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ABSTRACT

This habilitation thesis summarizes my theoretical works in the field of electronic
transport through molecular junctions and atomic adsorbates. Special focus is given
to nanoscale conductors with a basic repeating unit: oligomers and atomic chains.
In these systems, the observables show an interesting dependence on the number
of units. Such effects are called quantum size-effects, since they stem from the
underlying quantum nature of electrons. A subset of presented size-effects can be
understood assuming effectively independent electronic degrees of freedom (quasi-
particles). In some cases, the phenomena require a many-body strongly-correlated
description. The thesis contains two parts: an introductory part, giving necessary
background information and explaining wider research context and the second part

with reprints of 25 publications.
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Foreword

This habilitation thesis summarizes my theoretical work in the field of quantum
transport of electrons through nanoscale contacts. As the title suggests, the em-
phasis is on quantum size-effects and electronic correlation in atomic and molecular
contacts. The thesis contains two parts: The second part is a collection of 25 asso-
ciated articles (reprints) published in peer-reviewed journals. The first part (called
short version), serves as an introduction to these associated articles. The objec-
tive of the first part is to give the reader background information, including: the
main ideas of theoretical approaches employed, the most important Hamiltonians
and other significant formulee and a wider context of the research field.

In most cases, I am either the first, the last, or the second author of the associated
articles. It is a common practice in theoretical-experimental collaborations to list
the theoretical workhorse at the second place. Therefore, in these articles my role
was essential and they would not be accomplished in the present form without my
work and dedication. The remainder of the associated articles are authored by larger
collaborations. In such cases, I honestly stated my contribution to these works. The
associated works also show the gradual transition from the first authorship (as a
postdoc) to the last authorship, i.e. to the stage of an independent researcher and
a principal investigator of research grants.

The earliest works emerged during my three-year postdoc fellowship at KIT (Karl-
sruhe Institute of Technology), 2011-2014. I had entered this fellowship with a prior
knowledge of Kondo systems and many-body physics from my Ph.D. thesis (at UAB
Barcelona), supervised by Nicolas Lorente. Some associated works followed from an
ongoing collaboration with Nicoldas. My main task at KIT as a postdoc was to learn
ab-initio electronic transport theory, which resulted in very fruitful collaborations
with some of the most renowned experimental labs (L. Venkataraman at Columbia
University, O. Tal at Weizman Institute, W. Wulfhekel at KIT, etc.). At KIT I knew
my lifelong mentor Ferdinand Evers, with whom I continued in my second postdoc
at the Universtdt Regensburg. In 2017 I became a senior scientist at the Charles

University (Dept. of Condensed Matter Physics) in the group of Tom&s Novotny,
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where I researched as an independent scientist. One article was co-written with my
former doctoral student Stépan Marek.

The associated publications are referenced with the word Article prepended, i.e.
[Article 1] and ordered chronologically. This is to be contrasted with other references,
where I used the usual style, e.g. [24]. The first part of the thesis attempts to give a
certain logical structure for the list of associated works. Another way of organizing

the list of articles is shown here:

1.Theory: development and applications [Article 25, Article 12, Article 13,
Article 6, Article 3, Article 1, Article 2, Article 16, Article 21, Article 19,
Article 24, Article 23]

2.Theory-experiment collaborations [Article 22, Article 4, Article 8, Article
18, Article 11, Article 10, Article 7, Article 5, Article 15, Article 14, Article
20, Article 9]

3.A large review [Article 17]



]_ A briet overview of quantum
transport of electrons in
single-molecule and atomic

junctions

In this chapter I give a brief overview of quantum transport through nanoscale
conductors. The overview is not intended to be general; rather, it introduces foun-
dational concepts that are common to most articles in this thesis.

First, physical systems of interest and associated observables are described in
Sec. 1.1. This short section can serve as a proper introduction to this thesis. In
further sections, most important theoretical concepts and models are given in a bit

more more detail.

1.1 INTRODUCTION: PHYSICAL SYSTEMS AND THEIR
OBSERVABLES

One of the most fascinating achievements in physics in the last decades is the ability
to perform measurements on a single atom or a single molecule. Of interest in this
thesis are atoms and molecules 'wired’ into an electric circuit. A voltage applied
across the atomic-scale region causes electric current flow (Fig. 1.1). The current is
the principal observable characteristic of these circuits.

Most of my theoretical works in this thesis aim to predict and interpret mea-
surements from two major experimental approaches: scanning-tunneling microscopy
(STM) and mechanically-controlled break-junction (MCBJ). For more details I sug-
gest Refs. [1, 2, 3] and the review [Article 17].

Apart from the current-voltage response, other observables result from these tech-

niques, such as equilibrium geometries and forces of the attached atom or molecule.
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1)

Figure 1.1: Scheme of a typical device for electron transport. The center (hexagon) repre-
sents a molecule or a single atom. It is contacted by the left and right leads
(electrodes), also called source and drain. The voltage, which drives the elec-
tron current I(V), is determined by the difference in their chemical potentials.
Electrons in the central region and adjacent parts of the leads (between the
two dotted lines) need to be treated fully quantum-mechanically. The outer part
(reservoirs) can be treated in a simplified way. The theoretical predictions should
not depend on the placement of the dotted lines.

As a side-note, I mention that the combined information of molecular conductance
and a response of a molecule’s geometry to the current opens up the possibility
of investigating a molecular motor. My work in this direction is mentioned in the
Outlook, Sec. 4.1.

1.2 THEORETICAL BACKGROUND

As outlined in the previous section, the principal observable of the transport se-
tups is the electronic current in a stationary non-equilibrium caused by voltage bias
(Fig. 1.1). A quantum-mechanical approach could therefore start straight with the
time-dependent all-electron Schrédinger equation and evaluate the expectation val-
ues of the current density operator. It is a common situation in condensed matter
physics that this agenda can not be pursued from first principles because of the vast
number of degrees of freedom and their complexity. Some intricate aspects of this

problem are
e The quantum-statistical density operator is not an equilibrium one

e Broken translational invariance impedes the use of Bloch’s theorem. Electronic
degrees of freedom couple at different length scales: Localized molecular de-

grees of freedom couple with extended degrees of freedom of the electrodes.

e Lack of Coulomb screening can lead to pronounced interaction effects



1.2 Theoretical background

Section 1.2.1 reviews a formalism based on the assumption that charge transport
is carried by effectively non-interacting electrons, i.e. particles of charge —|e| that
are subject to all force fields except their mutual interaction. This is a commonly
adopted assumption in the transport theory of metallic systems because of efficient
interaction screening that allows a quasi-particle description of charged elementary
excitations. The formalism is denoted here CIPA or coherent independent-particle
approach.

It is known from mesoscopic physics that quasiparticle relaxation effects are negli-
gible at lengths smaller than the phase relaxation length Lg [4]. In typical leads like
Au Lg ~ 1pum at 1K [5]. In the molecular/atomic bridge, the CIPA breaks down if

two effects are present:

1. The lack of screening could result in electron-electron interaction becoming
dominant. The effects of strong correlation are especially prominent in the

regime of so called Coulomb blockade.

2. Along with electronic wavefunctions, vibrational states localize as well. A
typical 15 A long molecule has vibrational level spacing of the order of 1 meV.
Vibrational effects manifest in the electronic transport if the corresponding

electron-vibrational coupling becomes strong.

In Sec. 1.2.1 I detail the CIPA. In Sec. 1.2.2 a parent model for certain correlation
effects beyond CIPA is introduced.

