




















illustrated in figure 7.4. In [12], the triple quantum dot is considered with
the aim of studying quantum coherence in molecular junctions. Fig. 8.14,
shows the transmission for the three cases of study consider in [12], hence
demonstrating the ability to induce or lift destructive quantum interference
by modulating the hybridization y,,, as demonstrated experimentally by
van der Zant et.al in [192].

Log T(e)

Energy [meV]

Figure 8.14. Transmission Probabilities for the triple quantum dot shown in Fig.
7.4, under three different test configurations shown in blue (y., = 6meV, v, =
Voe = 0meV), red (yap = 0meV, yae = ype = 3meV) and black (with yellows stripes
in the plot) (yu» = 6meV, yuc = v = 3meV). The configurations shown in blue and
red exhibit no possibility for destructive quantum interference while black shows a
clear signature of the presence of quantum coherent transport in the system, this
in accordance with the model studied in [12].

In paper Ill, | consider a triple quantum dot where each of the energy
levels is coupled via Kondo interaction to single spin units that order fer-
romagnetically, anti-ferromagnetically or as a combination of them, hence,
affecting the degree, strength and nature of quantum interference in the
system. This is confirmed in Fig. 8.15 where the modulation of the hy-
bridization y,, from 0 meV to 6 meV only induces destructive quantum
interference for a particular symmetry of spin ordering in the molecule,
shown in Fig. 7.4. This modulation shows its effect on the spin ordering in
Fig. 8.17 where the region in which all contour plots are either positive or
negative exhibit either anti or ferromagnetic ordering respectively. There-
fore, is assertive to claim that lifting or inducing a certain form of quantum
coherence in the triple dot system induces a particular spin ordering, what |
refer to here as coherence induced switching dynamics between frustrated
nanomagnets all-ferromagnetic nanomagnets. This commutation can also
be achieved by the action of a gate field V; or a bias voltage Vpg, as shown
in Fig. 8.18.
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Figure 8.15. Transmission Probability for a Spin Trimer Driven Out of Equilibrium:
A comparision is shown between the transmission probabilities through the junc-
tion of interest when there is spin ordering effect (effect) and where the isn’t (red).
This study is performed for Vg = —4.0 meV (dashed in blacked).
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Figure 8.16. Effective Exchange Interactions 7, J. and J,. as a function
of bias voltage for different values of the modulated parameter vy, (0,2.2,3.4,6.0
[meV]).
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Figure 8.17. Magnetic Vps—V diagram. Shows regions where anti-ferromagnetic
ordering arises (coincidence in yellow) and other ones where ferromagnetic order-
ing does it so (coincidence in blue). The panels are arranged in vertical order for
different values of the parameter y,;.
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Figure 8.18. Magnetic Vps—V diagram. Shows regions where anti-ferromagnetic
ordering arises (coincidence in yellow) and other ones where ferromagnetic order-
ing does it so (coincidence in blue). The panels are arranged in vertical order for
different values of the parameter .

8.7 Concluding Remarks

Here | provide a substantial overview of the literature on quantum coherent
effects in molecular junction, | provide some thought about the Aharonov-
Bohm effect and | develop some notions for understanding molecular junc-
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tions as a single electron interferometer and compare with single photon
interferometer for providing some context with regards to the ingredients
of the interferometry machine and the interesting questions that may be
asked. | discuss a novel possibility for combining effective spin-spin in-
teractions and a complete AB interferometer, and the effect on a AB-like
phase of the formation of singlet-triplet states, and hence, the effect on
the degree of entanglement of the spin system. Then, | provide some
arguments about the signatures of quantum interference emerging in the
transmission of three different configurations of double dot junctions, and |
argue that the triple quantum dot provides a further advantage to observe
quantum interference of destructive nature, and how this behavior can be
modified by the modulation of one of the hybridization parameters in the
electronic background, hence showing a transition between the typical be-
havior of linear conjugated molecules to cross conjugated molecules with
regards to its quantum coherent ability. Lastly, the interplay between spin
ordering and interference effects signed in the transmission probability is
considered, showing a clear effect of the order and its influence on electron
localization and delocalization, on the emergent signatures of quantum in-
terference observed in the transmission profile.
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Part IlI:
Contribution

"l will mention the lovingkindness of the LORD and the praises of the
LORD, according to all that the LORD has bestowed on us, and the great
goodness towards the house of Israel, which He has bestowed on them
according to His mercies, according to the multitude of His
lovingkindness"

Isaiah 63 : 7

Here, | will briefly report on the main results that account for my original
contribution to the field of study, done in collaboration with Prof. Jonas
Fransson (papers |, Il, lll and 1V) and with the Doctoral candidate Henning
Hammar (I, Il and IV). | have also collaborated with Prof. Erik Sjdqvist

(paper III).






9. Results and Contribution

"I am the vine; you are the branches. If you remain in me and I in you, you
will bear much fruit; apart from me you can do nothing"

Gospel According to Yohannan (John) 15:5.

