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Abstract
Electron spin resonance (ESR) is a non-invasive magnetic-resonance-based spectroscopic tech-
nique. It is used in many scientific fields such as biology, chemistry, and physics to investigate
systems with unpaired electrons. This doctoral thesis deals with high-frequency electron spin
resonance (HF-ESR) spectroscopy and its use on paramagnetic coordination compounds. The
first part outlines theoretical basics with literature research in this field and shows the HF-ESR
applications. Afterwards, methods used to study systems of interest are presented. Herein,
the complementary spectroscopic methods (XPS, RS, UV-VIS, AFM, SEM) are described, and
the design of a newly built high-vacuum (HV) sublimation chamber was developed for the
preparation of thin films of coordination compounds on surfaces. The next part deals with
results obtained by HF-ESR on molecular quantum bits [Cu(dbm)2], single-molecule magnets
[CoX2(dppf)], [Co(4MeO-L)2Cl2], and vision of graphene-based bolometers for detection of this
class of compounds is outlined. The results are further discussed, and their implications are sum-
marised in conclusions. Finally, references and the author’s outputs make up the final chapters
of this work.

Abstrakt
Elektronová spinová rezonance (ESR) je neinvazivní spektroskopická technika založená na mag-
netické rezonanci. Používá se v mnoha vědních oborech jako biologie, chemie a fyzika pro zkou-
mání systémů s nepárovými elektrony. Tato dizertační práce se věnuje spektroskopii vysoko-
frekvenční rezonance spinů elektronů (HF-ESR) a jejímu použití na paramagnetické koordinační
sloučeniny. V první části je představen teoretický základ s rešerší literatury v této oblasti a jsou
představeny aplikace HF-ESR. Dále jsou představeny metody použité ke studování těchto sys-
témů. Zde jsou popsány doplňující metody (XPS, RS, UV-VIS, AFM, SEM) pro zkoumání
vzorků a je představen návrh nové sublimační komory vysokého vakua, která byla sestavena pro
tvorbu tenkých vrstech koordinačních sloučenin na površích. Následují výsledky dosažené po-
mocí HF-ESR na molekulárních kvantových bitech [Cu(dbm)2], jednomolekulárních magnetech
[CoX2(dppf)], [Co(4MeO-L)2Cl2] a je nastíněna vize bolometrů na bázi grafenu pro detekci této
třídy sloučenin. Výsledky jsou diskutovány a jejich implikace jsou shrnuty v závěru. Reference
a autorské výstupy pak uzavírají celou tuto práci.
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1. Introduction

The fundamentals of electron spin resonance (ESR), sometimes also called electron paramagnetic
resonance (EPR), date back to the end of the 19th century and the discovery of spectral lines
splitting in the presence of an external magnetic field by P. Zeeman [1]. The ESR technique
as such can be then treated as an extension of the Stern–Gerlach experiment. They demonstrated
in 1922 that the magnetic moment of an electron in an atom can acquire only discrete orientations
in a magnetic field [2]. Subsequently, Uhlenbeck and Goudsmit linked the electron magnetic
moment to the electron spin angular momentum [3]. The next contributors were Breit and Rabi
that described the energy levels of a hydrogen atom in a magnetic field [4]. Afterwards, they
studied transitions between energy levels induced by an oscillating magnetic field [5]. This can
be considered as the first observation of magnetic resonance.

Finally, the first observations of an electron spin resonance peak were made in 1944 by
Zavoisky, who detected a radio frequency absorption line from CuCl2·2 H2O and MnSO4 salts [6].
He discovered a resonance at the magnetic field B = 4.76 mT for the frequency ν = 133 MHz.
For this case, the g factor in Zeeman splitting term was approximately 2 [7]. Later on, Frenkel
interpreted Zavoisky’s results as showing spin resonance absorption [8]. Subsequent experiments
with higher magnetic fields of 100−300 mT demonstrated the advantage of using higher magnetic
fields and frequencies [9].

The rapid development of electron spin resonance started after World War II due to the
widespread availability of microwave technology used for military purposes. For instance, tech-
nology for X-band (i.e. 8 − 12 GHz) was widely used for radars, and thus components were easy
to obtain at reasonable costs. The field of high frequency/field electron spin resonance (HF-ESR)
has grown since 1970s/1980s thanks to Y. S. Lebedev and L. G. Oransky, who designed a 2-
mm (corresponds to D-band ≈ 140 GHz) band ESR spectrometer containing superconducting
solenoid at the Institute of Chemical Physics in Russia used for physical-chemical investigations
[10, 11]. Nowadays, state-of-the-art instruments for ESR detection benefit from the development
of related fields such as information technology, microwave sources, precise machining, and sen-
sitive detectors. All of this pushes every new ESR instrument to a higher level and allows for
a deeper, quicker, and more sophisticated investigation of diverse materials.

HF-ESR has become a powerful tool in the spectroscopic investigation of paramagnetic
species such as radicals, single-molecule magnets (SMMs), quantum bits (qubits), and sam-
ples with unpaired electrons in general. The principle is the same as in the standard X-band
ESR method operating at the frequency of 9.6 GHz, in which a system with unpaired electrons
is placed in an external magnetic field and irradiated by a microwave. However, the broadband
HF-ESR spectrometers are usually home-built and operate in the frequency range from 90 GHz
to 1000 GHz in high magnetic fields of 10 T and higher and low temperatures of units of kelvin
[12, 13]. HF-ESR is especially beneficial for the determination of intrinsic magnetic properties
and anisotropy of molecular nanomagnets.

This thesis is divided into 6 main chapters, in which the first chapter: Introduction (1)
gives a brief historical background to ESR spectroscopy with extension to high-frequency ESR.
The second chapter: Aims of thesis (2) outlines the goals set by this work and methods in
order to accomplish them. The chapter: Theoretical background (3) leads the reader through
fundamental physical phenomena connected to ESR spectroscopy such as the connection of
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1. INTRODUCTION

electron spin to statistics, magnetic moments, the spin of an electron, and spin Hamiltonian.
The following chapter: Methods (4) then introduces two approaches of preparation of thin films
used to obtain results for this work – namely, wet-chemistry method of Langmuir-Blodgett.
The next chapter: Results obtained (5) describes the main results obtained during my doctoral
studies. The last chapter: Conclusions (6) summarises results and concludes about the main
topic of the thesis, HF-ESR spectroscopy. Additional chapters include References, and Author
publications.
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2. Aims of thesis

The goal of this doctoral thesis was to prepare suitable samples and establish deposition routes
for HF-ESR measurements of single-molecule magnets (SMMs) and quantum bits on surfaces,
including layered materials such as graphene. It was carried out by applying a chain of techniques
to achieve the required samples measurable by a novel HF-ESR spectrometer located at CEITEC
Brno. The route can be divided into three following objectives:

1. The first objective was the preparation of suitable samples for HF-ESR spectroscopy. Suit-
able samples are usually in the form of a pellet, single-crystals or solutions. However, in
order to be able to probe on surface capabilities of prepared novel molecular materials,
deposition on various surfaces is needed. Therefore, the effort was put on mastering and
creating a working chain of procedures for making thin films of layered materials, SMMs,
and quantum bits on selected surfaces. There are two routes of depositing such materi-
als: the wet-chemistry approach by dissolving the compound of interest in a solvent with
subsequent deposition and by thermal sublimation from as-synthesised powder. To probe
both paths, we used a glove-bag filled with inert gas and developed our own high-vacuum
(HV) sublimation chamber.

2. Samples prepared either by wet-chemistry or sublimation methods, depending on their
stability, were characterised for their physical and chemical properties on surfaces. For
the surface-sensitive characterisation of thin films, I used available in-house instruments
located in CEITEC Nano core facility: X-ray electron spectroscopy (XPS) - Kratos Ana-
lytical Axis Supra, Atomic force microscopy (AFM) - Bruker Dimension Icon, Raman spec-
troscopy (RS) - WITec Alpha 300 R, Scanning electron microscope (SEM) - High-resolution
FEI Verios 460L, and MOTES ESR laboratory: a home-built sublimation chamber for
preparation of thin films (part of this thesis) and a home-built HF-ESR spectrometer fea-
turing a Virginia diode (VDI) signal generator, amplifier-multiplier chain, a quasi-optical
bridge (Thomas Keating), Cryogenics 16 T solenoid cryomagnet and a VDI heterodyne
detector.

3. Once a suitable sample was prepared and characterised in the bulk form and on a surface,
the final objective was to advance the field of HF-ESR spectroscopy and its applicability
to thin films and layered materials by using various spectrometer setups and make use of
its full capacity. This came hand in hand with theoretical simulations and the fitting of
experimentally measured data.
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2. AIMS OF THESIS
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3. Theoretical background

3.1. Electron spin and statistical physics

ESR is a spectroscopic technique based on the interaction of the electron spin with a magnetic
field. The spin is a quantum mechanical property of an electron, which belongs to the family
of subatomic particles called fermions. These particles obey Pauli’s exclusion principle, which
implies that in an atom, there cannot be two fermions with the same quantum state (i.e. same
set of the quantum numbers, including the spin S). An electron spin is an intrinsic form of
angular momentum. The corresponding measurable spin projections are half-integer: −1

2 and
1
2 . The connection of spin with statistics was demonstrated by the spin-statistics theorem in
1940 [14]. This connection was important because ESR measurements are usually performed
on an ensemble of spins of paramagnetic species. Electrons are governed by the Fermi–Dirac
distribution, however, in an approximation far from the Heisenberg uncertainty limit, one can
use Boltzmann–Maxwell distribution. Let us assume that paramagnetic centres are in thermal
equilibrium, the population of spins in a sample can be expressed as follows:

ndiff = nupper
nlower

= exp
(

− Eupper − Elower
kBT

)
= exp

(
− ∆E
kBT

)
= exp

(
− hν

kBT

)
, (3.1)

where ndiff is the ratio between number of paramagnetic centres occupying the upper Eupper and
lower Elower energy levels, h is the Planck constant, ν is the microwave frequency matching the
energy levels difference, kB is the Boltzmann constant, and T is the thermodynamic temperature.

The following examples illustrate the difference between states with higher and lower energy
on a system with unpaired electrons at given temperatures and frequencies:

1. X-band: ν = 10 GHz and T = 300 K, then ndiff = 0.998,

2. X-band: ν = 10 GHz and T = 2 K, then ndiff = 0.787,

3. HF-ESR: ν = 1000 GHz and T = 300 K, then ndiff = 0.852,

4. HF-ESR: ν = 1000 GHz and T = 2 K, then ndiff = 3.8 × 10−11.

This is one of the reasons why ESR measurements on paramagnetic samples usually take
place at very low temperatures close to absolute zero. The aim is to put as many spins to
the ground state as possible. This results in the increased sensitivity and higher possibility
of observing the excitation from a ground state to the first excited energy level within the
sample. The increase in sensitivity during low-temperature HF-ESR measurements compared
to conventional low frequency and magnetic field ESR setups is significant.

Figure (3.1) shows how ESR sensitivity can be greatly improved by higher frequencies and
low temperatures.
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3. THEORETICAL BACKGROUND

Figure 3.1: Application of Boltzmann population distribution in ESR of non-interacting param-
agnetic unpaired electrons. This difference causes the observation of an absorption, which is the
change in magnetisation of the probed sample.

3.2. Magnetic moments

Let us consider a case of a classical particle with mass m and charge q rotating with speed v
in a circle of radius r. The circle lies in the xy plane. The circulating electric current I can be
considered as generating a magnetic field equivalent to the magnetic field produced by a point
magnetic dipole as shown in Figure (3.2).