1.2.1 COHERENT INDEPENDENT-PARTICLE APPROACH: CAROLI FORMULA

The formula for the electric current at voltage V applied to the junction adopts a
very intuitive form

10V) =5 [ (B = paV) = ne (B~ (V)| T(EV)AE. (1)
The integration represents summation over eigenstates of the independent-electron
Hamiltonian of the complete system (atomic/molecular junction and the contacts).
At each energy F the current is proportional to the transmission probability 7 (E, V).
The latter can be viewed in analogy with transmission through electromagnetic
waveguides; the Helmoltz equation is replaced by the single-electron Schrodinger
equation. In contrast to waveguides, electrons obey Pauli principle. The latter is
embedded by the difference between the Fermi-Dirac distributions ng(F — pe(V)) —
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np(E — un(V)) of the left and right reservoirs. The difference between the left and
right chemical potentials is the external voltage bias: ue(V) — un(V) = eV. Equal

temperatures of the reservoirs are assumed.

At zero temperature, we can readily obtain Landauer’s formula for linear conduc-

tance [4]
G = GoT (Er).
The conductance quantum Gy = % is evidently the conductance of a single trans-

parent channel, 7.e. when 7(E) = 1.

Quantum nature of electrons appears in three different aspects in the Eq. (1.1):
(1) the Pauli principle, (2) the transmission probability, determined by the single-
particle Schrodinger equation and (3) the pre-factor of the integral. The inverse
Planck’s constant h~! essentially converts energy (this is the physical unit of the
integral) to rate. As it is known from scattering theory, there is an uncertainty
principle that relates a decay rate of a metastable state to the spread in energy.
The Eq. (1.1) can be viewed as a rate (inverse lifetime) of particles confined to the
energy interval determined by the distribution np(E — pe(V)) — np(E — un(V)).

Given the Hamiltonian H of the entire system, the calculation of the transmission
probability can be delegated to the machinery of the quantum scattering theory. A
more practical method represents the system and its parts by Green’s functions. To
proceed with the latter, it is necessary to partition the Hilbert’s space of the system
S into the central region J#- and left and right reservoirs, s ». In Fig. 1.1, the
partitioning is illustrated by two dotted lines.

The central region, embedded in the environment (the two leads), is described by

the single-particle Green’s function (matrix)

1

Ge(E) = F1—-Hg — 3¢(E) — Zx(E)

where He are Hamiltonian matrix elements in the subspace ¢, 1 is the unit matrix
in . The coupling of the central region to the leads is fully accounted for by the
self-energies X ¢ z(F).

With the matrices I'g z(E) := i[Egpq(E) - ZEW(E)} the transmission function

is given by the formula
T(E) = Tx [Te(E)Ge(E)Dn(B)Go(B)' | (1.2)

given by Caroli, Combescot, Nozieres and Saint-James[6].

10
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The virtue of the Green’s function approach is twofold: First, it delivers results
quickly for few simple, yet descriptive, models (resonant level [1]). Second, the

Gc(F) and X¢ i (E) can be obtained from an ab-initio calculation.

AB-INITIO IMPLEMENTATION. A long-standing goal of electronic structure theory
is to determine single-particle excitation energies and wavefunctions of solids and
molecules using only the atomic coordinates and species as input. The so-called
ab-initio problem requires the solution of the many-electron Schrédinger equation.
For a complicated system such as a molecule bound to metallic surfaces the only
viable route is density-functional theory (DFT). In particular, it is the Kohn-Sham
Hamiltonian that is employed as an effective single-particle Hamiltonian H in the
transport formalism described above, although this practice does not follow from
rigorous DFT. I remark that the ab-initio Kohn-Sham states have been used fre-
quently in solid-state physics to gain qualitative insights into the band-structures.
Similarly, in quantum chemistry calculations these states provide an often appre-
ciated molecular-orbital picture. The calculation of the transmission via Eq. (1.2)
parameterized by the Kohn-Sham Hamiltonian has been termed the standard the-
ory of ab-initio transport (STAIT) [Article 17]. The review [Article 17] includes a
critical discussion of strengths, pitfalls and prospects of improvement of STAIT.

Final remarks address the partitioning that underlies formula (1.2). Naturally,
observables should not depend on the way Hilbert’s space is partitioned. If 3¢ (E)
were known exactly, 7 (£) would indeed be insensitive to the partitioning. In most
cases, X ¢ m(F) must be reasonably approximated [7, 8, 9]. The conductance is most
sensitive to the atomistic details in the immediate vicinity of the junction. This
region provides a ’bottleneck’ for the The ab-initio calculation of Ho of a molecular
junction typically consists of the molecule plus 50 - 100 atoms of the leads. The
details of the electronic structure in regions remote from the junction are actually
less relevant. The role of these remote regions in electron transport is to provide
charge and momentum relaxation. This motivates a technically simple Ansatz [8,
10], used in the works of this thesis.

ORTHOGONAL BASIS FOR PARTITIONING. Hilbert’s space partitioning in ab-initio
calculations requires to construct an orthogonal basis that is local at the same time,
since the structure is partitioned in real space. Such basis functions do not belong to
the standard equipment of ab-initio packages. Often, either the Léwdin orthogonal-

ization procedure or Wannier functions are employed. The author has implemented

11
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Figure 1.2: First-principles transmission functions. Left: atomically-thin copper wire from
[Article 7] with Cl adsorbates (inset shows the structure) with adsorbates re-
moved from the junction. Adapted with permission from [Article 7]. Copyright

2014 American Chemical Society. Right: 4,4’-bipyridine with Ag (yellow lines)
or Au (grey) leads [Article 9]. Dashed lines are Lorentzians fitted to the LUMO
peaks. Adapted with permission from [Article 9]. Copyright 2015 American

Chemical Society.

an interface that allows to express the Kohn-Sham structure in the Wannier basis

in the SIESTA package [Article 16].

TYPICAL TRANSMISSION AND A SINGLE RESONANT LEVEL. The transmission func-

tion in the vicinity of the Fermi energy is exemplified in Fig. 1.2 (left) from [Article
7] in the case of a short single-atom thick copper wire. The transmission around Ep
approaches 1. The plot also demonstrates the impact of chlorine adsorbates, which
drastically reduce the transmission. Such a reduction can not be understood purely
from backscattering; in fact, it is caused by conduction electrons being trapped by
the electronegative Cl agents. This mechanism is detailed in [Article 7].

For a molecular junction, 7 (E) is found to be a collection of resonances which may

overlap in energy and often display asymmetric shapes due to quantum interference

12



1.2 Theoretical background

[Article 17]. If the energy spacing between resonances is much larger than level
broadening, each resonance corresponds to a molecular orbital, as can be easily
seen by perturbative arguments. Moreover, 7 (E ~ Efp) is often determined by a
single resonance. Such a resonance must display only tiny asymmetry around its
center. This follows from the fact that the scattering phase-shift from neighboring
resonances is very close to +7 and is only weakly energy dependent, under the

conditions stated above. Under these conditions,

T(E) ~ FMS?“ 5 ! 5 (1.3)
E—FE
(e tTo)™ g 4 (F):Jrl“;)

where FEj is obviously the center of the Lorentzian and the width is given by the
broadenings from the left and right leads, I'¢ z. The prefactor is unity if the latter

are equal, in which case we have reflection-free (unitary) transmission for £ = FEj.

The transmission function from STAIT for 4,4’-bipyridine is shown in Fig. 1.2
(right), along with Lorentzian fits. This result from [Article 9] also demonstrates
the impact of the electrode material: the Au and Ag, commonly regarded as similar
noble metals. In a collaboration with O. Adak, L. Venkataraman and others, I
found that Au-contacted molecules host broader resonances than with Ag contacts.
My first-principles calculations revealed that relativistic effects in Au make some
fraction of its d-orbitals available for hybridization with the molecule, enhancing

broadening of orbital resonances compared to Ag [Article 9].