9.1 Comprehensive Summary of Results in Reported
Papers

| strongly believe that the best in which knowledge is spread, is through the
clear connection of the central ideas that effectively split the time frame-
work where the scientific construction takes place. As an example of this
line of thought, when discussing any magnetism related idea, one should
refer to the contributions by James Clerk Maxwell, Heinrich Hertz and
Niels Bohr and connected thoroughly with those from Heisenberg, Kasuda,
Yosida and Kondo, and place the scientific discussion of interest with pre-
cision, within this framework, which will give the engaged community an
idea of the impact and relevance of the debate one wants to put forward.
In this very same way, A. A. Khajetorians and collaborators, when their
atom by atom tailoring of nanomagnets was presented to the community,
they felt that it was of capital importance to contextualize the audience
with the efforts to achieve reasonable control over the magnetic exchange
interactions at the atomic level, and how a convergence site with the de-
velopment of scanning tunneling microscopy gave birth to the possibility
of engineering precise magnetic exchange interactions in transition metal
ions adsorbed on surface. The impossibility to comprehend their message,
it can be due to, purely, a lack of understanding of how questions regard-
ing the physics of ions exhibiting a localized magnetic moments in metals
emerged. Reasoning with a similar philosophy, Piers Coleman introduces
the concept of a localized spin moment in metals emerging from ions like,
transition metal ions, by connecting the contributions from the early 20th
century experimentalists that study electrical resistivity in Gold, Copper
and Lead with Magnetic impurities, with those from the experimentalists in
the late 1950’s that had much precise control over the purity of metals and
with the theoretical explanation of the observation of anomalies due to the
impurity mainly by P. Anderson, J. Kondo and K. Wilson, and from there,
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Coleman elaborates on what he believes the future directions in impurity
physics and heavy Fermion science are.

From a likewise viewpoint, in the present thesis | focus my efforts in con-
veying three points that will convince the readers about the relevance of my
work. First, | argue about the importance of studying magnetism and how
this view has evolved throughout the history changing dramatically the way
we live and making our existence in the Earth planet unlikely, if all of the
sudden magnetism would disappear. Currently, the studies of magnetism
keep changing our lives and provide a never ending fuel to keep making
progress towards the control and manipulation of its manifestations in low
dimensional physics, hoping that the consequences will be as influential
for our society, as they were in the past 250 years, both world wide and
locally. Secondly, | try to convince the reader about the relevance of under-
standing how magnetism in matter and its manifestations became a chal-
lenge, how this challenges were address by the more curious physicists
of the time (Heisenberg, Landau, Langevin, Anderson, Kondo), and how
these ideas lead to the study of localized magnetic moments (impurities)
in metals. Thirdly and Lastly, | make a big effort to claim, that the current
trends in magnetism at the molecular level, more specifically, the design
of magnetic interactions among magnetic impurities (localized moments)
on adsorbates, is a direct consequence of the convergence of the events
stated in point two and the novel experimental probing and control methods
at the atomic scale emerging from the 1980’s namely, Scanning tunneling
Microscopy (STM) and Atomic Force Microscopy AFM. My work on Prob-
ing Magnetism at the Atomic Scale, is a rather novel platform, in which
the recent experimental efforts in understanding the effective interactions
among localized magnetic moments in metals probed by STM or AFM tips,
can be viewed from the perspective of molecular tunneling junctions, and
from the analysis tools supplied by the non-equilibrium quantum statisti-
cal mechanical theory, meaningful results can be obtained, that resemble
transport and spectroscopic experimental measurements, well account for
in the recent progress made in the field.

Through the papers included in my thesis, you will encounter one published
paper |, 1 submitted paper Il, and two pre-prints Il and IV. My contribution
with original work on the area of study, centers in the paradigm of molecu-
lar junction systems, with localized magnetic moments embedded within it,
approaching problems from single vibrating ion anisotropy electrically con-
trolled, to multi-partite driven spin systems, dynamic effects in spin driven
energy currents in single molecule magnets, and to electronic quantum in-
terference driven magnetic order, both in spin dimers and trimers. In |, the
heat and energy transport is addressed in a dimer of spins coupled to a
two level electronic system, where each energy level of the represented
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molecule, couples to a non-magnetic lead. In the framework of the non-
equilibrium Green’s function and the Meir-Jauho-Wingreen formalism (See
chapter 4), | predict the behavior of the energy current in the system at dif-
ferent spin regimes, namely, singlet, triple and four fold configurations, and
| show that in the singlet state where the magnetic moments localized the
electron wavefunction in each of the electronic levels, despite of the charge
current being negligible, the energy current persists, hence, confirming the
predictions by Bergfield about entropy driven processes against coherence
driven processes in molecular junctions. In paper Il, | address the problem
on single vibrating ion anisotropy in the interacting regime and argue that,
when the molecular magnet under consideration is driven electrically and
thermally, this property is modulated and commutes between easy plane
and easy axis configurations, and the temperature excited-phonons, be-
sides screening the electron-electron correlation, it induces a locking be-
havior in the anisotropy that reduces the magnitude of the latter though
increases its relative stability, desired property in the single molecule mag-
net experiments with the tendency to serve as quantum information units.
Lastly, when the electron-electron correlation increases beyond the screen-
ing limit imposed by the phonons, the behavior of the single ion anisotropy
becomes strongly localized in the bias voltage - gate voltage plane, behav-
ior induced by the sharp particle number variations due to the presence of
Hubbard bands in the density of states. In paper lll, the coherent manipu-
lation of a trimer of spins grated onto molecules adsorbed on non-magnetic
metal hosts is considered, where the electronic levels in the molecule are
such that quantum interference can be engineered and the commutation
between frustrated spin geometries and complete spin ferromagnetic or-
dered is studied, this, by the action of an STM tip, resembling novel exper-
imental set ups. For completeness, | provide possible transport signatures
that will serve as a tool to detect and to control the spin states, which
motivate the design of robust quantum circuits based on the three-spin
Greenberger-Horne-Zeilinger state. Moreover, in paper 1V, | contribute to
the work of Henning Hammar, done in the scope of time varying dynam-
ics in driven single molecule magnets, where we evaluate the effect of the
different time scales of the spin dynamics in the purely spin driven en-
ergy current through the magnet, done with the aid of the continuous time
Wavelet transform. The promising results obtained, set the basis for spin
dynamics driven cooling of metallic thin layers and on the counterpart, we
present ground breaking results in the efforts made to design spin states
robust against decoherence and entropy related instabilities.