L

m, -e

r

v

A = �r2

z

μ

I

Figure 3.2: A classical model of particle with mass m and charge q = −e such as electron
moving in a circle with radius r and velocity v. Such charged and moving particle has an
angular momentum L = r × p, where p is its linear momentum p = mv. Particle’s motion
is equivalent to a current loop with an associated magnetic dipole moment µ that has opposite
direction to orbital angular momentum L.
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3.2. MAGNETIC MOMENTS

The charge flow per unit time (effective current) is I = qv/2πr. This magnetic dipole has
a magnetic moment µ = IA normal to the plane, with A = πr2 being the area of the circle. The
magnetic moment pointing along the z-axis can be then expressed as:

µz = IA = qvπr2

2πr
= q

2m
mvr = q

2m
Lz, (3.2)

where Lz is the orbital angular momentum along the z-axis and the sign choice depends on the
direction at which the particle rotates. The magnetic moment, due to the motion of the charge,
is proportional to the orbital angular momentum L = r × p as:

µ = q

2m
L, (3.3)

where p = mv is the momentum of a particle with mass m and velocity v. The proportionality
constant is γ = q/2m which is called the gyromagnetic ratio (units in SI: C · kg−1 = s−1 · T−1).
This factor γ converts angular momentum to magnetic moment. When such magnetic moment
is placed in an external magnetic field Bext it will experience a torque τ :

τ = dL

dt
= µ × Bext = − q

2m
Bext × L = ωL × L, (3.4)

where ωL is the Larmor frequency:

ωL = − q

2m
Bext = −γBext, (3.5)

at which a magnetic moment precesses about an external magnetic field.
In quantum mechanics, the total (or generalised) angular momentum operator Ĵ can be

written as:
Ĵ = L̂ + Ŝ, (3.6)

where L̂ is the orbital angular momentum operator and Ŝ is the spin angular-momentum oper-
ator. The precession of total angular momentum is shown in Figure (3.3).

Bextz

y

x

μz

Jz
J

μ

Bext

Figure 3.3: The precession of an electron with the total angular momentum J and the total
magnetic moment vector µ with their z-component projections in applied external magnetic
field Bext.

At this place, it is important to note that all of operators mentioned in Equation (3.6) are
quantised:

L̂ = ℏ
√
L(L+ 1) L = 0, 1, 2, · · · (3.7)
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3. THEORETICAL BACKGROUND

Ŝ = ℏ
√
S(S + 1) S = 0, 1

2
, 1, 3

2
, · · · (3.8)

Ĵ = ℏ
√
J(J + 1) J = 0, 1

2
, 1, 3

2
, · · · , (3.9)

where ℏ = h
2π is the reduced Planck constant, J is the angular momentum quantum number,

and S is the spin quantum number. The allowed values of the component of Ĵ are restricted
by the quantum number mJ , with increments of −J to +J . This gives in total 2J + 1 possible
components.

The quantisation phenomena arise from the Heisenberg uncertainty principle, as it can be
shown that it is possible to measure one projection and the square of the operator at the same
time (e.g. L̂z, L̂2). This is best understood by the operation of commutation. Two operators
commute if:

[Â,B̂] = ÂB̂ − B̂Â = 0. (3.10)
Commuting quantities can be measured at the same time. This is, however, not the case of
individual components of angular momentum:

[L̂x,L̂y] = iℏL̂z. (3.11)
The same applies to other variations of components. They do not commute, and thus they
cannot be measured at the same time.

On the contrary, an arbitrary projection and square:
[L̂z,L̂

2] = 0 (3.12)
commute, and thus they can be measured at the same time. Therefore, it is relevant to consider
arbitrary projection or square of quantised angular-momentum components [9], [15].

An electron in an atom carries two distinctive momenta. The first one is orbital angular mo-
mentum due to its motion about the nucleus. The second already mentioned is intrinsic angular
momentum called spin. Orbital magnetic dipole moment µL and orbital angular momentum L
are proportional to each other both in classical and quantum mechanics, giving the following
expression:

µL = −µBL, (3.13)
where the proportionality constant is Bohr magneton µB = eℏ

2me

.= 9.274 ×10−24J · T−1, taking
into account elementary charge e, mass of an electron me, and ℏ is the reduced Planck constant.
An electron also possesses a spin magnetic dipole given by:

µS = −geµBS, (3.14)
where ge is the electron g-factor and S is the electron spin angular momentum. The total
magnetic dipole momentum can be then written as:

µ = −µB(L + geS). (3.15)
The quantised spin angular momentum obeys the abovementioned Equation (3.8), then the
magnetic spin quantum number mS in general follows mS = −S, (−S + 1),...,+ S. The spin of
an electron has S = 1

2 , therefore it can possess states given by magnetic quantum numbers of
values mS = ±1

2 . When such spin is placed in an external magnetic field Bext aligned along the
z-axis in the Cartesian coordinate system such as Bext = (0, 0, Bext) the energy of a magnetic
dipole will be as follows:

E = −µ · Bext, (3.16)
E = −µzBext, (3.17)

the quantised projection of such spin along z-axis is Sz = mS . If we consider L = 0, we obtain
the energy of the specific electronic spin state:

ES = geµBBextmS , (3.18)
which is the basics of ESR resonance and will be further elaborated in the following section.

8



3.3. SPIN HAMILTONIAN

3.3. Spin Hamiltonian
The spin Hamiltonian (SH) approach expresses the Hamiltonian in powers of abstract spin-
operators, absorbing the different (spatially dependent) interactions in effective parameters and
thus reducing the complexity of the problem. It is an effective approach where only the lowest-
lying energy states are considered. ESR is a phenomenon that can be described as selective
absorption of electromagnetic wave by an unpaired electron placed in an external magnetic
field.

Figure (3.4) shows the simplest Zeeman energy-level diagram in case of ESR studies for
a particle with a spin 1

2 (one electron) placed in an external magnetic field Bext.

Bext = 0

E1 = +1
2geµBBext

E2 = −1
2geµBBext

E
n

er
gy

External magnetic field Bext

mS = +1
2

mS = −1
2

∆E = E1 − E2 = hν = geµBBext

Bext 6= 0

hνMicrowave

Figure 3.4: Scheme of Zeeman energy-level diagram for a free electron as a function of external
magnetic field Bext. E1 and E2 are energies corresponding to mS = ±1

2 states. The spin
quantum number S is the characteristics of an electron in this case. ge is the g factor for an
electron, µB is the Bohr magneton, and h is the Planck constant.

The Zeeman term in SH can be written as:

ĤZeeman = µBBext · g̃ · Ŝ, (3.19)

where µB is Bohr magneton, Bext is applied external magnetic field, g̃ is a tensor linking the
magnetic field and the spin vectors, and Ŝ is the electron spin operator.

By varying the magnetic field, it is possible to change the energy-level separation. Resonant
absorption is observed for the frequency satisfying E = hν, where ν is the frequency of incident
microwave radiation. The magnitude of the transition equals the energy that must be absorbed
from the radiation in order to excite spins from the lower state to the upper state. Usually, many
simple unpaired-electron systems require the field of approximately 0.34 T for the resonance
to occur at ν = 9.5 GHz. This stems from the electron spin polarisability. The important
implication of the abovementioned Zeeman splitting is that frequency of incident microwave
radiation is linearly dependant on the applied external magnetic field: ν ∝ Bext. Therefore,
with increasing the radiation frequency, the necessity of higher magnetic fields is obvious. This
principle is the basics of ESR spectroscopy.
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3. THEORETICAL BACKGROUND

3.4. Quantum bits
The term quantum bit - shortly a qubit is the basic unit of quantum information. It is the
quantum version of the classic binary bit 0 or 1. A qubit is a two-state quantum-mechanical
system such as the spin of an electron or the polarisation of a single photon. The word quantum
bit was firstly used in the seminal work on quantum coding [16]. Following Equation (3.20) The
linear combination of states is called superposition, and it is the working principle of qubits:

|ψ⟩ = α|0⟩ + β|1⟩, (3.20)

where α and β are complex numbers. The |0⟩ and |1⟩ are basis states. The output of a qubit
measurement can still only be 0 with probability |α|2 or 1 with probability |β|2. The probabilities
sum to one, and thus: |α|2 + |β|2 = 1. With this knowledge we can rewrite the Equation (3.20)
as:

|ψ⟩ = eiγ
(

cosΘ
2

|0⟩ + eiφsinΘ
2

|1⟩
)
, (3.21)

where Θ, φ and γ are real numbers. The phase factor eiγ does not change the expected values
of measurement and by omitting we get:

cosΘ
2

|0⟩ + eiφsinΘ
2

|1⟩, (3.22)

with Θ and φ defining a point on the unit 3D-sphere, a Bloch sphere as shown in Figure (3.5).
z

x

y

0

1

�

�

�

Figure 3.5: Bloch sphere representing a qubit.

In this first part, we have introduced qubits and their representation on a Bloch sphere. Now
we can briefly explain what multiple qubits can be used for and how quantum computing can
be achieved with them. In the case of two qubits we have four computational basis states: |00⟩,
|01⟩, |10⟩, and |11⟩. The vector describing the two qubits is then as follows [17]:

|ψ⟩ = α00|00⟩ + α01|01⟩ + α10|10⟩ + α11|11⟩. (3.23)

The physical realisation of qubits for quantum computing was postulated in 2000 with five
plus two criteria required to be met before a feasible quantum computing can be implemented
[18]. It is also necessary to bear in mind that not all computational tasks can benefit from
quantum computing [19]. However, it can be very helpful for tasks that can be sped up, such
as locating an entry in a database of n entries [20] or factoring an n-digit number [21]. The
proposed criteria are as follows:

10



3.4. QUANTUM BITS

1. A scalable physical system with well-characterised qubits - this first condition
implies that it should be possible to scale up the system and have control over the physical
properties of such system. Many physical systems can be implemented as qubits such
as the photon, electron spin, nuclear spin, Josephson junction or quantum dots.

2. Ability to initialise the state of the qubits to a simple fiducial state, such
as |000...⟩ - this requirement involves the ability to start computation with zeroed states,
having a fresh supply of qubits in the low-entropy state such as |0⟩ state.

3. Long relevant decoherence times - decoherence time τ2 is characteristics of qubit
interaction with its environment, it indicates how long a qubit stays in the knows state
unaffected by impairing effects, and thus for how long the quantum computation can be
performed.

4. A universal set of quantum gates - quantum logic gates are building blocks for com-
puting. They represent a set of unitary (e.g. rotation in Bloch sphere) transformations,
each acting on a small number of qubits.

5. A qubit-specific measurement capability - this means readability of quantum com-
putation with the ability to measure specific qubits. Ideally, the density matrix is ϱ =
= p|0⟩⟨0| + (1 − p)|1⟩⟨1| + α|0⟩⟨1| + α∗|1⟩⟨0|, the outcome should be 0 with probability p
and 1 with probability 1 − p, independent of α and any other parameters of the system.
This would give a quantum efficiency of 100%. Luckily, much lower efficiencies, even less
than 1%, are used for successful quantum computing [22], the final measurement is then
done as an ensemble average.

The other two requirements are connected to the ability to inter-convert stationary and
flying qubits - which is a qubit that can be sent freely from one node to another (e.g. photon
polarisation). It should also be possible to reliably transmit these flying qubits between specified
locations. All the abovementioned criteria make a set of strict rules that need to be met in order
to implement successful quantum computing. Herein, the part of the thesis focused on the first
criterion - selection of a scalable and well characterised molecular quantum bit which is described
in the Results section (5).

The path we have explored was the molecular qubits, where one molecule serves as one qubit.
Usually, a spin of an unpaired electron in coordination compound with organic ligands as pro-
tection against the environment is used. The Figure (3.6) shows temperature dependence of
spin-spin relaxation time τ2 for various qubits from coordination complexes to nitrogen-vacancy
centres (NVC) in diamond. The effort is usually in the reduction of nuclear spins in the systems.
This can be done by replacing hydrogen in compounds with deuterium.

11



3. THEORETICAL BACKGROUND

Figure 3.6: Illustration of temperature-dependence of spin-spin relaxation time T2 = τ2 for
a range of molecular qubit complexes with crystal structure of a few selected. Purple, orange,
pink, light blue, green, maroon, light green, blue, yellow, red, and grey spheres represent iron,
copper, chromium, nickel, vanadium, bromine, fluorine, nitrogen, sulfur, oxygen, and carbon
atoms, respectively. Taken and adapted from [23].
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4. Methods

This chapter briefly presents methods and techniques used for the preparation and characterisa-
tion of samples studied during my doctoral studies.

4.1. Thin film preparation
There are several ways how to produce nanostructured thin magnetic films. They can be de-
posited onto a substrate via wet-chemistry protocol from a solution or by thermal sublimation
from a solid phase by using effusion evaporator [24]. Figure (4.1) shows the wet-chemistry based
deposition techniques I came across during my studies.

Figure 4.1: Illustration of wet-chemistry based techniques. Drop-cast in inert N2 or Ar at-
mosphere and spin coating are the simplest deposition techniques from a dissolved coordina-
tion compound in a solution. The following sections will be devoted to the description of the
Langmuir-Blodgett technique that proved to be a viable deposition route. The last atomic layer
injection is the BihurCrystal’s ALI-1000 that utilises mixing solution with a carrier gas and
controlled injection onto the substrate in high-vacuum conditions.

