormal for all energies,
cf. the deviation measure Ap, . (see also Appx. D.5.4, Fig. D.10 for example distributions). Note
that the peaks of the moment p are shifted with respect to the peaks in the transmission 7. This
behavior is due to the normalization of the current density to the average through current, i.e.,
to the transmission. At antiresonances, the transmission vanishes faster (usually quadratically)
than the induced current vortices (usually linearly). At zero transmission, the mean p of the
ratio between current density and transmission then diverges. In the plot, the peaks are not fully
resolved. The actual sample points are therefore marked.

Remark: A finite bias voltage involves an energy integration, which is performed numerically
by rastering the energy landscape and using a simple trapezoidal integration rule. A common
energy spacing, as used for the discussed AGNRA41 near transmission peaks, is 6 = 1 meV. This
might feel unnecessarily small (much smaller than the average level spacing A ~ 50 meV), but the
peaks are not uniformly distributed, and some peaks are only of width A ~ 10 meV. We still need
several energy points to resolve them properly. To ensure converged energy integrals, we always
check that quantitatively same results are obtained if only every other integration point is used.

4.2.4 Adsorbate chemistry: hydroxyl groups

So far, we mostly discussed hydrogen adsorbates. In this section, we demonstrate that the effects
do not qualitatively depend on hydrogen to be used as adatoms. We observe the same effects for
hydroxyl groups.

Structure

We use an AGNR24x41 functionalized with 5% hydroxyl groups® (OH-groups) as shown in
Fig. 4.16. The hydroxyl groups are randomly positioned above or below carbon atoms and the
whole structure is geometrically relaxed. The procedure is identical to the procedure used for hy-
drogen adsorbates (cf. Sec. A.1) with the addition that the hydroxyl groups are randomly oriented
before relaxation, i.e., the hydrogen atoms point in random direction (but with fixed C-O-H angle).
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Figure 4.16: A hydrogen-terminated armchair graphene nanoribbon (AGNR24x41) that has been
functionalized with additional 5% hydroxyl groups (49 OH-groups). The functionalized area (24x41
carbon atoms including hydrogen termination and hydroxyl groups) has been geometrically relaxed
using DFT. The ribbon is infinitely extended in z-direction by pristine ribbon AGNR41. [Plot shows
carbon atoms in gray, hydrogen atoms in red, oxygen atoms in dark green. Transport is in z-direction.]
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Figure 4.17: (a) Transmission function for the AGNR24x41 functionalized with 5% hydroxyl groups
shown in Fig. 4.16. The transmission shows the usual peak structure near the Fermi energy. At
the marked peak (E=ep—164.5meV, red box), the current density response is calculated (shown in
Fig. 4.18). (b) Distribution function for the current density response j** = [ dzdj/dViias (integrated
over the out-of-plane direction and normalized to the average through current) calculated for the
transmission peak marked by a red box in panel (a). As before, a lognormal distribution Piognormal
and the distribution Peomponent €xpected for equivalent vector components are shown for compari-
son. They have been parameterized only by the calculated mean p and standard deviation o of the

distribution P[In([j*™|/j%,g.y)]-
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Figure 4.18: Local current density response (integrated over the out-of-plane direction
AGNR24x41 functionalized with 5% hydroxyl groups (shown in Fig. 4.16). The current exhibits very

strong mesoscopic fluctuations that reflect in a logarithmic color scale covering four decades. Some in-

teresting current paths are drawn in the picture for illustration. Plot shows current amplitude (color),

current direction (arrows), carbon atoms (gray crosses), hydrogen atoms (red crosses), and oxygen

atoms (green crosses).
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4.3 Magnetization m, modeled by independent magnetic moments

Transmission and current density response

The transmission 7 (E) through the ribbon is shown in Fig. 4.17a. T (F) exhibits the expected
peak structure near the Fermi energy. The current density response calculated at the marked
transmission peak is shown in Fig. 4.18. We see the familiar picture: current vortices exceed-
ing the average through current by orders of magnitude. The associated distribution functions
are presented in Fig. 4.17b. The magnitude of the current density follows a lognormal distribu-
tion. The in-plane components j,/j, follow the expectation for equivalent vector components
(cf. Appx. D.5.2). The out-of-place component j, follows a shifted distribution, as it is also the
case for hydrogen adsorbates at small concentrations. The shift is comparable to a hydrogen
concentration of 5% (cf. Fig. D.15i in Appx. D.7.2). This suggests that—from the point of view
of the statistics of the current pattern—there is no significant difference between H and OH-
adsorbates. We thus expect that the distribution for j, coincides again with the ones of j,./j, for
larger hydroxyl concentrations.

4.3 Magnetization m . modeled by independent magnetic moments

So far, we focused on local quantities: the current density, the induced magnetic field, and the
associated distribution functions. Since spatially averaged quantities are experimentally easier to
access, we here analyze the total magnetization m, which is a measure for the average sense of
rotation of the current vortices. [Total magnetization: m = % [T X ja(r)dr, cf. Eq. (2.16).] In
fact there are two types of averaging procedures involved: (i) a spatial averaging over sample area,
and (ii) an energy average over different states in the bias window.

4.3.1 System size dependence: ((dm_/dViias)?) o< Nearbon

We first focus on the spatial averaging procedure. For that purpose, we analyze the magne-
tization dm,/dWy.s for the hydrogenated AGNRs already used before, see Sec. 4.2.1. For the
size dependence, we already calculated the current density response for several energies (all se-
lected energies feature transmission peaks). The magnetizations induced by these current den-
sity responses—together with their mean and standard deviations—are shown in Fig. 4.19a and
Fig. 4.19b, separately for the two different system ratios. The mean value is close to zero whereas
the standard deviation increases with increasing system size. One might expect a power law be-
havior with exponent 1/2, i.e., an increase like v/N, where N is the number of carbon atoms in the
functionalized area. [Our data is compatible with an exponent 1/2. But our low statistics—typical
for ab initio studies—would also allow other exponents.]

A square root behavior can be motivated by a simple model that considers m, as a sum of N/2
uncorrelated magnetic moments with magnitude jiring and random signs. [There are N/2 carbon
rings in an AGNR with N carbon atoms.] In other words, we assume that each carbon ring carries
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Figure 4.19: Dependence of the magnetization dm,/dV.s (per bias) on the system size. For each
AGNR, the current density response is calculated at several energies (each with peaks in the trans-
mission). The corresponding induced magnetizations dm,/dVias (green crosses) are averaged. The
mean (red cross) is near zero while the standard deviation (red bar) increases with system size. In-
dependent magnetic moments fiing located at each carbon ring—randomly oriented in either up or

down direction—predict a width of fiing/N/2 (blue line). The values of jiring are determined by fits
to the calculated standard deviation of the sample data. (The raw data is listed in Appx. D.6. For
geometries, see Fig. 4.7.)

a magnetic moment fiying Which randomly points in the up or down direction.® We thus expect a
Gaussian distribution with zero mean,
dmz peak
=0, 4.5
(T (@5)

Ugfr?:{/dv = pring V N/2, (4.6)

which increases with the square root of the number of independent magnetic moments. The
magnitude of the magnetic moment jiing per carbon ring is estimated by fits in Fig. 4.19a and
Fig. 4.19b. The value for wide systems (W /L=3) exceeds the value for square systems (W/L=1)
considerably, by almost a factor of two.

and width

A dependence on the system ratio W/ L is not unexpected; the most trivial dependence is probably
a linear W/L dependence, which already manifests itself in the conductance G of clean graphene,
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4.3 Magnetization m, modeled by independent magnetic moments

G < W/L (for W >> L).F Here, we are neither in the correct limit nor do we have enough data
to estimate the dependence on the system ratio, except by noting the increase for wider ribbons.
Thus, we estimate firing ~ 0.5 ug/V (per spin) for W/L ~ 1-3, keeping in mind that fiing probably
increases for increasing W/ L.

4.3.2 Finite bias voltage: (m?) o Vhias

We now analyze the effect of a finite bias voltage on the total magnetization. In Fig. 4.20, the
voltage dependence of the magnetization (per spin) is shown for several wide and square AGNRs.
The absolute value of the magnetization tends to grow with increasing bias voltage. No clear
dependence on the system size is observable.

This behavior can be explained along the same lines as in the previous section. Instead of summing
only over space, we now also sum over energy domain. In the previous section, we estimated the
magnetic moment fiing ~ 0.5 ug/V of individual transport states using only peak values of the
transmission function. [Recall that the transmission function shows a peak structure, one peak
per transport state.] We roughly estimate the energy integrated magnetic moment pﬂiagk (for
a complete peak in the transmission) as half of the peak value firing times the level spacing A
(i.e. using the area of a triangle), i.e.,

1 A
k
Mﬂiz 9 Hring P (4.7)

Using this value, we follow again the logic of summing up randomly oriented moments. There
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Figure 4.20: Dependence of the magnetization m, (per spin) on the applied bias voltage Viias in
several AGNRs with 20% hydrogen adatoms. A simple model of magnetic moments fiying which are
independently placed at each carbon ring (in space) and at each transmission peak (in energy domain)
predicts a Gaussian distribution of the magnetic moment centered at zero (because of symmetry) with
a width of ¢, up v/ Vbias/V (see text). (For geometries, see Fig. 4.7.)
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are still N/2 carbon rings in space. Additionally, there are eVj.5/A transport states in energy
domain. The total number of moments is estimated by the product,
N evaias

N=5=

(4.8)

Assuming that all these moments are independent, the sum again follows a Gaussian distribution
with an average magnetization (m,) = 0. The width of the distribution,

Om, = /l?i?gk VN =: Cm UB \/m> (4.9)

increases with the square root of the bias voltage. The prefactor ¢,, is given by
em =27 [ring (1B/V) '] V/NA (V)1 % 0.69, (4.10)

using the estimation A =~ 15.1eV /N for the level spacing (see Appx. D.1).

In summary, we expect a finite magnetization perpendicular to the graphene plane which scales
with the square root of the applied bias voltage and is independent of the system size. The sign
of the magnetization is random but its absolute value is estimated (including a spin degeneracy
factor of 2) as“

V(m2) ~ s - /Vhias/ V. (4.11)

This estimation is still subject to the overall DF'T uncertainty. The estimated number may deviate
by a factor of order unity [i.e. give or take a factor of two]. In addition, the estimation is valid
for aspect ratios of W/L ~ 1 — 3; we expect an increase of the magnetization for larger values
of W/L.

4.4 Lattice relaxation:
influence on the transmission and local current density

Lattice relaxation

An important question relates to the effect of lattice relaxation on the transport characteristics.
To what extend are the transmission function and the current density sensitive to whether or not
the atomistic geometry is fully relaxed into its equilibrium state? To address this question, we
analyze the transport characteristics of an AGNR41 that has not been geometrically relaxed. [All
AGNRs employed so far have been geometrically relaxed.]

Clearly, there is a certain arbitrariness in the selection of the unrelaxed reference state. We try to
mimic at least the sp3-hybridization of the anchor carbon atoms. Therefore, we adopt the following
procedure: We start with an unrelaxed structure consisting of a regular hexagonal carbon lattice
(bond length doc = 1.439 A) with hydrogen termination. The adsorbed hydrogen atoms are then
placed vertically above or below the carbon atoms with a bond distance of dcy = 1.095 A (see
Appx. A.1 for further details). The carbon atoms (with the adsorbed hydrogen atoms) are moved
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unrelaxed | relaxed (AGNR8x41) | relaxed (AGNR34x59)

ducy | 1.095A | 1.119 £0.008(F0015) A | 1.119 £0.007(F)0%) A
dyn | 1.439A | 2.100 £ 0.024(T00a0) A | 2.124 £ 0.043(F)057) A
deocy | 1.439A | 1.428 £ 0.024(T0955) A | 1.426 +0.026(F3122) A
doocy | 1.523A | 1.513 £0.010(T0550) A | 1.512 £ 0.011(T00a8) A
degoy | 1439A | 1.566 +0.016(13928) A | 1.560 + 0.010(T5-923)

Table 4.1: Effect of lattice relaxation on the bond lengths dxy (measured between atom type X and
type Y). To reduce boundary effects, we take only atoms into account which (a) were fully relaxed
and (b) are at least 3 carbon atoms away from the ribbon boundary (in y-direction). Atom types:
hydrogen atom (H) adsorbed on a carbon atom (Cy), and carbon atoms (Cp) without any hydrogen
adsorbates. In case of two hydrogen atoms (dpp or doycy ), both hydrogen atoms are located on the
same side of the graphene flake. For the relaxed AGNRA41, the distances are given as m + a(ﬁz;“n")
where m is the average value, o is the standard deviation and m + Apax/min is the maximal/minimal
value. In the unrelaxed AGNRA41, all distances are exact in the sense that no spatial variations exist.

(b) relaxed structure

(a) unrelaxed structure

Figure 4.21: Example of lattice relaxation when two hydrogen adsorbates sit on neighboring carbon
atoms. (a): Unrelaxed structure with hydrogen adsorbates placed directly above the carbon atoms
(see text). (b): DFT-relaxed structure (see text). The hydrogen atoms (red spheres) repel each other
to make room for their electron cloud. This also pushes the anchor carbon atoms (gray spheres) apart.

out of the graphene plane by 0.5A to represent the sp®-hybridization. This geometry serves as

unrelaxed reference state. For the relaxed structure, we additionally structurally relax all atoms

of functionalized area (device region excluding contact region) until all atomic forces drop below
~2eV/A. The relaxed AGNR41 was shown in Fig. 4.1b.

We illustrate the change of the lattice constants due to relaxation in Tab. 4.1. The most important
effect is that hydrogen adsorbates sitting on adjacent carbon atoms repel each other (dgy grows)
and also pull their anchor carbon atoms apart (dc,cy, grows). This effect is also shown in Fig. 4.21.
Additionally, the bond-lengths are no longer the same everywhere in the ribbon but depend on the
local impurity configuration, e.g. the carbon-carbon bond length dc,c, (for carbon atoms without
hydrogen adsorbates) deviates up to 5% from its average value.
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Figure 4.22: Comparison of the transmission through the relaxed and the unrelaxed version of the
hydrogenated AGNR8x41 shown in Fig. 4.1b. Additionally, the number of channels of the pristine
AGNRA41 is shown (orange). [DFT details: FHI-AIMS, basis set tierl, Closed-shell}

Relaxation effects on the transmission function

The transmission functions of the relaxed and unrelaxed AGNR41 are displayed in Fig. 4.22.
Major modifications can be seen: neither the peak structure near the Fermi energy (see zoom-
in) nor the transmission for higher energies can be reproduced. Therefore, we conclude that the
details of the transmission function, especially the peak positions, are not only sensitive to where
the adsorbates are placed, but also to the induced lattice distortion.

Relaxation effects on the current density

Next, we check the local current density. Since already the transmission function (total current
per bias) differs, it does not make sense to expect the current density responses taken at specific
energies to coincide: they certainly differ. Since the transmission of the unrelaxed AGNR41 shows
a familiar peak structure near the Fermi energy, one might hope that the current density contri-
butions are just slightly shifted but that a integrated current density is still correctly reproduced.
To check this, we apply a finite bias voltage of Vias = 1 V. The current density and the related
distribution functions of the unrelaxed AGNRA41 are shown in Fig. 4.23. The current density of
the relaxed lattice has already been shown in Fig. 4.14. Already at first glance, one detects sig-
nificant differences between the current patterns. Thus, the lattice relaxation is also affecting the
local current paths.

On the other hand, we see that the qualitative features—current vortices and broad distributions—
are reproduced with the unrelaxed lattice as well. This is not surprising since we know that
these general features are reproduced for several different impurity types (cf. Sec. 4.2.4). In the
unrelaxed lattice, the hydrogen adatoms exert a different influence on the electronic structure,
e.g., no crosstalk. They effectively behave as impurities of a different type.
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4.4 Lattice relaxation: influence on the transmission and local current density
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Figure 4.23: Local current density and corresponding distribution functions for the unrelaxed version
of the hydrogenated AGNR8x41 shown in Fig. 4.1b at a finite bias voltage Vs = 1V. This is
the analogue figure to Fig. 4.14 which shows the local current density and corresponding distribution
functions for the relazed version of the hydrogenated AGNR8x41.

Our result bears a relevance for tight-binding simulations of disordered graphene flakes in the
limit of large defect concentrations. Generic tight-binding studies ignore the crosstalk that two
(or more) adsorbates can have via their interaction in terms of lattice strain. We expect that
this crosstalk plays an important role, at higher concentrations, for the optimal lattice geometry.
As our study shows, the crosstalk feeds back also into the electronic structure, the transmission
function and the local current density.
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Notes to chapter 4

The notes are for completeness, reproducibility and to help interested readers understand all the fine technical details.

Percolation theory analyzes how many sites of a regu-
lar (infinite) lattice (where only neighboring sites are
connected) can be removed before the lattice disinte-
grates, i.e., before the spanning cluster vanishes. Span-
ning clusters are connected clusters of the same order
as the system size. The spanning clusters are important
for transport effects since only they provide connected
paths between far away regions.

In a hexagonal lattice (as graphene), n < 30.3% ran-
dom sites can be removed before the spanning cluster
vanishes. For the exact percolation threshold see, e.g.,
Ref. 163.

Therefore, we focus on hydrogenated graphene with hy-
drogen concentration below 30.3% so that paths exist
that only involve carbon atoms which do not carry ad-
sorbed hydrogen atoms. (page 60)

Throughout this thesis, the mean p refers to the spatial
average of the logarithm of the current density normal-
ized to the total through current, i.e.,

=50
n|—m—— =u.
[total/Ly a
z,y
On a linear (non-logarithmic) scale, the average of the
local current density is

’de.](r)' :e‘u+02/2
Itotal/Ly vy ’

which also includes the width o of the lognormal distri-
bution. (page 65)

(4.12)

(4.13)

The magnetic field response in Fig. 4.3b is in the or-
der of dB/dVhias = 1 T/V. The width of the transmis-
sion peak (see Fig. 4.2a) is in the order of 6E = 1 meV.
Thus, applying a finite bias voltage of Viias = 1mV,
we expect a magnetic field of Bo = 1 mT, or equivalent
usBo/k ~ 100 MHz. (page 67)

The reader might wonder, why we use a concentration
of 5% hydroxyl groups rather than our standard choice
of 20%. Since the hydroxyl groups are larger than sin-
gle hydrogen adatoms, randomly placing a large con-
centration on graphene leads to collisions, i.e. hydrogen

E

atoms of hydroxyl groups anchored on neighboring car-
bon atoms are too close. A geometric relaxation of such
a system would take enormous computational resources.
Instead, we tried placing 20% hydroxyl groups in one
sublattice (although this significantly differs from a ran-
dom configuration). Even then, the hydrogen atoms
can get close, and in some positions, H2O separates in
the geometric relaxation, leaving a single oxygen rad-
ical. Chemically, we expect the oxygen to be highly
reactive and to bind to nearly everything in the envi-
ronment. In our simulations, the geometric relaxations
are performed without an environment, and the oxygen
stays without additional bonding partners leading to lo-
cal charging effects. Nevertheless, we analyzed the sys-
tem. It also features current vortices compatible with
our results. (page 80)

Summing up such random contributions is equivalent
to a one-dimensional random walk[164, 165] taking N/2
steps with step size firing. (page 84)

In pristine graphene, the zero bias conductance G is
given by

; 4e* W
=G =—— 4.14
G=GF"Tler)= =0, (L19)
valid in the wide system limit, W > L [115, 166, 167].
The W/L-dependence is due to the number of bands
growing linearly when increasing the system width.

(page 85)

For a Gaussian distribution, the root mean square ex-
pectation value is equal to the width of the distribution,
i.e., for the magnetization (per spin), we expect

(m2) = om, = 0.69uB - /Vbias/V , (4.15)
whereas the expectation of the absolute value
2 2
mz|) =4/ = V{m2) =4/ = om,
(Il = /= V) = /2 o)

~ 0.55 UB - \/VbiaS/V

is reduced by a constant prefactor \/2/7. (page 86)



Chapter 5

Spin effects

In this chapter, we investigate the effects of spin polarization on the transport
behavior, which has not been considered so far in this thesis. After a short in-
troduction into spin DFT with an emphasis on spin-orbit interaction (Sec. 5.1),
we focus on spin-flip effects in transport through hydrogenated graphene ribbons
in Sec. 5.2. We find that the spin-flip transmission can reach the same order of
magnitude as the spin-conserving one. We relate this effect to exchange-interaction
rather than intrinsic spin-orbit interaction. We also investigate the spin effects on
the unpolarized current density and find current patterns featuring broad fluctua-
tions and strong ring currents, exactly as in the spin-independent case. The exact
current patterns and transmission functions depend on the exact ground configura-
tion but the generic features—broad fluctuations and ring currents—are always the
same. Thus, we presume that these qualitative features do not depend on the exact
groundstate and are also correctly reproduced in spin-restricted closed-shell simu-
lations. In Sec. 5.3, we explicitly check this conjecture for one of the systems pre-
viously discussed in Chap. 4: a medium sized AGNR8x41 with 20% hydrogen. The
qualitative results are indeed independent of the employed level of spin treatment.

5.1 DFT transport for systems with broken spin-rotational
invariance

5.1.1 Spin effects in DFT

In the previous chapters, spin effects played a minor role: a spin degeneracy of two was included
in all calculations but no further spin effects were covered. In these cases, the transport spin is
preserved. In principle, there are several reasons, why the transport spin may not be preserved.
The three most prominent ones are: (i) exchange-interaction with local spins, (ii) spin-orbit
interaction (SOI), and (iii) interaction with a magnetic field. In this chapter, we study the effects
of type (i) and (ii). Effects of type (iii) are partly discussed in Chap. 6.
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5 Spin effects

There are two well-established procedures to include spin into KS-DFT. The first and much more
common one is collinear spin DFT. Instead of working only with the total groundstate density n(r),
collinear spin DFT employs spin-resolved groundstate densities, nq(r) and n (r), or equivalently
the total density n and the spin density s=n4—n . The spin resolved densities n,(r) are separately
represented by a sum of orthonormal KS states wffls(r) The reconstructed KS Hamiltonian is
spin-diagonal, all KS spins point along (or against> the chosen quantization axis. For further
details on collinear spin DFT please refer to the literature, e.g. Ref. 168 and references therein.

An advantage of collinear spin DF'T is that it is computationally much cheaper than spinor DFT,
which is an alternative way to include spin effects to DFT. In spinor DFT, the basic idea is to
extend the KS states to two-component KS spinors

(5.1)

They represent the groundstate density
nr) = 32 [ )] WS w). (52)
l
and the spin density
sr) = 3 [ w)] Do v ), (53)
!

with o being a vector of Pauli matrices. That way, the local spin density can point in any direction,
not only parallel or antiparallel to the quantization axis. The reconstructed KS Hamiltonian can
feature spin-off-diagonal elements

KS KS
Hy® Hy

HXS = , 5.4
HIS HIS o

which, in KS transport, can allow for spin-flip transmission terms 74| and 7}4. Such terms describe
electrons whose spins flip when traversing the system (cf. Sec. 2.1.4). In the following, we use the
spinor DFT approach as implemented in TURBOMOLE [134], which, conveniently, also features an
all-electron spin-orbit interaction (SOI) module[169]. Since SOI included in spinor DFT is a less
known topic, we outline the basic idea in Sec. 5.1.2.

Remark: By default, the spin quantization axis used in TURBOMOLE is the z-axis. For an
arbitrary quantization axis n = (sin 6 cos p, sin 0 sin ¢, cos §), we use an unitary transformation

ip qin @ [
e'¥sin 5 oS 5

9 _e~lvgipn?
U—( oz, S;“2> : HYS — UHS Ut (5.5)

to rotate the KS Hamiltonian in spin space. For additional details, please refer to the master
thesis of J. Wilhelm[140, Ch. 6] who implemented the spin rotation in our transport module.
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5.1 DFT transport for systems with broken spin-rotational invariance

5.1.2 Spin-orbit interaction (SOI)
Origin of SOI

Spin-orbit interactions (SOI) originate as relativistic effects for single electrons from the Dirac
equation[170]. The Dirac wavefunctions are described by four-component spinors; half of the
components describe positron like contributions. In the low energy limit, the four-component
spinors can be decoupled into two-component spinors

o = [¥r(r)
P(r) = (%(r)) (5.6)

with a spin up and a spin down component. These two-component spinors obey a low-energy
Dirac equation:

(7:[0 + 57:[re1-scalar + 67:[SOI>1/} = Ei/J . (57)

Here, H, is the unperturbed non-relativistic single particle Hamiltonian including the standard
kinetic term p?/(2m). The relativistic-scalar corrections Hrelscalar include kinetic corrections
p*/(8m3c?) as well as the Darwin term Avey(r)h?/(8m2c?). Conceptually, they are easy to treat
because they are spin-diagonal. The interesting term, is the SOI

dHsor = chz o- [(Vvex(r)) X p} , (5.8)

because it couples the electron spin %0' with the orbital properties (Vvex) X p. This breaks spin-
rotational invariance. The SOI is proportional to the gradient of the external potential vey(r)
generated by the atom cores. Therefore, one expects a large SOI for heavy atoms but not for
graphene which consists of carbon atoms. However, recent studies show that the SOI in hydro-
genated graphene is massively enhanced by lattice distortion[158-160].

Incorporating SOI in spinor DFT

See Appz. B.2 for an overview of DFT nomenclature.