The contribution of the work | aim to present in this thesis, promises, to
pave the way for conceiving novel architectures for spin based quantum
engineering based on all electro-thermal control, and possibly, to propose
ground breaking experiments aiming at exploring phonon/photon based
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engineered RKKY interaction in nanomagnets, which will provide additional
means for controlling, manipulating and detecting non-classical quantum
states.

9.2 Paper |: Charge Transport and Entropy Production
Rate in Magnetically Active Molecular Dimer.

,o‘i‘.‘ L 2
aa®

Figure 9.1. Dimer of Spins hosted by a Linearly Conjugated Molecule Embedeed
in a Molecular Junction.

In paper | | approached the problem of heat transport and thermoelec-
tric response functions such as the Seebeck coefficient in paramagnetic
molecules comprising to spin units embedded in two level molecules re-
sembling, for instance, Phthalocianine or Porphyrin complexes. | would like
to concentrate in this section on a result that is of appealing importance to
me, which is the detection of an entangled state (bi-partite entanglement)
by means of particle and heat currents, verified by theoretical predictions
on the RKKY effective exchange interaction among magnetic units and the
spin occupation number, that is, the spin populations as a function of the
applied bias in the junction. In Fig. 9.2, it was detected that for different
gating conditions, for small bias where the spins in the dimer exhibit bi-
partite entanglement (See the effective exchange interaction in Fig. 9.4,
positive for singlet configuration, negative for the triplet), the heat current
decays to at least an order of magnitude larger compared with the decay
of the charge current (see Fig. 9.3). The heat current is an entropy driven
process, robust to quantum coherent effects, hence, in the impossibility for
the charge current to serve as a detecting mechanism for the entangled
state in the system, the order of magnitude larger that the heat current ex-
hibits serves as means of detection in this case, leaving the question open
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Figure 9.2. Energy Current for 4 different gating conditions: ey —up =0 meV,
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whether is useful to have such mechanism or not, taking into account that
heat currents are not observable [193].
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Figure 9.3. Charge Current for 4 different gating conditions: e —up =0 meV,
e—uo=1 meV,e—puo=2 meV and g —pug =3 meV

In Fig. 9.4, the effective RKKY interaction among spins in the dimer
is shown. Switching between a singlet and a triplet state is possible by
the coordinate application of a bias, which varies with the application of
the gate field. Robustness against temperature variations in the junction
is discussed in paper |. This results is unappealingly interesting to me as
it provides meaningful prediction of the way in which entanglement, and
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hence, quantum information processes can be modulated by the applica-
tion of a bias voltage in the absence of a magnetic field.
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Figure 9.4. Effective Exchange Interaction 7, for 4 different gating conditions:
e—po=0 meV,eg—up=1 meV, eg—pup =2 meV and €y — o =3 meV

9.3 Paper II: Electronically Mediated Magnetic
Anisotropy in Vibrating Magnetic Molecules.

9.3.1 Conventions and Restrictions

In this paper, | considered a model of a single molecule magnet as com-
pare to the one presented in [110, 194], where a single electronic level e,
vibrating at a frequency Awy coupled to ferromagnetic leads, is interact-
ing with a spin moment via the Kondo interaction. The interaction strength
of the coupling between the electrons in the single level and the single
phonon mode is denoted as A.

Here, the Hamiltonian of the system is given by 9.1, where the individual
model Hamiltonians specified in expressions 9.2, 9.3 and 9.4. The system
is illustrated in figure 7.1, and the parameters are defined according to the
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convention established in chapter 7.

7‘(27‘(c+7‘{M01+7‘{T, (9.1)
He = enral)Ch,  (DCkaall) (9.2)
ako

Hmor = Z Eo—dl—da— +Unin + hwoa*a

o

+ Z/ld;dg (a" +a)+Js.(t) S(5) - gupS()- B(), (9.3)

Hr = ) VieaO)ch, (0de(0)+ Vi o 0db(Ockra(d)  (9.4)

ako

The model represented by expression 9.1 can be diagonalized by the ap-
plication of the Lang-Firsov transformation [116] as described in chapter
6, which decouples the Fermionic degrees of freedom (d(?), dff,(t)) and

the Bosonic degrees of freedom (a, a’) present in the molecular Hamil-
tonian given by expression 9.3, at the expense of renormalizing the tun-
neling Hamiltonian defined by expression 9.4, where the operators d (1),

d’, (1) are transformed as d(1) = do(1) = d()x(1) and d_ (1) = d' (1) =
djr,(t’)XT(t’), hence the Green’s function reads in consequence as follows:

GCoor(1.1) = —% <TKEa(t)E/(t’)> -
G (1) = =+ {Tdo XL, (X ()
~ U Td,(0d!, () x0x 0)),
h

and by defining:

Goo (t,1) = —% (Txdo(nd,(1)): (9.5)
A1) = (x(x' (1)), (9.6)

we write:
Goo (t,1) % Go (L)AL, (9.7)

where G (t,t") is the renormalized electronic Green’s function and A(z,t)
is the vibrational correlation function, which accounts for the corrections of
the electronic propagator due to electron-phonon coupling.