Some molecular systems can be transferred onto substrates while maintaining almost un-
changed magnetic properties directly by chemical grafting from a solution [25–27]. The lat-
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4. METHODS

ter transfer technique includes thermal treatment with deposition at elevated temperatures by
heating the molecular systems promoting their sublimation under vacuum conditions without
decomposition [28, 29].

4.1.1. Langmuir–Blodgett deposition

The structure of this section follows book: Langmuir–Blodgett Films: An Introduction [30],
and PhD thesis: A Modified Langmuir–Schaefer Method For the Creation of Functional Thin
Films [31]. The history of a monolayer-thick film started hundreds of years ago. Already
ancient Babylonians created patterns by spreading oil on the water surface. The first technical
application of floating organic films dates back to 12th century when coloured dyes composed
of sub-micrometre particles (ink) mixed with proteins were spread on a water surface to create
patterns. Subsequent horizontal dipping of a paper onto an air-water interface created unique
drawings1. A detailed report on molecular layers was given by B. Franklin in the first scientific
report on surface chemistry in 1774. During his observations of wave attenuation on a water
surface (thought to be caused by leaking oil around ships), he noticed a calming effect of oil on
water. After depositing a small amount of oil onto a water surface, he observed that area covered
by the oil layer was left unaffected by wind and had an attenuating effect on the water surface.
If Franklin had calculated the thickness of the oil layer created from the volume of roughly 2 mL
spreading over 2000 m2, he would have found that the layer was approximately 1 nm thick.

The next contributor was Lord Rayleigh, who attempted to measure accurately the quantity
of olive oil, which was needed to cover a water surface. He found that 0.81 mg of olive oil
was needed to cover an area of 555 cm2 resulting in a 16 Å thick layer. This length appeared
to be a monomolecular layer of the triolein molecule (C57H104O6), which constitutes olive oil.
Significant progress was also made by A. Pockels, who created the prototype of today well-known
Langmuir–Blodgett trough (shallow container with movable barriers which are used to sweep
the surface clean and to compress or relax any thin film).

Finally, the crucial step was made by I. Langmuir, who introduced a novel concept about
molecular conformation at the air/water interface2. He also mentioned the possibility to trans-
form such a layer at the air/water interface onto a substrate. This was, however, done afterwards
by K. Blodgett and published in the Journal of the American Chemical Society (JACS) in 1934
and 1935, respectively. This milestone denoted the birth of the Langmuir–Blodgett (LB) de-
position method, and Langmuir film being the expression ascribed to the monomolecular layer
at the air/water interface. LB deposition refers to an approach where the sample plate is low-
ered into the trough vertically. If the sample is inserted horizontally, the technique is called
Langmuir–Schaefer (LS). The rebirth of LB and LS deposition starts in 1980s and with numerous
modifications still provides a reasonable deposition technique.

Thermodynamic equilibrium

When an arbitrary thermodynamic system is left to itself, properties such as (p – pressure, V –
volume, T – temperature) generally change in time. This system, however, after a sufficiently
long time, will reach a state of thermodynamic equilibrium. The equilibrium is achieved when
the free energy is minimised. For systems at constant volume, this is expressed by the Helmholtz
function F :

F = U − TS, (4.1)

and for constant pressure changes, the free energy is given by the Gibbs’ function G:

G = H − TS = U + pV − TS, (4.2)
1Known as Sumi Nagashi - paper marbling method of Japanese origin.
2The Nobel Prize in Chemistry 1932 – ”for his discoveries and investigations in surface chemistry.”
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where enthalpy H is basically the sum of all the potential and kinetic energies in a system:

H = U + pV, (4.3)

and U is the internal energy of a system. In both Equations (4.1) and (4.2) mentioned above, S
is the entropy. Normally, this represents the heat into or out of a system divided by temperature:

∆S = ∆H
T

, (4.4)

and it is also a measure of the disorder of a thermodynamic system. Equations (4.1) and
(4.2) suggest that free energy G can be minimised either by reducing the internal energy U
or by increasing the entropy S. At low temperatures, the internal energy of the molecules
contributes more to the free energy. On the contrary, at high temperatures, the entropy of the
system becomes the predominant influence. Consequently, fluid phases are stable at elevated
temperatures even though they constitute higher internal energy configurations than the solid-
state.

Gas–liquid interface

Certain molecules can orient themselves at the gas/liquid interface in order to minimise their
free energy G. The resulting surface film with a thickness of one molecule is often referred to
as a monomolecular layer or monolayer. The boundary between a liquid and a gas phase (e.g.
air/water interface) marks a transition between the composition and properties of two different
bulk phases. The thickness of this region is of the utmost importance because this is the region
where all the processes take place. A molecule at the surface is surrounded by fewer molecules
than one in the bulk liquid (see Figure 4.2). Molecules will therefore diffuse initially from the
surface. The activation energy for a surface molecule escaping into the bulk will increase until
it is equal to the energy of molecules diffusing from the bulk to the surface and finally reaching
a state of equilibrium. The line force acting on the surface molecules is the surface tension γ.

Gas

Liquid

γγ

Figure 4.2: Forces in the bulk liquid and at the liquid/gas interface.

At thermodynamic equilibrium, the surface tension of a planar interface can be expressed
as partial derivatives of the free energy functions with respect to the area A of the surface:

γ =
(
∂F

∂A

)
T,V,ni

=
(
∂G

∂A

)
T,p,ni

, (4.5)

where pressure p and absolute temperature T are intensive properties, whereas volume V and
ni (e.g. number of moles, entropy, internal energy) are extensive properties.
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Surface tension γ is similar to vapour pressure. It remains constant for two phases in equi-
librium at the constant temperature but changes with changing temperature. Unlike the vapour
pressure, which increases with increasing temperature, γ decreases with increasing temperature
and becomes zero at the critical point. The presence of a monolayer on a liquid surface affects
the surface tension. Therefore, it is convenient to introduce surface pressure Π :

Π = γ0 − γ, (4.6)

where γ0 is the surface tension of the pure liquid and γ is the surface tension of the film-covered
surface.

Monolayer formation

All compounds can be roughly divided into those that are soluble in water and those that do
not dissolve in water. The former compounds are generally polar, and their charge is unevenly
distributed. Such molecules possess an electric dipole moment3 µ. Figure (4.3) shows the case
for a water molecule. Each of the two hydrogen atoms shares an electron pair with the oxygen
atom. The geometry of the shared electron pairs in the outer shell of the oxygen causes the
V-shape of a water molecule. The strong electron-withdrawing ability of oxygen causes a local
negative charge in the vicinity. Although the water molecule as a whole is electrically neutral,
its positive and negative charges are widely separated.

O

H

Hδ
+

δ+

δ2−
−q +q

µ = rq

r

Figure 4.3: Origin of electric dipole moment µ in a water molecule.

The solvent properties of water are closely related to the attraction between its electric dipoles
and the charges associated with the solute. The molecules of most monolayer-forming materials
are composed of two main parts: one part is water-soluble (hydrophilic = water-loving), and
the opposite one is not (hydrophobic = water-hating). These molecules are called amphiphiles.
The most important representatives are soaps and phospholipids.

Water is one of the most widespread and common solvents, and thus it is important to
thoroughly describe its properties. In addition, water is also usually used in the LB trough
as a sub-phase (i.e. majority liquid, which takes part in a deposition process). Unfortunately,
coordination metal complexes, as well as graphite, are not soluble in water. Therefore, it is nec-
essary to use specific organic solvents (e.g. chloroform, dichloromethane, dimethylformamide)
in order to dissolve these compounds. When such material is applied firstly onto the water
surface, spreading will continue until the surface pressure reaches an equilibrium value. This
happens spontaneously, and generally, the material is being added as long as it tends to spread
observably on the water surface.

When the monolayer is compressed on the water surface, it will undergo phase transforma-
tions. These changes can be observed by monitoring the surface pressure Π as a function of

3The SI unit of electric dipole moment is (C·m), it is, however, common to use Debye unit
(1 D .= 3.336 ×10−30C · m), electric dipole moment of water is 1.85 D.
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the area occupied by the film. This diagram is shown in Figure (4.4) and is unique for every
substance and gives information about the formation of the monolayer. Therefore, it is the very
first step in the investigation of a new material created at the air/water interface. It is common,
in such a plot, to divide the film area A by the total number of molecules N on the water surface
to obtain the area per molecule:

a = A

N
= A

nNA
= AM

mNA
= AM

cVMNA
= A

cV NA
, (4.7)

where n is the amount of a solute in moles, NA is the Avogadro constant4, m is mass of a solute,
M is the molar mass of a solute, c is the specific molar concentration of a solution, and V is its
volume.

Area per molecule a
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Π

2D gas

2D liquid

2D solid

Figure 4.4: Illustration of surface pressure versus area per molecule diagram.

Equation (4.7) is derived from the ideal-gas model by using a two-dimensional variation of
conventional kinetic theory. The molecules in the film can move with an average translational
kinetic energy of kBT/2 for each degree of freedom. This leads to the following equation for an
ideal 2D gas:

Πa = NkBT, (4.8)

where Π is the surface pressure, a is the area per molecule, N is number of molecules, and kB
is the Boltzmann constant5, and T is the absolute temperature.

Surface pressure measurement

The surface pressure Π is usually measured by the Wilhelmy plate. Figure (4.5) shows the
principle, which is as follows: a plate, very often made out of filtration paper, is partially
immersed in water. The force acting on this plate is the sum of three force contributions; the
gravity FG and the surface tension FST, both are acting downwards, whereas the buoyancy FB
acting on the plate is acting upwards. This can be expressed by the following equations:

F = FG + FST − FB (4.9)
4Avogadro constant in SI units: NA

.= 6.022 ×1023mol−1.
5Boltzmann constant in SI units: kB

.= 1.381 ×10−23J · K−1.
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F = mpg + γ cosαP −mlg (4.10)

for a rectangular plate of dimensions lp, wp, tp, material density ϱp, and perimeter P immersed
to a depth h in a liquid of density ϱl the net force is given by:

F = ϱpglpwptp + 2γ(tp + wp) cosα− ϱlgtlwlh, (4.11)

where γ is the surface tension of the liquid, α is the contact angle on the solid plate and g is the
gravitational constant. By this approach it is possible to measure surface pressure by measuring
the change of force F acting on a plate with and without a molecular film at the surface. During
a deposition, Wilhelmy plate is completely wetted after a while, that means α = 0 and cos(0) = 1.
The surface pressure can be subsequently obtained from following equations:

F0 = FG + 2γ0(tp + wp) − FB, (4.12)

F = FG + 2γ(tp + wp) − FB, (4.13)

giving the final relation for surface pressure connecting the change in force and the change in
surface tension

Π = γ0 − γ = F0 − F

2(tp + wp)
. (4.14)

The sensitivity can be increased by using a very thin plate, so that tp ≪ wp, and giving the
following equation

∆γ = ∆F
2wp

. (4.15)

The force is then determined by measuring the changes in the mass of the plate, which is directly
coupled to a sensitive microbalance.

Air

wp
tp

α
Water

lp

h

to microbalance

Figure 4.5: A Wilhelmy plate: the perspective view and the side view.

Experimental setup

Figure (4.6) and (4.7) show Langmuir–Schaefer experimental setups. The working principle
is as follows: the solution or suspension is injected onto a subphase (deionised water in this case)
surface (1). The movable barriers (2) are slowly closed and reduced the surface area of a trough
top. The process of layer formation is observed by optical microscope (3) with visual output (4)
to a monitor. A Wilhelmy plate (5), usually a piece of filtration paper, is used to measure the
surface pressure. A substrate (6) onto which the deposition takes place. The suction pump (7),
together with a mounted syringe, pumps out water, and thus the water level is lowered, and the
deposition is done. The term modified stands for the deposition carried out by elevating and
tilting the substrate. This can be done by placing metal nuts of different sizes underneath the
substrates.
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Figure 4.6: Image of Langmuir–Schaefer setup for deposition. Numbers indicate individual
components of the trough. (1) Trough top with injected solution/suspension, (2) movable bar-
riers, (3) optical microscope, (4) visual output, (5) surface pressure sensor, (6) substrates for
deposition, and (7) suction pump.
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Figure 4.7: Image of Langmuir–Schaefer set-up for molecular deposition. Numbers indicate
individual components of the trough. (1) Trough top with injected molecular complexes, (2)
movable barriers, (3) surface pressure sensor, (4) graphene-covered Si/SiO2 substrate, and (5)
suction pump.