To include SOI in spinor DFT one must—at least in principle—express the relativistic energy
corrections 6 Hyelscalar and 6Hsor in terms of the densities n(r) and s(r). Since this seems hopeless,
one employs the KS formulation for the relativistic corrections in the same way as it has already
been applied to the kinetic single particle term fy,: the relativistic corrections are calculated
for the (non-interacting) KS states, and all further corrections are absorbed into the exchange-
correlation functional Fy.. The full energy functional

E{n’ S} = Z<1/}ZKS‘£kin + 5?:[rel—scalar + 5QSOI’¢ZKS>

! . (5.9)

+ 5 /dI‘ UH(I‘) n(r) + /dI‘ Uex(r) n(r) + EXC[”’ S] )
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5 Spin effects

then contains the relativistic corrections and an exchange-correlation potential Fy.[n,s] which
depends on the spin density. The other terms, the (non-relativistic) kinetic energy tkin, the
Hartree-potential vy (r), and the external potential vex(r) remain unchanged. In principle, the
energy functional E[n,s| is exact since it only defines the exchange-correlation functional Ey.. In
practice, FEx.[n,s] is usually approximated by a non-relativistic functional, e.g. by well-established
GGA- or LDA-functionals.

We have outlined only the basic idea of SOI in DFT and omitted many technical and conceptual
subtleties. For these details, please refer to the TURBOMOLE package[169, 171].

5.2 Application: narrow hydrogenated graphene ribbons including
spin-orbit interaction (SOI) & spin magnetism

We now investigate the spin-flip transmission in hydrogenated AGNR11, following closely our own
publication[111]. Here, I greatly thank J. Wilhelm who performed the spinor DFT calculations.
We consider two AGNR11 with different impurity configurations: (a) with a single hydrogen
adatom and (b) with a finite concentration of randomly distributed hydrogen adatoms, see Fig. 5.1.
The hydrogen adatoms form chemical bonds to the anchor carbon atoms which results in sp®
hybridizations of the anchor atoms. Both systems were structurally relaxed® to include the strong
enhancement of SOI due to local lattice distortion[158-160)].

5.2.1 Single hydrogen adsorbate

We start with the AGNR11 including a single hydrogen adatom. The simulated spin-dependent
transmission functions 7, are shown in Fig. 5.2. First, we focus on the situation where the total

0}30’0 %o
’ Sea0s o’»’.
. Ge®

4

(a) 1H on AGNRI1 S = (—0.12,0.01,0.99)h (b) 12H on AGNR4x11 S = (—0.16,0.04,0.86)h

Figure 5.1: Finite sized hydrogen-terminated armchair graphene nanoribbons (carbon atoms in gray)
with hydrogen adatoms (red) as used in the DFT calculation: (a) one hydrogen atom on a clean
AGNRI11, (b) 12 hydrogen atoms on AGNR4x11 (corresponds to 27% hydrogen coverage). For both
ribbons, the total spin moment S = [ s(r) d3r for the finite sized ribbon, predicted by a spinor DFT
simulation including SOI, nearly aligns with the z-axis, S ~ |S|e,. For transport simulations, the
device region (green box) is extended by (semi-infinite) leads in a-direction. The leads are represented
by closed-shell DFT calculations without SOI. Therefore, SOI is effectively restricted to the device
region (green box).
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Figure 5.2: Spin-dependent transmission of transport through an AGNR11 with one hydrogen adatom
with SOI (a,b) and without SOI (c,d); see Fig. 5.1a for the atomic structure. The quantization axis
(QA) of the incoming electrons is either (a,c) aligned with or (b,d) perpendicular to the total spin
S =~ |S|e, of the finite sized sample. The average spin-flip transmission 755 ave is calculated as
the average of both spin-flip transmissions, 755 ave = (Ey—Ey)~ ! f]ff (Try+T)4) dE, Eyjo=cp£1.5€V.
Tpristine 1S given by the number of bands in pristine AGNRI11. Please note that 744+ and 7p are
sometimes hidden behind 7} and T4, respectively. 7+ and T4, are exactly zero in panel (c). My
thanks to J. Wilhelm who performed the numerical calculations[140]. [DFT details: TURBOMOLE, basis set
SvP, spinor DFT with and without SOI]

spin of the sample and the spin of incoming electrons are (very nearly) aligned. The former points
in (near) z-direction, S = (—0.12,0.01,0.99)%; so we choose z as spin quantization axis for the
conduction electrons. The corresponding transmission functions are shown in Figs. 5.2a and 5.2¢
with and without SOI, respectively. We first note, that the spin-conserving transmissions 7,
are virtually identical, and we conclude that SOI hardly influences 75,. The most prominent
feature is a broad antiresonance in 7| which refers to the quasilocalized state induced by the
hydrogen adatom. Such antiresonances are well-known in literature and we already discussed
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them in Secs. 3.2 and 3.3. In Fig. 5.2a, the spin-flip transmission 755 (77, and 74) is very small,
in the order of 107*. And it completely vanishes in Fig. 5.2¢ due to the absence of SOL

Next, we consider the case where the spin of the incoming electrons is not aligned with the sample
spin. In Fig. 5.2b (with SOI), the spin-flip transmission is strongly enhanced, in the order of
5-1072. Slightly above the bandgap, it does significantly exceed the spin-conserving transmission.
We claim, that this enhancement is not related to SOI, but due to exchange interaction. As
evidence, we repeat the the transmission calculation without SOI, see Fig. 5.2d. The result is
indeed indistinguishable from Fig. 5.2b.

In a nutshell, the exchange-driven spin-flip can be understood as follows: assuming the sample
spin S points into a fixed direction, say the z-direction, the exchange interaction S - S¢onq turns
into S S cond ~ 02,cond Where the Pauli matrix &, cong acts on the incoming conduction electrons.
Thus, an incoming spin is conserved if fully polarized in the +z-direction. In contrast, a spin
is no longer conserved if it exhibits a component perpendicular to the sample spin, e.g., in z-
direction. Then, spin-flips become possible. In the case of a single hydrogen adatom (as presented
in Fig. 5.2), the spin-flip probability (T3, + T+)/ >_ .. Too’ reaches values near unity, for energies
near the bandgap.

Remark: Additional examples which support our analysis can be found in Ref. 111 (two hydrogen
adatoms on AGNR11) and Ref. 140 (OH groups on AGNR11).

5.2.2 Finite hydrogen concentration

To make a connection to Chap. 4, we also investigate a ribbon with a finite hydrogen concentration,
as shown in Fig. 5.1b. The corresponding transmission functions are shown in Fig. 5.3 for two
different quantization axes. First, the transmission functions show many antiresonances, leading
to strong transmission fluctuations. They are due to several quasilocalized states near the Fermi
energy induced by the hydrogen adatoms. Second, the spin-flip transmission reaches the same
order of magnitude as the spin-conserving one in a large energy window.

Notice, for both quantization axes, the spin-flip transmission is in the order of 5-1072. In contrast
to a single hydrogen adatom, the spin-flip transmission is not strongly suppressed if the spins
of the incoming electron are aligned with the total sample spin S. In fact, we could not find a
quantization axis where the spin-flip transmission is suppressed to ~ 10~4 similar to Fig. 5.2a.
From that, we conclude, that the local spin density is strongly fluctuating in space, and that only
the average is pointing in z-direction.

5.2.3 Local current density for finite hydrogen concentration

In Fig. 5.4, we show the (spin-unpolarized) local current density response for the hydrogenated
AGNRI11 of Sec. 5.2.2 based on spinor DFT calculations including SOI. The current exhibits
strong mesoscopic fluctuations covering three decades. They are related to vortices which exceed
the average current by over one order of magnitude. We compare this result with Chap. 4, in
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Figure 5.3: Spin-dependent transmission of transport through an AGNR11 with 12 hydrogen adatoms
with SOI; see Fig. 5.1b for the atomic structure. The quantization axis (QA) of the incoming electrons
is either (a) aligned with or (b) perpendicular to the total spin S & |S|e, of the finite sized sample.
See Fig. 5.2 for details on 755 ave/Tpristine- My thanks to J. Wilhelm who performed the spinor DFT
simulation of the finite ribbon[140]. [DFT details: TURBOMOLE, basis set svP, spinor DFT with SOI]
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Figure 5.4: Local current density response (integrated over the out-of-plane direction) normalized to
the average through current in the hydrogenated AGNR11 shown in Fig. 5.1b. The current exhibits
very strong mesoscopic fluctuations that reflect in a logarithmic color scale covering three decades.
Some interesting current paths are drawn in the picture for illustration: local current vortices exceeding
the spatial average current by one order of magnitude (see dark red regions). Plot shows current
amplitude (color), current direction (arrows), carbon atoms (gray crosses), and hydrogen atoms (red
CI"OSSGS). [DFT details: TURBOMOLE, basis set svP, spinor DFT with SOI}

which we simulated the local current density for much larger ribbons but enforced a closed-shell
electronic structure without SOI to reduce the computational effort. The characteristic features,
i.e., current vortices and broad fluctuations, are the same in both cases; they emerge from full spin
treatment including SOI as well as from spin restricted treatment. Therefore, we confirm that their
appearance is a fundamental property of the scattering states in hydrogenated graphene flakes.
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5.2.4 Comparison of different (approximate) groundstate spin configurations and
their influence on transmission and local current density

We now examine if and how different levels of spin theory change the current picture of Fig. 5.4.
For that purpose, we perform closed-shell, collinear open-shell and full spinor DFT calculations
with FHI-A1Ms and TURBOMOLE. Open-shell and spinor DFT simulations depend on the initial
guess of the spin configuration since the KS equations are solved iteratively and only find local
minima in the energy landscape. We use several reasonable guesses, such as an extended Hiickel
guess for open-shell calculations using TURBOMOLE[134]. The exact initial configurations are not
important for our discussion and are deferred to the notes® section. The important point is that
many possible spin configurations with (nearly) equal energy exist. In principle, we should accept
only the configuration with the lowest total energy, but since our DFT treatment is not exact
(remember the approximate functionals), and the energy differences are small (100 peV to several
meV per atom, see Tab. 5.1), the true groundstate realized in experiment might not have the
lowest energy in approximate DFT. Therefore, we perform several simulations and compare the
transport results.

We start with the transmission functions shown in Fig. 5.5. We sort the transmission curves into
two categories:

o The “closed-shell-like” category (blueish) contains transmission functions with a peak
near ¥ =e¢p —0.4¢eV and E = e¢p 4+ 0.2eV with small transmission directly below er, i.e.,
T(ep —0.1eV) < 0.1.

o The “open-shell-like” category (reddish) contains transmission functions with a peak
near F = ep — 0.15€eV but small transmission directly above ep, i.e., T(ep +0.2eV) < 0.1.

This classification was chosen since the two categories show distinct additional features, e.g., peaks
at different positions. For nearly all energies, all curves of one category are above all curves of the
other category.

Most interestingly, the transmission of the open-shell calculation (B) using FHI-A1MS lies in the
closed-shell category despite a total spin of S, = 1h, see Tab. 5.1. Also, the SOI calculation
(b) using TURBOMOLE has a nearly vanishing total spin but belongs to the open-shell category.
From that, we conclude that the total spin is not a good indicator for transport in hydrogenated
graphene ribbons.

Next, we investigate the local current density response at six energies, marked by arrows in the
transmission plot, Fig. 5.5. Inside each category, the current pattern and the current magnitude
normalized to the transmission always match (see Appx. E.1 for all plots). Between the two
categories, the current patterns do not match for all energies, see Fig. 5.6 for an example. Even
if the current patterns differ, their qualitative features—current vortices and broad fluctuations—
are present in all cases. They emerge from the full spin treatment including SOI as well as from
the closed-shell treatment. Thus, we conclude that these qualitative features are generic and do
not depend on the exact groundstate configuration. They are also correctly reproduced in (much
cheaper) spin-restricted closed-shell simulations.
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Figure 5.5: Total transmission for different DF'T calculations comparing different levels of theory:
open-shell, closed-shell, and 2-component spinor calculation including spin-orbit interaction (SOI). All
transmission curves can be categorized as either “closed-shell-like” (bluish) or “open-shell-like” (red-
dish). The arrows represent energy values for which the current density response has been calculated;
green/red arrows refer to current patterns which match/differ for the two categories. The current
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Figure 5.6: The current density for two different energies,

E=cp—0406V T(E) =0.196
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E =¢ep—0.15eV

E=cp—0.15¢V  T(E) = 0.679

E—cr = —0.40eV/—0.15€V; one for each category.

AEp[eV] | S:[A]

FHI-Avs 905 0 0
(A) FHI-amvs P | —0.478 | 1.91
(B) FHI-Amvs % | —0.016 | 0.05
(C) FHI-amvs P77 | —0.310 | 1.08

| AEg[eV] | S.[n]

Tosed
TURBOMOLE "1 0
TURBOMOLE ‘;ﬁ:ﬁ —0.626 1
AEp[eV] S[h)
—0.163
(a) T. SOI 0 —0.044
+0.860
—0.097
(b) T.SOI | —0.014 | [ -+0.021
—0.041

Table 5.1: Comparison of DFT ground
state energies Ey of the finite (uncou-
pled) cluster and of the overall spin.©
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5.3 Application: wide hydrogenated graphene ribbons including
spin magnetism

In this section, we investigate how different levels of spin theory influence the qualitative transport
features in larger hydrogenated AGNRs. We are motivated by recent studies that indicate that
hydrogen adsorbates on graphene ribbons are indeed magnetic[103, 172-176]. Therefore, one
must ask in what sense the spin-unpolarized results of Chap. 4 remain valid when spin effects
are included. As one can already speculate from the results of the previous section, we find that
generic transport features do not depend on the exact spin groundstate configuration, also not in
larger hydrogenated AGNRs.

For this investigation, we apply closed-shell and open-shell DFT to a medium sized ribbon, an
AGNRB8x41 with 20% hydrogen (as used in Chap. 4, see Fig. 4.1b for the atomic structure). For
such system sizes, we are already unable to perform a spinor DFT calculation. Even collinear
open-shell calculations are computational tedious because of a very slow SCF convergence due to
many possible spin configurations with (nearly) equal energy. The larger the system gets, the more
low lying spin excitation exist in a given energy window; making the SCF convergence extremely
costly for larger systems. Physically, this is the same effect as in a spin glass[177]: flipping a
single spin is energetically hardly suppressed if neighboring spins are also flipped. Thus, finding
the electronic groundstate of such systems is hard.

In Fig. 5.7, we show the total transmission 7 and the magnetic response dm,/dVi,s simulated
by a closed-shell (CS) and two open-shell (OS) calculations (A and B) with different initial spin
configurations.® As before, all three simulations converge to different local minima in the energy
landscape and therefore the transport properties differ. The total energy of the OS simulations
is only slightly—1.42eV and 2.78 eV—below the CS case. This corresponds to only a few meV
per atom, and one should consider all three spin configurations as energetically equal due to
approximations in the DFT functionals.

For all three systems, the transmission 7" and magnetic response dm, /dV},s differ quantitatively.
Nevertheless, the qualitative features are the same in all cases. A pronounced peak structure in T
and dm, /dVpas exists in the vicinity of the Fermi energy. The magnetic response shows the usual
sign changes near antiresonances. Also, the magnitude of the magnetic response peaks is similar
in all three cases. If anything, the magnetic response peaks are slightly higher for CS, but also
slightly sharper so that the magnitude of the energy-integrated magnetization coincides again.

Remark: We also investigated the current density pattern j(r, £) and the current distributions
functions P[In j;/jave:y] of the OS simulations directly (not shown). We found no contradiction to
any results presented in this thesis.
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5.3 Application: wide hydrogenated graphene ribbons including spin magnetism
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Figure 5.7: Total transmission and total magnetic response, comparing a closed-shell with two dif-
ferent open-shell DFT simulations. The transmission and the magnetic response include both spin
channels. The transmission shows a fine peak structure in a wide energy window for all three cases
(left panel). A zoom-in of the transmission (lower right panel) and the magnetic response (upper right
panel) show three quantitatively different cases, which still show the same generic features: a peak
structure of the transmission and several sign changes in the magnetic response.

[DFT details: FHI-A1MS, basis set tierl, closed and open-shell. Closed shell quantities have been multiplied by the spin
degeneracy factor 2. The clipped peak in dm./dVcg at E—ep = 0.105 eV reaches —22.1 uB/V.]

Summary

On the one hand, we showed that the exact spin groundstate configuration has an immediate
influence on the local current pattern. We are therefore unable to predict the exact current
paths through hydrogenated graphene ribbons. [Even if the DFT transport would predict exact
current paths, one would not expect them to reproduce the physical current path in experiment
since there is no formal connection for the general case between the KS current density and the
physical one (see discussion in Sec. 2.2).] On the other hand, we showed that qualitative features—
transmission peaks, sign changes in the magnetic response, and current vortices—remain valid,
independent of the level of spin theory. The results indicate that (much cheaper) closed-shell
calculations—ignoring local spin polarization—already allow for qualitatively correct predictions
of the local current density. That justifies the closed-shell treatment of large hydrogenated ribbons,
as performed in Chap. 4. These closed-shell results are correct on a qualitative level.
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Notes to chapter 5

The notes are for completeness, reproducibility and to help interested readers understand all the fine technical details.

In the AGNRI11 with a single hydrogen adatom
(Fig. 5.1a), only the hydrogen atom and the four near-
est carbon atoms were structurally relaxed. In the
AGNRI11 with 12 hydrogen adatoms (Fig. 5.1b), the
central AGNR4x11 (44 carbon atoms and 12 adsorbed
hydrogen atoms) was structurally relaxed. (page 94)

As initial spin configuration for the different DFT cal-
culations of Sec. 5.2.4 we used:

(A) FHI-aims open-shell: a spin moment pg on
each hydrogen atom (all pointing in the same
direction),

(B) FHI-aims open-shell: a spin moment pg on
each hydrogen atom, pointing alternatingly in
spin up and spin down direction,

(C) FHI-aims open-shell: a partial spin moment
of 0.1ug on each carbon and hydrogen atom (all
pointing in the same direction),

(a) Turbomole SOI: an extended Hiickel guess
with fast simulated thermal annealing using
the parameter $fermi tmstrt=300 tmend=10
tmfac=0.95 hlcrt=0.5 stop=1.0E-3,

(b) Turbomole SOI & Turbomole open-shell:
an extended Hiickel guess with slow sim-
ulated thermal annealing using the param-
eter $fermi tmstrt=300 tmend=10 tmfac=0.98
hlcrt=0.5 stop=1.0E-3.

The resulting total spin moments after SCF convergence
are given in Tab. 5.1. (page 98)

€ We made sure to only compare energies which are calcu-
lated by the same code with the same basis set because
otherwise the differences are due to differences in the
calculation scheme and not of physical origin. In that
sense, a closed-shell calculation is equivalent to an open-
shell calculation where both spin channels are forced to
be the same. As energy zero point, we chose the energy
of the closed-shell calculation (if available; otherwise,
we chose a random reference point). The ground state
DFT energies used as references points are

FHI-aims closed-shell: Fy = —137514.8234 €V,
Turbomole closed-shell: Fy = —137549.2636 ¢V,
Turbomole SOI: Ey = —137599.2168¢V.

They are given only for completeness. (page 99)

As initial spin configuration for the open-shell (OS) sim-
ulations shown in Fig. 5.7 we used

(A): a spin moment pug on each hydrogen atom (all
pointing in the same direction),

(B): a spin moment pp on each hydrogen atom, point-
ing alternatingly in spin up and spin down direc-
tion.

After SCF convergence, the resulting total spin mo-
ments of the entire structures are (A) S, = 21.06A and
(B) S; = 4.64h. (page 100)



Chapter 6

Magnetic feedback: Self-consistency in
the induced orbital magnetism

In this chapter, we study magnetic feedback effects on the transport behavior in
hydrogenated AGNRs. The magnetic field induced by orbital currents couples to
both, electron charge and spin. Therefore, magnetic feedback effects can—at least
in principle—significantly reduce ring currents (Lenz’s law) or alter the current den-
sity pattern altogether. To discuss these effects, we first determine (Sec. 6.1) how
an external magnetic field acts on the electron’s motion and its spin. We present
a method that includes the magnetic field into DFT a posteriori by calculating its
action on the Kohn-Sham states. In Sec. 6.2, we employ this approach to hydro-
genated AGNRs, and discuss the feedback of the induced magnetic field on the
transmission function. We estimate that the magnetic feedback is minor for the
system sizes considered and can be ignored in most cases. This result is supported
by a numerical calculation which shows changes in the transmission in the order

of O(107Y).

6.1 Theory: influence of magnetic fields

A magnetic field couples to electrons in two ways. First, it couples to the charge influencing the
motion by the Lorentz force. Second, it also couples to the spin via a Zeeman term S - B, favoring
an anti-alignment between spin S and magnetic field B.

Lorentz force: principle of minimal coupling

We include the Lorentz force by employing the principle of minimal coupling, substituting the ki-
netic momentum operator p by « = p—qA(t) with electron charge ¢ = —e and vector potential A.
The Lorentz interaction

o>

A 2 2 —alA($) - 5. A(f 2A2(4
AHLorentz — ™ _ ™ — Q[ (I’) +P (I‘)] + q (I‘) (61)
2m  2mia_g m 2m

[\
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6 Magnetic feedback: Self-consistency in the induced orbital magnetism

is given by the difference between the kinetic energy with and without vector potential A.

Zeeman interaction: S- B

The Zeeman interaction couples spin to the magnetic field. The corresponding Hamiltonian reads

AFZeeman — / S(r) - B(r)d’r (6.2)
with the gyromagnetic ratio v = L for the electron spin (including the g-factor g =2 and electron
charge ¢ = —e). Writing the spin-density operator é(r) = %6 (r — )& in terms of Pauli-matrices
0, the Zeeman interaction in spin representation is explicitly given as

. qh . ... qh [ B.(#) Bj,(#)
AfHZeeman - 45.B _ A TYL” 6.3
om? "B =5 (Bxy(r) _B.(F) (6:3)

with By := B, +iBy.

Incorporating the magnetic field into DFT

The magnetic field does not couple directly to the electron density. Therefore, incorporating
the magnetic field into DFT is not straightforward. The standard way is to employ current
density functional theory (CDFT)[178, 179]. In that case, the exchange-correlation functional
Eyc[n,s, j] not only depends on the density n(r) and the spin density s(r), but also on the current
density j(r) (see Appx. B.2 for a DFT overview). That means, that in addition to the external
fields Aext(r) and Beyi(r), there are new exchange-correlation potentials Ay.(r) = JFEx./dj(r)
and By.(r) = 0Ex./ds(r) that act on the Kohn-Sham (KS) system [in addition to the standard
exchange-correlation potential vex(r) = d Ex./dn(r)].

Formally, CDFT—as standard DFT—is exact as long as the exchange-correlation functional E\.
is exact. In practice, useful approximate functionals for CDFT are much more problematic than
in standard DFT. For that reason, we do not use CDFT to include the magnetic field. Instead,
we include the magnetic field ad-hoc by applying the above Hamiltonians directly to the KS
states, i.e., we calculate the matrix elements with respect to the orthonormal basis set |@;), using

A

P = —ihV in real space. The Lorentz Hamiltonian,

AH%orentz — <¢i|Ar]_AlL0rentz|¢j>

1 . . ~ (6.4)
— oo [ GO il AT -V + VAW + PAMD) b
and the Zeeman interaction,
AHdeman 5. A;,:[Zeeman =~
1] T <SO’L| |90J>
qh [ _., | . ~ (6.5)
=5 | & (r)é - B(r) goj(r)d3r,
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6.2 Application: self-consistency effects in graphene ribbons

then contain spatial derivatives and integrals which are solved numerically (see Appx. F.1 for
details). Compared to CDFT, our approach has the advantage that it fits seamlessly into our
framework (as presented in Chap. 2) that relies on groundstate DFT. No drastic code changes
are necessary, only the two Hamiltonian matrices AHM™"2 and AHZee™man need to be calculated.
Both matrices are then directly added to the KS Green’s function of the device region, i.e., new
terms (marked in blue) are added to Eq. (2.7) which becomes

G(E)fl _ G(I)(S(E)fl o EL(E) . ER(E) _ AHLorentz o AHZeeman ) (6.6)

Our method does not accommodate for energy contributions induced by large changes in the
groundstate density due to the applied magnetic field. (Such terms would be included in CDFT.)
Therefore, our method fails for large density changes, i.e., in the limit of very strong applied
magnetic fields. On the other hand, our method should include all relevant physics for weak to
moderate magnetic fields.

Remark: The principle of minimal coupling also affects the definition of the current density
operator

. 1 : i g
j(r,E) = 3 om rl/lg1r(Vr/ — V)G (r,v', E) + %EA(r) G<(r,r,E) (6.7)

which acquires new a term proportional to the vector potential A. Please refer to Appx. F.2 for
the derivation.

6.2 Application: self-consistency effects in graphene ribbons

In this section, we apply the presented formalism to investigate self-consistency effects of the in-
duced magnetic field in large hydrogenated AGNRs. In principle, the induced magnetic field feeds
back into the electronic structure and thereby also affects the current density with an expected
tendency to suppress it (Lenz’s law). We can solve this self-consistency iteratively, i.e., we start by
calculating the current density in the absence of magnetic fields. Then the magnetic field induced
by the current density is calculated. In the next step, the current density is recalculated in the
presence of the induced magnetic field. These steps are iterated until convergence is achieved.