The renormalized model Hamiltonian now reads (Accordingly with the ex-
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position of concepts done in chapter 6):

H =He +Hyor + Hr, (9.8)

He=Hc = Z Ek(mcL(mckga, (9.9)
ako

Hr = ) VioaChyodoX + ViadoX koo (9.10)

ako

Hrtor = Z €,didy + Unyn +hwa’a
o

+Js.(t)- S(t) — gupS(t)- B(). (9.11)

The limitation of the model described by expressions 9.8, 9.9, 9.10 and
9.11 relies on the restrictions imposed by Hewson and Newns in [195] on
the parameters A, hiwy and I = ZFfﬁ’), which are given by the following

. ao
expressions.

A r 2
- 1 < — ¢~ @/hwo) , 9.12
(ha)o)< = 2han ®-12)
/12
ha)() < 60——70 , (913)
222

The approximate solution space we propose to fulfill the restrictions given

1
by expressions 9.12, 9.13 and 9.14 is given by inequalities 1 = EF and

1 6
hwo = =I' = —I', and as such, the range of validity of the energy level

€, which also satisfies restriction given by equation 9.14, is —c < €, <
—0.06U0.35 < €, < +00. The results presented in paper I, should be ex-
amine from the viewpoint of this description.

9.3.2 Summary of Results

In the paper | described the effect of the electron-phonon coupling 4 on
the magnetic uniaxial anisotropy of the molecule in the range imposed by
the restrictions discussed earlier, where the electron-electron correlation is
screened by the effect of the vibrations, such that the effective electron-
electron interaction is equal to zero. It was shown that when the single
phonon mode is sufficiently excited thermally, the electron-phonon interac-
tion drives the anisotropy to a regime where the change in sign is not pos-
sible neither by gating nor by biasing the junction. As a consequence, the
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molecule is locked to its high spin ground state upon the excitation of the
single phonon mode, exhibiting the inability to commute between ground
states. At the stake of increasing the electron-electron correlation strength,
a finite effective electron-electron interaction emerges, and, the uniaxial
magnetic anisotropy is reduced and quenched for broad ranges of the gate
and bias signals, though the locking effect induced by the electron-phonon
interaction persists when the phonons intake sufficient thermal energy and
for gate and bias fields producing non-zero anisotropy energies.

9.4 Paper Ill: Quantum Coherence Driven Magnetic
Ordering in Biased Three Level Organometallic
Molecules.

9.4.1 Solving the Spin Hamiltonian

In paper lll, as a result of the effective spin-spin interaction, mediated by
the Non-equilibrium RKKY through the electronic structure of the molecule
connecting all three localized moments, the Following spin Hamiltonian
emerges (see expression 5.54 in chapter 5):

Hspin=TaSaSp+TacSa-Sc+TpcSs* Sc, (9.15)

where J,,, was derived in chapter 5, giving expression 5.55.
The spin dot product in expression 9.15 can be expanded as a complete
Hilbert space as follows:

Sa-Sp= SAx®SBx®]I+SAy®SBy®H2><2+SAz®SBz®H2x2, (9.16)
Sp-Sc=Dx2®Spx®Scx+ 12 ®S,®Scy +hx2®S B, ®S 25 (9.17)
Sa-Sc=5a®I0o®Scx+Say®Is2Scy +Sa: @12 ®S ¢, (9.18)

1
where the operators S, S;, and §;; for a spin 3 degree of freedom are
given by:
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and the index i labels the spin in the trimer.
In matrix form, expressions 9.16, 9.17 and 9.18 read:

100 0 0 0 00]
01 0 0 0 0 00
00 -1 0 2 0 00
00 0 -1 0 2 00
SaSB=l0 0 2 0 -1 0 0 0 (9:19)
00 0 2 0 -1 00
000 0 0 0 10
00 0 0 0 0 01
10 0 0 0 0 0 0]
0 -10 0 2 00 0
0010 000 0
00 01 00 2 0
SaSc=1g 2 00 =10 0 0] (9:20)
0000 010 0
000 2 00 10
0000 00 0 1]
10 0 00 0 0 0]
0 -1 2 000 0 0
02 =100 0 0 0
00 0100 00
SeSc=lg 0 0 01 0 0 0 (9:21)
00 000 -1 2 0
00 000 2 -10
000 000 0 0 1]

Expressions 9.19, 9.20 and 9.21, are replaced into expression 9.15, with
the aim of writing the effective Hamiltonian #,;,, in matrix form, as follows:

[ T rs 0 0 0 0 0 0 0
0 YJi— 29I8c 0 29ac 0 0 0
0  29pc J-+- 0 2948 O 0 0
Hoo = 0 0 0 J—4 0  29a 29ac O
s 0 2Jac 2948 0 J-——+ O 0 0
0 0 0 2948 0 J-4- 29pc O
0 0 0 29ac 0 298 J+—- O