1.2.2 ANDERSON IMPURITY MODEL (AIM)

As mentioned earlier, Coulomb interaction in the central region can get effectively
strong, because of the localized nature of electronic orbitals and weakened screen-
ing. Here I describe a model for a transport scenario beyond CIPA, in which a
single orbital in the central region is relevant, only. The only matrix element of the
Coulomb interaction retained in this model is the diagonal on-site Hubbard term.
The model is known as the Anderson impurity model (AIM). It applies to various
other physical contexts (quantum dots, magnetic impurity atoms in alloys, ad-atoms
on surfaces). The term 'quantum impurity’ is used as an umbrella term for the AIM,

its generalizations and relatives.

13
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DESCRIPTION OF THE AIM

The Hamiltonian of the AIM contains three terms [11]
ﬁ:ﬁ1+ﬁband+ﬁh. (1.4)

The first term describes the orbital in the central region with on-site energy £; and

Coulomb matrix element U,

Hy = Z e1Mo + Uiy, where 5= éi,aél,o' (1.5)
o=t

Here, ¢ , is the canonical fermionic operator of the electron of spin ¢ in the impurity
(the orbital).

ﬁband is the Hamiltonian of the leads,

Hyana = »_ €k fiko (1.6)
ko

where ¢, is the energy of an electron in the lead state k and np, = éLUékg is the
number operator, ¢, is the annihilation operator of an electron in state ko. H, is

the Hamiltonian coupling the impurity level and the lead,

Hy =Y " tre] o, +thch e, (1.7)
ko

The influence of the conduction band on the impurity is entirely contained in the

hybridization function
D(E):=m>_ [ts*0(E — ex), (1.8)
k

i.e. the imaginary part of the embedding self-energy.
The AIM has few trivial limits, most notably [12]

Atomic limit is reached when ¢, — 0. In the subspace with Ng = Y _(f4,) =
1, the ground state is a spin doublet. The spectrum of charged impurity
excitations has two discrete levels at energies —eq,eq4 + U, corresponding to

the removal and addition of an electron, respectively.

Resonant level is obtained when U = 0 and |e4] < D. The ground state is a
degenerate Fermi gas. In a transport setup with two reservoirs the transmission
has the form of Eq. (1.3) under the conditions stated there.

14
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The interesting regime is intermediate between atomic and resonant limits, when
£q < 0,U = 2|eq| and 0 < T' > U. Here, the notion of a localized spin doublet inter-
acting with spins of conduction electrons emerges [11]. The notion was formalized
by Schrieffer and Wolff [13]. The localized impurity spin is screened by conduction
electrons at temperatures below the so called Kondo temperature 7. The ground
state is a spin singlet. Associated with the screening is the appearance of the Kondo
resonance in the immediate vicinity of the Fermi level for 7' < Tk. An excellent

introduction to these concepts can be found in Coleman’s book [14].

1.2.3 EXTENSIONS OF THE AIM: TWO AND MORE ORBITALS AT WORK

Quantum transport through molecular junctions and ad-atoms is sometimes not
described by a single orbital (in the central region) satisfactorily. In these interesting
cases —to be showcased in this thesis— more details of the central region’s structure

are needed.

TWO-IMPURITY MODEL

The two-impurity Anderson model [15] can be seen as an inclusion of a two-valued
orbital degree of freedom into the impurity subspace of Eq. (1.4). The interest in
this model stems from a rich phase diagram, see [Article 17] for a broader overview.
Here, a specific two-impurity Hamiltonian is presented, which can be seen as an An-
derson impurity coupled to a spin % degree, representing the second impurity. This
situation occurs, e.g. when the second impurity has charge fluctuations quenched.
The dynamics of the first impurity still involves charge fluctuations; in particular, it
allows for a current flow in a junction. This special two-impurity Hamiltonian will
be called here the 'Double-quantum-dot’ (DQD) Hamiltonian.
The impurity part of the DQD Hamiltonian reads

Hpqp = Hy + Hy + Hey, (1.9a)
where H is identical to (1.5) and

fy = B(S21+ 8.). (1.9b)

Hex = ISl . SQ (1.90)

The term H.y represents the exchange interaction between the two electronic degrees

of freedom, or impurities. The operators S; are the spin projections of the respective
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Figure 1.3: Lowest-lying eigen-energies of ﬁDQD as a function of B > 0, for I > 0. The
states are annotated in accordance with Eq. (1.10). The inset is a zoom of the
accidental degeneracy point; the degeneracy can be split by magnetic anisotropy
terms (not included in ﬁDQD), e.g. by Eq. (1.11). Purple lines are the resulting
avoided crossing. Adapted with permission from [Article 15]. Copyright 2019
American Chemical Society.

impurities. S; can be expressed in terms of Pauli matrices (0,,0y,0.) = o as
St = 33,0 éla,aa/guél’g,, (h = 1). The term Hy represents a homogeneous

magnetic field in the z-direction with B in units of energy (Zeeman splitting). With
I = B =0 AIM is recovered.

In the subspace with ) _(n1,) = 1, the lowest-lying eigenstates of ﬁDQD are
spin-triplet (T) and singlet (S) states, split by the Zeeman field,

150) = —=(114) — 141) Bso—e1— (1.100)
1) =11, ETT:€1+B+£ (1.10b)
T0) = \g(w + [1)s Ero=e1+ i (1.10c)
1) = 1), En=c-B+5 (1.10d)

where in the symbol [1]) the first (second) arrow represents the spin projection of
the first (second) dot, respectively. The spectrum of ﬁDQD is shown in Fig. 1.3.
At B = 0 the ground state is either the singlet (I > 0) or the triplet (the I < 0
is ferromagnetic). Finite B splits the triplet, causing an accidental degeneracy at
1B| = 1]

16



1.2 Theoretical background

The coupling to the leads is introduced to this model by adding Hypana + Hy, from
Egs. 1.6,1.7 to ﬁDQD- At the accidental degeneracy point, Kondo effect, involving
fluctuations of the singlet and 1 triplet component, was predicted [16, 17].

ANISOTROPIC EXCHANGE. In presence of spin-orbit coupling, spin is no longer
conserved. Consequently, the exchange H., and the Zeeman term Hy adopt an
anisotropic form with effective g and I tensors [18]. I assume here that such
anisotropies are the smallest energy scales in the Hamiltonian, which is true in
most materials free from heavy elements.

Of interest is the action of these anisotropies on the accidental degeneracy. A
trivial consequence can be the shift of the degeneracy point. A more interesting one
is gap opening by an avoided crossing, which will be explored in Sec. 3.3.2. It turns
out that the degeneracy is lifted, quite generically, by the anti-symmetric exchange

terms of the form
Hy = -2V2A ( Sr 8z — 5248 ) (1.11)

called the Dzyaloshinskii-Moriya interaction. The 2|A| is the singlet-triplet gap at
B = I (see inset of Fig. 1.3).

MULTI-IMPURITY ANDERSON MODEL

Previously, I have shown an extension of the AIM to two impurities, that interacted
strongly by exchange [Eq. (1.9)]. Here, I consider the case of a negligible inter-
impurity exchange, applicable to impurity orbitals that can be thought as well-

separate from each other. The multi-impurity Anderson Hamiltonian reads,
H=> el ey +ead dgdy, +UD dlod d d +
m

ko mo
3 (Vimély g + Bc), (112)

ko m

where the first term has the usual meaning (see (1.6)), the second term stands
for M impurities (m = 1,..., M) with equal on-site energies €4, the third term is
a Hubbard-type repulsion on each impurity orbital and the last term is a multi-
impurity extension of the hybridization term (1.7). The Hamiltonian (1.12) has

been used to describe chains of magnetic ad-atoms on a metallic surface [Article 14].