In our formalism, self-interaction effects are included, i.e., the magnetic contribution induced by
the motion of a single electron also acts back on the motion of this electron. On the one hand,
the self-interaction is unphysical and should be removed. On the other hand, the self-interaction
effect is negligible if we apply a bias voltage Vias that averages over many electrons. In this case,
the relevant level spacing is given by the level spacing Ajeaq of the leads which is significantly
smaller than the level spacing A of the device. We will work in the hierarchy, eViias > A > Ajead-
Therefore, the self-interaction should not matter for a qualitative understanding and an estimation
of the order of the effect.
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6 Magnetic feedback: Self-consistency in the induced orbital magnetism

6.2.1 Estimation of the magnetic flux

First, we estimate the order of the magnetic flux related to the induced magnetic field. Second,
we use the magnetic flux to estimate the influence of self-consistency on the transmission function.

For an hydrogenated AGNR, we expect an induced magnetic field is in the order of By ~ 10 mT for
a finite bias voltage Vpias = 1V, cf. Fig. 4.14b. For a small system, we expect that most vortices
encircle only a few carbon rings. Thus, we multiply the magnetic field by the area Aing ~ 3.5A2
of a single carbon ring. This gives the magnetic flux per carbon ring,

® = Apng - By ~ 1077 ®g, (6.8)

which is significantly smaller than the magnetic flux quantum ®; = h/e ~ 4.1-10° TA? (for single-
charged electrons). The magnetic flux can be used to estimate the influence of self-consistency on
the transmission function in the following way: We expect significant effects on the transmission
function only if the electrons pick up phases in the order of 2w. Such a phase is realized if the
electron encircle an area containing a full flux quantum ®y. Therefore, we predict that magnetic
feedback effects on the transmission function are in the order of O(10~7) if single ring vortices dom-
inate. For a larger effect, one can assume that the dominating ring currents encircle several rings.
To get a magnetic flux of the order of a full flux quantum, the system size must reach 1-10 um.
Whether such a system still features fully phase-coherent transport or not is—at the very least—
arguable. [The upper end of the mesoscopic regime is usually seen at such length scales.] Thus,
also in that case, we do not expect large self-consistency effects but for a different reason.

6.2.2 Numerical calculation

Wide ribbons: hydrogenated AGNR8x41

We now apply our method (cf. sec:SC:theory) to calculate the self-consistency effects in a hydro-
genated AGNR8x41 as shown in Fig. 4.1b with bias voltage Viias = 1 V. The current density and
the induced magnetic field (without self-consistent iteration) can be found in Fig. 4.14. Since we
expect a small effect, we only calculate the first iteration step. In Fig. 6.1, we plot the transmis-
sion 7y of the zeroth iteration and the deviation AT = |7y — 71| from the transmission 77 after
the first iteration step. We find that the magnitude of the change is below 107%; at most energies
AT is even smaller. In the current density, we cannot reproduce any deviation since the numer-
ical error of the numerically performed basis function derivatives is also of the order O(10~1?).
Therefore, we conclude that self-consistency in the magnetic field has only a very minor influence
on the total transmission function and can be neglected in most cases.

Narrow ribbon: AGNRS5 with a single nitrogen substituent

We close with an additional numerical example, a narrow AGNRS5 with a single nitrogen sub-
stituent as presented in Sec. 3.2.2. We calculate the self-consistency effect for a bias voltage
of Vhias=1.145V. This bias voltage coincides with the maximal energy range between the Fermi
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6.2 Application: self-consistency effects in graphene ribbons
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Figure 6.1: Comparison of the total transmission (both spin channels) after zero and after one iteration
in the self-consistency cycle. We include AHM"% and AHZ%®™2" on top of a spin-unpolarized DFT
calculation of hydrogenated AGNR8x41, see Fig. 4.1b for the atomic geometry. The transmission
To is taken after zero iterations, i.e., without applying any magnetic field. The transmission 77 is
calculated after one iteration, i.e., with applying the magnetic field induced by the current density
of the zeroth iteration with Vs = 1V. Both transmission functions coincide in the plot. The
deviation AT = |7 — 71| reaches values up to 1079, In all cases, the antiresonances, i.e. the downward
peaks, are not fully resolved due to a finite energy raster of 0 = 0.5 meV.

100 A=
= ~ 1072
= < 1074 |
g8 To
AR 10 - T
z |
10712 ¢ ~ ‘ ‘ : ]
_3 —9 -1 0 1 2 3

Energy E — ey [eV]

Figure 6.2: Comparison of the total transmission (both spin channels) after zero and after one iteration
in the self-consistency cycle. We include AHM"% and AHZ%®™2" on top of a spin-unpolarized DFT
calculation of AGNR5 with a nitrogen substituent, see Fig. 3.7a (pos. 3) for the atomic geometry.
The transmission Ty is taken after zero iterations, i.e., without applying any magnetic field. The
transmission 77 is calculated after one iteration, i.e., with applying the magnetic field induced by the
current density of the zeroth iteration with Viias = 1.145V (integration from Fermi energy to the
antiresonance E,s). Both transmission functions coincide in the plot. The deviation AT = |7y — 71|
reaches values up to 1072, In all cases, the antiresonances, i.e. the downward peaks, are not fully
resolved due to a finite energy raster of §F = 5meV. The transmission does not vanish completely
inside the band gap (but is reduced by nine orders of magnitude) due to the limited length of the lead
system in z-direction. This methodological artifact is due to a small numerical difference between the
exact lead-induced self-energy and our approximation scheme (see decimation technique in Sec. 2.1.3).
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6 Magnetic feedback: Self-consistency in the induced orbital magnetism
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Figure 6.3: Comparison of the transmission functions in a small energy range near the antireso-
nance £ = F,e. This is a zoom-in of Fig. 6.2 with the transmission 77 split into its spin-resolved
components, i.e., 71 = >, Ti s0r. The spin off-diagonal component 774, and 77 4+ are not shown
since they are in the order O(1072%) (and below) for all energies E—cp € [—-3¢eV, +3¢eV]. The data is
marked by crosses, the solid lines are quadratic fits near the antiresonance. The respective minimum
of each parabola is marked by a colored arrow.

energy ep and the antiresonance energy FEi.s. At the latter, the induced magnetic field response
changes its sign. In other words, V;,s=1.145V is the bias voltage with the largest induced mag-
netic field in this system (see Fig. 3.11 for current density and induced magnetic field).

In Fig. 6.2, the total transmission for zero and one self-consistency iteration are compared. The
two transmission curves virtually coincide. Their difference only reaches values up to O(1079),
and thus, also for this system, the self-consistency effects on the total transmission are negligible.

If one is interested in the spin-resolved quantities, i.e., the spin-resolved transmission, the picture
changes. In Fig. 6.3, the total transmission 7y without any spin polarization is compared to
the spin-resolved transmission 7 ;o for one self-consistency iteration. The difference in the spin
channels of 71, are solely due to the self-consistency effect of the induced magnetic field. Recall
that the AGNR5 with nitrogen substituent stays completely flat, i.e., the system features a z-
mirror symmetry. Thus, the in-plane magnetic field components B, and B, are suppressed.
This is expressed in small spin-flip transmission values 714, and Tq 1 below O(1072°) for all
investigated energies. The out-of-plane component B, alone can only induce spin-diagonal energy
shifts, cf. Eq. (6.3). We observe such a shift of the spin resolved transmission curves in the order
of 2ueV. Although small, it reaches the order of the intrinsic spin-orbit interaction in pristine
graphene, where the latter opens a gap of 24 ueV at the Dirac points[180]. [The gap is larger by
an additional factor of about 20 in hydrogenated graphene[159].]

Thus, self-consistency effects on the spin-resolved transmission function are mainly described by
small energy shifts. These induced energy shifts may become relevant compared to intrinsic
spin-orbit interaction. This is consistent with our discussion in Sec. 4.1.4 of current-induced spin
relaxation, where we found that the induced magnetic field acting on the electron spins might
compete with other sources of spin relaxation.
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Chapter 7

Conclusion & Outlook

In this thesis, we applied density functional theory (DFT) in combination with non-equilibrium
Green’s function (NEGF) techniques to study the spatial structure of scattering states in graphene
nanoribbons. For that purpose, we presented a formalism which calculates the electron current
density j(r) and the induced orbital field B(r). A large emphasis was placed on parallelization,
so that an efficient scaling for up to 1000 CPU cores is achieved on a supercomputer. Although,
we have applied our implementation solely to graphene nanoribbons, it is in no way restricted
to carbon based materials. Further transport studies, especially computationally expensive ones,
can rely on our implementation also for other classes of materials.

We have employed our machinery to pristine and disordered armchair graphene nanoribbons
(AGNRs). Even in pristine ribbons, we found highly inhomogeneous current density patterns:
streamline patterns. They arise as a consequence of quantum confinement in the transverse
direction, as can be explained with simple zone-folding arguments. The current pattern displays
a threefold periodicity in the ribbon width. In pristine AGNRs(3m—1), i.e. the number of carbon
atoms in transverse direction is Nc = 3m—1 (m € N), these streamlines are separated by (almost)
vanishing current flows. We found that these streamline patterns intuitively explain the strong
position dependence of impurities in graphene ribbons. An impurity has only a strong influence
on the transport behavior if positioned inside the streamlines of the pristine ribbon. That way,
changing the position of an impurity—even by a single lattice constant—can lead to qualitatively
different transport scenarios. This effect was well-known before[81, 99-102], but we provide an
intuitive explanation in terms of streamlines. This result can also be understood as a manifestation
of a strong spatial structure in the scattering states of mesoscopic devices.

The strong spatial structure in the scattering states is even more evident if scattering centers exist.
We observed a tendency to form ring currents, current vortices, which induce orbital magnetism.
This tendency is independent of the atomistic details in the structure: it exist for single impurities
in narrow AGNRs as well as for finite impurity concentrations in large AGNRs; irrespective of
local spin polarization, lattice relaxation effects, or magnetic backfeed. We could trace the origin
of these ring currents to asymmetries in the possible interference paths by using a two-path (toy)
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7 Conclusion & Outlook

model. From that, we conclude that loop currents are expected in all generic situations with
phase-coherent charge transport in the presence of broken spatial symmetries, such as brought
about by disorder.* Hence, current vortices should be a generic feature of transport through
mesoscopic devices, whose implications have hardly been touched upon by now.

Our investigations aim at situations, where interaction effects can be modelled qualitatively by
mean field interactions, so that a single-particle picture remains valid. In this case, we expect
the general qualitative features of our DFT transport simulations to be representative of the real
physical system. For our results, that means that the qualitative features of the scattering states—
tendencies to form ring currents or streamline patterns—are of physical origin. However, the exact
physical current density pattern for a given atomic structure might deviate from the presented
simulation results.

In this thesis, we discussed orbital magnetism and induced spin relaxation as examples. Both
effects are experimentally relevant. We propose to measure orbital magnetism by an NMR ex-
periment performed under an applied bias voltage. The coupling of the induced magnetic field
to the hydrogens’ nuclear spins should allow to study the evolution of the current vortices ex-
perimentally. Alternatively, one could measure the total induced magnetization m,, which is
effectively the average rotation sense of all current vortices. We predict a total magnetization of
V(m?2) ~ 1ug - /Vhias/ V that scales with the square root of the bias voltage, independent of
the system size. Additionally, the random magnetic fields induce a new spin-relaxation channel—
spin relaxation by bias-induced orbital magnetism—which may be relevant especially for graphene
spintronics[103].

Our findings are not restricted to charge transport. The underlying idea is very general: scat-
tering states of mesoscopic samples have an inner, non-trivial structure than can lead to pattern
formation. An additional example is heat transport: Meair et al. have recently proposed the
concept of a local temperature applicable to an out-of-equilibrium situation[181]. In a meso-
scopic device connected to several reservoirs, the local particle density receives contributions from
the scattering states originating from the different reservoirs. If the reservoirs exhibit different
temperatures, the device will show local temperature fluctuations. Hot regions have dominant
particle contributions from the hot reservoir, while colder regions receive more contributions from
the colder reservoir.

As possible future applications, we think of nanoscopic devices. It might be possible to engineer
the impurity positions so that all current vortices in a given, perhaps periodic, nanostructure
rotate in the same direction. In such a case, magnetic moments would not (partly) cancel each
other but instead add up, so that a large total moment could be observed. Applying an alternating
voltage, such a device would act as a nano-transmitter. For such a nanodevice, the knowledge of
an inhomogeneous heat flow is also important since heat affects the device operations, and must
be disposed somehow. To cool efficiently, one must know where overheating is critical.

Another area for future research are three dimensional structures. We expect that our results—at
least partially—transfer to the third dimension since the physical mechanism relies on quantum
interference which only depends on the existence of asymmetric paths through the device. So far,
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it is unknown how the additional (spatial) degree of freedom influences the formation of current
vortices; one might expect a seemingly random orientation of the induced local magnetic moments,
i.e., ring vortices exist in all spatial directions. Until now, the atomistic structure of the current
paths in three-dimensions was even more ignored than in lower dimensions. Impurities, e.g. in a p-
or n-doped silicon crystal, were responsible only for changing the chemical potential and adjusting
the number of charge carriers. Their influence on the microscopic current path through the wire
was of minor importance. With the on-going effort of miniaturization—following approximately®
Moore’s law[182]—the transport behavior in integrated circuits (IC) will be governed by quantum
effects stemming from individual scattering centers. Since 2014, Intel mass-produces its CPUs
using the 14-nm technology; the next steps (10-nm, 7-nm, 5-nm) are already in preparation.
Although the numbers must be taken with a grain of salt,® it is clear that the miniaturization
cannot continue forever while relying on (semi)-classical transport theory. Quantum interference
effects and non-trivial current patterns—as discussed in this thesis—will become important, in
one way or another.
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Notes to chapter 7

The notes are for completeness, reproducibility and to help interested readers understand all the fine technical details.

As usual, system symmetries govern what effects can be
observed in principle. With spatial symmetries (inver-
sion or mirror symmetry) intact, no ring currents are
possible because both senses of rotation are equivalent.
Such a degeneracy can be lifted in several ways, e.g., by
the presence of impurities, boundary effects, or by an
applied external magnetic field. (page 110)

In 1965, Moore predicted an exponential growth of
the number of components in integrated circuits (IC)
when producing for minimal costs per component. His
prediction aimed at a timescale of about 10 years.
Today, Moore’s law is mainly used as a marketing
scheme by Intel (cofounded by Moore) and is applied

to (nearly) every quantity in computer hardware which
grows (roughly) exponentially: most prominently the
number of transistors per chip, the transistor density
and the computing power. The growth rates vary; most
quantities approximately double every 18-24 months.

(page 111)

In principle, the length in 1/-nm technology refers to
the average half-pitch being defined as half the distance
between identical features. In practice, it is often crit-
icized that hardly anything in a chip is 14nm wide,
and that the main usage of these numbers is marketing.
Nevertheless, the numbers give the correct order for the
involved length scales. (page 111)



Appendix A

Nomenclature & Conventions

A.1 Graphene nanoribbons: nomenclature & construction

Graphene nanoribbons

Graphene consists of carbon atoms arranged in a reg-
ular hexagonal lattice. We work with finite graphene
nanoribbons (GNRs) whose borders are hydrogen-
terminated, i.e., hydrogen atoms are placed as continu-
ation of the hexagonal lattice (but with a reduced bond
distance).

Armchair and zigzag boundaries

There are two types of regular boundaries for GNRs:
armchair and zigzag (cf. Fig. A.1). Long GNRs featur-
ing only one boundary type are either called armchair
graphene nanoribbon (AGNRs) or zigzag graphene
nanoribbons (ZGNRs). Pristine AGNRs are usually
spin-unpolarized[114], whereas pristine ZGNRs facili-
tate spin-separation[138]. In this thesis, we focus on
AGNRs.

Nomenclature: AGNRN¢c & AGNRIN, XN,

We label pristine AGNRs consisting of N¢ carbon
atoms in the transverse direction (y-direction) by
AGNRN¢. When placing impurities on the AGNRs,
the nomenclature AGNR N« x Ny refers to the size of the
functionalized area. In Fig. A.1 an AGNR4x11 func-
tionalized with 27.3% hydrogen atoms is displayed. The
carbon atoms of the pristine continuation in x-direction
are not counted since the transport formalism extends
the pristine areas semi-infinitely anyway.

Construction

We construct hydrogenated AGNRs in the following
way. We start with a structure consisting of a regu-
lar hexagonal carbon lattice with bond length dcc =
1.439 A. The hydrogen atoms terminating the ribbon
are placed as continuation of the hexagonal lattice but
with a bond distance of dcg = 1.0954 A. Both values
are taken from a relaxation of a small 14x14 graphene-
ribbon calculation in TURBOMOLE[134] using a SVP ba-
sis set. Then, adsorbed hydrogen atoms are randomly
placed vertically above or below random carbon atoms
(of the functionalized area) with a bond distance of
dca. In the unrelaxed structure, the carbon atoms
(with the adsorbed hydrogen atoms) are moved out
of the graphene plane by 0.5A to represent the sp®-
hybridization. This unrelaxed structure serves as a tem-
plate.

To get a relaxed structure, we structurally relax all
atoms of the functionalized area (device region exclud-
ing contact region) using DFT as implemented in FHI-
A1MS[130] until all atomic forces drop below 1072 eV/ A.

Coordinate system

Throughout this work, we always place the AGNR in
the zy-plane at z = 0. The transport direction is the z-
direction, with an (electron) particle current flowing
from —z to +=z.
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zigzag boundary

armchair boundary

AGNRNC EHL Ae
AGNR5 | —3.9855eV 0

AGNR14 | —4.1411eV | 64 meV
AGNR20 | —4.1691eV | 46 meV
AGNR29 | —4.1767eV | 35 meV
AGNRA41 | —4.2054¢eV | 35meV
AGNR42 | —4.2168¢eV | 35meV
AGNRA43 | —4.2023eV | 29meV
AGNR59 | —4.2215¢eV | 31 meV
AGNRS83 | —4.2412¢V | 83 meV

Figure A.1l: Hydrogen terminated graphene nanorib-
bon showing zigzag (blue box) and armchair boundaries
(red box). In the center (green box), a functionalized
area of an AGNR4x11 carries 12 additional hydrogen

atoms.

A.2 Determination of Fermi energy er

In this thesis, most energies are given with respect
to the Fermi energy er of the corresponding pristine
AGNRN¢. To determine the Fermi energy, we use the
following procedure: First, the average energy enur of
the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbital of a finite pristine ribbon
[see e.g. Fig. 2.4 (bottom) for AGNR5] serves as an es-
timate. Then, the transmission function 7 of the in-
finitely extended pristine AGNR is calculated. Last, a
correcting shift Ae is introduced so that the Fermi en-
ergy er = eur, + Ac lies in the bandgap, 7 = 0, of the
infinite AGNR. The estimates of eny, for several AGNRs
and corresponding shifts Ae are given in Tab. A.1.

A.3 Abbreviations used in this thesis

AB Aharonov-Bohm effect[60]
ABC Absorbing Boundary Conditions
AFM Atomic Force Microscope
AGNR Armchair Graphene NanoRibbon
B-P86 Becke-Perdew functional[183, 184]
CDFT Current Density Functional Theory[178, 179]
DFT (groundstate) Density Functional Theory
DMRG Density Matrix Renormalization Group
DOS Density Of States
DT Decimation Technique
IV current-voltage
(from symbols I [current] and V [voltage])

LDA Local Density Approximations

(class of DFT functionals)
LDOS Local Density Of States
LTEM Lorentz Transmission Electron Microscopy
MCBJ Mechanically Controllable Break Junction

[DFT details: FHI-AIMS, basis set tierl, closed—shell]

Table A.1: HOMO-LUMO average enr, and
shift Ae for determination of the Fermi energy
er = enr + Ac in pristine AGNRs.

NEGF Non-Equilibrium Green’s Function formalism
NMR Nuclear Magnetic Resonance
GGA Generalized Gradient Approximations
(class of DFT functionals)
GNR Graphene NanoRibbon
GW GW approximation
KS Kohn-Sham
HF Hartree-Fock
PBE Perdew-Burke-Ernzerhof functional[151]
SCF Self-Consistent Field (in the DFT)
SIAM Single Impurity Anderson Model
SOI Spin Orbit Interaction
STM Scanning Tunneling Microscopy
SQUID Superconducting Quantum Interference Device
TB Tight-Binding method
QA Quantization Axis (for the spin)
QD Quantum Dot
ZGNR Zigzag Graphene NanoRibbon

A.4 Unit system: atomic units

Our transport code uses atomic units internally (abbre-
viation: a.u.). In atomic units, the following quantities
are set to unity and serve as basis units: the electron
mass m. = 1, the reduced Planck constant i = 1, the
vacuum permittivity (times 47) 4meo = 1, and the ele-
mentary charge e = 1.

Derived units are formed by combinations of these
base units. Examples are the Hartree energy Ha =
mee* /(4meoh)? ~ 27.21eV, and the Bohr radius ag =
4reoh? /(mee?) =~ 0.53A. Another example is the mag-
netic moment whose base unit in a.u. is two times the
Bohr magneton, i.e., a.u. = eh/me = 2 up.
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Appendix B

Transport method: Calculation of the
local current density

This appendix contains additional material that complements Chap. 2. It features
a short overview of Green’s functions (Appx. B.1) and of DFT including employed
basis functions (Appx. B.2). Next, the structure of the implementation (Appx. B.3)
and essential optimization (Appx. B.4) are presented. Finally, the appendix lists ad-
ditional convergence checks (Appx. B.5) to further support the analyses of Chap. 2.

B.1 Green’s function formalism: retarded and advanced Green’s function

We give a short overview of Green’s functions for refer-
ence. Similar (and much more extended) overviews can
be found in any standard textbook[76, 185, 186].

Definition in Time-Domain

The Green’s function G(t)
Schrodinger equation

to the one-particle

ihde (1)) = Hlw (1)) (B.1)

is defined as solution of the equation
(ihat - H) G(t) = 6(t). (B.2)

For a time-independent Hamiltonian %, there are two
linearly independent solutions, G and G

for t = 0

(B.3)
0, fort<0.

G (G7) is called the retarded (advanced) Green’s
function since it is able to construct the full time-
dependent solution |¢(¢)) when only knowing a single
past (future) point to.

[%(t)) = G (t — to) |¥(t0))

Since the Green’s function can be used to propagate a
state in time, it’s often also called propagator. In this
thesis, the retarded Green’s function G is usually just
called G.

t=to. (BA)

Fourier Transformation to Energy Domain

For a time-independent problem (homogeneity in time),
it is useful to perform a Fourier transformation to en-
ergy domain, i.e.,

+oo
G*(B) = / dt T H B FI G () (B.5)

—o0

where we already introduced an infinitesimal small pa-
rameter 17 > 0 (see red term) to ensure the convergence
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of the integral at ¢t — 400 and ¢ — —oo for the retarded
and advanced Green’s function, respectively. The con-
vergence at the other integral limit is trivial since the
Green’s function G*(t) is zero for ¢t < 0.

Formally performing the integration leads to

—1

GE(E) = [E ~H+ in] (B.6)

where the inversion can be defined as matrix inversion
if the operator H is written in some (finite) basis.

The inverse Fourier transformation

(oo}

G*(t) = / %e*%“ G*(E)  (B7)

—o0

can be performed via contour integration. For ¢ > 0
(t < 0) the integration contour can be closed in the
lower (upper) complex plane. Formally, G*(E) has a

B.2 Density functional theory

Density functional theory (DFT) is probably the most
successful theory to calculate the electronic structure of
atoms, molecules and solid states from ab initio. Here,
only the most important ideas of DFT can be presented.
Thus, for simplicity, this overview ignores spin and ex-
ternal magnetic fields. For a full length description,
please refer to the literature, e.g. Ref. [168, including
references].

B.2.1 General framework

Born-Oppenheimer approximation

As most ab initio methods, standard DFT treats
the atomic cores as classic potentials in a Born-
Oppenheimer approximation[187]. Thus, their interac-
tion with the electrons is included in an external poten-
tial vex(r, {R;}) which acts on the electron positions r
and depends on the core positions R; only as parame-
ters. Geometric relaxations are possible, by iteratively
changing and improving the core position R; in each
DFT towards the energetically most stable configura-
tion. In the following, the dependence on the core po-
sition is suppressed in the external potential vex(r).

single pole at £ = HT in and we recover the original
definition in Eq. (B.3).

Observables

As example for an observable, the density of states op-
erator p is calculated as

Eq|i)=H]i) A

pE)=>"8(E—E)li "= 6B - H)
S _ i1 By
T(E-H):+n? 7 E-Hti
:—lImGJr7
™

where in the second line, we used a Lorentzian %ﬁ
to represent the delta distribution §(x) in the limit of
infinitesimal 7).

The full many-body Hamiltonian H for nel €electrons is
then given by

F= T+ Vime + / dr ve(r)A(r), (B9
where 7 is the kinetic energy operator. The interac-
tion term Vint is the Coulomb interaction, an isotropic
and homogeneous two-body interaction, i.e., Vint =

5 2i; v(|£i—£;). The external potential vex(r) directly
couples to the electron density n(r).