0 0 0 0 0 0 0 Tt |

(9.22)
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where the terms in expression 9.22 are defined in the expressions below:

Jv++ =T ap+Tac +Tse» (9.23)
T =Tap—Tac—-Isc» (9.24)
J—v=-TJap—Tac +ITsc (9.25)
J-+-=-Tap+Tac—TIpc. (9.26)

When the system under study is driven by ferromagnetic leads (see illus-
tration on figure 7.4), the effective Hamiltonian given by expression 9.15,
fully adopts the form of expression 5.54, where the Dzyaloshinskii-Moriya
interaction and the Ising Tensor contributions now play a significant role.
This effective Hamiltonian, under this conditions reads:

Hspin =T aBSa-Sp+TacSa-Sc+TpcSp-Sc
+DAB'SAXSB+DAC-SAXSC+DBC'SBXSC

+144 (Sﬁ?)z +JIBB(S§;>)2 +1Icc (Sg))2 . (9.27)

Moreover, the aim in this context is to evaluate the spin expectation values
of the form (.S,,), for m = a, b, c, to then feed them into the retarded Green’s
function or in the inverse retarded Green’s function as calculated in chapter
7 for the configuration shown in Fig. 7.4. To move forward in that depart-
ment, | employ the definition of the thermal expectation value given by (see
chapter 4):

(S) = 1 rg e PHorin S, ], (9.28)

where the operator S,,,, is the projection of the total spin operator onto
the Hilbert space of spin S,,, and Z; is the partition function of the spin
sub-system. Additionally, to fully determine the formation of Quartet and
Doublet states for the antiferromagnetic and ferromagnetic ordering case,
we calculate the elements of the spin density matrix py,;, in a diagonal
basis as follows:

e‘ﬂr}_{spin 9 29
Pspin = T, ( . )
where 7:(Spin is the Hamiltonian described in Eq. 9.22 in diagonal basis.
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Figure 9.5. Spin Eigen Value Problem - 8—Dimensional Hilbert Space

The ambition is to, associate each of the configurations (quartets and
doublets, depending whether there is an anti-ferromagnetic state or a fer-
romagnetic state [69]) shown in Fig. 9.5 to either an entangled 3-partite
state or a bipartite entangled 3-qubit state, or to a quasi-classical product
state, hence demonstrating the means for control of the degrees of en-
tanglement via localization in the Vpg — Vi magnetic diagram (see paper
.

9.5 Paper IV: Spin-dependent heat signatures of
single-molecule spin dynamics.

It has been well understood, that the heat transport in matter obeys a given
number of mechanisms in which the electronic and vibrational play a funda-
mental role. Uchida et.al [196], has investigated extensively the heat car-
ried by the accumulation of spin in ferromagnetic metals [197], [198] and
ferromagnetic insulators [199] as well as in paramagnetic materials [200],
where the electrical potential between the regions of accumulation remains
the same, suggesting that there is no charge current flowing through the
physical system of interest, and leaving the responsibility of the heat flow
to the spin current uniquely. In this context, the Onsager formulation for
thermo-electricity can be re-formulated in terms of charge, spin and heat
currents [201], [202], which shall be related through the thermoelectric re-
sponse coefficients to charge bias, spin bias and temperature bias, where
these coefficients are the Seebeck coefficient, the Peltier coefficient, the
electrical conductivity, the thermal conductivity, the spin conductivity, the
thermo-spin conductivity, the spin-Seebeck coefficient and the spin-Peltier
coefficient [203]. Here, we made some progress in the phenomenon of
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purely spin-driven energy transport in a biased single molecule magnet,
where using a spin analog of Eq. 4.117, the time-resolved energy current
is evaluated, and spin dynamics signatures are observed in the latter. This
promising result sets the basis for high performance thermo-spin cooling
in molecular magnets, and paves the way to design bipartite entanglement
molecular machines driven by time-dependent fields of high robustness
against spin decoherence [204] (See Fig. 9.6).
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Figure 9.6. Charge, spin and Total Heat Flow in the time Dependent Driven Single
Molecule Magnet
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10. Svensk sammanfattning

Vetenskap utformas genom att noga utreda och utveckla centrala idéer ge-
nom langre tid av vetenskapligt arbete och atskilliga individuella bidrag.
Teorin och kunskapen om magnetism, som &r en central del av denna av-
handling, har under aren utvecklats dar signifikanta bidrag har gjorts av Ja-
mes Clerk Maxwell, Heinrich Hertz and Niels Bohr kopplat till de bidrag av
Heisenberg, Kasuda, Yosida och Kondo. Detta tilsammans med ett enga-
gerat kollegium av forskare har fért den vetenskapliga diskussionen vidare
genom noga studier av de fysikaliska koncept som magnetism inkluderar.
De tidigaste férsoken inkluderar en klassisk bild av magnetism, nagot som
sedan utdkades till att inbegripa en kvantmekaniska effekter och kollektiva
fenomen. Fokus var att med statistisk fysik och mangkropparsteori beskri-
va faserna av de olika material som experimentellt gick att observera och
darmed beskriva magnetism som helhet.