17
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It is well known that the model Eq. (1.12) describes a conduction-band mediated
exchange mechanism called the RKKY exchange [18]. A regime in which the cor-
responding exchange energy lies below the Kondo scale is of interest (see Results).
The cross-talk between impurities remains, but it is of single-particle nature; i.e. it
is a substrate-induced hybridization. Mathematically, it originates as follows. The
effect of the substrate on the impurities is fully represented by the embedding self-
energy 3;;(w). It is an w-dependent M x M matrix in the impurity orbital space.
The real part of the diagonal terms >;; shifts the impurity levels; the imaginary part
broadens them. The off-diagonal terms henceforth represent substrate-mediated hy-
bridization (non-Hermitian and retarded). Due to analyticity, it suffices to know the
anti-Hermitian part of the embedding self-energy, called the hybridization function
D) = 3 [ By (w) - T5:)]

It is both instrumental and instructive to evaluate I';j(w) for a homogeneous

electron gas with point-like impurities sitting on a line with spacing d,

Tyj(w) =To Jo(kd|i — j|) - O(E; — w?) D = 2 dimensions (1.13)
[yj(w) = To W -O(E2 — w?) D = 3 dimensions. (1.14)
i—j

In the above expressions, k is defined by inverting inverting the dispersion ¢, = w.
2Ey is the band-width and Ty is the single-impurity hybridization function [see
Eq. (1.8)] [Article 14]. Due to translational invariance of the substrate, the ex-
pressions depend on the impurity distance R;; = [i — j|d only. Notice, that the
hybridization has a long-range character: Along the chain it decays as R;j(Dfl)/ 2,
For states at the Fermi level, the off-diagonal part of I';;(Er) oscillates in sign as a

function of R;;.

LOCAL DENSITY OF STATES. Many-body techniques targeted at the impurity mod-
els usually deliver the retarded Green’s function of the impurity subspace, G;j(w).

The Green’s function of the substrate, G(r,r’;w), is given by the expression [19]

G(r,vsw) =GO -1 w) +7) 60 —Ri; w)Giy(w)GOR; —1'; w), (1.15)
ij

where the Green’s function of the unperturbed substrate (free from impurities) is
decorated with a superscript (0) and v o< I'g. The Eq. (1.15) is a consequence of the
block-matrix structure of the Anderson models, plus two additional simplifications:

(1) the impurities are assumed to be point-like, located at positions R;; (2) the
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1.2 Theoretical background

substrate is homogeneous. The Eq. (1.15) can serve to predict scanning-tunneling

spectra: The local density of states is simply ps(r,w) = —ImG(r,r,w)/m.
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2 Quantum size-effects in molecular

junctions

One of the first achievements of early quantum theory was the explanation of sta-
bility and optical properties of free atoms. Soon after that, the discovery of electron
bands and spontaneously-broken phenomena (magnetism, superconductivity, etc.)
in solids brought macroscopic quantum behavior to the forefront [20]. Natural ques-
tion arose: How does the macroscopic emerge when we start assembling the atoms

together?

For theorists, these questions became very tangible with the advent of the nano-
scale era, where collecting atoms and molecules into arrays became possible. Most
of this chapter concerns with size effects from fusing together few pieces of a basic
building block, e.g., an atom or molecular substructure. An exception is the follow-

ing section, where size effects result from the compression of a molecular junction.

2.1 SIZE-EFFECTS FROM MOLECULAR JUNCTION
COMPRESSION

One of the biggest advantages of molecular-junction setups is the built-in possibility
to stretch or pull the molecular bridge. If the transport is dominated by a single
frontier orbital (resonance), it is possible to investigate the effect of the junction
compression on the resonance. A remarkable example occurs in the weakly-coupled
limit: The electrostatic energy of an electron transferred to the molecule has a
contribution from image charges in the electrodes. Junction stretching reduces the
image-charge energy, resulting in shifts of the resonance energy. This physical picture
was invoked by Perrin et al. [21] for thiolated porphyrin molecules contacted by
gold. Perrin et al. termed this effect mechanical gating. Let me point out that for

the above picture to apply, the molecular orbital must be well separated from the

21



2 Quantum size-effects in molecular junctions

electrodes. This happens in many molecular junctions in which a molecule attaches
to the electrodes via chemical linker groups (’thiolation’ in the above case).

In collaboration with J. Sebesta, B. Pabi, O. Tal and A. Pal we found a molecular
junction with strong mechanical gating, yet operating differently than the mecha-
nism described above. The ferrocene molecule is rather small and its frontier or-
bitals hybridize directly with the Ag electrodes without linker groups [Article 22].
Consequently, electron lifetimes are much shorter. But because of direct coupling
without linkers, the wavefunction of the frontier orbital penetrates to the leads. The
image-charge mechanism (utilizing point charges) must be considerably weakened.
In STAIT calculations found evidence for mechanical gating without invoking image
charges. The electrostatic shifts in ferrocene/Ag levels result from reorganization of
charge density —in the molecule— upon junction stretching. The reorganization can
be roughly seen as having two major sources: penetration of the surface density into

the molecule and redistribution of charge density in electrode-molecule bonds.

2.2 QUALITATIVE UNDERSTANDING OF LENGTH-SCALING OF
EXCITATION GAPS AND CONDUCTANCES OF OLIGOMERS

Consider an oligomer — a molecule with a unit cell repeated N times linearly (see
Fig. 2.1(a) for an example). Of interest here will be the length dependence of the
lowest excitation gap, Ag(IV), of the oligomer in isolation. Then, a discussion of the

conductance of the molecule coupled to leads follows.

2.2.1 SCALING OF THE EXCITATION GAPS

The behavior of Ag(N) results from two factors that need to be considered: band-

structure and interaction effects, to be discussed in the following.

THE ROLE OF BAND-STRUCTURE. For weakly correlated systems, electron-electron
interaction is accounted for in the effective single-particle Hamiltonian in a mean-
field-like fashion. The lowest excitation gap is the difference in single-particle ener-
gies of the lowest unoccupied molecular orbital (LUMO), and the highest occupied
molecular orbital (HOMO). Namely, A, = eLumo — emomo- To understand its

N-dependence, the spectrum of an infinitely long specimen is of interest (band-
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2.2 Qualitative understanding of scaling

structure). The band-structure is either metallic or insulating. For an oligomer of
the metallic kind (molecular wire)

lim NA(N)=0 (2.1)

N—oo
must hold.

In metallic quasi-1D systems with a single band intersecting Er the simple be-
havior
Ag(N) = % + % +O(N7?) (2.2)
is observed. The coefficients A; and A, can be given a band-theoretic interpretation.
Let’s assume the infinite oligomer (polymer) has a single band intersecting the Fermi
level. The orbital energies of finite oligomers are obtained by quantizing the wave-
number k; the number of allowed k’s increases proportionally with N. It can be
anticipated, that A; is proportional to the Fermi velocity and the band curvature
enters Ap. As I will show in Sec. 2.3, the Ag(N) is more interesting when there are

two partially-filled bands.
Gaps of oligomers that have an insulating band-structure follow the law

Ag(N) = Ag(o0) + % +O(N7?)

with the band gap Ag(0c0).