Hohenberg-Kohn theorem

The foundation of DFT is laid by the Hohenberg-Kohn
theorem[188]. For fixed Vint (and fixed 7A—, Nel), the
Hohenberg-Kohn theorem ensures a one-to-one-to-one
correspondence between the external potential vex(r),
the groundstate wavefunction ¥({r;}), and the ground-
state density n(r):

Vex (r) < U ({r;}) < n(r) for fixed Vine . (B.10)

The path vex(r) = ¥({r;}) = n(r) is trivial since it de-
scribes the canonical method: definition of the Hamilto-
nian (using vex(r)), solving it for the groundstate wave-
function ¥({r;}) and calculating the groundstate den-
sity n(r) = (¥|n(r)|¥). The reverse direction is the
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important part of the Hohenberg-Kohn theorem (a nice
proof is given by Levy[189]). It allows us to ignore
the full many-body wavefunction ¥({r;}), which is usu-
ally too complicated to be calculated anyway, and work
solely with the groundstate density n(r). The price to
pay is that all physical quantities are now functionals
of the groundstate density. This is possible since the
groundstate density already uniquely defines all observ-
ables due to the one-to-one correspondence.

The functional E[n] for the groundstate energy is (at
least formally) given by

(UIH|P)
([0 #)=n(x)

E[n] := H\II}II (B.11)

= Ill’\llgl (U|T 4 Vine|¥) + / dr vex(r) n(r) .
(WA (r)|W)=n(r)

B/[n]

Given a certain groundstate density, one (formally) con-
structs all many-body wavefunctions ¥ which reproduce
the correct density, (¥|n(r)|¥) £ n(r). The ground-
state energy is the minimum energy of all such con-
structed wavefunctions. In the second line, we sepa-
rated the term containing the external potential vex(r).
This is essential because the remaining functional E’[n]
is universal in the sense that it does not depend on the
external potential vex(r), and can (at least formally) be

Fii=3" 5 far (5°0) S A
] N

single particle kinetic energy fiin

The first term serves as an approximation to the total
kinetic energy. The second term includes the most obvi-
ous interaction effect via the Hartree-potential v (r) =
Jdr’" v(Jr — r'|)n(r'). This includes unphysical self-
interaction effects since every single electron interacts
with the total electron density (which also includes the
contribution of that single electron). Everything else
(including corrections to the kinetic energy and the can-
cellation of the self-interaction) is put into the ezchange-
correlation functional Ey:[n]. In that sense, Eq. (B.13)

constructed once and for all. Then, the true ground-
state density to any external potential vex(r) can be

found by minimizing the functional E[n] with respect
' dn(r)

to the density n(r), i.e.

Kohn-Sham method

So far, it is unclear how to use DFT in practice since
the exact energy functional is unknown and probably
too complicated to be ever written down more explicitly
than above. Direct approximations of the energy func-
tionals are challenging, usually too challenging. Here,
the Kohn-Sham (KS) method[190] comes into play. It
made DFT as successful as it is today. The KS method
constructs a fictitious non-interacting system, the KS
system, and employs it to approximate the kinetic en-
ergy operator 7 which is hard to deal with otherwise.

So, the groundstate density is represented by the sum
of orthonormal KS states ¥X5:

n(e) =3 ACEP. (X fi=na). (B.12)
l l

Formally, the occupation numbers f; are either zero or
one and the sum can be restricted to terms with f; = 1.t
Using the KS states, the universal energy functional is
separated into three terms:

%/dr vu(r) n(r) +

Hartree-potential

Eyc[n] . (B.13)

exchange-correlation functional

[
is still exact since it only defines Exc [n}.z

The new problem is to search for the set of KS states
{1¥8(r)} which minimize E[n]. This variational prob-

lem leads to the Kohn-Sham equations:
H W) = ai|i™®),

“KS - (B.14)

H :tkin+ﬁex+ﬁH+ﬁxc-

The Lagrange-multiplier €; was introduced to ensure the
correct normalization of the KS states XS, The func-

n practice, fractional occupation numbers are useful to improve convergence of the SCF cycle (see end of para-
graph) as they provide a way to avoid a sharp distinction between occupied and unoccupied states near the
Fermi energy. A sharp distinction is usually numerically unstable in early steps of the SCF cycle.

2Formally, the exchange-correlation functional Eyc[n] also depends directly on the KS states S since it must
include corrections to the kinetic energy term. In the end, only E’[n] does solely depend on the groundstate

density.
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tional derivative of the exchange correlation functional
is called the exchange correlation potential Oxc:
. 0 Exc[n]
VUxc = ~
on(t)

(B.15)

Since the Hartree potential vi(r) and the exchange-
correlation potential vxc(r) depend on the density n(r),
the KS equations are usually solved iteratively (which
is then called the self-consistent field (SCF) cycle).

The KS equations, Eq. (B.14), look temptingly like a
single particle time-independent Schrédinger equation
for non-interacting particles. Understandably, HES s
therefore called the KS Hamiltonian, ¢; are the KS ener-
gies, and the KS states ¥ refer to fictitious KS parti-
cles. This analogy must not be taken to far: formally all
the KS quantities are fictitious, although some relations
to the physical interacting electron system exists, e.g.,
the KS energy of the highest occupied orbital (HOMO)
coincides with the (negative) ionization potential[191—
193].

Approximation of the exchange-correlation
functional

Until this point, the DFT is still exact but hardly useful
in practice since the exchange correlation functional Fxy.
is unknown. For practical purposes, there exist several
widely used approximations, most prominently, the lo-
cal density approximations (LDA) and the generalized
gradient approximations (GGA):

Buln) % [ dr BEPA(n(r))

Eyc[n] =~ /dr ESCGA(TL(r),Vn(r)) .

(B.16)

(B.17)

In LDA, the functional dependence is expressed as a
simple spatial integral whose integrand only depends on
the local density value n(r) at that point. Additionally,
the first density gradient is include in GGA schemes.

In this thesis, we use two well-established GGAs:
the Perdew-Burke-Ernzerhof functional (PBE)[151] (us-
ing the DFT package FHI-A1Ms[130]) and the Becke-
Perdew functional (B-P86)[183, 184] (using the DFT
package TURBOMOLE[134]).

B.2.2 Basis sets: overview of local basis
functions used in this thesis

Both DFT codes used in this thesis, FHI-A1MS and
TURBOMOLE, use atom centered local basis func-
tions |¢;) to represent the Kohn-Sham orbitals |X5) =
>_; l@j) cji. Their basis functions ¢i(r) = (r[p;) are
represented in a radial-angular decomposition,

with real-values spherical harmonics Y, that ensure
real-valued basis functions everywhere. (The angular
indices [(i),m(i) are functions of the overall basis in-
dex 4.) Anticipating time reversal invariance® of the
KS system, real-valued basis functions mean that all
expansion coefficients c;; stay real as well.

FHI-AIMS uses numeric atom-centered orbitals
(NAO)[130] as basis functions. = The radial part
ui(r) = Ri(r) - r is numerically tabulated on a loga-
rithmic grid. We employ a cubic spline interpolation
for intermediate values. These basis functions used
throughout this thesis are ordered in tiers with increas-
ing precision, ranging from tierl (double-¢) through
tier2 (triple-C) up to tier3 (quadruple-¢). By default,
we use the light default species settings (corresponding
to tierl for carbon atoms) and only switch to tight
default species settings (corresponding to tier2) for
convergence checks.

TURBOMOLE uses contracted Gaussian type orbitals
(CGTO)[194, 195] as basis functions. The radial part
is given by

P;
Ri(r)y=r' Z dp exp(—npr?), (B.19)
p

where P; Gaussians with exponents 7, are contracted
using the weights d,. The basis functions used in this
thesis are (with increasing precision) of double-¢ (split-
valence, DEF2-sVP) and triple-( quality with polariza-
tion functions (DEF2-TZVP, DEF2-TZVPP), and the cor-
responding Coulomb-fitting basis sets within the resolu-
tion of identity approximation[196-198]. The basis sets
are abbreviated by SvP, TZVP, TZVPP.

3Time reversal invariance is, for example, broken by spin-orbit interaction (SOI). Then, the expansion coefficients
become complex, see Chap. 5 for an investigation of SOI in graphene nanoribbons.
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B.3 Implementation overview

B.3.1 Program structure

Before  discussing the  program  performance
(Appx. B.3.2), we present the task flow, see Fig. B.1.
The code is structured into several modules, which
operate independently. The modules’ outputs (and
therefore the inputs for the next module) are either
saved on the hard disk or kept directly in memory.

The most important modules (from top to bottom in
Fig. B.1) are:

ExtractSubSystem: In two separate instances of this
module, the Kohn-Sham Hamiltonian for the de-
vice and the lead region is reconstructed. When
using several MPI processes, only the first one
(rank 0) is performing the work; the results are
broadcasted to all other MPI processes.

CalcSelfEnergy: For each energy point FE, the self-
energy X, /g for the lead is constructed (or read
from hard disk if it was constructed earlier).

CalcTransmission: To calculate the transmission, we
first diagonalize the central part of the device
region (cf. Sec. B.4.5) using all MPI processes
via ScaLAPACK]J199]. Next, the different en-
ergy points are distributed to the different MPI
processes. For each energy point F, the self-
energies 3, g (E) are used to calculate the re-
tarded Green’s function G(E), the transmis-
sion 7 (E) and the density of states p(E).

The time tg for constructing the Green’s func-
tion and calculating the transmission includes
constructing the indices, applying the self-energy
and—most notably—the matrix inversion and
matrix multiplication. Since these things are
separated in the code, we calculate tg := T —
tu — tdiag — t= where T'r is the total wall time of

the complete program run. The lower ¢ are mea-
sured using an in-code timing mechanism. (See
Fig. B.1 (left) for definition of the timing sym-
bols).

CalcLocalCurrent: The Keldysh Green’s function G<
is used to calculate the spectrally resolved non-
equilibrium particle number n(FE). The lo-
cal current density j(r, E), the divergence V -
j(r, E), the local density of states p(r, F) and the
spectrally resolved non-equilibrium local den-
sity n(r,E) are rastered on a rectilinear grid.
Again, the timing for reconstructing the Green’s
function includes all necessary overhead, i.e.,
tg< = Tr - tH — t): — t(r).

If the number of MPI processes exceeds the num-
ber of energy points (probably because we use a
very fine grid for the local quantities), the energy
points are not distributed but all MPI processes
calculate all energy points. This leads to an over-
head since the self-energy and the Green’s func-
tions are calculated redundantly. The rastering
of the local quantities, i.e. the grid points, are
then distributed over all MPI processes.

MagneticField: As an optional post-processing mod-
ule, the magnetic field B(r, E), the vector po-
tential A(r, F) and the magnetic moment m(FE)
induced by the current density j(r) can be cal-
culated. This module in not included in the de-
tailed performance analysis below and therefore
no timing symbol is given.

There are additional modules for post-processing,
e.g., IntegrateEnergy, IncludeMagneticFeedback,
IntegrateGFs, CalcSpectrum, WriteASCII; please re-
fer to the program documentation for details (e.g. run
TSaint --config).

B.3.2 Parallelization and performance measurements

In Fig. B.2, we present detailed measurements of the
performance of our transport code for realistic system
sizes. In the tests, we distinguish between calculation
of the transmission and of local observables. Trans-

mission calculations (7 (F)) also include the density of
states p(E). Local observables are the local current
density j(r, E) but also its divergence V - j(r, E), the
non-equilibrium density n(r, F) and the local density
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Timing Programm flow Parallelization
symbols via MPI via threads
=
ta e
g threaded LAPACK
=
=
S
= ©w
26
28
R
g
ts o i threaded LAPACK
g &
Y
T (total)
sl threaded ScaLAPACK
=)
5¢
e
tg E’? f: threaded LAPACK
S
g =
2’y
Y VY © &
Tj (total)
A3
ta< 5 5, threaded LAPACK
te) g Z  threaded with OpenMP"
s’y
3 A
all spatial points and energies
are distributed between all threads
(using MPT and OpenMP)

* If number of MPI processes is less or equal to number of energy points.

Figure B.1: Center: The main modules are depicted in separate boxes. The two most common module se-
quences are depicted in blue (transmission calculation) and red (current density and magnetic field calculation).
Both sequences include the reconstruction of the KS Hamiltonian and the calculation of the self-energies (pur-

ple). Transmission calculations (7 (E)) also include the density of states p(E).

Current density calculations

(j(r, E))) additionally include the current divergence V - j(r, E)), the non-equilibrium density n(r, F) and the
local density of states p(r, E'). Left: the timing symbols used in the following for performance analyzation, cf.
Fig. B.2. Right: Overview of the parallelization techniques used in each module to allow the use of many (up

to thousand) CPUs.

of states p(r,E). In Fig. B.2a, the wall time for cal-
culating Ng = 128 separate transmission and density
of states values is plotted depending on the number
of basis functions N. The test system are the same
hydrogen-saturated AGNRs as shown in Fig. 2.18.

The total time T7(N) is divided into four groups (tm,

tdiag, ts, ta, cf. Fig. B.1). The calculation of the lead
self-energy [via 200 iterations in the decimation tech-
nique (cf. Sec. 2.1.3)] depends directly on the number
of basis functions Nicaq of a block (“slice”) of the lead; it
only indirectly depends on the basis functions N of the
device region. Thus, the dependence on the former is
plotted separately. The main effort for a transmission
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(a) Transmission: O(N™)-scaling (P=32)
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(b) Local observables: O(N™)-scaling (P=32)

Figure B.2: O(N ")—scaling: Performance measurements with varying system size for a transmission (upper
plot) and local observable (lower plot) calculation for a fixed number of CPU cores (P=32).
of basis functions N, number of energy points Ng, number of CPU cores P.
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(a) Transmission: MPI-Speedup (p=8)
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(b) Local observables: MPI-Speedup (p=8)

Figure B.3: MPI-parallelization: Speedup for a fixed system size (735 (21x35) carbon atoms) and for a fixed
number of CPU cores per MPI process (p=8). Left: Speedup for transmission calculations. Right: Speedup

for local observable calculation.

process, and Nupr is the number of MPI processes (P = p Nypr).

Symbols are the same as in Fig. B.2. p is the number of CPU cores per MPI
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calculation is reconstructing the self-energy; therefore
it makes sense to save them on the hard disk if several
different impurity configurations are processed which all
use the same leads. Then, the main effort is spent for
reconstructing the Green’s function ({¢). The diago-
nalization (fgiag, see Sec. B.4.5) does not significantly
contribute to the overall effort for the available system
sizes since it is performed only once and not for every
energy point.

In Fig. B.3b, the analogue is plotted for a single (Ng=1)
current density calculation. The number of grid points
used is proportional to the system size (one grid point
every 0.2, 31 in z-direction). We first note, that the
main effort is dominated by rastering the local quanti-
ties (t(r)). We were able to optimize local observable
calculation to scale below N? employing the locality of

B.3.3 Numerical parameters

In Table B.1, we list the numerical parameters of
the largest calculation performed for hydrogenated
graphene flakes. First, the graphene flake is structurally
relaxed using FHI-AIMS until the remaining forces de-
crease below 1072 eV/ A. This is, by far, the most ex-
pensive part of the calculation. Then a final DFT run
for the relaxed structure is performed and the output

the basis functions.*

In Fig. B.3, we discuss the parallelization efficiency of
the transmission calculation and current density cal-
culation for a fixed system size (735 (21x35) carbon
atoms). The speedup S for many MPI processes com-
pared to a single process is shown and compared to Am-

dahl’s law: Tnyp, =T1 (0 + ]\1,1;;‘1
good scalability for the total wall time, the self-energy
construction and the Green’s function construction (T'r,
ts, te). The reconstruction of the KS Hamiltonian (tg)
does not speedup since only the first MPI process is in-
volved (cf. Fig. B.1). For the diagonalization, we even
observe that using two processes (using ScaLAPACK)
is slower than using only one process (using LAPACK).
Therefore, our code now only uses ScaLAPACK start-
ing with 4 MPI processes.

),azl%. We see a

written to disk. This is used by AITRANSS to perform
a wide scan over the transmission function (the self-
energies X are pre-calculated since they only depend
on the system size, not on the impurity configuration).
Eventually, a few interesting energy points are taken
from the transmission function and the current density
is calculated at those energy points.

FHI-AMS AITRANSS
Relaxation DFT Transmission® | Current density®
numbers of processes Nyipr 3600 384 16 6
cores per process p 1 1 12 24
total number of cores P 3600 384 192 144
number of nodes n 150 16 8 6
wall time Twan 77.9h° 5.52h 5.68h 9.86h
core hours Tcores 280 500h 2120h 1090h 1420h
memory usage per process M 0.72 GiB 0.72 GiB 52.7 GiB 76.3 GiB
memory usage per node Myode 17.2 GiB 17.2GiB 105.5 GiB 76.3 GiB

¢ Transmission 7 (E) has been calculated at 2423 energies values.
® The current density j(r, E) has been calculated at 6 energies values.
¢ The relaxation calculation was broken down into several jobs, each with a wall time below 24h.

Table B.1: An overview of the calculations performed on Cray XC40 (Hornet) for the largest graphene flake
feasible (with 2479 carbon atoms) whose central 34x59 carbon atoms have been functionalized with hydrogen

(compare with Fig. 4.8). Note that some information is redundant, i.e., P = p Nypr = 24 n, Teores =

Mnode = MNMPI/?’L.

wa11P7

“Naively the evaluation of the current or its divergence, see Eq. (2.30) and Eq. (2.31), scales with N® since the
number of spatial grid points r scales linearly, for constant grid spacing, and the summation of i, j gives addi-
tional N2. Please, refer to Sec. B.4.4 for optimization details.
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B.4 Implementation details

B.4.1 A word on the Léwdin orthogonalization

Technically, the underlying DFT codes work with non-
orthogonal basis sets |¢;). Internally, the Kohn-Sham
(KS) orbitals [¢)X5) are represented by expansion coef-
ficients cj; with respect to the non-orthogonal basis set,

Le, [Ui°) = 32, I9s) cji-

We use the (symmetric) overlap matrix Si; = (pi|p;)
to calculate the orthogonal set of basis functions |@;)
via the Lowdin-orthogonalization[136] procedure, i.e.,

(60 = s lea [577]
defined by the positive square roots of the eigenval-
ues in eigenbasis representation. The expansion coef-

The “square root” S/* is

ficients are transformed as well: éx = 3°; [51/2]  Cijk-
1,
The Loéwdin-orthonormalized basis set |@;) is the or-
thogonal basis set which minimizes the squared dis-
tance >, [|pi(r) — @i(r)]> d®r to the original ba-
sis set |;)[200]. In particular, that means that the
orthonormalized basis function |@;) is still localized

around the same atom core as |¢;).

The full KS Hamiltonian 7%(8 is then reconstructed
He® = [UnS)en® (Wns] = 1) He (251,
n (%3
(B.20)
which is written with respect to the orthonormal basis

as
HES = > mer® ] (B.21)

nj

In the main part, we always worked with the Lowdin-
orthonormalized basis set |¢;); even when calculating
local observables [cf. Eq. (2.30),(2.31)].

In practice, it is computational advantageous to trans-
form the Green’s functions to the non-orthogonal basis
set, e.g., G = S /*GS ™2, and calculate the local ob-
servables using the original non-orthogonal basis set.
For the calculation of the current density, this means:

. 1 h 5 as _
0B = -3 ) G5 (Vo) (B.22)
ij
1 h 1225 < —1/y
= o wu(0) S, GBS, (Vs ).
i’ —/_/
i —G5
il'j

Going to the second line, we replaced the orthonormal
basis set ¢;(r) with the original set ¢;(r) using the over-
lap matrix S.

Technical remark: Please note, that the primed in-
dices of Eq. (B.22) run (in principle) over all Nppr non-
orthogonal basis functions |¢;) of the underlying DFT
calculation whereas the unprimed indices only run over
the N basis functions |@;) used to represent the device
region. At first glance, the two numbers are the same
since we constructed the later basis set as linear com-
bination of the former. But, the device region is usu-
ally represented only by a N xNN-subblock of the total
Nprr X Nprr KS Hamiltonian. By extracting this sub-
block, we only take a subset of the orthogonal basis set
|@:), i.e., N < Nppr. Especially near the borders of the
device region, non-orthogonal basis functions centered
outside reach into the device region and are therefore
partly contained in the (restricted) orthogonal basis set.
Due to that reason, the (technical) matrix dimension
of G is larger that the matrix dimension of G and a
rectangular subblock of the overall overlap matrix S is
needed in G = S /°GS 2.

Overview over local observables

For convenience, we list all implemented local observ-
ables: the local current density j(r, E), its divergence,
the non-equilibrium local density n(r, E) and the local
density of states p(r, E); all spectrally resolved:

i@, E)= RN, (Ve — V)G (r,v', E)

1 h =
= - Y G (V)
ij
(B.23)
. 1 h T
V., E)= mm @i(r)G3; (V : V@j(r)) )
ij
(B.24)
__ 1<
n(r,E) = 27rG (r,r,E)
. ym. (B.25)
= "o Z‘Pi(r)Gij¢j (r),
ij
p(r, E) = *llmG(I‘,I‘7 E)
T
(B.26)

1 «
- D pilr) ImGij 5(r).
i3
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The checked versions, e.g., é, always denote the quan-
tities with respect to the non-orthogonal basis set, i.e.,
G=S5"7aGs "

Remark: Since the Keldysh Green’s function G< is
anti-Hermitian, cf. Eq. (2.12), the symmetric and an-
tisymmetric parts are given by the imaginary and real
part, respectively:

B.4.2 Optimization overview

In this section, we present the most important op-
timizations used throughout our code development.
These are implementation details, but nevertheless,
they are important to anyone who either wants to to
improve/modify the code or plans to write a separate
framework to transport through large systems.

In the following sections, several optimizations are pre-
sented whose performance impact is summarized in
Tab. B.2. The table lists the increase in wall time and
memory consumption when a specific optimization is re-
moved from the code. Each optimization is labeled by
a short keyword which is used in the respective section
headings.

The optimization ZEROSINSIGMA (cf. Sec. B.4.3), ex-
ploiting the block structure of the self-energy, is
straightforward but reduces the construction of the
Green’s function by over a factor of ten. The techni-
cally most difficult (but also very important) optimiza-

G5 = (a5 +65) = 5(65 - (@5)) =im G5,
(B.27)

G5 = 5(65 - G5) = 5 (G5 +(G5)") =ReGj.
(B.28)

tion is probably SPACEBLOCKS (cf. Sec. B.4.4) without
which current calculations for systems with more than
1000 atoms would become impossible. But also the
optimization MATRIXINVERSE (cf. Sec. B.4.5) is quite
handy because it allows for quick (and perhaps finer
in energy domain) transmission scans before turning to
more expensive current density calculations. Note that
all three optimization have a larger impact for the 812-
atom-system compared to the 398-atom-system. This
makes them especially important for large systems.

The optimization measurements have been performed
with realistic system data (cf. Appx. B.3.2) so that
size-related bugs and problems already appeared dur-
ing testing and could be solved early on. Prominent
bottlenecks/problems related to the large system size
were:

e The matrix outputs of FHI-AIMS are by default
written as text files which is inefficient (in terms

Optimization Chang'ed 398 atoms 812 atoms
Quantity
ZEROSINSIGMA: T ¢
Memory: M x 2.0  1141MiB —2307MiB | X 2.1  4845MiB —9945MiB

. Energy loop: t x 1.9 664s —1263s x 2.9 754s —2179s
ZEROSINSIGMA: j © 8Y 100p: fG< ° °
Memory: M; X 1.5 1669MiB —2459MiB | X 1.5 7143MiB —10615MiB
SPACEBLOCKS: j
MATRIXINVERSE: T ¢
Memory: Mt x 1.3  1141MiB —1450MiB | X 1.3 4845MiB —6230MiB

Table B.2: Increase in wall time and memory consumption when specific optimizations are removed from
the code. To get a feeling for the the dependence on the system size, two different sizes are shown. The
computational parameters and the systems are identical to the ones used in Fig. B.2a and Fig. B.2b. Symbols

are used to distinguish transmission (7) and current density (j) calculations.

from hard disk.

®The self-energy was read
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of disk memory but also in terms of CPU time).
Especially for large systems, this became a bot-
tleneck and we switched to writing the matrix
data directly to a HDF5-file[137], which is a
structured but binary file format.

¢ Reading and writing from and to the hard disk
(I/O) becomes terrible slow if it is done in
small portions (or unnecessary from multiple
processes). To solve that, we read the whole ma-
trix data using a single system call (using HDF5-

parallel when available). Also, all I/O-related
work in the module ExtractSubSystem is is done
in one process (rank 0) and only the results are
broadcasted to other MPI processes.

It is problematic (i.e. some MPI implementations
crash) to send data larger than 2 GiB via MPI in
a single call, even if the number of elements is sig-
nificantly below 23'—1. In such cases, our code
automatically sends the data using multiple MPI
calls.

B.4.3 Optimization ZEROSINSIGMA: exploiting the block structure of self-energy 3 and

broadening matrix I'

Formally, transmission 7 and Keldysh Green’s func-
tion G< are calculated as:

T(E) = Tr{T'. GTr G},
G<(E) =iGI'LG'.

cf. Eq. (2.8) (B.29)
cf. Eq. (2.12) (B.30)

In practice, the matrices I't, /g = i(ZBr/r — E}:/R) con-
tain a lot of zeros. Their non-vanishing entries belong to
the left/right contact areas of the device region. This
block structure is evident if one partitions the device
region into three regions: left contact area (L), right
contact area (R) and the remaining central part of the
device (C). In the basis (L/C/R), the matrices T'r, /g
then read:

L o0 o0 00 0
=0 0 o, Tg=|0 0 0
0 0 0 0 0 T
(B.31)

Working with the (unnecessarily large) matrices I'r, /g
is computationally inefficient. It is much more efficient
to also partition the retarded Green’s function G into

blocks, i.e.,
G Grc Gir GLL
G=|Gc. Gecec Ger |, Grr:=|GoL
Grr Grc Grr GrL
(B.32)

Here, we already defined Grr, as the submatrix of G
where the first index refers to the full (F) device region
but the second index is restricted to the left (L) contact
region.