Experiment pasenare tid har méjliggjort atomér kontroll av enstaka ato-
mer och molekyler. Detta har gjort att det varit av stor vikt att utveckla
en forstaelse och kontroll av magnetisk vaxelverkan i nanosystem. Faltet
O6ppnade for méjligheterna att med hjélp av sveptunnelmikroskop noggrant
kontrollera magnetisk vaxelverkan mellan atomer som &r absorberade pa-
en yta. Den vetenskapliga bakgrund dessa observationer ar tidigare insik-
ter om fysiken kring joner med magnetiska moment och magnetiska oren-
heter i material. Piers Coleman introducerade konceptet av ett lokaliserat
magnetiskt moment som en effektiv beskrivning av en orenhet bestaende
av en overgangsmetallsatom. Denna effektiva beskrivning gjordes utifran
att koppla de experimentella observationerna av magnetiska orenheters
paverkan paguld, koppar och blys resistans med de teoretiska observatio-
nerna av diverse anomaliteter kopplade till orenheter gjorda av P. Ander-
son, J. Kondo och K. Wilson. Fran detta la Coleman fram sina idéer om
vad som borde vara den framtida inriktningen inom fysiken kring orenheter
och tunga fermioner.

Denna avhandling utgar fran ett liknande synséatt och utgar fran tre punk-
ter for att dvertyga lasaren om avhandlingens relevans. Forst motiveras
det varfor det ar viktigt att studera magnetism, hur synséttet pamagnetism
utvecklas genom aren och hur var existens pajorden inte skulle vara moj-
lig om all magnetism plétsligt forsvann. For tillfallet paverkar var kunskap
om magnetism och kontrollen av de relaterade fenomenen dagligen va-
ra liv. Férhoppningen &r att den nuvarande och framtida forskningen inom
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forstaelsen och kontrollen av magnetism i lagdimensionell fysik kan fort-
satt paverka vart samhalle, liksom de senaste 250 arens upptackter inom
magnetism har gjort. Déarefter introduceras konceptet om varfér det ar rele-
vant att férstamagnetism i material och de utmaningar som uppstatt genom
aren. Dessa utmaningar har noga behandlats av de aktiva fysikerna under
denna tid (Heisenberg, Landau, Langevin, Anderson, Kondo) och ledde
sedan fram till studien av magnetisk véxelverkan mellan magnetiska oren-
heter/moment i material. Slutligen motiveras att dagens trend i magnetism
pamolekylar nivaoch forsok att kontrollera magnetisk véaxelverkan mellan
lokaliserade magnetiska moment &r en direkt konsekvens av de nya expe-
rimentella metoderna for kontroll av system paatomar niva. Dessa metoder
inkluderar sveptunnelsmikroskopi och atomkraftsmikroskopi som utveckla-
des pa80-talet. Dessa verktyg har anvéants for att experimentellt férstaden
effektiva vaxelverkan mellan lokala magnetiska moment och mangetism i
nanosystem. Med hjalp av icke-jamvikts statistik kvantfysik gar det att be-
skriva mycket av de observationer som sker i dessa system och man har
gjort flera relevanta framsteg inom olika omraden (exempelvis véaxling av
cooper par, stark spinn-fonon koppling, anisotropi av enskilda atomer, stark
anisotropi, m.m.).

De artiklar som laggs fram i denna avhandling inkluderar; en publicerad
artikel 1, tvainskickade artiklar Il, 11l och tvaférberedda artiklar IV. Bidraget
i avhandlingen till det relevanta féltet centreras kring molekylara system
i tunneldvergangar med lokaliserade magnetiska moment. De inkluderar
elektriskt kontrollerade vibrerande anisotropa system, drivna spinnsystem,
dynamiska effekter i spinndrivna energistrdmmar i molekylara magneter
och elektrisk interferensdriven magnetisk ordning i spinn dimerer och tri-
merer. | artikel | undersdks varme- och energitransport i en dimer av lo-
kala magnetiska moment kopplad till ett elektroniskt tvaenergysystem i en
tunnelévergang mellan omagnetiska kontakter. Genom att anvanda icke-
jamvikts Greens funktioner och Meir-Jauho-Wingreen formalism hérleds
beteendet av energistrommen for olika spinnregimer. Resultaten visar pa-
att i singlettillstand existerar en andlig energistrom trots en i stort sett for-
svinnande laddningsstrém. Detta bekraftar Bergfields utsagor om att pro-
cesserna i molekylara éverg{aangar ar entropidrivna. | artikel Il analyseras
en vibrerande anisotropisk jon som interagerar med en molekylar magnet.
Detta system drivs ur jamvikt med hjalp av termisk och elektrisk gradi-
ent. Genom denna kontroll kan man &ndra systemets anisotropi fran en
féredragen riktning i planet eller en ut ur planet till den andra. Vidare visas
att temperaturexiterade fononer bade skarmar elektron-elektron interaktion
och laser anisotropin i olika konfigurationer, nagot som &r ett 6nskvart feno-
men fér att bygga kvantinformationssystem. Slutligen visas att med 6kande
elektron-elektron korrelation blir anisotropin starkt lokaliserad till smaspan-
ningsskillnader pagrund av narvaron av Hubbardband i tillstandstatheten.
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| artikel Il analyseras koherent manipulation av en trimer av spinn lokali-
serade i en icke-magnetisk metall. | detta system analyseras kvantinterfe-
rens mellan de lokala elektroniska nivaerna, frustrerade spinngeometrier
och ferromagnetisk ordning. De relevanta transportsignaturerna for syste-
met tas fram och kan anvandas i verktyg for att kontrollera och lasa av
spinntillstand och motivera en design av robusta kvantkretsar baserade
patrespinns Greenberger-Horne-Zeilinger-tillstand. | artikel IV analyseras
den tidsberoende dynamiken av en driven magnetisk molekyl med fokus
paspinndynamikens effekt paden spinnberoende energistrommen. Resul-
taten visar paspinndynamisk driven kyling av molekylara magneter och me-
talliska tunnfilmer och robusta spinntillstdnd mot dekoherens och entropi-
drivha processer.