INTERACTION EFFECTS. Unscreened Coulomb repulsion changes the leading N !
power law in Ay(N) in Eq. (2.2). To be specific, let Ag(NN) denote the so called
fundamental gap, defined by

Ag(N) = ENe+1 - ENe - ENe + ENefl’

where the respective terms are ground-state energies of the system (molecule, clus-
ter) with given number of electrons; N, is the neutral-state electron number. The
fundamental gap thus equals the difference in energies required to add/remove an
electron from the neutral state, aka the difference in ionization potential and elec-
tron affinity. At a mean-field level of the theory, the fundamental gap can be thought

as having two components: the difference in molecular orbital energies (the HOMO-
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2 Quantum size-effects in molecular junctions

LUMO gap) and the electrostatic charging energy. The scaling of the charging

energy follows from the Coulomb repulsion integral

U = 672 /dSr d3r/ Q(I')Q(I',) (23)

2 lr — /|

where o(r) is the density of a frontier orbital, normalized to unity. Assuming that the
frontier orbitals (HOMO, LUMO) are distributed homogeneously over the system,

the integral scales as U o« V—1/3

with volume V. The scaling resulting from the
integral (2.3) follows essentially from dimensional arguments, 7.e. it is not shape
dependent. For oligomers it suggests that interaction effects will tend to slow down

the N~! power law.

GAPS OF METALLIC GRAINS

The previously presented ideas from this section have a side-application that I dis-
cuss here. Consider metallic disordered clusters (amorphous grains). Such grains
often model electrodes in quantum transport. An ordered metallic system has a
conduction band with a finite bandwidth W. A moderately weak disorder that pre-
serves locality will not alter W significantly for all grain volumes V. Since disorder
induces level repulsion, the average excitation gap must scale as o« W /V, if we
exclude interaction effects. Thus, the gap of the grain decreases as 1/N with the
number of atoms, as in Eq. (2.2). Interaction effects will alter the N~! power law
to N~1/3, as anticipated from Eq. (2.3).

In [Article 25] we employed the post-DFT GW approximation to calculate the
charged excitations of disordered metallic grains. We found the N~1/3 scaling of
the HOMO/LUMO gaps and a 1/N scaling of gaps of occupied states. Thus, the
widened HOMO/LUMO gap results in a depleted density of states around the Ep
when such grains are employed as electrodes for quantum transport. The GW ap-
proximation will likely not deliver a quantitative improvement, when used in STAIT
instead of DFT.

2.2.2 CONDUCTANCE OF MOLECULAR WIRES AS A FUNCTION OF LENGTH

Let me denote the length dependence of the conductance of molecular wires (oligo-
mers) by G(NN). This observable played a pivotal role in early molecular electronics
because it allowed to benchmark computational techniques [Article 17]. Here I give

a qualitative discussion.
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2.2 Qualitative understanding of scaling

In the CIPA, the length dependence of the linear conductance is the length de-
pendence of %’T(EF) For a single resonant level, Eq. 1.3, coupled symmetrically,
I'¢ =Ty =T, the G(N) is given by the length dependencies I'(N) and Ey(N).

In molecular wires (oligomers), the frontier orbitals are delocalized across the
molecule. The lifetime of an electron put to such an orbital will be proportional to
N, therefore,

I(N)=—+O(N?). (2.4)

£
N
METALLIC WIRES. For metallic wires, the Ey(N) must approach the Fermi level
at N — oo, due to the HOMO-LUMO gap closing:

S22y (2.5)

EyN)~ E
0(N) F+N N2

Using the Eqs. (2.5, 2.4, 1.3) it is easy to find the scaling of the conductance
[Article 10],

~ : 2.6
1+ 28 N2/N + (N/N)? (2.6)

where N, and G(oo) depend on ¢ and €; 2, only. When €; 2 have equal signs, the
conductance increases monotonously, approaching the limit G (oo) from below. With
unequal signs, G(N) can be non-monotonous. See [Article 17] for an application of
these scaling arguments to the measured conductances of Oac with linker groups in

[22]. The discussion of Oac free from linker groups is presented in Sec. 2.4.

INSULATING WIRES (REMARK). For the sake of comparison with the previous sce-
nario, I mention insulating wires, also because of their importance in the early
molecular electronics [23, Article 17]. The most commonly used molecules involved
thiol linkers. Consequently, these molecules are much less coupled to the metals and
the transport is considerably off-resonant, rendering the Lorentzian formula (1.3) in-
applicable. For N large enough that HOMO and LUMO energies become constant,
the length dependence of the conductance follows from semi-classical tunneling ar-

guments,

G(N) = Goe PN,

In the work [Article 11] we investigated (in a theory-experiment collaboration)
molecules with strong spin-orbit coupling (containing Si) with Au leads. The STAIT
calculations (in collaboration with V.Pokorny and Maria Camarasa) showed an ex-

ponential decay of G(IV), validating the tunneling picture.



2 Quantum size-effects in molecular junctions

2.3 QUANTUM SIZE-OSCILLATIONS OF OLIGOACENE
EXCITATION GAPS

Oligoacenes (Oac) are text-book examples of oligomers, molecules that are composed
of a repeating unit cell. The smallest one is benzene and it has one hexagonal carbon
ring (Fig. 2.1). Further Oac can be 'built’ by amalgamating rings linearly. One could
perceive oligoacenes as a limiting case of a narrow graphene nanoribbon, although

very little from the graphene’s electronic properties is left.

2.3.1 INCOMMENSURATE GAP OSCILLATIONS

The nature and spectrum of excitations in Oac has been subject to an intense debate.
The infinitely long Oac is gapless within independent-particle approaches, Ag(0c0) =
0, and it was suggested to host unconventional superconducting pairing [24]. For
quantum chemistry, the Oac are very rewarding molecules, because their gas-phase
properties reflect strong correlation [25, 26]. The lowest excitation gap, Ag(N),
as a function of the number of rings N, is very suited to study the interplay of
electron-electron interaction and band-structure effects.

In 2014 T and my coworkers proposed that band-structure effects should have
a remarkable imprint on Agz(N) [Article 6]. The effectively-independent electron
approaches (DFT, tight-binding) actually predict an oscillatory Ag(N); only the
amplitude of the oscillations decays as 1/N, see Fig. 2.1. At regular intervals the
gap vanishes. The amplitude of the oscillations, ~ 11, is incommensurable with
parameters of the lattice. The oscillations of Ag(N) are a reflection of the band-
structure of an infinitely long Oac. They are caused by two bands crossing each
other at the Fermi level.

My 2014 work has the following implications were suggested: First, even with
strong interaction effects dominated the A,z () behavior, the oscillations could still
superimpose. Second, and more important, when Oac are in contact with screen-
ing environments, such as liquids and metallic surfaces, the interaction effects are
weaker.

Therefore, two theoretical questions followed:

1. How is the electronic structure of Oac changed by the adsorption to the Au

surface?

2. What is the gap behavior when we combine the band-structure effects with

local (screened) Coulomb repulsion?
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2.3 Quantum size-oscillations of oligoacene excitation gaps
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Figure 2.1: (a) Examples of oligoacenes with N rings: benzene (N = 1), anthracene (N =
3) and hexacene (N = 6); carbon (hydrogen) atoms are yellow (blue) dots.
(b) Dependence of the HOMO-LUMO gap on N, showing a non-monotonous
behavior with incommensurate oscillations. (¢) Kohn-Sham spectrum, showing
occupied (blue) and unoccupied (pink) states. Near N = 10,21, ... there is a
crossing of HOMO and LUMO. Reproduced from [Article 6] with permission.

I addressed the former in a collaboration with M. van Setten, D. Xenioti et al.
[Article 13] in the framework of density functional theory. The on-surface Oac
excitation gap Ay(NN) was calculated for molecules until N = 7. The extrapolation
lo larger N clearly gap closing for N = 11, suggesting, that the oscillations remain
present on Au, if correlation effects remain weak.

I addressed the second question using an Oac tight-binding lattice model with an
on-site Hubbard repulsion [Article 12]. In a team with P. Schmitteckert and others
we employed density-matrix renormalization group to obtain a numerically-exact
excitation spectrum. We found that the oscillations are surprisingly robust even if
the Hubbard term U approaches the width of the carbon 7 bands.