Using these shrunken matrices, the transmission 7 and
Keldysh Green’s function G< is calculated as:

T(E) = Tr{TL GLr Tr [GLr]"}
G<(E) = iGp.TL[Grr] .

Remark on complexity: Using this technique, the
computational complexity for calculating transmission
and Keldysh Green’s function is reduced from O(N?)
[Eq. (B.29),(B.30)] to O(n®) [Eq. (B.33)] and O(nN?)
[Eq. (B.34)], respectively. N and n denote the num-
ber of basis functions in the device region and the left
contact region, respectively.
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B.4.4 Optimization SPACEBLOCKS: dividing space into blocks

Here, we discuss how to evaluate the formulas for space-
depending local quantities like the current density
as
i B) x Y o) G5 (Veum) . (B.35)
ij

In principle, the double sum runs over all N basis func-
tions of the underlying DFT simulation. Additionally,
for constant grid spacing, the number of spatial grid
points r scales linearly with system size. Thus, naively,
the evaluation of the local quantities scales with N3.
But each basis function is localized around some atom,

i.e., it is nonzero only in a small area. This can be
exploited in the following way.

First, we define rmax as the maximal extent of all ba-
sis functions, i.e., each basis function is zero at points
which are further away from its central atom than rmax.
Second, the 3D space is divided into little cubes with
edge length mmax/n, see Fig. B.4 (n is an integer). When
calculating any local quantity inside the blue shaded

area, the only basis functions taken into account are
centered around atoms in the green (and blue) shaded
area. All other basis functions do not contribute in the
blue shaded area.

Hence, the the cubes of length 7max/n are distributed to
the separate MPI processes. The integer n is chosen
such that every MPI process can work on at least five
cubes since some cubes are cheap since no or hardly any
grid points are contained. Then, for each inner (blue)
cube, we restrict the Green’s function G< to the ba-
sis functions corresponding to atoms in the extended
(green) shaded area.

Remark: To measure the wall time in Tab. B.2 with-
out this optimization for 812 atoms, we needed to dou-
ble the grid spacing (taking only every eighth grid
point) and used linear extrapolation to approximate )
for the full grid.

I Tmax (1 cells)
¢ rfmax (computation cell)
I Tmax (1 cells)

- -

Tmax

Tma.x

rmax

Figure B.4: Dividing space into 156 (13x12x1) non-overlapping blocks, exemplary for a graphene flake with

398 atoms. (2D-Model with n = 2, rmax = 5.05A)
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B.4.5 Optimization MATRIXINVERSE: calculating the Green’s function inverse

As the self-energy can be read from hard disk, the most
expensive part in a transmission calculation is the ma-
trix inversion in calculating the retarded Green’s func-
tion G, cf. Eq. (2.23). According to Fig. B.2a, G can
be constructed in O(N?) whereas a textbook matrix
inversion scales® as O(N®) and would therefore domi-
nate for large systems anyway. The quadratic scaling
shown in Fig. B.2a is possible when calculating G(E)
for many different energies. Exploiting the structure of
the Green’s function, one can pre-diagonalize parts of

G '=FEl-H-%.(E)-Zgr(E)

_ [ Elaa —Haa
—Hpa

with the subscripts AA, AD, DA, DD denoting the re-
striction to the respective matrix subspace.

As advantage of this division, the only non-trivial en-
ergy dependence appears in subblock D = Elpp —
Hpp — 31 (E) — Xgr(E). The block A can be diagonal-
ized for all energies in a single eigenvalue problem: the
eigenvalues are given by A =E1- ﬁAA where I:IAA
denotes the eigenvalues of Haa. The transformation
matrix 'V (IiIAA:VAHAAV) is constructed by filling
its columns with the (right) eigenvectors of Haa. The

(A B>_1: (A-1(11+BE-1CA—1)

C D —E~'cA!

- 1
—Hap (A B
Elpp —Hpp — X1(E) — Zr(E) ~\¢ D 7

the Hamiltonian so that the residual work per energy
point resides in O(N?).

Partitioning of the Green’s function: We first trans-
form the Hamiltonian so that it is diagonal in the re-
gions where the self-energies 3 are zero. Thus, we re-
sort the indices of the Green’s function such that the
self-energy contribution of the leads only appear in sub-
block D, i.e.,

(B.36)

(

off-diagonal blocks also stay energy independent, e.g.,
B=-V 'Hap.

General matrix: For the matrix inversion, we first
tend to a general matrix which we divide into four

blocks
A B
C D)’

so that the submatrices A and D are square matrices.
The inverse is given by

(B.37)

—A'BE™!

E-L (B.38)

) with E:=D - CA™'B

as is easily checked by direct matrix multiplication. Next, we transform A into diagonal form A eg, A=VAVL
This makes the calculation of the inverse A~! trivial and we get:

C D —E"'CA"'V!

—1 ~ ~ - ~
(A B> B (VA1(1+BE10A1)V1

—- VA 'BE!

(B.39)

B ) withE:=D—-CA™'B

5The direct textbook matrix multiplication algorithm indeed scales cubically. But there exist more complicated
algorithms with complexity below cubic but, of course, still above quadratic, like the Strassen algorithm with
~ O(N?#®)[201]. In practise, implementations often still use a direct cubic scaling version of the matrix prod-
uct since it is easier optimized to the hardware and wins for small to medium matrix sizes. For large matrix
sizes, choosing more sophisticated algorithm is usually a trade-off between speed and accuracy since the faster
algorithms are usually numerically less stable. For the sake of simplicity, we simply assume cubic scaling of the
algorithms. However, the discussed tendency is still correct even for modified scalings.
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B Appendix: Transport method: Calculation of the local current density

using the abbreviations € := CV and B := V™!B.

Exploiting symmetries of G: In general, the Hamil-
tonian H is Hermitian and the self-energies 3 are non-
Hermitian. In most cases, we can restrict ourselves to
a real symmetric Hamiltonian and complex symmet-
ric self-energies. In that case, the Green’s function G
is also (complex) symmetric, B and C are related by
transposition, the eigenvalue problem simplifies to a
real symmetric one® which makes the transformation
matrix V orthogonal, i.e., V71 = V7T,

A-'(1+BE-BTA)
G = S T
fA‘lBE‘l]

using the abbreviation B := VIB.

Optimization traits: In Eq. (B.41), no matrix oper-
ations for matrices of size of Haa appear (except for
the initial eigenvalue problem): the inverse A~ is triv-
ial since A is diagonal. Therefore, this optimization is
extremely useful for large systems where the coupling
regions to the leads are only a small part of the overall
system, i.e., Na > Np with N4 /p denoting the size of
the square matrices A, D, respectively.

For a short complexity analysis, we assume that mul-
tiplication and eigenvalue problem of N x N-matrices
have computational complexity O(N3). Then, the
naive direct matrix inversion used to calculate the
Green’s function has complexity O((Na+Np)?) NaZND
O(ND).

In the above optimization, the complexity of the prepa-
ration process containing the eigenvalue problem and

(

Basis change for non-local quantities: If we are
only interested in non-local quantities like the transmis-
sion or the density of states, we can go a step further.
Such quantities do not dependent on the spatial basis
and we can transform the Green’s function so that the
Hamiltonian is diagonal in the subblock A:

G S 'GS, s—(v 0 )

0 1op (B.40)

In practise, we indirectly perform this transformation
by omitting the respective factors of V in Eq. (B.39).
All in all, the inverse is given by:

—A'BE! , _
. with E:=D—-B"A™'B (B.41)
[
the calculation of B is O(N3 4+ N2 Np) NaZNp O(N3).

All the following inversions using Eq. (B.41) only are of
complexity O(N + NaN2 + Na) “A3"° O(NANE).
The summands stand for inversion of E, products of
Na X Np-matrices with Np x Np-matrices like BE™!

and inversion of A, respectively.

Strictly speaking, the optimization still scales cubically
in Na due to the initially eigenvalue problem. Never-
theless, for energy sweeps over the density of states or
the transmission, the complexity of each inversion step
dominates and whose effort could be reduced to com-
plexity O(NaN3) for large systems, cf. Fig. B.2a”

As stated above, the optimization only applies for non-
local quantities. For local quantities like current densi-
ties, the transformation matrices V cannot be omitted
from Eq. (B.39) and we are back to cubic complexity.

5For real symmetric eigenvalue problems, implementations such as ScaLAPACK][199] or ELPA[133] exist that
parallelize over many computational nodes. To the best of my knowledge, no efficient and numerically stable
parallelized implementation exists for the general eigenvalue problem.

"For the AGNRs used for Fig. B.2a, the central part scales linearly, Na € O(N), but the contact regions scale
with the square root, Np € O(v/N) because they only grow transverse to the transport direction but not in
transport direction. This gives the observed overall complexity O(N =N AN]%).
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B.5 Additional convergence tests for the transmission and current density

B.5.1 Transmission coefficient in pristine AGNR5

To test the damping model (see Sec. 2.1.3) and the ex-
traction procedure (e.g. in Fig. 2.5b), we compare the
transmission as calculated with different parametriza-
tions of the damping rate n(r) with the (numerically)
exact result (derived from a band-structure calcula-
tion). Our test systems are pristine armchair nanorib-
bons with width of five carbon atoms (AGNR5). To this
end, we define the root mean square deviation A7yms:

ATims = \/ ﬁ /E TQ [AT(E)]sz . (B.42)

AE =Ey— B (B.43)
The integral is evaluated on an energy grid with spac-
ing A = 0.1eV; AT(E) denotes the difference of the

calculated transmission and the number of bands in the
bandstructure in the interval (E — A, E 4+ A), formally

AT(E) = _ min A) |7:‘alc(E) - Nbands(E)| )

Ec(E—A,E+
(B.44)

E1/2 :EF:F36V.

where Nbands(E) is the number of bands at energy E.
Tab. B.3 lists the deviations of the transmission func-

tions for the pristine AGNR5 (see Sec. 2.2.2) for dif-
ferent parametrizations of the damping rate 7(r), see
Eq. (2.24).

We have therefore checked that when the leakage rate
is sufficiently large (10 ~ 0.1 — 1Ha) and is smoothly
reduced to zero near the device region (kL = 8 — 64),
exact results (in this case a step-like transmission func-
tion) can be recovered as long as the leads are long
enough (M = 50 —200). As a rule of thumb, the length
of the total system should exceed its width at least by
a factor of L/W ~ 10 — 25.

If these conditions are mistreated, more drastic effects
arise, such as standing waves reflecting from the lead
boundaries. For illustration, Fig. B.5 focuses on these
effects induced by poorly chosen damping models. Fi-
nite values of 7 at the device-to-lead interface cause
back-reflection of waves. The latter happens for a step-
function parametrization as well as for too large damp-
ing at the interface (kL < 4).

number of unit cells

damping model

100 8.3-1073

M ATims model ATrms
1 3.7-10 1 no = 0.1 Ha 6.6-10°
5 1.2-1071 no = 0.5 Ha kL=16 23.10°°
10 2.7-1072 no = 1.0 Ha 6.6-10"*
50 6.9-1073 kL= 4 26-10 "

kL= 8 26-1073

200 6.6-10° m=10Ha  xL =16 6.6-10"*
kL=32 7.8-107°
kL=64 18-107°

Tlstep,0 = 0.1 Ha 54- ](]7]
Nstep,0 = 1.0 Ha Mstep () 6.6- 101

Table B.3: Variation of the calculated transmission coefficients (measured with respect to conducting bands,
cf. Fig. 2.6a) with different parametrizations of the damping rate n(r), see Eq. (2.24). The default values taken
in our production runs are listed in underlined bold. Entries leading to acceptable results are marked in green,
unacceptable ones are marked in red. Left: Variation with the number of blocks M used in each lead. Right:
Variation with damping rate n(r). Different values for the parameters 7o (top) and k (center) of the damping
rate from Eq. (2.25) are tested, as well as a step-function parametrization nsep(d) = Nstep,0 - ©(d) (bottom).
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M=1 + no=10Ha, kL= 4 +
4 M=10 x 1r no=0.1Ha, kL =16 x 1
M =50 ° Tstep,0 = 1.0 Ha °
e # of bands # of bands
5 3
38 X
=] K X
2 T
wn
2 + 4 |
é 2 2@2# + H 7 o F
g o *+ 4 o °f
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4 + i y
1 T oo oo
00000o 000
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Energy E —ep [eV]

Figure B.5: Transmission 7 of a pristine AGNR5 for several damping models including non-converged ones
for illustration. The exact value, the number of bands from a bandstructure calculation, is plotted as solid
line. Left: The length of the leads (number of building blocks M) is varied (the remaining parameters are the
default values: no = 1Ha, kL = 16). For too short leads (M < 10), the steps in the transmission function
are not fully developed, yet. Right: The length of the leads is fixed (M = 200), but the parametrization of
the leakage rate 7(r;) is varied, i.e., to a step function (constant at 7step,0 in the leads but zero in the device
region; magenta circle markers) which shows standing wave patterns due to reflection at the interface.

B.5.2 Local current densities in pristine AGNR5

This section contains additional convergence tests for
local currents in pristine AGNR5. They turn out very
similar to the discussion offered in Sec. 2.3.2 for the
AGNRS5 with a single nitrogen substituent.

In Figs. B.6 and B.7, the dependence of the current den-
sity in pristine AGNR5 on the basis set size is shown.

As in the case with a nitrogen scatterer (cf. Sec. 2.3.2),
the divergence decreases rapidly for increasing basis set
size (tierl — tier2 — tier3; SVP — TZVP — TZVPP).

Again, the current density j(r) as well as its divergence
and its integral over a yz-plane converged in the limit
of large basis sets (cf. Fig. B.8a and Fig. B.8b).

Artificial current sources and sinks in the contact region

When coupling to the leads, the current density arti-
ficially appears and disappears; as seen in Fig. B.9 in
terms of the divergence pattern V - j(r, E) in the left
contact region. The self-energy X, effectively behaves
as a current source with a spatial structure which be-
comes more complicated for large basis sets. Therefore,
the calculated current density represents the physical
current density only in regions away from the contact

region, i.e., in the center of the device region, but not in
the model electrodes. The effect of the self-energy can
even spread a little further into the device region since
the basis function have a finite extension. Thus, in our
convergence tests, we only compared the current den-
sity in a smaller region (dashed orange box in Fig. 2.7),
which is one additional carbon ring away from the con-
tact region.
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Figure B.6: (a)-(c): Variation of the in-plane current density jo,(r, E) with increasing size of the basis set
for a pristine AGNRS5 at a plane z = 0.4 A above the carbon atoms at perfect transmission, T(E) =1 (Energy:
E = er + 1eV). The current direction is indicated by black arrows for the largest basis set. (d)-(f): The
divergence V - j(r, E) belonging to the respective current pattern in (a)-(c). The divergence converges very
rapidly with increasing size of the basis set. Divergence errors have a very small impact on the current pattern.
All plots were calculated using FHI-A1MS.
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Figure B.7: Analog to Fig. B.6 but calculated using TURBOMOLE.
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Figure B.8: (a): Relative deviation between the local current density (as plotted in Fig. B.6 and B.7) inte-
grated over a yz-plane and the total current given by the transmission function. For clarity, only the markers
of every 12th sampling point are shown. (b): Convergence analyses of the local currents shown in Fig. B.6
and B.7 with respect to the basis set using FHI-AIMS (closed markers) and TURBOMOLE (open markers). The
root mean square deviations Ax are plotted over the number of basis functions per carbon atom (A7 on left
y-axis; Aj and Ay.j on right y-axis). All error measures decrease when increasing the basis set size. The dif-
ferent basis sets contain different number of basis functions per hydrogen/carbon/nitrogen atom: tier1/sve:
5/14/14; Tzvp: 6/31/31; Tzvep: 14/31/31; tier2: 15/39/39: tier3: 31/55/55.
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Figure B.9: The current divergence V- j(r, E) in the left contact region (coupled to the left lead) for a pristine
AGNRS5 at a plane z = 0.4 A above the carbon atoms. The self-energy 31, effectively behaves as a current
source with a spatial structure which becomes more complicated for large basis sets. Please note the different
scale which is larger by about one order of magnitude than all the other divergence plots in this thesis.
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B.5 Additional convergence tests for the transmission and current density

B.5.3 Local current densities in AGNR5 with a single nitrogen substituent

In the main part, we have shown a basis set comparison
of the current density in AGNR5 with a single nitrogen

substituent in Fig. 2.9. Here, plots with additional basis
sets are shown in Figs. B.11 and B.12 for completeness.

B.5.4 Local current density in hydrogenated AGNR41 (20% hydrogen adsorbates)

Fig. B.10 shows the basis set dependence of the current
density at an energy point, where the transmission it-
self is not yet fully converged, but small energy shifts
are noticeable in the transmission peaks (cf. blue ar-
row in Fig. 2.14). In this situation, the current density
still exhibit a dependence on the basis set size. The
main qualitative feature remain: current vortices are
still present and stable. Also quantitative features are
sustained; the overall scale is the same and the current

Aliotal/dViias = 0.603 GSP™ = 4.67- 1075 A/V =155m

%

(a) basis set: tierl

X
7 A X 3
(r)/d‘/bias}dz i [dZotal/dViias]

102

still exhibits the mesoscopic fluctuations in the same
order of magnitude exceeding the average current by
two orders of magnitude, cf. the logarithmic color scale.
Hence, we are unable to predict the concrete current
path at a certain energy point. We can still make sense-
ful predictions about statistic properties of the current
densities (such as magnitude of the fluctuations or their
mean value), even though the transmission function is
not yet converged with respect to the basis set size.

102

(b) basis set: tier2

Figure B.10: Basis set comparison of the local current density response (integrated over the out-of-plane
direction) in the AGNR41 of Fig. 2.12 at energy E=cr+155meV (blue arrow in Fig. 2.14). The current
density is plotted relative to average current density I/L,, with width L, = 5.19nm. Plot shows current
amplitude (color), current direction (arrows), carbon atoms (gray crosses) and hydrogen atoms (red crosses).
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Figure B.11:

(e) V -j(r, E) — FHI-AIMS tier2

(f) V - j(r, EF) — FHI-AIMS tier3
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(a)-(c): Variation of the in-plane current density ju,(r, F) with increasing size of the basis

set for an AGNRS with one nitrogen substituent (green cross) at a plane z = 0.4 A above the carbon atoms
restricted in z-direction to the central region near the nitrogen impurity (dash orange box in Fig. 2.7). The
current density carries half a conductance quantum, 7 (F) = 0.5, in all cases; the energy E is varied such
that all plots share the same transmission value, see colored arrows in Fig. 2.8 for exact position. The current
direction is indicated by black arrows for the largest basis set. (d)-(f): The divergence V - j(r, E) belonging
to the respective current pattern in (a)-(c). The divergence converges very rapidly with increasing size of the
basis set. Divergence errors have a very small impact on the current pattern. All plots were calculated using

FHI-A1Ms.
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Figure B.12: Analog to Fig. B.11 but calculated using TURBOMOLE.
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Appendix C

Application I:

Narrow armchair graphene nanoribbons

This appendix contains additional material that complements Chap. 3, e.g., addi-
tional material on the behavior of streamlines in the bulk limit (Appx. C.1) as well
as additional plots for ring currents near antiresonances for AGNRS5 with a single
nitrogen substituent (Appx. C.2). Next, a continuity equation for “bond currents”
is derived from a general TB Hamiltonian (Appx. C.3). The scattering phase of a
simple linear TB chain with an on-site potential is derived in Appx. C.4. Finally,
the appendix closes with symmetry consideration preventing the emergence of ring

currents (Appx. C.5).

C.1 Bulk limit investigations for current patterns in pristine ribbons

C.1.1 Energy window for observation of
streamlines

In Tab. C.1, we check the estimate

AFE7_1 ~

2]5VeV for No > 1 (C.1)

c

used in the Sec. 3.1.3 to estimate the energy range in
which streamlines exist. The energy range AFE7—; is
defined as the energy range with 7(E) = 1 and we ex-
pect a 1/N¢ behavior for the energy interval 7(E) =1
since the (discrete) transverse wavevectors ky,m scale
with 1/N¢. Thus, the product AE7—; - Nc (last ta-
ble column) should be constant for Nc > 1. As men-
tioned in the main text, the streamline patterns in the
current density in AGNRs(3m—1) only appear at en-
ergies F with a single fully transparent channel. For
higher/lower energies, with two or more current chan-
nels, the patterns are more complicated.

One should not attach to much importance to the
exact numerical values since they are strongly func-
tional/method dependent. For example, for AGNR14,
we report two different values which were calculated by
using different (but very similar) functionals using dif-
ferent DF'T codes.

C.1.2 Streamline patterns in the bulk limit

In Sec. 3.1.3, we stressed that we see no indication that
the streamline pattern vanishes for wide ribbons. In
Fig. C.1, a cut at constant x and z through the stream-
lines in AGNR5/8/11/14/17 is shown. The current den-
sity is scaled by the number m of streamlines. That way,
the curves coincide. We conclude that, the streamlines
remain for wide AGNR(3m—1); only the weight is dis-
tributed over all m streamlines. Please note that the
small negative values for j, occurring in Fig. C.1 indi-
cate small current eddies with backflow.

135




C Appendix: Application I: Narrow armchair graphene nanoribbons

AGNRS5 AGNR14 ——

Nc=3m—1 | m AFE7—1 AFE7r—1 - N¢ ﬁgg]l?{?l AGNR17

5° 2 | 263 eV 132 eV

8 3| 2.20 eV 17.6 eV —— et

11¢ 4 1.75 eV 19.3 eV 0.03 F

14* 5 | 148 eV 20.7 eV E ,\

14° 5 | 142 eV 19.8 eV = o2 b1 |

17 6 | 1.20 eV 20.4 eV SR i |

20 7 | 1.06 eV 21.2 eV i \ [

29" 10 | 0778 &V | 226 oV =00y SR

41° 14 | 0585 ¢V | 240 eV S VA

59° 20 | 0.426 eV 25.1 eV 0 W/ ¥ \,/ J M A=)

83" 28 | 0.304 eV | 253 eV 0 2 4 6 8 10 12 14 16 18

¢ TURBOMOLE, SVP basis set, B-P86-functional
® FHI-AIMS, tierl basis set, PBE-functional
both closed-shell

Table C.1: Testing the dependence of AE7—; on
N¢ for Nc = (3m — 1). AE7—; is defined as the
energy range when only one band in an AGNRN¢
is present and therefore perfect streamline patterns

y/ay (ay =1234)

Figure C.1: A zz-cut through the current den-
sity response scaled by the number of streamlines
m for different pristine AGNRs(3m—1). The z-
component j, is shown at 7 = 1, at z = 0.54,
and z = z1, see Fig. 3.1a. Each AGNR(3m—1)

shows m peaks. The origin of the y-axis is chosen
so that y/a, = 1 coincides with the first peak. My
thanks to J. Wilhelm who performed the numeri-
cal calculations[140].

[DFT details: TURBOMOLE, basis set svP, closed-shell]

are expected. My thanks to J. Wilhelm who per-
formed the numerical calculations for the cases la-
beled with ¢[140].

>~ 3| N
- E 7;>ristine .
n = ) dm, /dV - ‘-. T
= g% \ :
3 : N
25 1t , .
S 40 ) [\ :
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SR N j 03 A :
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Figure C.2: Transmission function (solid red) and magnetization per bias dm./dVhias (perpendicular to the
graphene plane, dashed black) for the AGNRS5 with nitrogen at position 3. The plot is identical to Fig. 3.10,
except that additional energies are marked by colored arrows. The orange arrows mark the energy for the
current response already plotted in Figs. 3.8c and 3.8d, respectively. The green arrows refer to the current
response in Figs. C.3a and C.3b. The blue arrows refer to the Figs. C.3c and C.3d.

[DFT details: FHI-AIMS, basis set tier1, closed-shell]
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C.2 Additional ring current investigations for ribbons with a single nitrogen

C.2 Additional ring current investigations for ribbons with a single nitrogen

In this section, we list additional current density re-
sponses at selected energy points to further support
our analyses of ring currents near antiresonances as
discussed in Sec. 3.2.2. The selected energy points
are labeled by colored arrows in the magnifications of
Fig. C.2. The energy points always appear in pairs, one
below and one above an antiresonance.

The current densities for the orange marked energy
points are already shown in the main text, in Fig. 3.8c
and Fig. 3.8d.