De arbeten som tas upp i denna avhandling tyder paatt leda till mojlighe-
ten att ta fram nya arkitekturen for spinnbaserade kvantkretsar baserade
paelektro-termisk kontroll. Utver detta ar férhoppningen att arbetet i den-
na avhandling kan leda till nya experiment med fokus paatt utreda fonon-
/fotonkontrollerad véxelverkan i nanomagneter som ytterligare verktyg for
att kontrollera och lasa av kvanttillstand.
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Appendix A.
Additional Relevant Derivations

Exchanging Creation and Annihilation Operators in
Exponential Form

Aa’ A a —Aa

Here, | am considering the simplification of the term e . | pro-
ceed in the following way:
Aa’ ANa -Aa _ Aa ’ —AaT
et et %e = (Z k‘ (AN'a
+00
— kl(A)k Aaf k Aa’
k=0
+00 1 1
— _ k|, — ¥ T oqk
= > (o [Aal @]+ 3 [aa [aal @ )
k=0
+00 1 1
:Z— ( +A(=Dka* ! + —[AaT,A(—l)ka"-l]+-.-),
k! 2!
k=0
+00 1 1
= Z o (A (ak + A(-Dka*! + 5/\2(—1)2k(k— Da*2 +. )
k=0 " :
+00 1
— _ 1\ ! n_ k—n
_Zk (A7) Z( D n!(k - n)vA @
k=0
+00 1 +00 1
_ - AN k—n S ANk ANk
=2 a®™) Z( )( A a =y S (V) @AY
k=0 k=0
+00 1
=Y = (Na-AAN),
k!
k=0
then, arriving at the following result:
eha’gNag-hal _ -AN Na (11.1)

Where | have used:

Lk nﬁ" a*
(@' Ja" [al [a ][] = -1 =g et = D

na's
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given that [aT,ak] = —ka*!.

Eigenvalues of Creation and Annihilation operators in
Exponential form

Let’s consider an annihilation operator a acting on the state |n), which
translates to:

aln) = Vnln), (11.2)

then a’In) and a’|n) can be obtained as follows:
a’ln) = Vnaln-1) = \n(n-1)n-2),

n!

= | ———|n-2), (11.3)
(n-2)!
a’ln) = Vna*ln-1) = \n(n-Daln-2) = \n(n- DH(n-2)In-3),
n!
(n_3)!|n—3), (11.4)

and in general the term a™|n) can be calculated as follows:
a"ln) = Vna" 'ln-1) = \a(n— Da"*n-2)
= Vn(n-1)(n-2)a">n-3)
= n(n=D(n=2)--(n—(m-2))a""" Vn—(m-1)),
Va(n—1)(n=2)---(n—(m—2))(n—(m—1)ln—m)

then, | am allowed write the above result as follows:

|

n.
(n—m)!

a”n) =

|n—m), (11.5)

with the restriction n > m.
From the above result, one can proceed to calculate ¢?®?|n) as follows:

+00 n
1 1
O = ) o] alin) = ) 190 [ ), n—k), (11.6)
k=0 k=0
and for the case of <n|e“7’*(’)‘1T we write:

(nje? e = Z<n|[a (1>q 0,

—Z< —qu/ < (¢ ). (11.7)
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From expressions 11.6 and 11.7, one can calculate expectation values of
the form (mle~® 0" c#02|5) i the following way:

<nwwmmuwmm>=§}n—m,h 7 ( D" (0]
q=0

Xz;k,ﬂ) VF__;M o,
=0
_ n n l B I’l! n‘ 1 . . . i
_k=0q:0q!( l)q\/(”—Q)‘ \/( k)vkv<n alg" O [p]" In -k,

n!

(n—k)! k!

L1 01 [0 r - gin &,

!
0 4=0 q! k!(_l)q (n—k’;!(n—q)' [ [‘p(t)]k&qk’
q= ' !

-1 lp(t)**

1 n!
k! k! (n—k)!

hence, we write the above result as follows:

~¢*(a’ H0a Dt n 2% 2
(ne |>—}] T T O = Lu(lewr),  (11.8)

Jacobi-Anger Expansion

First let’s consider the term:

0 0
S z(—) 2,0 z,-i0
ezcos@ —¢ 2 = e3¢ 3¢

B

and by Taylor expanding both exponentials, we may write:

+00

+o00
o0 . 1 no.
£7c0s0 — % % ! E (_) ezm6§ _(E) oo
n!\2
n=0

m=0
(E) l(m n)9
2

and by defining £ = m —n, m can be substituted by £+ n. By noting that
for m — +o00, { — 400, and when m =0, £ = —n (either n =0 or n = +o0, SO
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we choose the value that gives the minimum ¢, that is, £ = —n — —0.), the
evaluation of ¢?°*? proceeds as follows:

+00 +00 +00 +00
4
o7C080 _ Z Z 1 (E)m+n im0 _ Z Z 1 (E)n+ +n 6
In! In!
dmln! 2 = (n+60)'n! \2
+00  +00