2.3.2 COMPARISON WITH THE EXPERIMENTS

The previous review of my theoretical contributions to the field in the years 2014-
2019 would be incomplete without mentioning the experimental results from this

quickly developing field. Right graph of Figure 2.2 shows the length dependence
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Figure 2.2: Length dependence of the lowest excitation gap of Oac. Left: Theoretical Kohn-
Sham HOMO-LUMO gap [Article 6], reproduced with permission. Right: Exper-
imental scanning-tunneling gap [27] defined as the energy difference of the two
resonances in the differential conductance, immediately above and below the
Fermi energy. Reprinted with permission from [27]. Copyright 2020 American
Chemical Society.

of the transport gap of Oac on Au measured by STM and reported by FEisenhut
et al. [27] and Kriiger et al. [28]. A minimum is visible for N = 11, followed by
an upturn. The trend until N = 11 was already analyzed by me and coworkers
[Article 13] and seen consistent with band-structure arguments. The more recent
synthesis of dodecacene (N = 12) [27] showing the upturn is even more suggestive.
The reader has certainly observed that the experimental trend has an offset ~ 1
eV with regards to the theoretical KS-DFT (effectively non-interacting) gap. This
offset can be interpreted as the charging energy, preventing the gap to fully close.
As I detail below, it is not clear whether the upturn has to do with band-structure

effects.

OPEN QUESTIONS AND CONTROVERSIES. A theoretical consensus about the Oac-
on-Au gap scaling is still lacking. On one hand, quantum-chemical calculations
point to strong correlation effects, termed polyradical [25]. On the other hand, in
the weakly correlated limit (when interaction is screened), band-structure arguments
should apply.

Eisenhut et al. criticized the band-structure arguments because the latter pre-
sumably lack polyradical behavior discussed for gas-phase specimen [27]. This argu-
ment is obviously not straightforwardly applicable to the Au surface due to screen-
ing. Ruan and coworkers [29] discuss the band-structure effects, admitting that the

effect of the surface on the strong molecular electron-electron interaction is not un-
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2.4 Metallicity in oligoacene molecular wires

derstood. The authors prefer an interpretation based on spin-polarized DFT, which
is also consistent with the measured gap. In the latter, the polyradical phenomenon
manifests as a molecular magnetization. It is possible to formulate a critique to
the use of spin-polarized DFT: It is known in electronic structure theory that 'mag-
netized’ solutions hint towards strong interaction effects, but they do not describe
excitations properly [30]. This so called Lowdin symmetry dilemma is known since
the earliest restricted and unrestricted Hartree-Fock calculations.

From band theory it follows that the first gap minimum (N ~ 11) is accompanied
by a change in the symmetry of HOMO: from odd to even with respect to a mirror
plane that bisects the Oac into two wires. In STM this transition should manifest
as a disappearance of a nodal plane in the HOMO resonance. This has not been
observed. Ruan et al. reported presence of such a plane for N = 13. This would
go against the oscillatory band arguments. As a matter of fact, in 2024 two groups
reported inconsistent gap sizes for N = 13: 1.40 eV [31] and 1.09 eV [29]. Evidently,
the STM approach to the measurement of the fundamental gap requires further
scrutiny. The trend of the gap of these molecules remains to be of vivid interest and

fundamental importance.

2.4 METALLICITY IN OLIGOACENE MOLECULAR WIRES

In a collaboration with O. Tal, T. Yelin, and others, we explored the conductances
of oligoacene molecular junctions with N up to 6 [Article 10].

When the Oac are attached to Ag electrodes, the level broadening I' is much
smaller than the level spacing. My transmissions, Fig. 2.3, demonstrate that the
transport is governed by the LUMO resonance. The gap oscillations do not need to
be considered because the molecules are short. The measured average G(N) shows
an increase and a saturation around 0.6Gy, consistent with the formula (2.6) [when
€12 > 0]. The ’anti-Ohmic’ trend nicely exemplifies quantum-coherent transport
behavior.

On the contrary, the Oac contacted by platinum electrodes have level spacing of
the same order as the level broadening, I". This is because platinum has a partially-
filled d-band and therefore more states are available to hybridize with Oac compared
to silver, as I elucidated in the [Article 4]. In this regime of strong molecule-electrode
hybridization, 7 (E) weakly varies around unity and is free from deep drops, as my
STAIT calculations showed [Article 4]. This is consistent with the experimental

average conductance G(N), observed constant, within the statistical error bar.
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Figure 2.3: Transmission functions of Oac coupled to Ag electrodes from first-principles DE'T
calculations. Conductance, 2e*T (Eg)/h, is increasing with the number of rings,
in stark contrast with Ohm’s law. Reproduced from [Article 10] with permission.

SIDE-NOTE: MAGNETIC INSTABILITY IN PT. When exchanging Ag tips for Pt,
one needs to pay attention to one subtlety. Platinum is non-magnetic in bulk, but
under-coordination causes local magnetic ordering in nanowires and chains [32]. I
have shown, along with F. Evers, that local ordering also happens at the apex of
a Pt tip [Article 3]. Such magnetic ordering has been observed experimentally in
single-atom Pt point contacts [33]. The impact of magnetism on the conductance of
short Pt chains is approximately 20% [34], and the tendency to order is weaker when
there is a molecular bridge, due to improved coordination. Therefore, the eventual

magnetism is not essential to understand transport through Oac.
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3 Strong electronic correlation in

molecular and atomic adsorbates

The progress in the fabrication of nanoscale systems in recent decades brought a
resurrection of the Kondo problem and an associated outburst of theoretical works.
My works presented in this thesis focus on the Kondo behavior in magnetic ad-atoms
on surfaces and magnetic molecules. This chapter starts with a quick overview
of molecular/ad-atom Kondo behavior and follows with sections with increasing
complexity of the ’impurity’ subspace. First, systems that can be understood in
a ’single-impurity’ framework are presented. Second, molecular adsorbates with
two coupled spin degrees of freedom follow. Finally, a system of a 'multi-impurity’

character is shown.

3.1 A BRIEF OVERVIEW OF NANOSCALE KONDO PHENOMENA

Here I offer a broader perspective on the field of Kondo behavior at nanoscale. By
nanoscale I refer to single magnetic atoms, molecules, but also carbon nanotubes and
quantum dots. These constituents take place of the 'impurity’ in impurity models.

What has this theoretical and experimental development brought?

(i) The nanoscale Kondo systems usually contain a single 'impurity’ that is being
addressed, e.g. by some form of spectroscopy. In contrast, in the alloy systems,
where Kondo behavior was first discussed, single-impurity behavior undergoes

ensemble averaging.

(ii) The main source of observables is electronic transport at finite bias. This gives
access to excitations at finite energy (from the Fermi level) and non-equilibrium

effects.

(iii) The previous two factors pave way to observing more intricate internal struc-

ture of the Kondo impurity. The simplest spin—% Kondo Hamiltonian often
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3 Strong electronic correlation in molecular and atomic adsorbates

needs to be extended to capture spin multiplets (in ad-atoms) and molecu-
lar orbital structure (in molecular adsorbates). The transport spectroscopy in
such systems can host Kondo peaks with nontrivial shapes, with satellite peaks,

offering a view of the internal electronic structure of the atom or molecule.

(iv) In molecules the situation is arguably the most complex. Apart from the
electronic spin and orbital low-energy structure, molecules also host low-energy

vibrational excitations, which manifest as side-peaks.

(v) Ad-atoms and molecules on surfaces can be locally manipulated by the STM
tip. Moreover, it is possible to design multi-impurity structures, such as cor-
rals, arrays, chains, etc., offering a new possibility to address the collective

correlated behavior of lattice models (e.g. Kondo lattice).