The green marked energy points refer to the ring cur-
rents shown in Fig. C.3a and Fig. C.3b. These energies

Alota1/AViias = 2.15 - 1074 GEP™

Itotal
—~rota. 5

J [diay (r)/dVisas]d2
1 [
0 200 400 600 800
(a) nitrogen at pos. 37 E_sF =1.14 eV, E < Eres

y

Aliota1/AViias = 0.095 GP™ = 7.39- 1070 A/V

f [d.lw (r)/dVbias} dz

I l I |
0 20 40 60 80 100 120 140

(c) nitrogen at pos. 3, E—cr = 1.33¢eV, E < El

E—ep = 1.14eV  dliota/dVias = 1.90 - 1073 G?')pin

[dltotar/dViias] L,= 6.80 A

1000 0

E—ep = 1336V dljota/dViias = 0.108 G;pin — 8.38.10° AV

[d1total /dViias]
% Ly —6.80 A

160 0

are very close to the antiresonance and the ring cur-
rents exceed the remaining average through current by
a factor of 1000. The latter is therefore not visible in
the current density plots anymore and we see a perfect
reversal of the ring current pattern. The slightly differ-
ent scale is due to slightly different transmission values,
i.e., the chosen energy points are not exactly symmetric
to the antiresonance.

The remaining two ring current patterns, Fig. C.3c and
Fig. C.3d (blue marked energies in Fig. C.2), deal with
a second (sharper) antiresonance at F;.;. Again, we see
a reversal of the rotation sense. Thus, we conclude that
these direction changes are a generic feature.

FE—ep =1.15eV

[d1tota1/dVbias]

Y

[ I [
200 400 600 800 1000

(b) nitrogen at pos. 3, E—ep = 1.15€eV, E > Fres

FE—ep = 1.36eV

J [diay (r)/dVisas

l |

20 40 60 80
(d) nitrogen at pos. 3, E—er = 1.36eV, E > E.

Ly

] dz [dI¢ota1/dViias)
!

Figure C.3: (a-b) Local current density response (integrated over the out-of-plane direction) normalized to
the average through current of AGNRS5 with a single nitrogen substituent (green cross). The plots are for
slightly different energy points (see green arrows in Fig. C.2), (a) below and (b) above the antiresonance Fires.
(c—d) Equivalent to (a—b) but for energy below and above the second (sharper) antiresonance Fj., (see blue
arrows in Fig. C.2). [DFT details: FHI-AIMS, basis set tier1, closed-shell]
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C.3 Bond currents in tight-binding models:
derivation of the continuity equation in a tight-binding model

In this section, we derive a continuity equation for tight-
binding (TB) models. On that basis, we define “bond
currents”, current contributions which flow from one
TB site to another, and which obey this TB continuity
equation.

First, let us assume that the system is described by an
effective single particle Hamiltonian

7:[ = Z hij C;‘rcj s (C2)
0]

with a general matrix h;;. We do not (yet) impose any
conditions to h;;; not even hermiticity. The fermionic
operators ¢; comply with the usual anti-commutation
relations

{c},cj} = di; and {c“cj} =0. (C.3)
The time-dependence of the one-particle wavefunction

) = nch0) (C.4)

follows from the Schrédinger equation

ihov) = 1)  and  —ihd(y] = (AT, (C.5)

Next, we calculate the time-derivative of the density p;
of site I (g1 := (cf¢;)):
epr = Bulc] e, |v)
= (8] )efe 10) + wicfe, (0:1) )
—— ——
(c.5) 4 - s
= (At -5 M)
©2) i

=5 2 (nistwleleicte,[0) — ho lele cley ) )
ij

(C.5)

_ % > Im (hij (Wlefe, Czca"w)
ij

(C.4) 2 .
= z Im (hij <0|cmcjcl cjcjcjl|0> zpmwn)
/ Omi1 015 Ojn

o

2 . 2
:£Zlmh”w,¢j(_ =3 Imhyy(cfe) (C.6)
J J

In the last line, we applied the identity

<C;rcj> = <w|cjcj|1/’> (C.7)
(C~4) * *
=0 ntbn Olemele;eh|0) = yiy; .
| —
o 57ni 5jn

Now, we insert a Hamiltonian describing a pure nearest-
neighbor TB model, i.e.,

—ti]' if <Z,j> (z and j are nearest neighbors) 5
hij =
0 else.
(C.8)
That way, we arrive at a continuity equation
ce) 2 .
Orp1 (@9 ~7 Z Imtli<cjci) = — Z Jisi- (C.9)

i

i
if (1,i) if (1,i)
Here, we used that a continuity equation of the form

Opr = “—divji” (C.10)
must hold, and we identify the sum of all currents j;_,;
flowing away from site [ as the divergence. That way,
we can define the current j;—,; flowing from site | to
site ¢ (with site [ and ¢ being nearest neighbors) as:

if (1,7) . (C.11)

. 2
N—i = ﬁ Imtli<c;rci>

Source and sink terms

Adding an on-site energy term to the model, Ah;; =
05 €5, We get

. c.6) 2
dpr+ > G = =Y ImAhylcle,)  (C.12)
i g

if (1,4)

Ime; (c;fcl y=Im(e;)p;

as a correction to Eq. (C.9). By defining a source/sink-
term

2
o=z Im(er)pr, (C.13)
we can write the full continuity equation as
dpi+ > Gisi=o. (C.14)

it (1,0)
Please note, that o is only non-zero if we add an imagi-
nary part to the on-site energy ;. Then, the Hamil-
tonian 7 is no longer Hermitian because it includes
damping terms. Such damping terms occur, for exam-
ple, when including effects of leads via a self-energy.
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C.4 Linear tight-binding chain with a single on-site potential

Remark: Instead of ¢/ and ¢; (used in multi-particle
physics) one can also use |¢) and (j| (used in single-
particle physics) directly. This basically means to
use single particle states |n) = c{|0) and to project
the Hamiltonian to these single-particle states. Then
Eq. (C.2) and Eq. (C.4) become

H= Z haj |8} (J| (C.15)

and
[¥) =D wnln), (C.16)
n
respectively. The resulting bond currents in this single
particle formulation read

s = 2 Tm s (1) (il8) (C.17)

- if (1,4) .

C.4 Linear tight-binding chain with a single on-site potential

In this section, we calculate the scattering phase of
transport through a linear tight-binding (TB) chain
with a single one-site potential 9. Similar to Sec. 3.3.1,
the Hamiltonian is defined by

A=—t > [|n><n+1| + \n—|—1)(n\] + £0[0)(0].

(C.18)

W}) _ Z |:(e+ik(7n) _"_Tefik(fn))l_,n) + ¢e+ikn‘n> + ¢|0>

n=1

which includes 2 free parameters: the reflexion ampli-
tude r and the transmission amplitude ¢. Enforcing the
state to be an eigenstate of the Hamiltonian, we get two
conditions:

p=1+r, (C.20a)
—te ™ +ret ™ 4 gt L egp = B¢ (C.20b)
Solving this linear set of equations gives
¢ = _ (C.21a)
I+ iZt i?n k '
_j—=0
r:qﬁflz 15¢sink €0 (CZlb)

N €0 - N N — .
1+ig 2itsink — €9

We search for eigenstates which include an incoming
wave [¢in) = S.oo e * M| n) with wavevector k,
thereby effectively restricting the energy F = —2tcosk
to the band of the TB chain: E € [—2t,2t]. Hence, we

make the ansatz

(C.19)

(

The transmission 7, given by the squared absolute
value of the transmission amplitude ¢, is

1

2
€0
1
+ {Qtsink}

and does not depend on the sign of ¢, only on the am-
plitude. The scattering phase ¢, however, given by

T =l¢* = (C.22)

Imng__ €0
Re¢  2tsink’

tan ¢ = (C.23)
depends also on the sign of 9. The dependence on the
sign is important for Sec. 3.3.1, because it explains how
an antiresonance can be formed in a two-path model
with opposite on-site potential in the paths.
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C.5 How symmetry can prevent the emergence of ring currents

In this section, we explain how a perfect symmetry re-
lation between the different paths of two-path models
as discussed in Sec. 3.3 can lead to a suppression of the
ring currents. To this end, Fig. C.4 (left) shows the
most general system—we know of—where a symmetry
relation suppresses the creation of any backflow cur-
rents. The system features two identical paths (labeled
by the sub-Hamiltonian h) whose couplings to the leads
differs only by a scalar constant s. Of course, the case
of equal hopping, s = 1, is included.

For convenience, we diagonalize the subsystem h, see
Fig. C.4 (right). Then, each path consists of several
states of energy e; with (potentially) different couplings

Eq. (3.8), except that every eigenstate ¢; belongs to its
own basis functions |7;) and |B;) at the top and bottom
path, respectively.

For each state ¢;, an eigenstate |x;) with energy e; of
the overall structure (including leads) is given by

Ixi) = s|Ti) — |Bi) . (C.24)
This eigenstate has no contributions at the leads and
is therefore not part of an incoming wave. And since
it is an eigenstate of the overall Hamiltonian, it is also
not mixed in by the time evolution. Hence, each trans-
port/scattering state v is orthogonal to it:

t;, t/ to the leads. The current jr,p can be split into Wlx:) Lo, (C.25)
its contribution jr,p; through the states ¢;. For the
basis functions, we use the same nomenclature as in Thus, a general scattering state is written as
W)> — Z |:(e+ik(—n) + re—ik(—n)) ‘_n> + ¢e+ilm|n>:| + Zcz(|Tz> + S*|Bi>) (0‘26)
n=1 7
incoming, reflected and transmitted wave as before most general term allowed by (v]x:) L 0
[
with some constants ¢;. This relates the contribution and
in the top and bottom path by 9
. . * I
JB,i :=JB,ins1 = = Ims™{; <w|Bi><1|w>
(WIB:) = s{YITy) (C.27) o
= 2 Im[sPE @) (1) (C.29)

Again, we calculate the bond current between two
neighboring sites ¢ and j (connected by the hopping
element t;;) as jio; := 2 Imt;;(1|i)(j|1). The currents
through the states ¢; of the top/bottom path are then
given by

Hence, the currents through the top and bottom path
are related by a constant prefactor:

Js(E)

This behavior is seen in Fig. 3.14b and Fig. 3.14d,

=|s]* jr(E) VE. (C.30)

o= il = 2 Im ¢ (| T3) (1) , (C.28) where t'he top and bottom currents are related by an
h energy-independent constant.
i 1" r"t/ ) (1IN
bt o S PN t:t:/\t:t:t
Frotar \ st'TLLE L2 S ioran Disgonalization Jeotal “st"gBY Jrotal
== e ofh— b
g —t1 - b= (e1,¢2,...) Jr/B = (Jr/B15J1/B2> - - -)
h={ .
o t=(4,%...) ¢ =@,4,..)

Figure C.4: A general TB two-path model where the symmetry suppresses the creation of backflow currents.
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Appendix D

Application II:

Graphene with hydrogen adsorbates

This appendix contains additional material that complements Chap. 4. First, we es-
timate the average level spacing of hydrogenated AGNRs in Appx. D.1. Additional
material on the current density is divided into three sections: the three-dimensional
spatial dependence (Appx. D.2), the spatial autocorrelation (Appx. D.4), and the
evolution under an applied bias voltage (Appx. D.3). In Appx. D.5, we discuss
details about the distribution function, ranging from definitions over analytical cal-
culations to additional examples. Last, in Appx. D.6 and Appx. D.7, a selection of
the raw data is shown which was used to analyze the dependence on AGNR size

and impurity concentration.

D.1 Level-spacing of hydrogenated AGNRs (20% hydrogen concentration)

In this section, we estimate the level spacing of hy-
drogenated AGNRs for fixed hydrogen concentration.
For that purpose, we employ several AGNRs (as shown
in Fig. 4.7) with 20% hydrogen adsorbates. The level
spacing A is calculated as average over an interval of
1eV near the Fermi energy, i.e.,

ep+0.5eV
Azle\/// p(E)dE.

r—0.5eV

(D.1)

In the density of states p(E), we only include the states
of the functionalized area which excludes the pristine

contact regions.! In general, the level spacing is in-
versely proportional to the number of states which in
turn is proportional to the system size. We parametrize
the system size by the number of carbon atoms N which
reside in the functionalized area. We thus expect a 1/N
dependence for the level spacing. A fit to the DFT data
estimates

CA

A=

N vithea =1516V, (D.2)

as shown in Fig. D.1.

!Technically, we use the Green’s function G(E) of the device region (cf. Eq. (2.23)) to calculate the density of
states pdevice(E) of the whole device region (including two pristine contact regions). We use the converged
Green’s function G™(E) of a single building block of the lead (cf. Eq. (2.18)) to calculate the density of

states pplock (E) of one lead block.

[We use the Green’s function of the last iteration, i.e., m = M — 1,

cf. Eq. (2.18).] Then, the density of states of the functionalized area (without the two contact regions) is

estimated as p(E) = pdevice(E) — 2 pblock (E).
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Figure D.1: Level spacing of AGNRs(NzxN,) with 20% hydrogen depending on the system size. The AGNRs
are shown in Fig. 4.7. The level spacing A is calculated as average over an interval of 1eV near the Fermi

energy, i.e., A = 1eV/ f;:jg;ec\\// p

(E)dE. The number of carbon atoms N = N, - N, only includes the carbon

atoms in the functionalized area, i.e., the pristine contact regions are not counted.

D.2 Three-dimensional spatial dependence of current density and magnetic field

in AGNR8x41

D.2.1 Current density response

In the main body, we mostly integrate the current den-
sity over the out-of-plane direction (z-direction). In
this section, we discuss the z-dependence of the current
density response in a hydrogenated AGNR8x41 with
20% hydrogen adsorbates (as shown in Fig. 4.1b). The
transmission function was depicted in Fig. 4.2b and fea-
tures many sharp peaks. We calculate the current den-
sity response at energy E = er + 155 meV related to the
center of a transmission peak. In Fig. D.2a, we show the
integrated current density as commonly presented in the
main body. It exhibits the usual strong mesoscopic fluc-
tuations reflecting in a logarithmic color scale covering
4 decades. The cuts in Figs. D.2b and D.2c show that
the current density has the general tendency to be sym-
metric to the carbon plane. Nevertheless, there are also
regions where the current above and below the carbon
plane flows in opposite directions, thereby forming small
vortices. These vortices also induce magnetic fields; this
time in z- and y-direction, which are discussed in the
next section.

D.2.2 Magnetic field response

In the main body, we restricted ourselves to the mag-
netic field in z-direction because the other components

are suppressed by an (approximate) z-mirror symmetry.
In Fig. D.3, the magnetic field response for the current
density response (shown in Fig. D.2) is shown at three
different heights: below (z=—1.5A4), at (2=0A), and
above (z=+1.5A) the carbon plane.

The x and y-components show a strong z-dependence,
with a different sign below and above the carbon plane.
For a perfect z-mirror symmetry, the contributions
above the carbon plane are opposite to the ones below,
By/y(+2) = —B,/y(—2). The remaining fluctuations
in the (averaged) carbon plane (Figs. D.3d and D.3e)
are evidence of the slightly broken z-mirror symmetry
of the system configuration.

The z-component of the magnetic field shows a very
weak z-dependence. Basically, all features at z=0A are
still present at z=+1.5A. This is explained by the di-
vergence condition, 0. B, + --- = 0, which reduces the
z-dependence of B..

In the main body, we focused on B, since we expect the
contributions of B,, B, on the electronic wavefunctions
to average out because of the strong z-dependence and
the sign change at z=0A. We expect the main contri-
butions from B,. [Of course, all components are nu-
merically included in Chap. 6 nevertheless.]

142




D.2 Three-dimensional spatial dependence of current density and magnetic field in AGNR8x41

FE—¢ep = 155 meV

L,=51.9A

SPIN _ 4.67- 1075 A/V

0

dItotal/dVbias = 0.603 G

T 7 T T
s} o jen} s}
i — i i

T —

[(y-A)/Vy-01-9F="E]
Up i
(1) tp

e ur 2p

; M%Hx,
AT ﬁwi

e

i i28
,M,f

N N7
TR
i

Ili

N
s~
It Al T

—

S~/
—~/ ~
N2l

SN

2

IXTER

T

DSENSA2T

PN TV N~y

T EAIN

(a) jay: xy-view, integrated over z

7 i
o o
— i

T
e}
i

i

[(y-A) /Vy-01-Lg=""¢]

‘e ut

P

" (0)*"fp

Zo

L 2
cut at x=x

Figure D.2: Local current density response for the hydrogenated AGNR8x41 shown in Fig. 4.1b at energy E

Jyz: yz-cut at

)

(b

e—0T+ ¢ 0T+ -0+
2—0T— ¢ 0T— ,_01—

[(aY " A) /Vy_0T-28="e]
seiq

e ug .M:v

(2)*fp

(€) ja: y2

gray crosses),

arrows), carbon atoms (

(

, current direction

(color)
plane current pattern in an xy-

er + 155 meV. Plot shows current amplitude

integrated over the z as commonly

)

view

) In-

a

(

).

presented also in the main body. (b/c)

and hydrogen atoms (red crosses

The

(a).

as marked in

A cut through the current density at x = zo,

)

and (c),

)

b

(

to the cut are shown in panel

)

and perpendicular (jg

Jy and j:

(

respectively. Only atoms within 1A of the cut are marked by crosses in the yz

current components parallel

-cut.

143




D Appendix: Application II: Graphene with hydrogen adsorbates

diotar/dViias = 0.603 Gf,pi“ =4.67-107°A/V

E—ep = 155meV
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Figure D.3: The magnetic field response dB/dVpias induced by the current configuration presented in Fig. D.2.
The magnetic field is shown at three different heights, z=—1.5A (panel a/b/c), 2=0A (panel d/e/f), and
z=+1.5A (panel g/h/i); corresponding to below, at, and above the average carbon plane, respectively. The
- and y-components show a strong z-dependence with an (approximate) sign change at z=0A. On the other
hand, the z-component hardly depends on the z-direction.

D.3 Current evolution when increasing the bias voltage

In Sec. 4.2.3, we discussed the evolution of the current
density with increasing bias voltage using the moments
of the distribution function, cf. Fig. 4.15 (center).

In Fig. D.4, we provide explicit plots of the current
density for increasing bias voltage. For small bias
voltages, an increase of the bias voltage significantly
changes the current pattern, e.g., from Viias = 50 mV to
Vhias = 100mV (Fig. D.4a to Fig. D.4b). For large bias
voltages, an increase hardly perturbs the pattern, e.g.,
from Viias = 200mV to Vhias = 250mV (Fig. D.4d to
Fig. D.4e). From that behavior, we conclude that each

transport state carrying current vortices of the same or-
der. Adding additional transport states (by increasing
the bias voltages) only significantly changes the current
pattern if the number of transport states to start with
was small.

The magnetic field for a bias voltages of Viias = 250 mV
is shown in Fig. D.4f. The magnetic field strongly varies
and changes sign from region to region. The field gra-
dient reaches 200mT V™ 'nm~! which is reduced by
about a factor of 5 when compared with the response
to an infinitesimal small bias voltage (cf. Fig. D.3f).
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D.4 Spatial autocorrelation function of the current density

D.4.1 Theory

In the main body, in Fig. 4.3a, the current density re-
sponse j® := dj/dVbias of a hydrogenated AGNR16x83
was shown. The current pattern displayed many seem-
ingly random current vortices. To quantify this “ran-
domness”, we ask the following question: what is the
spatial autocorrelation function for the current density
and how fast does it decay?

The spatial autocorrelation function Ju,(8) of the cur-
rent density response is given by

Jav(8) = (Ga(r) jo(r +6) )
=3 | dr i i+ 9).

where the integration volume V is restricted to a cuboid
of dimensions L, = 38.8A, L, = 97.2A, and L, =
10.0A. The cuboid includes only the functionalized
area of the AGNR without the border regions.? The
integration borders in z-direction, z = +5A, are arbi-
trary. To remove this arbitrary dependence, we define
a normalized autocorrelation function

() = 2l

\/Jaa(0) Jpp(0)

(D.3)

N

(D.4)

jCD xT

0 2 4 6 8 10
5 [A]
(a) Joa(9)

s0 that Juq(0) = 1.

To avoid the evaluation of the integral in Eq. (D.3) for
every value of 8, we evaluate the autocorrelation func-
tion by a double Fourier transformation, i.e.,

Jar(8) = (jalx) jo(r +8))

= (F(0w) 7 (5) ).

That way, a periodicity of the current density pattern is
assumed which, of course, the current density in hydro-
genated AGNR16x83 does not possess. The induced
errors are of the order 2§;/L;. Thus, we expect only
small errors for 0, < 8A, 6, < 124, and 6, < 2.5A.

(D.5)

D.4.2 AGNR16x83 functionalized by 20%
hydrogen adatoms

The autocorrelation function jm of the current den-
sity jo (in transport direction) of a hydrogenated
AGNR16x83 is shown in Fig. D.5a. We observe a very
fast decay which seems to be modulated by additional
oscillations, i.e., Jyz ~ e %/ . cos(Ad). The correlation

1 T T T
e—0/0.3A s -
001 1 1 1 1 1 1
0 02 04 06 08 1 1.2
3 [A]
(b) Jox(9)

Figure D.5: Spatial autocorrelation functions Jy. for the current density j° in transport direction in a
hydrogenated AGNR16x83 (as presented in Fig. 4.3a). The arrows at 0.65 A and 2.49 A (width of carbon ring)
mark significant oscillations in the correlation functions, hinting at current vortices.

2The exclusion of the boundary areas is performed with the same procedure as used for the suppression of the
boundary effects in the distribution functions, cf. Ayt in Appx. D.5.3, Fig. D.9c.
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D.4 Spatial autocorrelation function of the current density

length ¢ is estimated in Fig. D.5b for the in-plane cur-
rent components as &€ = 0.3 — 0.5 A. The sign changes
in the autocorrelation function are especially important
because they hint at tendencies to form ring currents
around single carbon rings, i.e., the current density jo
at two points which are separated by one carbon ring,
§ = 2.94A ey, show a preference to align antiparallel.
The negative peak in z-direction (blue arrow) predicts
a tendency to also form small current vortices along
the z-direction. The effect of a current density run-
ning in opposite direction above and below the graphene
plane is neglected in the main part by integrating over
z-direction.

For completeness, all autocorrelation components are
shown in Fig. D.6. The off-diagonal correlators Jap,
a # b, should tend to zero for averaging either over a
single large disordered AGNR or over several randomly
disordered AGNRs. The modulations in Fig. D.6d-f are
estimates for the influence of the concrete impurity con-
figuration. Thus, any features in the diagonal correla-
tors Jaq below 0.05 are probably not of general origin

but depend on the exact impurity configuration.

Thus, all in all, the autocorrelation functions support
the tendency to form vortices in the current density.

D.4.3 Pristine AGNR41

In Fig. D.7, the diagonal autocorrelators for a stream-
line pattern of pristine AGNR24x41 is shown.® The off-
diagonal correlations JNggy7 JNM7 jyz are numerically zero,
i.e., in the order of 107% and below. We ensured that
the integration volume V' is chosen in such a way that
the current pattern is indeed exactly periodic. Thus,
no spurious contributions are introduced by the Fourier
transformation.

The perfect periodicity of the streamlines is reflected in
the autocorrelation functions for d || e; and ¢ || e,. The
periodicity lengths a, and a,, marked with colored ar-
rows, naturally coincide with the periodicity length of
the streamline patterns. Interestingly, in out-of-plane

1 . . 1 . . , ,
jrz(ée«r) E— jyy(’sel’) —
J:zx(‘sey) i J:w(ﬁew
vo(0€:) — | Jyy(dez) — |4
. . . . . . . —0.2 . . . .
2 4 6 8 10 2 6 8 10 0 2 4 6 8 10
5 A 5 4] 5 [4]
(a) Juz(8) (b) Jyy(9) (c) J:=(8)
0.2 . . . . 0.2 . . 0.2 .
Jry(0e;) —— Jp-(e,) —— Jys(es) ——
01 | Juy(dey) < 01 | Juz(dey) < 01 | Jy(dey) -
vy(0€s) —— Jp:(des) —— yz(de;) —
.,j 0 AN ,,\? 0 “$ 0 [\V\
—01 | ~ , —01 } —0.1 ~ ~ ,
~0.2 . . . . ~0.2 . . . 0.2 . . . . .
0 2 4 6 8§ 10 0 2 6 s 10 0 2 4 6 8 10
5 [A] 5 (4] 5 [A]
(d) Juy(9) () Juz(6) (f) Jy=(9)

Figure D.6: Spatial autocorrelation functions Ju; for the current density in a hydrogenated AGNR16x83 (as

presented in Fig. 4.3a).

3The streamline patterns in pristine AGNRs are discussed in detail in Sec. 3.1. Due to the periodicity in the ribbon
width, the autocorrelation functions presented are the same of any AGNRN¢ with N¢ = 3m — 1.
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Figure D.7: Spatial autocorrelation functions Jaq for the streamline pattern seen in pristine AGNR(3m—1).
The off-diagonal correlations Jiy, Jzz, Jy. are numerically zero, i.e., in the order of 1075 and below.

direction, & || e., the autocorrelation function decays
significantly slower than in the hydrogenated AGNR,
cf. Sec. D.4.2. While in pristine AGNRs the current
density is always the same above and below the carbon

D.5 Distribution functions

In this section, we cover details of the distribution func-
tions which have been omitted from the main part.
We start with formal definitions in Appx. D.5.1. In
Appx. D.5.2, we analytically calculate the expectation
of equivalent vector components if the vector magni-

plane, it may (and does) differ in hydrogenated AG-
NRs in some spatial regions, cf. Appx. D.2, Figs. D.2b
and D.2c.

tude follows a lognormal distribution. Next, the proce-
dure how to suppress border contributions is discussed
(Appx. D.5.3). We close with further examples of distri-
bution functions of the current density in Appx. D.5.4.