The main advantage of this wet-chemistry method is the possibility to use many various
substrates at the same time during the deposition. I would like to thank Dr. Peter Šiffalovič from
the Slovak Academy of Sciences in Bratislava, Slovak Republic, for giving me the opportunity
to use such a setup.
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4.2. Characterisation techniques

4.2.1. HF-ESR spectroscopy
This section will briefly illustrate and describe the HF-ESR spectrometer located at CEITEC
BUT. Figure (4.8) shows such HF-ESR setup. It is an example of a continuous-wave (cw)
arrangement. There are five main parts of such setup: the tunable microwave sources (1) provide
microwave radiation of variable frequency: ν = 82−1100 GHz, which is propagated by the quasi-
optics (2). Higher frequencies are accessed by amplifying and multiplying the microwave base
frequency: ν = 9 − 14 GHz. The variable temperature insert (VTI) (3), T = 1.6 − 320 K, is put
in a tunable superconductive magnet (4) capable of magnetic fields up to B = 16 T. The signal
detection is provided by a heterodyne receiver which mixes the input signal with a local oscillator
tuned to a higher frequency giving a new set of frequencies that are amplified (5).

Figure 4.8: The HF-ESR spectrometer with indicated setup components. The top-left inset
figure shows the quasi-optics (2) table with MW sources (1) with radio frequency (RF) and
local oscillator (LO) arm. The amplification multiplication chain (AMC) is used to multiply the
base frequency. The top-right inset shows the insertion of a sample holder to the interlock and
further to VTI insert (3) and superconductive magnet (4).
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1. Microwave source: We use two microwave sources (Virginia Diodes, USA) to generate
the microwave radiation. The desired microwave frequency can be obtained by the mul-
tiplication of the base frequency ν = 9 − 14 GHz generated by the microwave synthesiser
(VDIS0122). The highest accessible frequency of our setup is 1125 GHz. The following
Figure (4.9) illustrates the microwave generation and superheterodyne detection.

(NAMC = 9 or 12)
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Figure 4.9: Scheme of microwave (MW) propagation from a synthesiser with frequency ν =
= 9 − 14 GHz. The second MW source is phase-locked with frequency offset ∆/N . The sig-
nal from both sources propagate through an amplification-multiplication chain (AMC) with
frequency multiplication N = 9 or 12 and is further multiplied by multipliers (doublers and
triplers). The desired frequency is created by the multiplication of the base frequency ν. The
first channel is labelled as radio frequency (RF), and the second is the local oscillator (LO). They
both propagate through the quasi-optical table, and the RF arm travels through the sample,
whereas LO serves as power feedback. The RF signal changed by a sample is then cross-polarised,
and the unchanged signal is co-polarised. Both channels mix in the final mixer, and DC signal
output is detected. The intermediate frequency (IF) in our system is ∆ = 1.8 GHz.

2. Quasi-optics: The propagation of a microwave from the source to the sample is provided
by a free-space quasi-optical table (Thomas Keating, UK). The Gaussian beam is prop-
agated from feed horns. It is then refocused by elliptical mirrors placed within certain
distances. The beam also goes through a series of polarisers that filter out unwanted po-
larisation components. Metallic mirrors are used to reflect and extend the beam’s travel
distance. The power losses during the propagation are roughly 3 dBm in our setup. The
microwave from a table propagates to a sample through the teflon window and inside the
corrugated waveguide within VTI placed in a cryostat inside a superconductive magnet.

3. Variable temperature insert (VTI): A rod housing for a sample holder, wiring, and
microwave waveguide on the inside. In the lower part, there is a place for various sample
holders for pellet, chip, and single-crystal samples. The special load-lock system is used
in this setup to prevent any air and moisture access during the sample removal. VTI
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allows for temperature control in the range of 1.6 − 320 K during the experiment, which
is important. The sample properties or the increased sensitivity can be achieved by going
to very low temperatures.

4. Magnetic Field: The HF-ESR operates with the superconductive cryogen-free magnet
(Cryogenics, UK) placed under the laboratory’s floor with magnetic fields up to B =
= 16 T. When going to these high magnetic fields, it is crucial to ensure stability and
avoid interference with other electromagnetic devices.

5. Detection: Absorption lines in the ESR spectrum are observed when the separation of two
energy levels is equal to (or very close to) the quantum of an incident microwave photon,
E = hν. The absorption of such photons by a sample is then indicated as a change in
the detector current. The detection used in our setup is superheterodyne. It is based on
mixing the input signal from the first source, which excites a sample and the second source
serving as a local oscillator.

The development in the field of HF-ESR spectrometers is rather slow due to the technical
requirements on microwave sources, propagation systems, and detectors in the THz range. Up
to this date, there are only a few laboratories worldwide capable of HF-ESR measurements on
spectrometers that are mostly home-built.
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5. Results obtained

5.1. A graphene-based hybrid material with quantum bits pre-
pared by the double Langmuir–Schaefer method

Following results were obtained in cooperation and published in:
J. Hrubý, V. T. Santana, D. Kostiuk, M. Bouček, S. Lenz, M. Kern, P. Šiffalovič, J. van

Slageren and P. Neugebauer: A graphene-based hybrid material with quantum bits prepared by
the double Langmuir–Schaefer method, RSC Adv., 9, 24066-24073 (2019).

Abstract

The scalability and stability of molecular qubits deposited on surfaces is a crucial step for incor-
porating them into upcoming electronic devices. In this study, we reported on the preparation
and characterisation of a molecular quantum bit, copper(II) dibenzoylmethane - [Cu(dbm)2],
deposited by a modified Langmuir–Schaefer (LS) technique onto a graphene-based substrate.
A double LS deposition was used for the preparation of a few-layer-graphene (FLG) on a Si/-
SiO2 substrate with subsequent deposition of the molecules as shown in Figure (5.1). Magnetic
properties were probed by high-frequency electron spin resonance (HF-ESR) spectroscopy and
found maintained after deposition. Our approach demonstrated the possibility to utilise a con-
trolled wet-chemistry protocol to prepare an array of potential quantum bits on a disordered
graphene-based substrate. The deployed spectroscopic techniques showed the robustness of our
studied system unambiguously with a potential to fabricate large-scale, intact, and stable quan-
tum bits.

Introduction to topic

Core computational units based on molecular architecture present one way in pursuing a quan-
tum computer, a device which could substantially change all fields of human activity from
complex structural biology to finance [32, 33]. The core is based on the principle of quantum
superposition in which multiple states can be accessed at the same time, in contrast to classi-
cal zeroes and ones, which are used in current linear computational technology. A quantum
computer could outperform any classical one in factoring numbers and searching a database
[34]. In the search for novel approaches to standard silicon-based electronics, several routes
were proposed. One of the promising routes is the merge of electronics controlled by the spin of
an electron, spintronics [35], and molecular electronics [36].

Nowadays, there are several approaches in the research of quantum bits (qubits) aiming at
controlling spin states which is the origin of magnetism in a matter. Crystal-structure defects
with a net spin such as nitrogen vacancies in diamond [37] or double vacancies in silicon car-
bide [38–40] are currently under investigation due to their potential for quantum information
processing. However, the issue related to the usability of such centres lies in the production of
defects as they can be prepared either by electron or ion bombardment, both of which create
a random distribution of defects in the material [41]. These solid-state systems of defect sites
prepared by lithographic means offer only limited synthetic control over their electronic and
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Figure 5.1: Scheme of modified Langmuir–Schaefer deposition process. It started by Langmuir–
Blodgett trough filled with deionised water sub-phase. Step 1: the solution of [Cu(dbm)2] in
chloroform was injected onto a water subphase. The [Cu(dbm)2] formed an oil-like structure on
the water/air interface. Step 2: the movable barriers were closing until the molecules formed
a tight layer. Step 3: the movable barriers were fully closed, and the water subphase was
carefully pumped out under the movable barrier until the water level reached the substrate and
the layer was deposited. Step 4: The final layer was composed of [Cu(dbm)2] qubits deposited
onto the FLG-covered substrate.

magnetic properties, which is crucial in integration with large scale devices. Another approach
relies on using electron spins provided within magnetic molecules with unpaired electrons. The
advantages over solid-state systems are mainly the reproducible fabrication, the ability to fine-
tune magnetic properties by changing the ligand environment of an active-metal site, and the
possibility to form large-scale ordered arrays. Hence, molecular magnets are also promising
candidates for qubits as they offer unpaired electrons in a stable molecular environment [42].

Herein, we have decided to challenge the first out of five DiVincenzo’s criteria postulated
on the brink of quantum computer development era in 2000 [18]. We addressed namely char-
acterisation and scalability of the copper(II)dibenzoylmethane - [Cu(dbm)2], where dbm stands
for dibenzoylmethane, with linear chemical formula: C30H22CuO4, which is a transition-metal
complex with copper as a central atom surrounded by two dbm ligands. It is a potential qubit
with a coherence time of dozens of microseconds at low temperatures [43], which is a time us-
able for quantum information processing. To circumvent the abovementioned challenges with
a host material for spins, we have opted for a few-layer-graphene (FLG) which is a stacked single
graphite sheet known as graphene [44] famous for its interesting properties such as high electron
mobility, mechanical strength, and thermal conductivity [45–48]. The FLG in our sample pro-
vides a conductive substrate for qubits with the possibility to apply a gate voltage in order to
have control over spin states. This led us to a production of a graphene-based hybrid material
via controlled wet-chemistry protocol with an intact and robust molecular qubit.

Currently, there are several methods of how to prepare graphene, by original micro-
mechanical cleavage [49], chemical vapour deposition (CVD) [50], epitaxial growth from SiC
[51] or liquid-phase exfoliation [52]. The last method is possibly the best option for scalable
production of graphene-based hybrid materials, thin conductive films, and thermal pastes [53,
54]. In order to obtain exfoliated graphene, there is a need for applying an external force to
graphite flakes, such as ultrasonic vibrations [55]. Recently, there has been a growing interest in
graphene-based materials that led to the chemically engineered graphene-based magnetic [56],
opto-electrical [57, 58], and bio-sensing devices [59–61]. Besides, the supramolecular approach
to graphene resulting in physisorption of magnetic materials directly onto the substrate via π–π
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stacking without any further functionalisation appears to be feasible [62]. The ability to control
the magnetic properties of graphene-based hybrid materials is crucial for the further development
of carbon-based devices [63, 64].

We have prepared a hybrid structure of a deposited quantum bit represented by organometal-
lic complex [Cu(dbm)2] onto FLG-covered Si/SiO2 substrate and investigated its stability and
robustness by Raman spectroscopy, XPS, and HF-ESR. Our proposed wet-chemistry-based
approach can be considered as a complementary study to recently published one in which
[Cu(dbm)2] was successfully evaporated onto Au(110) substrate by organic molecular beam
deposition [65], and thus showing both deposition routes are viable for this qubit.

Synthesis of [Cu(dbm)2]

The synthesis of [Cu(dbm)2] complex followed previously described procedure [66]. Copper(II)
chloride dihydrate (1 mmol, 170 mg) was dissolved in water (15 mL). Simultaneously, a so-
lution of dibenzoylmethane (2 mmol, 458 mg) and potassium hydroxide (1.4 mmol, 80 mg) in
ethanol/water mixture with 15:1 ratio was added drop-wise to the copper solution. The resul-
tant solution was stirred by a magnetic stirrer for 30 min. Finally, the precipitate was separated
by a paper filtration and washed once by pure ethanol and demineralised water with consecutive
vacuum filtration for 12 h. The reaction yield of the synthesis was fair (347 mg, 66 %). Elemental
analysis performed on [Cu(dbm)2]; Anal. Calc. for C30H22CuO4, Mw = 510.04: C – 70.65; H –
4.35. Found: C – 71.73; H – 4.58.