A more detailed overview with references can be found in the co-authored review

[Article 17] (with emphasis to molecular systems).

3.2 SINGLE-IMPURITY MOLECULAR KONDO SYSTEMS

3.2.1 INELASTIC TRANSITIONS IN A KONDO IMPURITY

An excited state of an adsorbate (atom, molecule) can decorate the STM transport
spectrum (dI/dV vs. voltage V') with step-like features, if transition matrix elements
are non-zero [35, 36]. In the language of scattering theory, such transitions are
inelastic, because the adsorbate is left in an excited state after the passage of the
tunneling electron. In contrast, the usual quasiparticle excitations of adsorbates

(i.e. effective single-particle physics) are energy-conserving and therefore, elastic.

INELASTIC SPIN TRANSITIONS

Consider a molecule with a singlet ground-state and a triplet of excited states,
attached to two leads (transport setup). The Hamiltonian (1.9) is applicable. Fur-
thermore, the second lead couples infinitesimally weakly (it acts as a probe), and
does not need to be included — the differential conductance is proportional to the
impurity spectral function in this limit.

My work [Article 1] provided a calculation and analysis of the spectral func-
tion, with emphasis on the inelastic transitions (near energy E — Ep ~ |I| for

B = 0). From the scattering-theoretic viewpoint, the inelastic scattering off the
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3.2 Single-impurity molecular Kondo systems

singlet-triplet molecule involves multiple ’collisions’, which rules out a simple Born-
type approach. Moreover, Kondo scattering requires the theoretical machinery to
account for the Fermi sea (many electrons obeying Pauli principle). I employed all-
orders many-body perturbation theory for this purpose. With Jean-Pierre Gauyacq
and Nicolas Lorente we compared the results from the many-body theory with a
sudden-approximation approach (no Kondo scattering). This allowed us to estimate
the renormalization of the inelastic threshold and other quantities relevant for the

scanning-tunneling spectroscopy.

INELASTIC VIBRATIONAL TRANSITIONS

Molecular vibrational excitations can be detected in electron transport as side-bands
(in the dI/dV), similarly to the previously mentioned spin excitations. Additionally,
when the adsorbed molecule hosts a Kondo resonance, the vibrational side-bands
morph into side-peaks of the zero-bias Kondo peak. With my collaborators (at
Weizman Institute) I contributed to establish this picture in a theory — experiment
collaboration [Article 5]. The side-peaks were observed in a silver break-junction
with copper phthalocyanine (CuPc). My DFT calculations established that CuPc
attached to Ag electrodes has to be treated a spin-half doublet. This came as
a surprise in view of the more intricate spin-orbital structure of CuPc adsorbed
flat on Ag(111) [37, 38]. The spin-half multiplicity of CuPc in a break-junction
was a first indication, that the measured side-peaks are not spin but vibrational
excitations. Calculations of vibrational excitations of CuPc in a junction helped to
identify a particular mode whose energy and stretching dependence matched with
the experimental.

This work demonstrates that DFT calculations, when interpreted correctly, can
be very helpful for explaining a physical setup that involves strong electronic cor-
relations. Of course, DF'T with semi-local correlations do not capture Kondo-type
correlations. Therefore, the results of such calculations can not be taken literally.
However, the atomistic DF'T calculations can be very instrumental in identifying the

relevant degrees of freedom and choosing the right phenomenological model.

3.2.2 KONDO TEMPERATURE

A simple spin-half Kondo impurity can be associated with various local observables,
such as conductance, spectral function or magnetic susceptibility. Their tempera-

ture dependencies carry an imprint of the cross-over between a local-moment regime
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3 Strong electronic correlation in molecular and atomic adsorbates

("weak coupling’) and Fermi-liquid ’strong-coupling’ regime [19]. Because it is a
cross-over, the transition temperature (Kondo temperature Tx) is not sharply de-
fined. Intricately, in a spin-half molecular junction, the differential conductance
hosts a zero-bias peak in both regimes. Since temperature can not be easily changed
over few orders of magnitude in an experiment, the following question arises: Ob-
serving a zero-bias peak in a molecular junction at a fixed temperature T', how can
one identify whether the junction is in a weak or strong-coupling regime? Even more
ambitiously: Can one estimate the ratio T'/Tk?

It turns out that Tk can be determined rigorously even if T' can not be changed,
but when magnetic field is available instead [Article 18]. A convenient experimental
setup is a junction, whose Tk can be tuned mechanically by junction stretching (mea-
surements of P. Jelinek, M. Svec (FZU AVCR) and coworkers). Their results were
fitted by spectral functions from a numerical-renormalization group calculations (M.
Zonda, MFF Charles University). In this collaborative work I identified a voltage-
asymmetric vibrational peak, whose behavior could be consistently explained by the

trend in the source-drain asymmetry.

MAGNETIC MOLECULES WITH ZERO KONDO TEMPERATURE

Adsorbed magnetic molecules with a vanishingly small Kondo temperature are of
special interest, too. Conceptually, there are two ways to achieve Tk = 0 in a Kondo

impurity:

(i) The fermionic reservoir (substrate) has a gap E, at Ey. The ground-state
is a doublet when FE; is large enough [39]. If such a system is realized in a

molecular adsorbate, it can represent a local qubit.

(ii) The impurity’s ground-state spin multiplet is split by spin-orbit coupling (mag-
netic anisotropy splitting). If the anisotropy prefers a large spin, Kondo screen-
ing can be quenched [40]. Such molecular adsorbates are single-molecule mag-
nets (SMM); they retain their functionality even when contacted by metallic
electrodes provided that the interaction with the metal is not too strong to

bring Kondo screening into play.

Reference [Article 20] shows an example of a SMM adsorbed on a transition-
metal dichalcogenide. My DFT calculations showed that the molecule-substrate

interaction is very weak and the SMM behavior is preserved.
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3.3 Two-impurity Kondo systems realized as molecules

3.3 TWO-IMPURITY KONDO SYSTEMS REALIZED AS
MOLECULES

Materials that contain atoms which retain their magnetic moments even in presence
of a metallic band can host intricate behavior [14]. These strongly-correlated systems
are often difficult to treat theoretically even with relatively basic models, such as a
Kondo or Anderson lattice. Certain aspects of these lattice systems can be explored
in a somewhat easier way in so called two-impurity Kondo systems. In recent years,
molecules (as adsorbates and junctions) have been used in experiments to target
the two-impurity physics, which in turn stimulated additional theoretical progress.
I refer the reader to the review [Article 17] for the list of few important works, and

follow with author’s selected works.

3.3.1 BI-NUCLEAR MAGNETIC MOLECULE

An extensive theoretical and experimental investigation of bi-nuclear complexes was
undergone at KIT (Karlsruhe) by me, A. Bagrets, W. Wulfhekel, F. Evers, L. Zhang
and others. These complicated molecules contain two transition-metal centers, which
were separated by a bi-pyrimidine ligand, bridging the two centers. The centers were
Ni, Mn and Zn. An analysis assisted with DFT calculations lead us to conclude that
the Nis complex on Cu(100) is a double spin-one Kondo impurity. Each Ni center
(impurity) undergoes partial Kondo screening independent from the other, because
the cross-talk (precisely, exchange interaction) between the two centers is very weak
[Article 8].

3.3.2 DZYALOSHINSKII-MORIYA INTERACTION IN A DIRADICAL

While in the previous example, the two molecular magnetic moments (impurities)
didn’t interact, the opposite case of a strong exchange is of interest, too. When
spin-orbit effects are weak, the isolated molecule with two spin-half centers has the
low-energy spectrum given by Eq. (1.10).