D.5.1 Normal and lognormal distribution & deviations from distributions

Normal distribution

A normal or Gaussian distribution is given by

Prormal (T) = \/217“7 exp { — %} . (D.6)
It is solely parameterized by its mean value p,
= /:r’P(:c) dx, (D.7)
and its width o,
e /(m — p)? P(x)de. (D.8)

Lognormal distribution

A quantity = follows a lognormal distribution if the log-
arithm In z follows a normal distribution, i.e.,

\/21?0 exp|:— %} . (D.9)

It is also solely parameterized by its mean value p and
width o, both with respect to the logarithm of x.

Plognormal (ln :E) =
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Deviation from a lognormal distribution

For classification of the distribution functions, we use
the mean value p and the width o. These two val-
ues do not ensure that a quantity follows a normal or
lognormal distribution. Historically, we used higher
moments (skewness v, kurtosis w and excess kurto-
sis v = w—3) to quantify deviations from a (log)normal
distribution. We found this procedure to be insuffi-
cient because it neglects all differences in higher mo-
ments. Therefore, to quantify the deviation of a (nu-

merically calculated) distribution function P(Inz) from
the lognormal-distribution Piognormai(Inz), we define a
deviation measure Ap, . that uses the complete range
in which the distribution function P(lnx) is reliable.
We define Ap, . as the logarithmic root mean square
deviation between the two distributions with an addi-
tional cutoff A which cuts off statistical unlikely unreli-
able values:

In p+v202A
1
Ap,, = | —F—
" 2v202A
In p—VvV202A
In this procedure, the lognormal distribu-

tion Plognormal (In ) is parameterized by the mean p and
the standard deviation o of P(Inz). This exactly cor-
responds to the deviation of the distribution P(Inx) to
a (downward opening) parabola in double-logarithmic

Deviation from a uniform distribution

For quantities that are expected to follow a uniform
distribution

1
— x €la,b
Puniform(.%‘) = b—a [ ) }

, D.11
0 else ( )

we define a deviation measure Ap as the relative

uniform

dlnzx ‘ InP(Inz) — In Piognormal (In )

2

(D.10)

(

plots like Figs. D.10 and D.11. We arbitrarily set the
cutoff to A = 2.5. The integration bounds In p++v202A
are set in such a way that only values more likely than
efA/\/ 2mo? are taken into account.

root mean square deviation, i.e.,

2
1 b P(I) - Puniform
Apuniform = m/ dz (’Pf

(D.12)

In this thesis, we use this measure for angle distribu-
tions, P(¢) and P(cosd). The related deviation mea-
sures are named Ap, and Ap respectively.

cos 6

D.5.2 Lognormal distribution of a vector quantity

In this section, we analyze a 3-component vector j
whose magnitude j = |j| follows a lognormal distribu-
tion. We assume that the angles defining the component

Je = jsinfcosy, jy, = jsinfsinp, and j. = jcosh are

equally distributed, i.e., P(¢) = /2= and P(cosf) =
1/2. For that case, we provide an analytic expression
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Figure D.8: Distribution functions Pcomponent ad Plognormal for a linear and logarithmic scale. [Numerical

parameters: 7=1, 0 = 1]

for the expectation value of a single vector component
of j.

To start, let the amplitude j follow a lognormal distri-

|

bution with mean value g = Inj and width o:

Then, the distribution function of the logarithm of a single component, e.g. In |j.|, is given by

+1

P(n|j.]) = /dcp ’P((p)/dcos@ P(cosb)
0

—1 1/2
—_————
1

The ¢-integral evaluates to unity (due to normaliza-
tion). The Dirac delta function forces the amplitude j
to equal j = |9:/cos0]. This happens twice (for + cos);
by including a factor of 2, we can restrict cos 6 to posi-
tive values:

(In

jZ/cos 9| — lnj)2

+1

. 1
P(n|j.]) = or O/dcosH exp[— 552
(D.15)

The integral can be simplified using the substitution

ln‘jZ/cos9| —hlj g
t=—~rF— 4 — D.16
V20 V2 ( )
dcosf —Botto? Jz
=—V2 = D.1
3 oe iR (D.17)

L1 ~ (Inj—Inj?
P(nj) = o exp[ 557 . (D.13)
—+oo
/dlnj P(lnj)é(ln A —1n(|jcose\)) . (D.14)
[
leading to

o2

‘ T s 1 ]
Pinlj]) = =5 ijl erfc(% + 5 |Jj|)

(D.18)

where we have introduced the complementary error
function erfe(z),

erfc(z) = % /eit2 dt.
™

In the main body of this thesis, we refer to P(In|j.|)
as Peomponent- 1ts behavior is shown in Fig. D.8 (red
curve) for a logarithmic and linear scale. For compar-
ison, a lognormal distribution is shown (in green) as
well. For large values, both distributions are similar.
For small values, Pcomponent Shows a much heavier tail.

(D.19)
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Limiting behavior of Pcomponent

The limiting behavior can be reproduced analytically.
Employing the limits for x — Foo of the complemen-
tary error function,

lim erfe(z) =2, (D.20)
T——00
and
e
lim erfc(x) = € (D.21)

T—+00 xﬁ’
the distribution functions limiting behavior is given by

. . a2 72| .
lim  P(ln|j.]) =e> 7O<|Jz|»

In|jz|——o0

(D.22)

. , (In[j:| — Inj)*
1 In |7, -
i, Pinjz]) ocexp 52

(D.23)

D.5.3 Current density distribution function

In Chap. 4, we plot several distribution functions of the
current density. We focus on the bulk limit; therefore
we want to suppress border contributions. In this sec-
tion, we provide the details on the procedure how the
borders effects are reduced.

We start with the current density response in three di-
mensional space, e.g., the current density response is
rastered in a cuboid with corners (Zmin/maxs Ymin/max =
BA, zo 4A)7 where Zmin/max is the minimal and maxi-
mal z-coordinate of any atom in the device region (in-
cluding contact regions). zo = 0 refers to the average
carbon plane. The distribution function of the current
density rastered that way is shown in Fig. D.9a. We
see very long tails for small values. We account the
tail to an exponential decay of the current density in z-
direction “outside” the AGNR. If the decay is indeed
exponential, the distribution function of the logarith-
mic current density should go to a constant for small
values. [That this still happens for smaller values is un-
likely because the employed basis functions in the DF'T
cannot represent long exponential tails.] Apart from the
long tail clouding any interesting details, this definition
is also problematic since the height L, of the ribbon is
not well-defined. [Here, we have used the height of the
rastered box, L, = 8A ]

Thus, for small values, a linear regime exists, whereas
a lognormal distribution is recovered for large values.

Remark: The linear regime for small values translates
to a constant regime on a non-logarithmic scale since
the linear term drops out when transforming the distri-
bution function:

dln|j.|
dlj.|
————

_1
[3z1

Pje1(l3=1) = Pz (0 |5:]) (D.24)

: suppressing border contributions

To remove the long tails, we integrate the current den-
sity over z-direction. The corresponding distribution
function is shown in Fig. D.9b. The tails are already
significantly reduced. The drop-off at smaller values
is probably due to the finite precision used in the nu-
merical integration (double precision ¢ = 2.2 - 10716,
Ine = —36.05). There is still a heavy shoulder for small
values. These values can be attributed to contributions
at the y-border of the AGNR where the current contri-
butions also decay exponentially.

To remove this border effects, and simultaneously re-
duce the influence of the pristine leads, the integrated
current density is restricted to a rectangular area Acy
which is one carbon ring (2.878A) distance away from
from the outer hydrogen atoms and from the contact
region (cf. Fig. D.9d). The obtained distribution of the
current density is shown in Fig. D.9c. The current mag-
nitude follows the lognormal distribution and the vector
components follow Peomponent-

For the distributions of the magnetic field, we apply
a modified procedure. The magnetic field is not inte-
grated but restricted to the average carbon plane, z = 0.
In x/y-direction, it is also restricted to the area Acyt.
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Figure D.9: (a) Distribution function for the current density response i =dj /dVhias normalized to the average
through current per width and height, j;vg;yz = dliotat/(LyL.dVhias). The number of points Npoints used to
approximate the distribution function is shown in the plot title. (b) The current density response is integrated
over the z-direction and normalized to the average through current per width, jg\,g;y = dliotar/(LydVhias)-
(¢) The current density response is integrated over the z-direction and additionally restricted to the region Acy.
(d) Geometry of the ribbon showing the definition of Acy.
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D.5 Distribution functions

D.5.4 Further distribution functions for simulated current densities

Hydrogenated AGNR8x41:
infinitesimal bias voltage

In Fig. D.10, distribution functions for infinitesimal
bias voltages in hydrogenated AGNR8x41 (20% hy-
drogen concentration) are shown. In both cases, the
magnitude of the current density follows a lognormal
distribution, although the transmission differs by two
decades (7 = 0.6 and 7 = 0.004). The main ef-
fect of a low transmission value is that the distribu-
tion is shifted to higher values. This is because the
current density is normalized to the average through
current joug.y = dliotal/(LydVhias). The latter vanishes
faster at an antiresonance with 7 — 0, so that the ratio
increases.

Hydrogenated AGNR8x41: finite bias voltage

In Fig. D.11, the distribution functions for two differ-
ent bias voltages Viias are shown. Different bias volt-
ages mean that the current contributions of the differ-
ent number of transport states N = fEF+PVb‘“ p(E)dE

E =0.1556V; T = 0.603; Npoints = 11220
p=156,0=123 Ap, .. ,=0.15/0.21/0.39
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In(| [dz 571/ vy
(a) High transmission: 7 = 0.6

are included: N, = 14 and N, = 36 for panels (a)
and (b), respectively. In both cases, the magnitude
of the current density follows a lognormal distribu-
tion. The width of the lognormal distribution decreases
for a larger number of states. Naively, from a sim-
ple summation of random quantities, one might ex-
pect a square root dependence, i.e., 0 1/\/N The
data, however, suggest that the decay of the width
is much slower; specifically, the decay of the widths,
ov/oa = 1. 06/1 23 = 0.86, is slower than the decay
of the (inverse) square root of the number of states,

V/Nu/Ny = /14/36 = 0.62.

Pristine AGNR41

The current density distribution and the distributions
of the related angles of pristine AGNR41 are shown in
Fig. D.12. As usual, the current density is normalized
to the average through current. The distribution shows
only few values above 0 and no tails for larger (posi-
tive) values, i.e., only very few values exceed the average
through current.
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Figure D.10: Distribution functions for the current density response j° = dj/dVhias taken at (a) high and (b)
low transmission values. The current density is integrated over the z-direction and normalized to the average
through current jgey = dliota/(LydViias). The colored arrows refer to Fig. 4.15 (top), where they mark
the energy at which the current density response is taken. The magenta parabola is a lognormal distribution
Plognormal parametrized by the mean p and the width o given in the plot titles. The expectation for a single
vector component, Peomponent, 1S given by a black line.
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Figure D.11: Distribution functions for the current density j at two different bias voltages. The current
density is integrated over the z-direction and normalized to the average through current jave;y = Itotal/Ly-
The colored arrows refer to Fig. 4.15 (center), where they mark the energy range over which the current density
is integrated. The magenta parabola is a lognormal distribution Piognormal parametrized by the mean p and
the width o given in the plot titles. The expectation for a single vector component, Pcomponent, is given by the
black line.
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Figure D.12: (a) Distribution functions for the current density response j® = dj/dVhias - The current density
is integrated over the z-direction and normalized to the average through current jgvg;y = dliotal /(LydViias)-
Because of the exact z-mirror symmetry, the value of [ j. dz is always exactly zero. (b) The related distribution
for the angles. Because of the exact z-mirror symmetry, only cosf = 0 is allowed, leading to a Dirac delta
function P(cos0)=d(cosb).
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D.6 Raw data: magnetization response dm.. /dVjas

In Sec. 4.3, especially in Fig. 4.19, we analyzed
the system size dependence of the magnetic re-
sponse dm/dVpias. For that purpose, for each sys-
tem size, we calculated the magnetic response for sev-
eral energies E; featuring high transmission values (see
Appx. D.7 for the transmission curves). The raw values
are shown in Tab. D.1.

The average values

as well as the standard deviations

N 2
_ 1 dm. dm.(E;)
Odm, /dViias — \j N—1 ; [< dvbias> AVhias :|
(D.26)

are shown in Tab. D.2.

dm. 1 < dm.(E;)
<dVbias > B N ; dVbias (D25)
System E—¢erp dm. /dViias
—1.3150eV  +0.6611ug/V
—0.5115eV  —0.8719 ug/V
—0.0605¢V  +0.3792 up/V
AGNR6X29 | o 18356y —4.2071 pp/V
4+0.2130eV 42,9794 up/V
+0.3910eV  +11.9696 pg/V
—0.3030eV  +9.3981 ug/V
—0.14006V ~ —3.6439 ug/V
—0.09506V  +18.8951 ug/V
AGNRSAL |6 00706V —4.3672 up/V
+0.0590eV  —1.4230 u/V
+0.08656V  —4.1040 ug/V
—0.3330eV  +5.3899 up/V
—0.07256V  —4.3827Tug/V
4+0.0155eV  —10.8772 ug/V
AGNRI12x59 | +0.04406V  46.8316 up/V
+0.0660eV  +12.5626 up/V
4+0.1820eV  —7.5150 ug/V
+0.21156¢V  —11.3322 ug/V
—0.1835eV  —17.0402 up/V
—0.10406V  —40.4304 ug/V
—0.04506V  —10.6666 ug/V
AGNRIGXE3 | 097567 +12.0678 up/V
+0.12256V  +13.4251 ug/V
+0.2195eV  +10.0110 up/V

System E — ey dm./dViias
—0.9090eV  —0.3929 ug/V
—0.75406V  —0.3992 pp/V
—0.4675¢V  —1.0914 up /V
AGNRSXIL | 697306V +0.6555 um/V
4056106V +5.3023 up/V
+0.8710eV  —1.3445up/V
050156V —5.2491 pp/V
—0.30606V  +3.9614 up/V
~0.24806V  —2.1956 up/V
AGNRIZA0 | 098006V +4.2866 up/V
4020356V —0.6291 pg/V
4021706V +3.6162 up/V
046256V +6.9511 up/V
~0.33206V  —0.1153 pup/V
—0.0105¢V  +3.6212up/V
AGNRIGX2) | 046156y —4.8307 up/V
4039256V +3.4705 ug/V
4044756V +0.3718 up/V
~1.0550eV  —15.2517 pp/V
093506V —0.8779 pup/V
—0.70006V  +3.2307 up/V
AGNRZDAL | 604856V +10.5061 up/V
1029806V —2.6444 pp/V
+0.3130eV  —3.9263 up/V
—0.36606V  +2.7975 up/V
~0.30956V  +15.9137 pg/V
—0.26506V  —19.3498 pup /V
AGNRBGI | 15056V 12,0663 s /V
+0.2125eV +0.5942 ug/V
10.22006V  —4.5360 pp/V

Table D.1: The magnetic response dm./dViias taken at energies with high transmission values for several
differently sized AGNRN,xN,. The data is used in Fig. 4.19 to discuss the system size dependence of the

magnetic response.
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l System [ (dm /dViias) Cdm, /dVisae
AGNR6x29 | +1.8184u5/V  5.5018 ug/V
AGNR8x41 | +2.4592us/V 9.5946 ug/V

AGNR12x59 | —1.3319us/V 95179 ug/V
AGNR16x83 | —5.4389ug/V  21.3886 us/V

l Systern ‘ (dmz /dVbias> Odm. /dViias
AGNRS&x14 +0.4550 up /V 2.4745 HB/V
AGNRI12x20 | +0.6317 LLB/V 3.9375 HB/V
AGNRI16x29 | +1.5781 }lB/V 4.0502 LLB/V
AGNR24x41 | —1.4939 HB/V 8.5231 HB/V
AGNR34x59 | +1.2476 LLB/V 12.5911 HB/V

Table D.2: The average and standard deviation of the magnetic responses dm. /dVhias listed in Tab. D.1.

D.7 Raw data: transmission & distribution functions

In Sec. 4.2.1 and Sec. 4.2.2, we investigated the depen-
dence on the system size and on the impurity concentra-
tion, respectively, on the flow of the moments belonging
to the distribution functions of the underlying current
density. For that purpose, we calculated the transmis-
sion function for each system, and selected six energies
which feature transmission peaks. For these six ener-
gies, the current density response and the associated
distributions were calculated. Then, we averaged the
moments over all six energies and discussed the flow in
dependence on system size and hydrogen concentration
(cf. Fig. 4.11 and Fig. 4.12).

In this appendix, we present a selection of the raw data.
For each system, we show the transmission curve. The
six selected energies are marked by red boxes. For one
of these energies (marked by a filled red box), the cor-
responding distribution function of the current density
is also plotted. Its mean value p and width o, as well
as the deviation measures (as defined in Appx. D.5.1)
are given in the title off each distribution function. In

all cases, a lognormal distribution Plognormal parameter-
ized by mean g and width o is shown for comparison
(solid magenta). The expectation Peomponent fOr a sin-
gle vector component (cf. Appx. D.5.2) is drawn as a
solid black line.

In some systems, we also analyzed the relaxation ef-
fects (cf. Sec. 4.4). In that cases, a transmission func-
tion Tunrelaxed for the unrelaxed ribbon is also plotted
(dashed cyan).

On the following pages, the described selection of the
raw data is shown for

e size dependence in Appx. D.7.1,
e impurity concentration variation in Appx. D.7.2,
e« AGNR 41/42/43 dependence in Appx. D.7.3.

Afterwards, the statistical values of all distribution
functions (same order as in Fig. D.13-Fig. D.18) are
listed in Tab. D.3-Tab. D.5.
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D.7.1 Size dependence
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Figure D.13: Raw data for different sizes of square hydrogenated AGNRs (20% hydrogen, L/W = 1).
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Size dependence (continued)
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Figure D.14: Raw data for different sizes of wide hydrogenated AGNRs (20% hydrogen, L/W = 3).
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D.7.2 Impurity concentration variation
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Figure D.15: Raw data for varying hydrogen concentration of a square AGNR24x41 (L/W = 1). (a) The
transmission function 7pristine Of pristine AGNR has been omitted in favor of a legend since Tpristine is shown
in all other transmission plots anyway.
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D Appendix: Application II: Graphene with hydrogen adsorbates

Impurity concentration variation (continued)
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Figure D.16: Raw data for varying hydrogen concentration of a wide AGNR8x41 (L/W = 3). (a) The
transmission function Tpristine Of pristine AGNR has been omitted in favor of a legend since Tpristine is shown
in all other transmission plots anyway.
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D.7 Raw data:

transmission & distribution functions

D.7.3 AGNR 41/42/43 dependence
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Figure D.17: Raw data for hydrogenated square AGNR24x41/42/43 (20%
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Figure D.18: Raw data for hydrogenated wide AGNR8x41/42/43 (20% hydrogen, L/W = 3). Due to lack
of space, the legend is not reproduced (see previous pages).
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System E —c¢rp T(E) dm. /dVbias }J,(Plnj) O‘(Plnj) Apln j pr APCOS o
—0.9090eV  0.2954 —0.393 HB/V 0.9981 1.3399 0.1277 0.5622 0.4008
—0.7540eV  0.3386 —0.399 up /V 1.0436 1.2204 0.1463 0.4310 0.3487
—0.4675eV  0.9282 —1.09 up /V 0.5851 1.0660 0.1841 0.3486 0.3660
+0.2730eV  0.3019 +40.656 HB/V 0.7021 1.5780 0.2104 0.3674 0.4230
+0.5610eV  0.6074 +5.3 up /V 1.3262 1.6842 0.3986 0.3273 0.3145
+0.8710eV  0.7729 —1.34 LLB/V 0.1926 1.1944 0.2088 0.3020 0.5124
—0.5015eV  0.9987 —5.25 HB/V 0.8248 1.4275 0.5118 0.3367 0.3587
—0.3060eV  0.9961 +3.96 LLB/V 0.5462 1.3121 0.1560 0.2717 0.3599
—0.2480eV  0.9697 —2.2 HB/V 1.7501 1.5494  0.2910 0.2297 0.3343
+0.1820eV  0.5302 +4.29 }LB/V 2.1480 1.8125 0.1607 0.1951 0.3213
+0.2035eV  0.4099 —0.629 up /V 1.0549 1.2896 0.1585 0.2004 0.3049
+0.2170eV  0.6599 +3.62 HB/V 2.1199 1.2513 0.1598 0.2137 0.2890
—0.4625eV  0.8991 +6.95 ug /V 0.2877 1.5069 0.1248 0.1923 0.4254
—0.3320eV  0.6220 —0.115 pB/V 1.3861 1.4475 0.2137 0.2541 0.3783
—0.0105eV  0.5923 +3.62 up /V 1.5744 1.2834 0.0883  0.2640 0.2958
+0.1615eV ~ 0.3498 —4.83 LLB/V 2.5073 1.3759 0.1452 0.1619 0.2360
+0.3925e¢V  0.2507 +3.47 HB/V 1.7150 1.7886 0.1436 0.1044 0.2549
4+0.4475eV  0.6938 +0.372ugp /V 1.2879 1.3663 0.0822 0.2090 0.2792
—0.2505eV  0.8342 —20.1 pB/V 0.7483 1.9559 0.2368 0.0828 0.3037
—0.1840eV  0.7113 —2.15 HB/V 0.8334 1.6644 0.1106 0.1279 0.3347
—0.1190eV  0.6928 +11.5 LLB/V 0.1997 2.0014 0.2715 0.1653 0.3251
+0.0730eV  0.6798  +0.586 HB/V 0.9204 1.5236  0.0957 0.1653 0.3530
+0.1470eV  0.7874 —12.4 LLB/V 1.1230 1.5968 0.0561 0.0747 0.3218
+0.1730eV  0.5425 +13.4 pB/V 1.5941 1.4222 0.1312 0.1172 0.3204
—0.3660eV  0.6509 +2.8 up /V 0.5694 1.8873 0.2304 0.0866 0.3123
—0.3095eV  0.6958 +159 ug /V 0.0955 2.7016  0.4387 0.0542 0.3092
—0.2650eV  0.6025 —19.3 HB/V 0.0240 2.4259 0.4382 0.1262 0.3143
+0.1525eV  0.2778 +12.1 LLB/V —0.3291 2.7985 0.4070 0.0520 0.2788
+0.2125eV  0.6112 +0.594 HB/V 1.2548 1.6676 0.0798 0.0834 0.3063
+0.2200eV  0.5486 —4.54 up /V 1.4540 1.7585 0.1655 0.0763 0.3074
—1.3150eV  1.9199 +0.661 HB/V —0.0772 1.0716 0.1441 0.5741 0.3294
—0.5115eV  0.7537 —0.872 pB/V 0.1620 1.3891 0.1897 0.4370 0.3911
—0.0605e¢V  0.6717 +0.379 up /V 0.8367 1.8668 0.3861 0.3026 0.2268
+0.0075eV  0.8557 +35.6 u /V 2.6981 1.6417 0.4607 0.4078 0.3253
+0.1835eV  0.9999 —4.21 HB/V 0.8882 1.2488 0.2716  0.2862 0.3162
+0.2130eV  0.3840 +2.98 LLB/V 1.4008 1.1698 0.1619 0.2775 0.2721
—0.4570eV  0.7228 +1.3 up /V 0.3925 1.3175 0.1332 0.4304 0.4266

AGNRS8x14
20% H

AGNR12x20
20% H

AGNR16x29
20% H

AGNR24x41
20% H (1)

AGNR34x59
20% H

AGNR6x29
20% H

Qx = | —0.0925¢V  0.6258 —0.7us/V 1.0056  1.5739 0.4354 0.2384 0.3782
g s —0.0640eV  0.6424 —-1.78ug/V 1.3494  1.7189 0.4096 0.2549  0.4783
CZD Zé’ +0.0130eV  0.9829 —3.53us/V 1.5689  1.3280 0.1140 0.3196  0.4066
< N +0.1055eV  0.7227 —11.3us/V 2.3864 1.3507 0.2441 0.1681  0.3642

+0.1290eV  0.6055 +0.154 pug/V 1.2690 1.6147 0.1515 0.2114  0.3220
_ —0.4750eV  0.9738 +6.95ug/V  —0.4061 2.1427 0.3599 0.2161  0.3356
3 | —0.17206V  0.7209 +4.69 ug/V 1.3903  1.2021 0.2281 0.3220  0.4042
g s —0.1035e¢V  0.9979 +7.16 us/V 0.1159  1.5548 0.2069 0.3285  0.4509
% %O +0.0135eV  0.9421 +5.05 ug/V 1.2009  1.4521 0.3604 0.2647  0.4017
Z N +0.1625eV  0.9471 —0.397ug/V 2.0616  1.6557 0.2062 0.1767  0.3088