Langmuir–Schaefer (LS) Deposition

The expanded and milled graphite (SGL-Carbon) was dispersed at the concentration of
10 mg/mL in N-Methyl-2-pyrrolidone (NMP) and was sonicated for 60 min at room temper-
ature in an ultrasonic bath. Since the graphene layers tend to re-aggregate due to the weak van
der Waals forces acting between them, the stabilisation agent NMP was used as a sonication
medium. It prevented graphene layers from re-aggregation by minimising the interfacial tension
between the graphene sheets and the medium [67]. The prepared FLG suspension in NMP was
centrifuged in order to separate supernatant from sediment. The suspension was centrifuged
at 10 320 RPM for 30 min. Afterwards, the supernatant was taken and left further to settle in
a fridge T = (2 – 3) °C for a month. The final concentration of graphene in the suspension was
0.1 – 0.2 mg/mL with the average lateral size of nano-sheets: 300 nm and the average thickness
of nano-sheets from 5 – 10 nm (i.e. 10 – 20 layers) as shown in Figure (5.2).

The first deposition took place in the first Langmuir–Blodgett trough (KSV NIMA). The
experimental setup was described in detail previously (Methods 4.1.1). By this method we
deposited FLG onto a boron-doped Si(100) p-type substrate with a 500 nm thick layer of SiO2
and resistivity ϱ = 10 – 20 Ω ·cm. The 10 mL of FLG dispersion in NMP was gently spread onto
the water subphase using a microlitre syringe. The pH of the water subphase was lowered to 4
by the addition of HCl, which is known to improve the floatation of nanoscale materials. The
FLG Langmuir film compressed at the surface pressure of 38 mN/m was transferred onto the
Si substrates by the controlled removal of the water subphase. Prior to deposition, the Si samples
were submersed into the water subphase, having a tilt of approximately 5° with respect to the
air/water interface. During the water removal, the tilt of the samples facilitated an increased
spatial homogeneity of the deposited FLG layers due to a predefined sliding direction of the
three-phase boundary. After the first FLG deposition was made, samples were annealed at 800
°C for 30 min. This step helped to remove the remaining water from the deposition and to
stabilise the layer on the substrate.

For the second deposition of where we used the second Langmuir–Blodgett trough for the
qubit deposition (KSV NIMA) filled with deionised water (PURELAB Classic ELGA). The
5 mM solution of [Cu(dbm)2] in chloroform (AlfaAesar, 99.8 %) was dropped (V = 1.4 mL)
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Figure 5.2: Characterisation of FLG layer for its thickness and uniformity by a) optical mi-
croscopy, b) AFM image, c) SEM image, and d) HR-TEM image.

onto a water sub-phase until no further spreading was visible. Compounds formed an oil-like
structure on the water/air interface. When the molecular layer was compressed on the water
surface, it underwent phase transformations. Figure (5.3) shows these changes by monitoring
the surface pressure Π as a function of the area occupied by the film A. The molar concentration
for both ’Finding’ and ’Deposition’ of [Cu(dbm)2] was 5 mM. The volume VFINDING = 750 μL
and VDEPOSITION = 1400 μL. The isotherm was the very first characteristic of the compound
regarding the deposition step. During the ’Finding’ deposition, the isotherm was estimated to
be at Π = 25 mN/m (i.e. where the curve starts to saturate). This pressure was then applied
during the actual deposition onto substrates. The process of finding a correct isotherm is crucial
for the formation of the ideal coverage. This was, however, an uneasy task for metal compounds.
Surface pressure is given as follows: Π = γ0 − γ, where γ0 is the surface tension of the pure
liquid, and γ is the surface tension of the film-covered surface.
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Figure 5.3: Diagram a) and b) show isotherms for [Cu(dbm)2] obtained during the blank depo-
sition and actual deposition onto substrates, respectively.

The main advantage of this method is in the possibility to use a manifold of various substrates
at the same time during the deposition, limited only by the dimension of the trough. Figure (5.4)
shows the final multi-layered material composed of [Cu(dbm)2] deposited onto the FLG-covered
substrate.

c)

b)

10 �m 5 �m

a)

Figure 5.4: Characterisation of deposited [Cu(dbm)2] on FLG. a) SEM image obtained at 5 kV
and equipped with secondary electrons detector, b) AFM topography image, c) extracted 3D
morphology image.

Raman spectroscopy (RS)

Raman spectra of the reference [Cu(dbm)2] powder were acquired on confocal Raman microscope
WITec Alpha300 R+. All other spectra were acquired on a confocal Raman microscope Renishaw
inVia. Both instruments were equipped with the excitation laser source with 532 nm wavelength.
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We performed Raman spectroscopy to explore vibrational modes of individual components
in the resultant hybrid material and made a comparison in order to confirm the intactness of
our studied system. Figure (5.5) shows Raman spectra from top to bottom of a bare Si/SiO2
substrate, FLG, [Cu(dbm)2] powder, and the final deposited sample.
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Figure 5.5: Comparison of Raman spectra, from top to bottom, of Si/SiO2 substrate, FLG
region, powder [Cu(dbm)2] and deposited [Cu(dbm)2].

For the main comparison purpose the evident 2 transverse acoustic (TA) phonon band at
304 cm−1, the most intense main silicon transverse optic (TO) phonon band at 521 cm−1, and
2 transverse optic phonon band spanning from 943 cm−1 to 983 cm−1 were observed for the
Si/SiO2 substrate [68, 69]. In the case of the FLG, six distinct peaks were found. The D band
at 1356 cm−1, G band at 1588 cm−1, D’ band at 1621 cm−1, G’ band at 2709 cm−1, G + D band
at 2953 cm−1, and in multi-layered material 2D’ peak which can be attributed to the second-
order of the intra-valley D’ for graphene layers [70]. In the case of FLG, the disorder-induced
D band, which is approximately at half of the frequency of the G′ band, is the most intense
peak signalling for a largely disordered graphitic substrate. The G band corresponds to doubly
degenerate (iTO and LO) phonon mode at the Brillouin zone centre. The G band is the only
band coming from a normal first-order Raman scattering process in graphene. On the contrary,
the G’ and D bands originate from a second-order process involving two iTO phonons near the
K point of the first Brillouin zone for the G’ band or one iTO phonon and one defect in the
case of the D band [71]. All peaks were present both in the bare FLG on Si/SiO2 substrate and
the final deposited sample. Peak positions found for [Cu(dbm)2] were in accordance with the
previous Raman, infrared and in-depth theoretical studies performed on this system and dbm
ligand [72, 73]. Raman spectra confirmed unequivocally all vibrational peaks for [Cu(dbm)2] to
be present for both bulk as well as deposited molecules.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron (XPS) measurements were carried out with a Kratos Axis Supra spec-
trometer at room temperature and ultra-high vacuum (UHV) conditions. The instrument was
equipped with monochromatic Al Kα source 1486.6 eV (15 mA, 15 kV), and a hemispherical anal-
yser with hybrid magnetic and electrostatic lens for enhanced electron collection. Survey and
detailed XPS spectra were acquired at normal emission with the fixed pass energy of 160 eV and
40 eV, respectively. Slot aperture 700 × 300 μm2 was used during the acquisition. All spectra
were charge-corrected to the hydrocarbon peak set to 284.8 eV. The Kratos charge neutraliser
system was used on all specimens. The inelastic backgrounds in all spectra were subtracted
according to the Shirley method [74]. Data analysis was based on a standard deconvolution
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method using mixed Gaussian (G) and Lorentzian (L) line shape (G = 70 % and L = 30 %,
Gaussian-Lorentzian product) for each component in the spectra. Spectra were analysed using
CasaXPS software (version 2.3.18).

The chemical composition of FLG on Si/SiO2, [Cu(dbm)2] powder, and [Cu(dbm)2] on FLG
was probed by means of XPS. Figure (5.6) shows the survey spectra that exhibit O 1s, C 1s,
Si 2s, and Si 2p photoelectron peaks and a visible OKLL Auger peak.
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Figure 5.6: XPS survey spectra comparison, from top to bottom, of FLG on Si/SiO2 substrate,
powder [Cu(dbm)2] and deposited [Cu(dbm)2].

Silicon peaks in the [Cu(dbm)2] powder spectra are present due to the silicon adhesive used
on polyimide-based double-sided tape, which hosted as-synthesised [Cu(dbm)2] powder. Highly
resolved spectra of C 1s, O 1s, and Cu 2p revealed chemical bond types. A slight difference
in binding energies for corresponding peaks could be attributed to changed variations in the
surrounding chemical environment [75]. The best-fit parameters were found by applying physical
constraints to components forming the overall spectrum based on stoichiometry, bond strength,
and electronegativity [75, 76]. However, due to the ambient conditions during the LS deposition
technique and carbon-based FLG background, we were not able to quantify peak intensities and
relate them with molecular structure.

Figure (5.7) shows the chemical structure of [Cu(dbm)2] and detailed XPS spectra charac-
terised by main peaks at 284.8 eV, 532.7 eV, and 934.5 eV for C 1s, O 1s, and Cu 2p3/2 core
levels, respectively. The C 1s and O 1s experience a slight shift towards lower binding energy in
the deposited spectra. This can be caused by the image-charge screening effect [77]. The chemi-
cal structure suggests expecting components in C 1s from both carbon atoms forming aromatic
rings (C-C, C-H) and carbon atoms bound to an oxygen atom (C=O, C-O). Photoelectrons from
aromatic rings appear at lower binding energy, whereas carbon atoms bound to oxygen create
a strong shoulder feature at 286.8 eV. We have also detected two satellite features S1 and S2,
which are typical in photoemission of organic molecules due to relaxation processes resulting in
the creation of a core-hole [78]. The increase in the intensity of the S1 satellite at the expense
of C-H in the deposited spectrum can be attributed to the physisorption on FLG substrate,
image-charge screening effect and charge neutralisation processes.
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Figure 5.7: Molecular structure of [Cu(dbm)2] with XPS comparison of powder and deposited
sample with detailed regions for C 1s, Cu 2p, and O 1s.

The O 1s core-level line showed, besides the main component at 532.7 eV for powder and
533.1 eV for deposited, a shoulder component at lower binding energy, which was identified
as C=O bond. The Cu 2p photoemission line features two main peaks Cu 2p3/2 and Cu 2p1/2 at
934.5 eV and 954.3 eV, respectively, separated by 19.8 eV. We have not evidenced any measurable
energy shift in the binding energy of Cu 2p peaks in powder and deposited spectra. Both powder
and deposited peaks exhibit a complex satellite structure, which serves as a fingerprint of having
Cu atoms with a 2+ oxidation state [79–81]. This corroborates the preserved oxidation state of
Cu(II) after the LS deposition process. Strong shake-up satellites visible in regions (937 - 947) eV
and (957- 967) eV stem from electronic relaxation effects caused by electron-correlation effects
in the open-shell d bands [79]. We have also evidenced a presence of Cu(I) component, shifted
towards lower binding energy in comparison with Cu(II). This is a common reduction process
for Cu(II)-based systems even without apparent reducing agent [82]. The studied sample was
exposed to air, where Cu2O is the final product of air exposure [83], and was in contact with
an excessive amount of water during the LS deposition. Cu(II) can also be partially reduced to
Cu(I) by excess free electrons in the FLG layer directly in contact with [Cu(dbm)2]. XPS results
match the findings recently gained on this system thermally evaporated on Au(110) [65].

Electron spin resonance (ESR)

High-frequency/-magnetic field ESR spectra (HF-ESR) were acquired on a home-built spectrom-
eter featuring a VDI signal generator, a VDI amplifier-multiplier chain (Virginia Diodes, USA),
a quasi-optical bridge (Thomas Keating, UK), a 15/17 T solenoid cryomagnet (Oxford Instru-
ments, UK) and an InSb hot-electron bolometer (QMC Instruments, UK) [12]. The reference
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powder sample of the [Cu(dbm)2] was studied as a pressed teflon-wrapped powder pellet and
the final sandwich-like deposited hybrid material as �5 mm sample as shown in Figure (5.8). All
ESR spectra were simulated using the EasySpin toolbox for Matlab [84].

Figure 5.8: The HF-ESR spectrometer in Stuttgart. a) Indication of setup components, b) vari-
able temperature insert (VTI), c) detail of sample-rod head with modulation coil, at which the
alternating current (AC) with known noise frequency was applied and formed a lock-in ampli-
fication of signal (the first derivative of absorption signal was detected), d) sample insert with
support, and e) �5 mm sample in the form of a pressed pellet (for a bulk powder measurements)
and a thin film (deposited [Cu(dbm)2] on FLG-covered substrate).