With P. Zalom and T. Novotny (Charles University) we employed numerical renor-
malization group to investigate the DQD model [Egs. (1.9) and (1.11)] near the
singlet-triplet crossing. We found, surprisingly, that despite the terminology "Kondo
screening’, spin polarization persists in the reservoir. Clearly, this is a consequence
of the fact that the local spin fluctuates between the spin 1 and spin zero. In the

collaboration with the experimentalists at TU Delft we uncovered the workings of



3 Strong electronic correlation in molecular and atomic adsorbates
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Figure 3.1: Local density of states at Fr in the 2D substrate of a multi-impurity Anderson
Hamiltonian with 12 impurities (marked with crosses). The Fermi wavelength of
the substrate is shown; annotated are the ratios of A to the length L of the chain
and the inter-atom spacing d. Reproduced from [Article 14] with permission.

the Dzyaloshinskii-Moriya interaction (1.11) in a two-spin all-organic radical [Article

15], showing an unconventional temperature dependence of the conductance.

3.4 QUANTUM SIZE-EFFECTS IN ATOMIC KONDO CHAINS

In Chapter 2 I explored quantum size effects in molecular chains. These weakly-
correlated systems were described fairly well by an effectively independent-particle
theory. But what happens when the ‘repeating unit’ becomes a Kondo impurity?

I addressed this question with D. Serrate, M. Moro and co-authors in [Article 14].
My experimental colleagues built fascinating linear chains of magnetic ad-atoms (Co)
on the metallic surface Ag(111). The starting point for my theory was therefore the
model of Sec. 1.2.3. In the limit M — oo, the model represents a specific form of an
Anderson lattice: the Anderson impurities are one-dimensional, but the host metal
is 3D [14]. When the impurities are in the Coulomb-blockade limit, the Anderson
lattice exhibits competition between a collective Kondo screening (Fermi liquid state)
and magnetic correlations induced by an RKKY mechanism. When collective Kondo
screening is the winner, an impurity quasiparticle band forms. If such Kondo chains
are made finite, quantum size-effects could reveal the emergence of the quasiparticle
band from out of the single-impurity.

To explore this, I calculated the local density of states (LDOS) using many-
body perturbation theory for the multi-impurity Anderson Hamiltonian described
in Sec. 1.2.3. In the Kondo-screened regime, the LDOS shows Kondo peaks whose
amplitude fluctuates along the chain with a typical scale Ap, i.e. the Fermi wave-

length. Fig. 3.1 shows a typical calculated local density of states in the substrate (see



3.4 Quantum size-effects in atomic Kondo chains

Eq. (1.15) and below) with two peaks and spatial modulations at the scale Ap. The
origin of this modulation lies in the substrate-mediated hybridization (see Sec. 1.2.3).
My calculations further demonstrated that the Kondo resonances are enhanced at
the edges of the chain for chains with length ~ Ag, but not for shorter chains. The
theoretical results are in agreement with the experimental analysis (STM).

This quantum size-effect is imposed by the Fermi surface of the host metal. It
does not show features intrinsic to the chain, in contrast with, e.g. the Oac from
Sec. 2.3.1. Theoretically, we could expect a change in the behavior for longer chains,
namely, a formation of a quasiparticle 1D band. In a 3D Anderson lattice, such

quasiparticles are dubbed ’'heavy fermions’ [14].
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4 Outlook

In the previous chapters I showed many examples of how electronic transport through
nanoscale systems interplays with localized spins and displays effects of size-quan-
tization. This central topic of the thesis offers several ramifications; here I mention

those that address timely open questions of physics and nanosciences:
o Chirality-induced spin selective (CISS) transport
e Generation of a directed rotation at nanoscale

e Impurities on superconducting substrates.

4.1 MOLECULAR MOTOR

Inelastic scattering (Sec. 3.2.1) offers the possibility to transfer the angular momen-
tum of the tunneling electron to the molecule, generating a mechanical torque. If
the molecule has an axis of rotation, the possibility of a current-driven molecular
motor has been explored [41, 42, 43]. I made a contribution to the field of molecu-
lar motors by employing Lagrangian dynamics to simulate the effects of a classical
particle-current [Article 21]. My calculations showed that a controlled rotation can
be achieved even without angular momentum being transferred. I applied the model
to helical molecules, where understanding angular momentum transfer has become

of vivid interest, as follows below.

4.2 CHIRALITY-INDUCED SPIN SELECTIVITY

In recent 15 years there has been an outburst of experimental works that report
spin-selective phenomena in helical molecules. These results are unexpected and
puzzling because reported molecules (oligomers) are non-magnetic and have weak
spin-orbit effects [44].

39



4 Outlook

Analytic calculation of spin conductances of helical molecules, described by a
minimal model with spin-orbit coupling, was done by me and presented with co-
authors in [Article 23]. My results predict a peculiar consequence of time-reversal
invariance for spin transport: An application of voltage bias across such molecules
leads to a parallel magnetizing of the two contacts. This work extends an earlier
work of us which dealt with spin-relaxation rates in a model helical molecule [Article
19].

4.3 IMPURITIES ON SUPERCONDUCTORS

The quest for designing atomic-scale qubits has been a strong motivation to ex-
plore quantum impurities on superconductors [45, 46]. In these quantum impurities,

Majorana modes and Yu-Shiba-Rusinov states play an important role.

4.3.1 MAJORANA MODES

Majorana modes are of interest for potential applications because they are topo-
logically protected [47]. My calculations explored the consequences of coupling a

Majorana mode to a resonant level [Article 2].

4.3.2 INELASTIC VIBRATIONAL TRANSITIONS COUPLED TO A
Y U-SHIBA-RUSINOV STATE

A resonant level from the previous paragraph could represent a molecule; however, as
I have emphasized in this thesis, molecules can host spin and vibrational excitations
as well. In a certain parametric regime, a so-called Yu-Shiba-Rusinov resonance
results from an interaction of a localized spin with the superconducting host [48].
If the spin is localized in a molecular adsorbate, the scanning-tunneling current can
detect a plethora of vibrational excitations, as shown in the group of Richard Berndt
[49]. T have collaborated with A. Koliogiorgos to devise a method to calculate the

respective vibrational spectrum from first principles [Article 24].
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5 Conclusions

My habilitation thesis offers some natural conclusions, which I briefly state below.
I would like to emphasize, that these ideas reflect the development of the whole
field in the years 2011-2023, and my conclusions express my personal view on this
development.

Nanoscale contacts offer a wide range of theoretical approaches to be applied.
From atomistic DFT calculations, through model Hamiltonians and associated many-
body techniques, classical dynamics to scattering theory. It should be emphasized
that even the most detailed atomistic description cannot deliver quantitative agree-
ment with the measurements. This seems to be the case also with the promising
GW approximation, as argued in [Article 25]. The lack of quantitative agreement
is by no means a hurdle, for a wealth of qualitative and model-based understanding
has been gained in these complex systems.

An example of such qualitative understanding was given: In the topic of quantum
size-effects, my works pointed out the connection between band theory and the
length-dependent conductance (or gap). The question to what extent will band-
structure effects influences the gaps of oligoacenes on gold remains open. Essentially
it boils down to the extent correlation effects become screened on the surface, a
question of fundamental importance.

For magnetic molecules displaying correlated Kondo behavior, my works revealed
how internal molecular structure (spin and vibrational excitations) influences the
transport spectroscopy. Furthermore, I have shown that DFT based calculations, if
interpreted correctly, can guide the subsequent selection and design of an appropriate
spin Hamiltonian.

Although my work is not primarily aimed at technological applications, I believe
that the knowledge gained on molecular junctions and nanoscale spin devices - con-
tributed to by this thesis - can positively inspire the design of new materials and

devices.
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