+0.1965¢V  0.8127 —2.26 ug/V 2.3037 1.8516 0.2616 0.1236  0.2669
—0.3330eV  0.9867 +5.39ug/V  —0.0372 2.0210 0.1585 0.1278  0.3200
—0.2490eV  0.4289 +3.89 us/V 0.5764  2.2753 0.2646 0.1111  0.3331
—0.0725eV  0.5645 —4.38us/V 1.0371  1.6456 0.0800 0.1586  0.3125
+0.0155eV  0.5584 —10.9us/V 0.1561  2.1050 0.2302 0.1209  0.3080
+0.0440eV  0.2878 +6.83 us/V 2.2938 1.3797 0.1591 0.1491  0.3111
+0.0660eV  0.8691 +12.6 ug/V 1.9347 1.3538 0.0764 0.1161  0.2914
—0.1835eV  0.4777 —17pug/V  —1.8140 3.2002 0.4553 0.1311 0.3582
—0.1040eV  0.8578 —40.4us/V  —0.2820 2.6604 0.1961 0.0975  0.3385
—0.0450eV  0.5207 —10.7pug/V 1.9658  2.4992 0.3215 0.0871  0.3592
+0.0975e¢V  0.8260 +12.1pg/V 1.0578  1.7898 0.1670 0.0853  0.3029
+0.1040eV  0.6612 +67.8ug/V 2.6474 1.7039 0.0840 0.1265  0.3228
+0.1225eV  0.8038 +13.4up/V 0.2501  2.3483 0.3133 0.0861  0.2957

AGNR12x59
20% H

AGNR16x83
20% H

Table D.3: Statistical data of the distribution funtions P ; = P[In|j(E)|/jsve;y]- The corresponding trans-
mission functions and selected distribution functions are shown in Fig. D.13-Fig. D.18



System E —e¢p T(E) dmz/dVbias M(Plnj) U(Plnj) AP];—. j A’pw A’pcos o
—0.2350eV  0.9661 —0.000613 HB/V —0.6173 1.5174 +oo  0.8822 +00
—0.2350eV  0.9661 —0.000613 HB/V —0.6173 1.5174 +oo  0.8822 +00
—0.2350eV  0.9661 —0.000613 LLB/V —0.6173 1.5174 +oo  0.8822 +00
+0.1650eV ~ 1.0000 +0.00706 LLB/V —0.5519 1.4868 +o0o  0.8464 +00
4+0.1650eV  1.0000 40.00706 UB/V —0.5519 1.4868 400  0.8464 +00
+0.1650eV ~ 1.0000 +0.00706 LLB/V —0.5519 1.4868 +oo  0.8464 +00

AGNR24x41
0% H

_ —0.1215eV  0.3679 +1.08us/V 12788 1.3892 0.0818 0.2952  3.3620
P —0.07156V  0.5502 —23ug/V 14765 1.7882 0.1780 0.2542  3.6078
§ T | —0.0390eV  0.8731 +29.3us/V  0.8792 1.6367 0.1780 0.2144  3.4119
Z 5 | 40.1285¢V  0.9452 —1.53us/V  0.5894 1.2053 0.2096 0.4345  4.0815
2 +0.2805eV  0.8925 —34.7up/V 04971 1.2252 0.3429 0.3520  4.1346

40.3035e¢V  0.6146 —4.65us/V  0.1291 11223 0.4239 0.7161  4.3325
_ —0.1835eV  0.9366 +9.23ug/V 15195 14659 0.1035 0.1696 1.5146
P —0.0930eV  0.8666 —11.4ug/V  0.8846 1.5322 0.2009 0.1625 1.3365
§ T | —0.00956V  0.4674 —6.64up/V 04203 1.5302 0.1947 0.3070  1.4530
Z & | 40.00256V  0.8036 —14.2ug/V 04923 1.6304 0.2440 0.2168  1.3837
< 40.0295¢V  0.9071 +14.3up/V  1.7116  1.7002 0.0661 0.1383  1.2550

4+0.0410eV  0.8983 —159ug/V 13704 1.4396 0.0900 0.1982  1.3205
_ —0.0665eV  0.7768 —5.65up/V 12698 1.8946 0.2943 0.1302 0.8777
E = | ~0.0415eV  0.2789 —12.7ug/V  1.3883  1.7472 0.3956 0.1244  0.9033
2o | —0.00756V 0.6004 —85ug/V  0.9458 1.5103 0.5695 0.1949  0.8206
7 S | +0.0655¢V  0.9340 —7.54ug/V  1.6777 1.2955 0.1141 0.1678  0.7630
gg +0.1295eV  0.3542 +15.9us/V 24018  1.4354 0.0946 0.0911  0.7382

4+0.1390eV  0.7732 +6.48ug/V 22502 1.5160 0.0954 0.1110  0.6900
_ —0.2505eV  0.8342 —20.1ug/V  0.7483 1.9559 0.2368 0.0828  0.3037
3 = | —0.1840eV  0.7113 —2.15ug/V  0.8334 1.6644 0.1106 0.1279  0.3347
Jm | —0.1190eV  0.6928 +11.5us/V  0.1997 2.0014 0.2715 0.1653  0.3251
Z XX | +0.0730eV  0.6798 +0.586 ug/V  0.9204 1.5236  0.0957 0.1653  0.3530
2 & | 40.1470eV  0.7874 —124ug/V 11230 1.5968 0.0561 0.0747  0.3218

4+0.1730eV  0.5425 +13.4up/V  1.5941  1.4222 0.1312 0.1172  0.3204
_ —1.4750eV  0.3874 —1.54up/V —0.0906 2.5091 0.3193 0.1756 0.2811
E = | —1:3700eV 04011 +0.686us/V  0.6564 2.2802 0.2199 0.1929  0.2999
3o | 101006V 02411 —2.23ug/V  0.0710 23313 0.2963 0.1666  0.3262
z 2 | +0.3935¢V  0.3170 —1.34up/V  1.0828 1.8347 0.0744 0.1410  0.3239
2 +0.41456V  0.3475 +0.0593up/V  1.9014 1.6171 0.0625 0.1190 0.3264

+0.4515eV  0.6159 +17.7us/V  0.9223 21846 0.1396 0.0582  0.2685
_ —0.2350eV  0.9960 —0.000461 ug/V  —0.6459 1.5270 +oo  0.8943 +00
3 —0.23506V  0.9960 —0.000461ug/V ~ —0.6459  1.5270 +oo  0.8943 +00
2T ] —0.2350eV  0.9960 —0.000461pp/V  —0.6459  1.5270 +oo  0.8943 +00
Z 5 | +0.1650eV  0.9985  4+0.00059 up/V  —0.5766  1.4921 +oo  0.8544 +00
2 +0.1650eV  0.9985  4+0.00059ug/V  —0.5766  1.4921 +oo  0.8544 +00

40.1650eV  0.9985  40.00059 ug/V  —0.5766  1.4921 +oo  0.8544 +00
_ —0.2350eV  0.4926 —0.162us/V  —0.0289 1.1504 0.6796 0.6694 3.7350
T —0.1350eV  0.1636 —0.0967up/V 04143 1.0869 0.4952 0.5622  3.4943
2T | =0.0510eV  0.1067 —8.89up/V  3.6144 1.3897 0.1587 0.6313  3.2301
Z 5 | —0.0240eV  0.3004 +9.06us/V  1.7593  1.4254 0.2359 0.3108  3.5352
SE 4+0.0650eV  0.2387 —0.216 ug/V ~ 0.3443 1.1566 0.5409 0.6442  3.6143

+0.1650eV  0.5391 —0.043ug/V  —0.0429 1.2553 0.7186 0.6793  3.7536
_ —0.5290eV  0.8520 +7.26u/V  —0.0839 14013 0.4253 0.4324  1.4900
T —0.2860eV  0.8881 +2.41ug/V  0.6006 1.2023 0.1455 0.3987  1.7572
2= | —0.1870eV  0.9531 +3.97us/V  0.4227 1.1900 0.1063 0.4130  1.6544
Z 5 | 40.03056V  0.5963 —2.95ug/V 20504 1.4798 0.1736 0.2363  1.5822
2 +0.1775eV  0.8791 +9.31us/V 09132 1.2268 0.1091 0.3764 1.7358

+0.3410eV  0.6183 —0.262ug/V  0.7836  1.0711 0.3471 0.3962  1.7889
_ —0.4625¢V  1.0589 —1.23ug/V 11717 12229 0.1139 0.3464 0.7319
%o | 03600V 0.9433 +0.25u/V  1.0028 1.0979 0.0833 0.2832  0.7433
= < | 016056V 0.4973 —14.1pp/V  3.2432  1.4026 0.2171 0.2412  0.5881
(25 S | +0.0320eV  0.8113 —7.32ug/V 23310 1.4021 0.1418 0.2283  0.5276
= +0.0595eV  0.6309 —14.2ug/V 21408 1.7128 0.2359 0.2187  0.5542

4+0.1150eV  0.9789 +4.03up/V 14525 12706 0.2097 0.4151  0.6562

Table D.4: Statistical data of the distribution funtions P ; = P[In|j(E)|/jsve;y]- The corresponding trans-
mission functions and selected distribution functions are shown in Fig. D.13-Fig. D.18



System E —e¢p T(E) dmz/dVbias /L(Plnj) U(Plnj) A,PInj A'pw Ap

cos 6

_ —0.4570eV  0.7228 +1.3us/V 0.3925 1.3175 0.1332 0.4304  0.4266
3 = | —0.0925eV  0.6258 —0.7us/V 1.0056  1.5739 0.4354 0.2384 0.3782
£ s —0.0640eV  0.6424 —1.78 ug/V 1.3494 1.7189 0.4096 0.2549  0.4783
CZD ?é’ +0.0130eV  0.9829 —3.53 ug/V 1.5689  1.3280 0.1140 0.3196  0.4066
=z +0.1055eV  0.7227 —11.3up/V 2.3864 1.3507 0.2441 0.1681  0.3642

40.1290eV  0.6055 +0.154 ug/V 1.2690 1.6147 0.1515 0.2114  0.3220
—0.6350eV  0.4228 +3.74u/V 0.0446  2.2411 0.3209 0.1288  0.2564

:'; = —0.5300eV  0.3296 —1.98ug/V 0.8338 2.6668 0.5822 0.1720  0.3345
% e —0.1300eV  0.3509 —0.546 ug/V 0.9284 1.2390 0.0820 0.2814  0.2836
(ZD 2 +0.1265eV  0.3282 —7.06 ug/V 2.1855  2.5937 0.6727 0.1880  0.2509
< +0.2490eV  0.8799 +3.09 ug/V 1.2898  2.0213 0.4598 0.1096  0.2567

+0.2850eV  0.8366 —0.0955ug/V 1.8489  1.6927 0.1867 0.1481  0.3058
—1.0550eV  0.8519 —15.3us/V 0.9244 1.5035 0.1971 0.1935 0.2677
—0.9350eV  0.9788 —0.878 up/V 0.6365 1.9117 0.1298 0.2053  0.2671
—0.7000eV  0.3517 +3.23us/V 0.9351  2.0595 0.2487 0.1177  0.2731
+0.2485eV  0.6520 +10.5 ug/V 2.5481 1.7024 0.0788 0.0775  0.2994
+0.2980eV  0.2808 —2.64us/V 1.5481  1.5655 0.1704 0.0977  0.2854
+0.3130eV  0.3649 —3.93 us/V 1.2059 1.7076 0.0686 0.1260  0.2687
—0.9450eV  0.7762 +0.887 ug/V 0.7803  1.4495 0.1050 0.1735  0.2905
—0.7500eV  0.4543 +5.23us/V 0.2808 1.7188 0.0671 0.2546  0.2840
—0.6050eV  0.9389 +1.55 ug/V 1.1803 1.3361 0.0644 0.1486  0.2928

AGNR24x41
20% H (2)

AGNR24x42
20% H

+0.1935eV  0.2597 —14.2pus/V 1.9346  1.3567 0.0449 0.1297  0.2872
+0.2120eV  0.5030 —3.78up/V 1.8167  1.3438 0.0653 0.1201  0.3182
+0.2195eV  0.6608 —129us/V 2.3175  1.5278 0.0676 0.1323  0.3036

—0.9940eV  0.4797 +6.04 ug/V 0.8639  1.6235 0.2083 0.1406  0.2958
—0.8790eV  0.8087 +0.429 ug/V- —0.0320 2.0050 0.5707 0.2124  0.2682
—0.7190eV  0.3501 +4.47pug/V  —0.1113  1.9987 0.5194 0.2294  0.2909

AGNR24x43
20% H

+0.2005eV  0.4804 +1.6us/V 0.8770  1.6464 0.2426 0.1246  0.2960
+0.2365eV  0.5232 +1.39 ug/V 1.3952  1.4271 0.1089 0.1621  0.2750
+0.2535eV  0.5719 —3.37us/V 1.0257  1.7548 0.3104 0.2037  0.2761

—0.4750eV  0.9738 +6.95ug/V  —0.4061  2.1427 0.3599 0.2161  0.3356

gx & | —0.1720eV  0.7209 +4.69 us/V 1.3903  1.2021 0.2281 0.3220  0.4042
@ o —0.1035eV  0.9979 +7.16 ug/V 0.1159  1.5548 0.2069 0.3285  0.4509
CZD ‘%" +0.0135eV  0.9421 +5.05 ug/V 1.2009 1.4521 0.3604 0.2647  0.4017
=z +0.1625eV  0.9471 —0.397 ug/V 2.0616  1.6557 0.2062 0.1767  0.3088

+0.1965eV  0.8127 —2.26 ug/V 2.3037 1.8516 0.2616 0.1236  0.2669
~ —0.5190eV  0.9889 +3.99us/V 0.2983 1.8816 0.5599 0.2758  0.3551
3 = —0.4220eV  0.7546 —1.74us/V 1.1456  1.1269 0.1238 0.4181  0.3719
% e —0.2030eV  0.3014 +4.16 pg/V 1.6527  1.2511 0.0789 0.1863  0.3927
CZD < +0.1010eV  0.6736 —12.7ug/V 1.7054 1.6421 0.2117 0.1659  0.3055
< +0.1215eV  0.6071 —8.55 us/V 1.9947  1.4827 0.2368 0.1463  0.3027

+0.1345eV  0.3991 —6.15ug/V 29117 1.7628 0.2115 0.1475  0.2975

—0.4050eV  0.5309 —5.36 ug/V  —0.1026  1.8955 0.3651 0.2123  0.3520

—0.3400eV  0.7012 +0.666 pug/V 0.7839  1.4586 0.1365 0.2629  0.3298
—0.2320eV  0.4584 +2.32u/V 0.8506  2.0193 0.3039 0.2322 0.3154
+0.1655eV  0.2619 —1.67us/V 1.8803  1.8262 0.4697 0.1226  0.2703
+0.2855eV  0.8540 +4.04 ug/V 0.6839  2.1767 0.3244 0.2439 0.3016
+0.3185eV  0.9866 +3.07us/V 0.6351  1.7925 0.2857 0.1820  0.3057

AGNR8x43
20% H

Table D.5: Statistical data of the distribution funtions Pu; = P[ln|j(E)|/jovey]- The corresponding trans-
mission functions and selected distribution functions are shown in Fig. D.13-Fig. D.18



Appendix E

Spin effects

This appendix contains additional material that complements Chap. 5.

E.1 Comparison of different (approximate) groundstate spin configurations and
their influence on transmission and local current density

In Sec. 5.2.4, we discussed spin effects on the (spin-
unpolarized) current density response. For that pur-
pose, we calculated the total transmission with differ-
ent levels of spin theory (closed-shell, open-shell and
spinor DFT). The transmission plot and the compari-
son of the DFT groundstate energies are reproduced for
convenience in Fig. E.1 and Tab. E.1, respectively.

In this appendix, we present all current density pat-
terns which are calculated for the energies as marked
in Fig. E.1 by arrows. The current plots for the closed-
shell and open-shell category are shown in Fig. E.2 and
Fig. E.3, respectively. As claimed in the main body,
in each category, the current density normalized to the
transmission does not depend on the spin level of the
calculation (for finite transmission values).

One noticeable example is given by the current pattern
for E=er+0.2 ¢V of the closed-shell category (Fig. E.2).
Although the transmission value ranges from 7 =0.24 to
T=0.86, the current pattern is virtually identical for all
closed-shell cases.

For a (nearly) vanishing transmission, the current pat-
tern is solely dominated by small local fluctuations
which are sensitive to small differences in the simu-
lations, as for example the exact spin configuration.
An example is given by the current density pattern
for E=er+0.2€V of the open-shell category (Fig. E.3).
In this case, the current patterns differ. In all other
cases, the current density normalized to the transmis-
sion only depends on the category but not on the exact
simulation details.
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Figure E.1: Total transmission for different DFT calculations comparing different levels of theory: open-shell,
closed-shell, and 2-component spinor calculation including spin-orbit interaction (SOI). All transmission curves
can be categorized as either “closed-shell-like” (bluish) or “open-shell-like” (reddish). The arrows represent
energy values for which the current density response has been calculated; green/red arrows refer to current
patterns which match/differ for the two categories. The current patterns inside each category always match
for non-vanishing transmission. The figure is a copy of Fig. 5.5, reproduced here for convenience.

AFEy[eV] | S.[A]
FHI-amvs T 0 0 Amfev] | S
€
(A) FHI-Avs P | —0.478 | 1.91 K ST
(B) FHI-amvs 2P5h | —0.016 | 0.05 (a) T. SOI 0 —0.044
+0.860
C) FHI-amvs %P0 | —0.310 | 1.08
© shell ~0.097
‘ AFEy[eV] ‘ S, [H] (b) T. SOI —0.014 +0.021
—0.041
TURBOMOLE C;fli‘ffl 0 0
TURBOMOLE P! —0.626 1

shell

Table E.1: Comparison of DFT ground state energies Ey of the finite (uncoupled) cluster and of the overall
spin. We made sure to only compare energies which are calculated by the same code with the same basis
set because otherwise the differences are due to differences in the calculation scheme and not of physical
origin. In that sense, a closed-shell calculation is equivalent to an open-shell calculation where both spin
channels are forced to be the same. As energy zero point, we chose the energy of the closed-shell calculation
(if available; otherwise, we chose a random reference point). For information: the ground state DFT energies
used as references points are: FHI-AIMS closed-shell: Ey = 137514.8234 eV, TURBOMOLE closed-shell: Fy =
137549.2636 eV, TURBOMOLE SOI: Fy = 137599.2168 eV. The table is a copy of Tab. 5.1, reproduced here for
convenience.
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Appendix F

Magnetic feedback: Self-consistency in
the induced orbital magnetism

This appendix contains additional material that complements Chap. 6. In
Appx. F.1, we shortly present implementation details on how the matrix elements
for the magnetic influence on the electron motion and spin are calculated. A deriva-
tion of the current density operator with applied vector potential A is given in

Appx. F.2.

F.1 Implementation details
Basis set transformation

In this section, we present how the matrix elements of
type AHLDre“tZ = (@i| AHET"2|5,) see Eq. (6.4), are
evaluated in our implementation. For that purpose, we
write the orthogonal basis set @;(r) in terms of the non-
orthonormal basis ¢;(r) used in the underlying DFT

code,
Z% ) [s /] (F.1)

HLorentz

The matrix element A is evaluated in the non-

orthogonal basis set,

AI‘_’IZQrentz _ ((pAAHLorentz'@ > (F2)
o [ w0 {inalAw v+ 7 Aw)
+ A1) fo (1) d°r

and then transformed back to the orthogonal basis set
by

AHLorentz — 5*1/2 AI‘_’ILorentz Sfl/z ) (FS)

Internally, the matrix element is split,
ryLorentz A AN rAA

into two auxiliary integrals,

Ak =+ 09 o) A - (Ve ] d*r (F5)
and
s =+ L [om A mem . 0

For that purpose, we utilized that the vector potential
and the basis set are real, A(r) € R and ¢;(r) € R.
By employing integration by parts, the differential op-
erators now act solely on the basis functions. These
derivatives are calculated numerically with a precision
of O(1071°), cf. Eq. (2.32).

Similarly, the Zeeman term AHiZjeema“ =
<95¢|A7-Alzeeman|¢j), see Eq. (6.5), is internally calcu-
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lated with respect to the non-orthonormal real basis
set ;(r):

AI‘_’IiZjeeman: 2(]:; Wz(r) (Bz (I‘) Bzy(r)

and then transformed back,

—1/2 —1/2
Zeeman __ S 0 r7Zeeman S 0
AH = < 0 51/2> AT ( 0 51/2).

(F.8)

To additionally reduce the computational effort, one
can employ spin symmetries. In Eq. (F.7), only half
of the components in AH?**™" are independent. The
others are determined by the symmetries

- ™ o s
[AHZeeman} _ _ [AHZeeman} (FQ)

and

[AﬂZeema“}H = (F.10)

{ [ Aﬁzeemn] “}* ’

where the star * denotes complex conjugation.

Numerical Integration

we use a three-
we replace the in-

For the numerical integration,
dimensional trapezoidal rule, i.e.,

tegral by a sum over three-dimensional equidistant
grid {r;} with spacing §:

/ d’rF(r) = 6> F(r).

In the integrals of type Eq. (F.2) and Eq. (F.7), the
fastest varying parts of the integrand are the basis func-
tions, not the magnetic field, nor the vector potential.
To resolve the basis functions appropriately, we use a
small spacing of § = 0.05A (and below). We avoid
an expensive calculation of the magnetic field and vec-
tor potential on such a fine grid (scaling with O(§7),
cf. Sec. 2.4). Instead we employ a larger grid spacing
of § = 0.2A to calculate the current density and the
induced magnetic field and vector potential. Interme-
diate values are then estimated by a cubic spline inter-
polation as implemented in the GNU scientific library
(GSL)[202].

(F.11)

Gauge invariance

A large spatial average (A) of the vector potential shifts
all energies without having an influence on observables,
like energy differences or the magnetic field B = V x A.
In this thesis, we employ Gauge invariance to remove
the spatial average (A) of the vector potential, i.e., we
replace A — A — (A). That choice also reduces the ex-
plicit contribution L A(r)|¥(r)|* of the vector potential
to the current density j(r), cf. Eq. (F.14).

F.2 Current density operator with applied vector potential A

For completeness, we give a short derivation of the cur-
rent operator. Classically, the current density operator
is given by

5(r— ), (F.12)

7
r = —
( ) classic m

with the kinetic momentum operator #. In quantum
mechanics, one uses the symmetrized version

(F.13)

with {A, B} = AB+ BA denoting the anti-commutator.
Employing the principle of minimal coupling, i.e. & =
P — ¢A(F), the expectation value of the current density

operator becomes

j(r) = (Wlj(r)|w)
S (v @) VEE) - ¥@ V() (F14)

~ 2mi
~ LA@).

Transforming to energy domain and employing the
Keldysh Green’s function G=<, we get

j@r,E) = L (Ve — V)G (r,1', E)
(F.15)
as given in the main body. In the last term, we rewrote

the density in terms of the Keldysh Green’s function,
|‘I/(I‘, E)|2 = n(r, E) = *iG<(l‘, r, E)
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18th HLRS Results and Review Workshop, 5-6 October 2015, HLRS, Stuttgart, Germany
Contribution: Ab initio transport calculations for functionalized graphene flakes
on a supercomputer (Talk)

Conference: DPG-Friithjahrstagung (SKM), 15-20 March 2015, Berlin, Germany
Contribution: Ab-initio simulations of local current flows in functionalized
graphene flakes and ribbons (Talk)

Workshop: Scientific Visualization & GPU Programming using CUDA,
20-24 October 2014, HLRS, Stuttgart, Germany

Conference: DPG-Frithjahrstagung (SKM), 30 March—4 April 2014, Dresden, Germany
Contribution: Ab-initio simulations of local current flows in functionalized
graphene flakes and ribbons (Talk)

Autumn School on Correlated Electrons: Emergent Phenomena in Correlated Matter,
23-27 September 2013, Forschungszentrum Jiilich, Germany
Contribution: Ab-initio transport calculations of functionalized graphene flakes (Poster)

Conference: Graphene Week 2013, 2—7 June 2013, Chemnitz, Germany
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Conference: DPG-Friithjahrstagung (SKM), 10-15 March 2013, Regensburg, Germany
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Workshop: Recent progress in Dynamical Mean-Field Theory and GW calculations,
17-20 December 2012, IPCMS, Strasbourg, France

Summer School on Magnetism and Spintronics in Molecular Nanostructures,
16-22 September 2012, Ile de Porquerolles, France
Contribution: Towards ab-initio transport calculations of large graphene flakes (Poster)

Workshop: Density Functional Theory and Beyond with Numeric Atom-Centered Orbitals,
28-31 August 2012, Free University Berlin, Germany
Contribution: Towards ab-initio transport calculations of large graphene flakes (Poster)

Workshop: Electronic Correlations and Disorder in Quantum Matter,
31 March—3 April 2012, Karlsruhe, Germany

Conference: Theoretical and Computational Nano-Photonics: TaCoNa-Photonics 2011,
26-28 October 2011, Physikzentrum, Bad Honnef, Germany
Contribution: B-spline modal method in comparison to the Fourier modal method (Poster)
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Teaching Experience

e SS 2015:

e SS 2014:

« WS 2012/13:

e SS 2012:

e SS 2011:

« WS 2010/11:

e SS 2009:

Exercise to Introduction to Density functional theory:
Fundamentals and applications

Exercise to Experimental Physics 6: Nuclei and Particles
(Kerne und Teilchen)

Exercise to Theoretical Physics E: Quantum Mechanics 11
(Quantenmechanik IT)

Exercise to Theoretical Physics F: Statistical Mechanics
(Statistische Mechanik)

Exercise to Theoretical Optics
(Theoretische Optik)

Exercise to Computer Application
(Rechnernutzung)

Exercise to Theoretical Physics B: Classical Mechanics
(Klassische Mechanik)
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