By this method, we have investigated the intrinsic magnetic properties of [Cu(dbm)2] before
and after deposition by means of multi-frequency HF-ESR spectroscopy. Figure (5.9) shows HF-
ESR spectra for powder [Cu(dbm)2] from which we extracted basic spin Hamiltonian parameters
such as g-factor originating from one unpaired electron of Cu(II) ion in 3d9 electron configuration.
Equation (5.1) describes the used spin Hamiltonian constructed by taking into account Zeeman
contribution:

Ĥ = ĤZeeman = µBBext · g̃ · Ŝ, (5.1)

where µB is Bohr magneton, Bext is external magnetic field, g̃ is g-factor tensor, Ŝ is total
spin of system, in this case S = 1/2. All powder spectra were fitted with the spin Hamiltonian
parameters as follows: gx = 2.0480, gy = 2.0470, gz = 2.2570. Parameters used in the fitting
procedure are in fair agreement with previously published results [43, 65, 85]. The slight mis-
alignment and intensity decrements in spectra can be attributed to calibration of magnetic field
and lock-in phase changes during the measurements. The difference between frequencies can
also be assigned to different power distribution profile from a microwave source.

Figure (5.10) shows the HF-ESR spectra of deposited [Cu(dbm)2] onto FLG-covered sub-
strate with additional statistical analysis of resonance lines distribution. We observed a slight
difference in gx and gy compared to bulk powder measurements. Both deposited spectra were
fitted with the spin Hamiltonian parameters as follows: gx = 2.0503, gy = 2.0499, gz = 2.2590.
This shift can be caused by stacking of physisorbed [Cu(dbm)2] on FLG-based substrate.
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Figure 5.9: HF-ESR powder spectra of [Cu(dbm)2] for four different frequencies, 300 GHz,
320 GHz, 340 GHz, and 360 GHz, respectively, from 9 T to 13 T measured at 5 K.
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Figure 5.10: Left: HF-ESR spectra of deposited [Cu(dbm)2] for two different frequencies of
180 GHz and 320 GHz measured at 5 K. Middle: visualisation of integration sphere with 10000
equally spaced points illustrating the distribution of resonance lines. In our experimental setup,
the external magnetic field B was perpendicular to the surface plane of the sample. The colour
scale bar corresponds to the relative weight distribution for the simulated spectra in every
direction. The angles 0 < Θ < 2π and 0 < Φ < π denote the Euler angles. The simulated spectra
were expectably sensitive mostly to changing Φ. Right: histogram of assigned weight distribution
from an integration sphere, note that 320 GHz is more detailed than 180 GHz, demonstrating
that by using higher frequencies, it is possible to get more resolved and finer distribution.

We observed many absorption lines of a small intensity distributed between magnetic field
values that correspond to resonances parallel and perpendicular to the plane of the molecules
(i.e. between Bext ∥ z and Bext ∥ xy plane) for both frequencies 180 GHz and 320 GHz. We
statistically evaluated these additional peaks in both spectra by simulating the ESR absorption
equivalent to individual micro-crystallites in the sample. We have rotated the g̃ tensor obtained
from the bulk powder samples and performed a simulation over a sphere with 10000 equally
spaced points generated by the repulsion algorithm [86], attributing weight to the intensity
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of the spectrum in each direction. The weight is equivalent to the number of molecules at
a particular orientation, while the counts in the histogram in Figure (5.10) corresponds to the
total number of orientations with a given weight. This result shows that there is not an effective
selective orientation of the micro-crystallites formed on the surface, even though about 5 %
of them are distributed around the green regions in the integration hemispheres. The other
95 % are randomly distributed when taking into account the roughness of the FLG surface.
The effect of the distribution of micro-crystallites is less pronounced at 180 GHz because the
magnetic field resolution δBext between adjacent absorption lines is smaller at lower frequencies
(Bext = hν/gµB). A simulation made by changing the frequency parameter solely shows that the
double intensity at the same directions produces broader and smaller peak-to-peak intensities in
the same regions. The pattern on integration hemispheres appears similar for both 180 GHz and
320 GHz spectra, however, the histogram for 320 GHz is more detailed. This can be assigned to
an inherent property of going into higher frequencies in ESR in similar cases.

This multi-resonance line effect was also previously observed and discussed for the imperfectly
dissolved frozen-solution of [Cu(dbm)2] in chloroform and called as a ”single-crystal effect” [87,
88]. In our case, on a surface, these lines were assigned to an incomplete distribution of the
orientations of micro-crystallites. Moreover, we have demonstrated that HF-ESR combined with
a statistical approach can be a useful tool for the description of molecular distribution based on
magnetic anisotropy on surfaces.

33



5. RESULTS OBTAINED

34



6. Conclusions

To conclude the result obtained: A graphene-based hybrid material with quantum bits prepared
by the double Langmuir–Schaefer method, we have deposited and characterised molecular quan-
tum bit based on Cu(II) ion on a surface. We have demonstrated a possibility to produce large ar-
rays of graphene-based hybrid materials with quantum bits by using a double Langmuir–Schaefer
deposition. We have taken advantage of using disordered graphene substrate as a template ma-
trix for physisorption of [Cu(dbm)2], which we have further characterised mainly to pinpoint
the intactness and robustness of our system. The biggest advantage of our wet-chemistry based
deposition protocol is the scalability and usability of whichever substrate with size limitations
only by the dimensions of a LS trough. On the contrary, the access of atmospheric moisture and
oxygen in the form of water can lead to abrupt decomposition with a limited amount of systems
withstanding the air/water interface and a mixture of solvents during deposition, and thus is not
generally applicable to every compound. To the best of our knowledge, there is no established
database or a rule helping to determine properties of quantum bits on surfaces, and thus every
system has to be treated individually. In this regard, there is space for improving the deposi-
tion conditions by using inert nitrogen or argon atmosphere, water purification, as well as to
fine-tune deposition parameters in molecular concentration and volume used. Additionally, the
potential to use specially tailored ligands surrounding the active Cu(II) ion offers possibilities
of adjusting the adhering properties as well as hydrophobicity. Our work demonstrated a scal-
able deposition of quantum bits onto graphene-based substrate providing promising prospects of
a wet-chemistry-based preparation route. Therefore, these molecular qubits in connection with
conductive substrate seem to be the potent route in pursuing a quantum computation. More-
over, we have demonstrated that HF-ESR combined with a statistical approach can be a useful
tool for the description of molecular distribution based on magnetic anisotropy on surfaces.

To outline the future development of HF-ESR technology, I will summarise the advantages
and obstacles encountered during HF-ESR systems presented in this thesis. One of the biggest
advantages of HF-ESR is the freedom of sample form limited only by the probe head and VTI
space. This is unique compared to the standard X-band glass capillaries, suitable usually for
powder or liquid measurements. In this regard, samples such as silicon wafer or graphene on
a silicon wafer with �5 mm can be cut by laser dicer for the consequent deposition of molecular
compounds or direct HF-ESR measurements. For these depositions, either a wet-chemistry
approach or thermal sublimation can be used based on the properties of particular compounds.
For the thermal sublimation, the home-built HV chamber was constructed. This chamber serves
as the first test of the molecule if it survives the sublimation and thus is suitable to be measured
by HF-ESR. The effort made by this work was to be able to prepare and characterise thin films
of quantum bits and single-molecule magnets by a combination of HF-ESR spectroscopy and
complementary techniques. Transition-metal coordination complexes and lanthanide/actinide-
based SMMs are mostly investigated by means of HF-ESR as it can very precisely determine
ZFS parameters and a sign of axial D parameter. There is also a great benefit when HF-ESR
is used in combination with quantum chemistry calculation methods and ligand field theory. By
the graphene bolometers, we want to advance the on-chip sensing of molecular compounds with
the potential to revolutionise electronics. This approach would eliminate the whole route of
microwave from a sample to the detector by replacing it with direct on-site measurements.

35



6. CONCLUSIONS

36



7. References

1. Zeeman, P. The effect of magnetisation on the nature of light emitted by a substance.
Nature 55, 347. issn: 0028-0836. doi:10.1038/055347a0 (1897).

2. Gerlach, W. & Stern, O. Der experimentelle Nachweis der Richtungsquantelung im Magnet-
feld. Zeitschrift für Physik 9, 349–352. issn: 1434-6001. doi:10.1007/BF01326983 (1922).

3. Uhlenbeck, G. E. & Goudsmit, S. Ersetzung der Hypothese vom unmechanischen Zwang
durch eine Forderung bezüglich des inneren Verhaltens jedes einzelnen Elektrons. Die
Naturwissenschaften 13, 953–954. issn: 0028-1042. doi:10.1007/BF01558878 (1925).

4. Breit, G. & Rabi, I. I. Measurement of Nuclear Spin. Physical Review 38, 2082–2083. issn:
0031-899X. doi:10.1103/PhysRev.38.2082.2 (1931).

5. Rabi, I. I., Zacharias, J. R., Millman, S. & Kusch, P. A New Method of Measuring Nuclear
Magnetic Moment. Physical Review 53, 318–318. issn: 0031-899X. doi:10.1103/PhysRev.
53.318 (1938).

6. Salikhov, K. M. & Zavoiskaya, N. E. Zavoisky and the discovery of EPR. Resonance 20,
963–968. issn: 0971-8044. doi:10.1007/s12045-015-0264-6 (2015).

7. Zavoisky, E. Spin-magnetic resonance in paramagnetics. J. Phys. USSR 3, 211–245 (1945).
8. Frenkel, J. Viscous flow of crystalline bodies under the action of surface tension. Journal

of Physics (Moscow) 9, 385–391 (1945).
9. Weil, J. & Bolton, J. Electron Paramagnetic Resonance: Elementary Theory and Practical

Applications 2nd, 664. isbn: 978-0471754961. doi:10.1002/0470084987 (John Wiley &
Sons, New Jersey, 2007).

10. Galkin, A. A., Grinberg, 0. Y., Dubinski, A. A., Kabdin, N. N., Krimov, V. N., Kurochkin,
V. I., Lebedev, Y. S., Oranski, L. G. & Shuvalov, V. F. Two-millimeter wave band spec-
trometer for chemical investigations. Prib. Tekh. Eksp. 4 (1977).

11. Krinichnyi, V. I. 2-mm Wave Band EPR Spectroscopy of Condensed Systems 1st, 1–223.
isbn: 978-1351069373. doi:10.1201/9781351069373 (CRC Press, Boca Raton, 2018).

12. Neugebauer, P., Bloos, D., Marx, R., Lutz, P., Kern, M., Aguilà, D., Vaverka, J., Laguta,
O., Dietrich, C., Clérac, R. & Van Slageren, J. Ultra-broadband EPR spectroscopy in
field and frequency domains. Physical Chemistry Chemical Physics 20, 15528–15534. issn:
1463-9076. doi:10.1039/c7cp07443c (2018).

13. Sojka, A., Šedivý, M., Laguta, O., Marko, A., Santana, V. T. & Neugebauer, P. in
Electron Paramagnetic Resonance 214–252 (2020). isbn: 9781839161711. doi:10 . 1039 /
9781839162534-00214.

14. Pauli, W. The Connection Between Spin and Statistics. Physical Review 58, 716–722. issn:
0031-899X. doi:10.1103/PhysRev.58.716 (1940).

15. Dub, P., Spousta, J. & Zlámal, J. Kvantová mechanika tech. rep. (Institute of Physical
Engineering, Brno University of Technology, Brno, 2005), 180.

16. Schumacher, B. Quantum coding. Physical Review A 51, 2738–2747. issn: 1050-2947.
doi:10.1103/PhysRevA.51.2738 (1995).

37

http://dx.doi.org/10.1038/055347a0
http://dx.doi.org/10.1007/BF01326983
http://dx.doi.org/10.1007/BF01558878
http://dx.doi.org/10.1103/PhysRev.38.2082.2
http://dx.doi.org/10.1103/PhysRev.53.318
http://dx.doi.org/10.1103/PhysRev.53.318
http://dx.doi.org/10.1007/s12045-015-0264-6
http://dx.doi.org/10.1002/0470084987
http://dx.doi.org/10.1201/9781351069373
http://dx.doi.org/10.1039/c7cp07443c
http://dx.doi.org/10.1039/9781839162534-00214
http://dx.doi.org/10.1039/9781839162534-00214
http://dx.doi.org/10.1103/PhysRev.58.716
http://dx.doi.org/10.1103/PhysRevA.51.2738


7. REFERENCES

17. Nielsen, M. A. & Chuang, I. L. Quantum Computation and Quantum Information 10th,
710. isbn: 978-1107002173. doi:10.1017/CBO9780511976667 (Cambridge University Press,
Cambridge, 2011).