_ Z Z 1 (£)2n+£’eim’
g:—oonzon!(n-"{)! 2

and recalling the definition of the modified Bessel function we finally arrive
at':

+00
208 = Z I(2)e'. (11.9)

{=—00

Important Result on Complex Integration

Considering integrals of the form:

t
f eix(t—‘r) dr

by using the following substitution:

t—t=s;, ds=-dr; To-00=>s—o+0;, Tot=>5—>0;

r 0 ) oo )
f M gr = —f e™ds = limf O0s g
—oo +o0 0—0 Jo

(o]

ei(x+i6)s
i(x+i0) |,

eixse—ds -1 1

=lim lim — - =— )
6—0s>+c0 (X +10) i(x+1i0)

= lim
0—0

therefore, in compact form, it gives:

!
. 1
(=) f M = (11.10)

X+1i0

'See Derivation in Video Format at the Youtube Channel: Juan David Jaramillo
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Appendix B.
Derivation of Hybridized Non-Equilibrium
Green’s Functions

Metal-Molecule Hybridization
Recall expression 6.31 as the model Hamiltonian for a multilevel molecular
complex, which reads:

H = WLeads"‘q-{T +7_{(e) 7’{(Wb) W(eo vib) H(spm).

mol

The task that concerns this section is the derivation of a closed form for the
hybrid Green’s function Hy,,so(t,1") and Hgueo(t,1'). These objects char-
acterize the quantum mechanical tunneling processes between a metallic
contact and a molecular complex, that can be represented by an arbitrary
number of levels.

Consider the Green’s function given by:

Higno (1.1 = = (Teens (0], (1))

=—;l(ck(r<t>djw (")) ot—1)+ ~ <dLr (t)ero ()6 ~1),
(11.11)

and it’s derivative with respect to time can be calculated in the following
way:

W g[—%<cka(t)dT ()61 + (dfw (1 )czw(t))é)(t—t)]

no’

=_£<‘9c’;’(t)dT (t)>0(t )+~ <dT () ’“’()>0(t’—t)
—£(cka(r)d,i(, (1))t - t)——( dl (ke (1) 5t ~ 1),
——£<fr 8‘3’;’(’)(1* G >> ~((eno (0, d], ()8 -1),

and multiplying both sides of the above expression by i#i, we arrive at:

i aI{kmo’o—’ (t, t,) acko’(t)
ot

“E<T(h) w1 >>———(‘Tc[cka(r) H]d] (1)),

(11.12)
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using the result {cka(t)’djla./(t/)} =0 and ih =[An(), H].
From expression 11.12, it becomes clear that to completely specify

Hy,ro(1,1") the commutator [cg(7),H]| shall be calculated, done in the
following way:

dAu()
t

[ck:O'(t)’ 7—{] = [Cer(t)a 7—{Leads + 7—{T] = [cko'(t)a (]—[Leads] + [ck()'(t)y (]—{T] s

"
= Ck(r(t)’z ek’(rcklo.rck:’o" +

ko’

Ck:(r(t), Z mG:O'ch/U./dma" s

mk’o”’

= Z €k’ o’ I:Cko—(l), C]Ic/o./ Ck’o"] + Z mG’o" [CkO'(t)’ CL/O./ dmo"] )
ko’

mk’ o’

¥
= e lcre Dy dero + ) Viror(Cro(®), Sy Vo,
| ond mk’ o’
= Z Ek’a’dkk’éa'a"ck:/a" + Z mG’o”ékk’(sao" dmO'”

ko’ mk’o”’

which then gives:
(e (0. H] = €rchr+ ) Vo ner (11.13)
m

To derive the above equations we have made use of expression 6.32 and
6.33 which specify model Hamiltonians H..ss and H7. Now, we replace

expression 11.13 into expression 11.12, and we do the following proce-
dure:

O0Hy, 0 (2,1
in P He @r) _

i (Tclere). H]d! (1))

|
St~

l ’
7o+ X Vokrt i),

6|5 (Teens0d). )|

h
S | )
u

SH

ko Hynoor (1,1) + Z V,uk:O'G/JnO'O'/(t’ )
u

and the above result allows us to write the equation of motion for Hy,,(z,1")
in the following way:

.0 ’ ’
(lha_t - Gk:(r) Hypoor (1,17) = ; Vyko-(t)Guna'a"(t’t ), (11.14)
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where:

0
(iha - skg)gkcr(t, ") = 6(1,1). (11.15)
Moreover, by making the variable swap r — 7 in expression 11.14
. a ’ ’
(lhg - Ek:cr) Hypoor (7,1) = ; Vyko’(T)G/ma'o" (r.1), (11.16)

and by multiplying the above expression by G (¢,7) and integrating with
respect to 7:

fgkg(t, 7) (ih% - Ekg)Hknmrz (r,t)dr = fé(t —T)Hypoo (1,8)d7
=> f Vo (DG o (1,7 Grnoror (1,8 )d7, (11.17)
T
and we may finally write:
Hy,o (1,1) = Z fVukcr(T)gkg(t, )G oo (1,1)dT, (11.18)
u
and for Gqon(t,1'):

HQnO'o" (t,1') = Z fvllqo'(T)QQO'(taT)Gﬂna'a" (r,1")dr. (11.19)
1
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