18. DiVincenzo, D. P. The physical implementation of quantum computation. Fortschritte der
Physik 48, 771–783. issn: 0015-8208. doi:10.1002/1521-3978(200009)48:9/11<771::
AID-PROP771>3.0.CO;2-E (2000).

19. Beals, R., Buhrman, H., Cleve, R., Mosca, M. & de Wolf, R. Quantum lower bounds by
polynomials. Journal of the ACM 48, 778–797. issn: 0004-5411. doi:10.1145/502090.
502097 (2001).

20. Grover, L. K. Quantum Mechanics Helps in Searching for a Needle in a Haystack. Physical
Review Letters 79, 325–328. issn: 0031-9007. doi:10.1103/PhysRevLett.79.325 (1997).

21. Shor, P. W. Polynomial-Time Algorithms for Prime Factorization and Discrete Logarithms
on a Quantum Computer. SIAM Review 41, 303–332. issn: 0036-1445. doi:10 . 1137 /
S0036144598347011 (1999).

22. Cory, D. G., Fahmy, A. F. & Havel, T. F. Ensemble quantum computing by NMR spec-
troscopy. Proceedings of the National Academy of Sciences 94, 1634–1639. issn: 0027-8424.
doi:10.1073/pnas.94.5.1634 (1997).

23. Graham, M. J., Zadrozny, J. M., Fataftah, M. S. & Freedman, D. E. Forging Solid-State
Qubit Design Principles in a Molecular Furnace. Chemistry of Materials 29, 1885–1897.
issn: 0897-4756. doi:10.1021/acs.chemmater.6b05433 (2017).

24. Cornia, A., Mannini, M., Sainctavit, P. & Sessoli, R. Chemical strategies and characteri-
zation tools for the organization of single molecule magnets on surfaces. Chemical Society
Reviews 40, 3076. issn: 0306-0012. doi:10.1039/c0cs00187b (2011).

25. Mannini, M., Pineider, F., Sainctavit, P., Danieli, C., Otero, E., Sciancalepore, C., Talarico,
A. M., Arrio, M.-A., Cornia, A., Gatteschi, D. & Sessoli, R. Magnetic memory of a single-
molecule quantum magnet wired to a gold surface. Nature Materials 8, 194–197. issn:
1476-1122. doi:10.1038/nmat2374 (2009).

26. Mannini, M., Pineider, F., Danieli, C., Totti, F., Sorace, L., Sainctavit, P., Arrio, M.-A.,
Otero, E., Joly, L., Cezar, J. C., Cornia, A. & Sessoli, R. Quantum tunnelling of the
magnetization in a monolayer of oriented single-molecule magnets. Nature 468, 417–421.
issn: 0028-0836. doi:10.1038/nature09478 (2010).

27. Mannini, M., Bertani, F., Tudisco, C., Malavolti, L., Poggini, L., Misztal, K., Menozzi,
D., Motta, A., Otero, E., Ohresser, P., Sainctavit, P., Condorelli, G. G., Dalcanale, E.
& Sessoli, R. Magnetic behaviour of TbPc2 single-molecule magnets chemically grafted on
silicon surface. Nature Communications 5, 4582. issn: 2041-1723. doi:10.1038/ncomms5582
(2014).

28. Malavolti, L., Lanzilotto, V., Ninova, S., Poggini, L., Cimatti, I., Cortigiani, B., Margheriti,
L., Chiappe, D., Otero, E., Sainctavit, P., Totti, F., Cornia, A., Mannini, M. & Sessoli, R.
Magnetic Bistability in a Submonolayer of Sublimated Fe 4 Single-Molecule Magnets. Nano
Letters 15, 535–541. issn: 1530-6984. doi:10.1021/nl503925h (2015).

29. Kiefl, E., Mannini, M., Bernot, K., Yi, X., Amato, A., Leviant, T., Magnani, A., Prokscha,
T., Suter, A., Sessoli, R. & Salman, Z. Robust Magnetic Properties of a Sublimable Single-
Molecule Magnet. ACS Nano 10, 5663–5669. issn: 1936-086X. doi:10 . 1021 / acsnano .
6b01817 (2016).

30. Petty, M. C. Langmuir-Blodgett Films: An Introduction 234. isbn: 978-0521424509 (Cam-
bridge University Press, 1996).

31. Gengler, R. A Modified Langmuir Schaefer Method For the Creation of Functional Thin
Films PhD thesis (University of Groningen, 2010), 161. isbn: 978-9036746250.

38

http://dx.doi.org/10.1017/CBO9780511976667
http://dx.doi.org/10.1002/1521-3978(200009)48:9/11<771::AID-PROP771>3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3978(200009)48:9/11<771::AID-PROP771>3.0.CO;2-E
http://dx.doi.org/10.1145/502090.502097
http://dx.doi.org/10.1145/502090.502097
http://dx.doi.org/10.1103/PhysRevLett.79.325
http://dx.doi.org/10.1137/S0036144598347011
http://dx.doi.org/10.1137/S0036144598347011
http://dx.doi.org/10.1073/pnas.94.5.1634
http://dx.doi.org/10.1021/acs.chemmater.6b05433
http://dx.doi.org/10.1039/c0cs00187b
http://dx.doi.org/10.1038/nmat2374
http://dx.doi.org/10.1038/nature09478
http://dx.doi.org/10.1038/ncomms5582
http://dx.doi.org/10.1021/nl503925h
http://dx.doi.org/10.1021/acsnano.6b01817
http://dx.doi.org/10.1021/acsnano.6b01817


32. Perdomo-Ortiz, A., Dickson, N., Drew-Brook, M., Rose, G. & Aspuru-Guzik, A. Finding
low-energy conformations of lattice protein models by quantum annealing. Scientific Re-
ports 2, 1–7. issn: 2045-2322. doi:10.1038/srep00571 (2012).

33. Gershenfeld, N. & Chuang, I. L. Quantum Computing with Molecules. Scientific American
278, 66–71. issn: 0036-8733 (1998).

34. Leuenberger, M. N. & Loss, D. Quantum computing in molecular magnets. Nature 410,
789–793. issn: 0028-0836. doi:10.1038/35071024 (2001).

35. Wolf, S. A., Awschalom, D. D., Buhrman, R. A., Daughton, J. M., Von Molnar, S., Roukes,
M. L., Chtchelkanova, A. Y. & Treger, D. M. Spintronics: a spin-based electronics vision
for the future. Science 294, 1488–1495. issn: 0036-8075. doi:10.1126/science.1065389
(2001).

36. Bogani, L. & Wernsdorfer, W. Molecular spintronics using single-molecule magnets. Nature
Materials 7, 179–186. issn: 1476-4660. doi:10.1038/nmat2133 (2008).

37. Doherty, M. W., Manson, N. B., Delaney, P., Jelezko, F., Wrachtrup, J. & Hollenberg,
L. C. The nitrogen-vacancy colour centre in diamond. Physics Reports 528, 1–45. issn:
0370-1573. doi:10.1016/j.physrep.2013.02.001 (2013).

38. Koehl, W. F., Buckley, B. B., Heremans, F. J., Calusine, G. & Awschalom, D. D. Room
temperature coherent control of defect spin qubits in silicon carbide. Nature 479, 84–87.
issn: 0028-0836. doi:10.1038/nature10562 (2011).

39. Widmann, M., Lee, S. Y., Rendler, T., Son, N. T., Fedder, H., Paik, S., Yang, L. P.,
Zhao, N., Yang, S., Booker, I., Denisenko, A., Jamali, M., Ali Momenzadeh, S., Gerhardt,
I., Ohshima, T., Gali, A., Janzén, E. & Wrachtrup, J. Coherent control of single spins
in silicon carbide at room temperature. Nature Materials 14, 164–168. issn: 1476-4660.
doi:10.1038/nmat4145 (2015).

40. Christle, D. J., Falk, A. L., Andrich, P., Klimov, P. V., Hassan, J. U., Son, N. T., Janzén, E.,
Ohshima, T. & Awschalom, D. D. Isolated electron spins in silicon carbide with millisecond
coherence times. Nature Materials 14, 160–163. issn: 1476-4660. doi:10.1038/nmat4144
(2015).

41. Jelezko, F. & Wrachtrup, J. Single defect centres in diamond: A review. Physica Status
Solidi (A) Applications and Materials Science 203, 3207–3225. issn: 1862-6300. doi:10.
1002/pssa.200671403 (2006).

42. Bader, K., Dengler, D., Lenz, S., Endeward, B., Jiang, S.-d., Neugebauer, P. & Slageren,
J. V. Potential Molecular Qubit. Nature Communications 5, 1–5. doi:10.1038/ncomms6304
(2014).

43. Lenz, S., Bader, K., Bamberger, H. & Van Slageren, J. Quantitative prediction of nuclear-
spin-diffusion-limited coherence times of molecular quantum bits based on copper(ii).
Chemical Communications 53, 4477–4480. issn: 1364-548X. doi:10 . 1039 / c6cc07813c
(2017).

44. Geim, A. K. & Novoselov, K. S. The rise of graphene. Nature Materials 6, 183–191. issn:
1476-1122. doi:10.1038/nmat1849 (2007).

45. Du, X., Skachko, I., Barker, A. & Andrei, E. Y. Approaching ballistic transport in sus-
pended graphene. Nature Nanotechnology 3, 491–495. issn: 1748-3395. doi:10.1038/nnano.
2008.199 (2008).

46. Lee, C., Wei, X., Kysar, J. W. & Hone, J. Measurement of the elastic properties and
intrinsic strength of monolayer graphene. Science 321, 385–388. issn: 0036-8075. doi:10.
1126/science.1157996 (2008).

39

http://dx.doi.org/10.1038/srep00571
http://dx.doi.org/10.1038/35071024
http://dx.doi.org/10.1126/science.1065389
http://dx.doi.org/10.1038/nmat2133
http://dx.doi.org/10.1016/j.physrep.2013.02.001
http://dx.doi.org/10.1038/nature10562
http://dx.doi.org/10.1038/nmat4145
http://dx.doi.org/10.1038/nmat4144
http://dx.doi.org/10.1002/pssa.200671403
http://dx.doi.org/10.1002/pssa.200671403
http://dx.doi.org/10.1038/ncomms6304
http://dx.doi.org/10.1039/c6cc07813c
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1038/nnano.2008.199
http://dx.doi.org/10.1038/nnano.2008.199
http://dx.doi.org/10.1126/science.1157996
http://dx.doi.org/10.1126/science.1157996


7. REFERENCES

47. Seol, J. H., Jo, I., Moore, A. L., Lindsay, L., Aitken, Z. H., Pettes, M. T., Li, X., Yao,
Z., Huang, R., Broido, D., Mingo, N., Ruoff, R. S. & Shi, L. Two-dimensional phonon
transport in supported graphene. Science 328, 213–216. issn: 1095-9203. doi:10.1126/
science.1184014 (2010).

48. Neugebauer, P., Orlita, M., Faugeras, C., Barra, A. L. & Potemski, M. How perfect
can graphene be? Physical Review Letters 103, 136403. issn: 0031-9007. doi:10.1103/
PhysRevLett.103.136403 (2009).

49. Novoselov, K. S., Geim, A. K., Morozov, S. V., Jiang, D., Zhang, Y., Dubonos, S. V.,
Grigorieva, I. V. & Firsov, A. A. Electric Field Effect in Atomically Thin Carbon Films.
Science 306, 666–669. issn: 1095-9203. doi:10.1126/science.1102896 (2004).

50. Warner, J. H., Mukai, M. & Kirkland, A. I. Atomic structure of ABC rhombohedral stacked
trilayer graphene. ACS Nano 6, 5680–5686. issn: 1936-0851. doi:10 . 1021 / nn3017926
(2012).

51. VanMil, B. L., Myers-Ward, R. L., Tedesco, J., Eddy Jr., C. R., Jernigan, G. G., Culbertson,
J. C., Campbell, P. M., McCrate, J., Kitt, S. & Gaskill, D. K. Graphene Formation on SiC
Substrates. Materials Science Forum 615-617, 211–214. issn: 1662-9752. doi:10.4028/
www.scientific.net/MSF.615-617.211 (2009).

52. Coleman, J. N., Lotya, M., O’Neill, A., Bergin, S. D., King, P. J., Khan, U., Young, K.,
Gaucher, A., De, S., Smith, R. J., Shvets, I. V., Arora, S. K., Stanton, G., Kim, H. Y., Lee,
K., Kim, G. T., Duesberg, G. S., Hallam, T., Boland, J. J., Wang, J. J., Donegan, J. F.,
Grunlan, J. C., Moriarty, G., Shmeliov, A., Nicholls, R. J., Perkins, J. M., Grieveson, E. M.,
Theuwissen, K., McComb, D. W., Nellist, P. D. & Nicolosi, V. Two-dimensional nanosheets
produced by liquid exfoliation of layered materials. Science 331, 568–571. issn: 0036-8075.
doi:10.1126/science.1194975 (2011).

53. Wajid, A. S., Das, S., Irin, F., Ahmed, H. S., Shelburne, J. L., Parviz, D., Fullerton, R. J.,
Jankowski, A. F., Hedden, R. C. & Green, M. J. Polymer-stabilized graphene dispersions
at high concentrations in organic solvents for composite production. Carbon 50, 526–534.
issn: 0008-6223. doi:10.1016/j.carbon.2011.09.008 (2012).

54. Paton, K. R., Varrla, E., Backes, C., Smith, R. J., Khan, U., O’Neill, A., Boland, C., Lotya,
M., Istrate, O. M., King, P., Higgins, T., Barwich, S., May, P., Puczkarski, P., Ahmed,
I., Moebius, M., Pettersson, H., Long, E., Coelho, J., O’Brien, S. E., McGuire, E. K.,
Sanchez, B. M., Duesberg, G. S., McEvoy, N., Pennycook, T. J., Downing, C., Crossley,
A., Nicolosi, V. & Coleman, J. N. Scalable production of large quantities of defect-free
few-layer graphene by shear exfoliation in liquids. Nature Materials 13, 624–630. issn:
1476-4660. doi:10.1038/nmat3944 (2014).

55. Vadukumpully, S., Paul, J. & Valiyaveettil, S. Cationic surfactant mediated exfoliation of
graphite into graphene flakes. Carbon 47, 3288–3294. issn: 0008-6223. doi:10.1016/j.
carbon.2009.07.049 (2009).

56. Hong, J., Bekyarova, E., De Heer, W. A., Haddon, R. C. & Khizroev, S. Chemically en-
gineered graphene-based 2d organic molecular magnet. ACS Nano 7, 10011–10022. issn:
1936-0851. doi:10.1021/nn403939r (2013).

57. Zhuang, X., Tian, C., Luan, F., Wu, X. & Chen, L. One-step electrochemical fabrication of
a nickel oxide nanoparticle/polyaniline nanowire/graphene oxide hybrid on a glassy carbon
electrode for use as a non-enzymatic glucose biosensor. RSC Advances 6, 92541–92546.
issn: 2046-2069. doi:10.1039/c6ra14970g (2016).

58. Ricciardulli, A. G., Yang, S., Wetzelaer, G.-J. J. A., Feng, X. & Blom, P. W. Hybrid Silver
Nanowire and Graphene-Based Solution-Processed Transparent Electrode for Organic Op-
toelectronics. Advanced Functional Materials 28, 1706010. issn: 1616-3028. doi:10.1002/
adfm.201706010 (2018).

40

http://dx.doi.org/10.1126/science.1184014
http://dx.doi.org/10.1126/science.1184014
http://dx.doi.org/10.1103/PhysRevLett.103.136403
http://dx.doi.org/10.1103/PhysRevLett.103.136403
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1021/nn3017926
http://dx.doi.org/10.4028/www.scientific.net/MSF.615-617.211
http://dx.doi.org/10.4028/www.scientific.net/MSF.615-617.211
http://dx.doi.org/10.1126/science.1194975
http://dx.doi.org/10.1016/j.carbon.2011.09.008
http://dx.doi.org/10.1038/nmat3944
http://dx.doi.org/10.1016/j.carbon.2009.07.049
http://dx.doi.org/10.1016/j.carbon.2009.07.049
http://dx.doi.org/10.1021/nn403939r
http://dx.doi.org/10.1039/c6ra14970g
http://dx.doi.org/10.1002/adfm.201706010
http://dx.doi.org/10.1002/adfm.201706010


59. Kim, T.-H., Lee, D. & Choi, J.-W. Live cell biosensing platforms using graphene-based
hybrid nanomaterials. Biosensors and Bioelectronics 94, 485–499. issn: 0956-5663. doi:10.
1016/j.bios.2017.03.032 (2017).

60. Zor, E., Morales-Narváez, E., Alpaydin, S., Bingol, H., Ersoz, M. & Merkoçi, A. Graphene-
based hybrid for enantioselective sensing applications. Biosensors and Bioelectronics 87,
410–416. issn: 1873-4235. doi:10.1016/j.bios.2016.08.074 (2017).

61. Wang, X., Yu, S., Liu, W., Fu, L., Wang, Y., Li, J. & Chen, L. Molecular Imprinting
Based Hybrid Ratiometric Fluorescence Sensor for the Visual Determination of Bovine
Hemoglobin. ACS Sensors 3, 378–385. issn: 2379-3694. doi:10.1021/acssensors.7b00804
(2018).

62. Ciesielski, A. & Samorì, P. Supramolecular Approaches to Graphene: From Self-Assembly
to Molecule-Assisted Liquid-Phase Exfoliation. Advanced Materials, 6030–6051. issn: 1521-
4095. doi:10.1002/adma.201505371 (2016).

63. Le Ferrand, H., Bolisetty, S., Demirörs, A. F., Libanori, R., Studart, A. R. & Mezzenga, R.
Magnetic assembly of transparent and conducting graphene-based functional composites.
Nature Communications 7. issn: 2041-1723. doi:10.1038/ncomms12078 (2016).

64. Qin, S., Chen, X., Du, Q., Nie, Z., Wang, X., Lu, H., Wang, X., Liu, K., Xu, Y., Shi, Y.,
Zhang, R. & Wang, F. Sensitive and Robust Ultraviolet Photodetector Array Based on
Self-Assembled Graphene/C 60 Hybrid Films. ACS Applied Materials and Interfaces 10,
38326–38333. issn: 1944-8252. doi:10.1021/acsami.8b11596 (2018).

65. Ciccullo, F., Glaser, M., Sättele, M. S., Lenz, S., Neugebauer, P., Rechkemmer, Y., Van
Slageren, J. & Casu, M. B. Thin film properties and stability of a potential molecular
quantum bit based on copper(ii). Journal of Materials Chemistry C 6, 8028–8034. issn:
2050-7526. doi:10.1039/c8tc02610f (2018).

66. Ma, B. Q., Gao, S., Wang, Z. M., Liao, C. S., Yan, C. H. & Xu, G. X. Synthesis and
structure of bis(dibenzoylmethane) copper(II). Journal of Chemical Crystallography 29,
793–796. issn: 1074-1542. doi:10.1023/A:1009543703278 (1999).

67. Hernandez, Y., Nicolosi, V., Lotya, M., Blighe, F. M., Sun, Z., De, S., McGovern, I. T., Hol-
land, B., Byrne, M., Gun’ko, Y. K., Boland, J. J., Niraj, P., Duesberg, G., Krishnamurthy,
S., Goodhue, R., Hutchison, J., Scardaci, V., Ferrari, A. C. & Coleman, J. N. High-yield
production of graphene by liquid-phase exfoliation of graphite. Nature Nanotechnology 3,
563–568. issn: 1748-3387. doi:10.1038/nnano.2008.215 (2008).

68. Spizzirri, P. G., Fang, J. H., Rubanov, S., Gauja, E. & Prawer, S. Nano-Raman spectroscopy
of silicon surfaces. Materials Forum 34, 161–166. issn: 0883-2900. doi:1002.2692. arXiv:
1002.2692 (2008).

69. Mankad, V., Gupta, S. K., Jha, P. K., Ovsyuk, N. N. & Kachurin, G. A. Low-frequency
Raman scattering from Si/Ge nanocrystals in different matrixes caused by acoustic phonon
quantization. Journal of Applied Physics 112. issn: 0021-8979. doi:10.1063/1.4747933
(2012).

70. Ferrari, A. C. Raman spectroscopy of graphene and graphite: Disorder, electron-phonon
coupling, doping and nonadiabatic effects. Solid State Communications 143, 47–57. issn:
0038-1098. doi:10.1016/j.ssc.2007.03.052 (2007).

71. Malard, L. M., Pimenta, M. A., Dresselhaus, G. & Dresselhaus, M. S. Raman spectroscopy
in graphene. Physics Reports 473, 51–87. issn: 0370-1573. doi:10.1016/j.physrep.2009.
02.003 (2009).

41

http://dx.doi.org/10.1016/j.bios.2017.03.032
http://dx.doi.org/10.1016/j.bios.2017.03.032
http://dx.doi.org/10.1016/j.bios.2016.08.074
http://dx.doi.org/10.1021/acssensors.7b00804
http://dx.doi.org/10.1002/adma.201505371
http://dx.doi.org/10.1038/ncomms12078
http://dx.doi.org/10.1021/acsami.8b11596
http://dx.doi.org/10.1039/c8tc02610f
http://dx.doi.org/10.1023/A:1009543703278
http://dx.doi.org/10.1038/nnano.2008.215
http://dx.doi.org/1002.2692
https://arxiv.org/abs/1002.2692
http://dx.doi.org/10.1063/1.4747933
http://dx.doi.org/10.1016/j.ssc.2007.03.052
http://dx.doi.org/10.1016/j.physrep.2009.02.003
http://dx.doi.org/10.1016/j.physrep.2009.02.003


7. REFERENCES

72. Nekoei, A. R., Vakili, M., Hakimi-Tabar, M., Tayyari, S. F., Afzali, R. & Kjaergaard, H. G.
Theoretical study, and infrared and Raman spectra of copper(II) chelated complex with
dibenzoylmethane. Spectrochimica Acta - Part A: Molecular and Biomolecular Spectroscopy
128, 272–279. issn: 1386-1425. doi:10.1016/j.saa.2014.02.097 (2014).

73. Tayyari, S. F., Rahemi, H., Nekoei, A. R., Zahedi-Tabrizi, M. & Wang, Y. A. Vibrational as-
signment and structure of dibenzoylmethane. A density functional theoretical study. Spec-
trochimica Acta - Part A: Molecular and Biomolecular Spectroscopy 66, 394–404. issn:
1386-1425. doi:10.1016/j.saa.2006.03.010 (2007).

74. Shirley, D. A. High-resolution x-ray photoemission spectrum of the valence bands of gold.
Physical Review B 5, 4709–4714. issn: 0163-1829. doi:10.1103/PhysRevB.5.4709 (1972).

75. Savu, S. A., Casu, M. B., Schundelmeier, S., Abb, S., Tönshoff, C., Bettinger, H. F. &
Chassé, T. Nanoscale assembly, morphology and screening effects in nanorods of newly
synthesized substituted pentacenes. RSC Advances 2, 5112–5118. issn: 2046-2069. doi:10.
1039/c2ra20168b (2012).

76. Savu, S. A., Biswas, I., Sorace, L., Mannini, M., Rovai, D., Caneschi, A., Chassé, T. & Casu,
M. B. Nanoscale assembly of paramagnetic organic radicals on Au(111) single crystals.
Chemistry - A European Journal 19, 3445–3450. issn: 0947-6539. doi:10 . 1002 / chem .
201203247 (2013).

77. Ishii, H., Sugiyama, K., Ito, E. & Seki, K. Energy level alignment and interfacial electronic
structures at organic/metal and organic/organic interfaces. Advanced materials 11, 605–
625. issn: 0935-9648. doi:10.1002/(SICI)1521-4095(199906)11:8<605::AID-ADMA605>
3.0.CO;2-Q (1999).

78. Sjögren, B., Svensson, S., Naves De Brito, A., Correia, N., Keane, M. P., Enkvist, C.
& Lunell, S. The C1s core shake-up spectra of alkene molecules: An experimental and
theoretical study. The Journal of Chemical Physics 96, 6389–6398. issn: 0021-9606. doi:10.
1063/1.462633 (1992).

79. Ghijsen, J., Tjeng, L. H., van Elp, J., Eskes, H., Westerink, J., Sawatzky, G. A. & Czyzyk,
M. T. Electronic structure of Cu2O and CuO. Physical Review B 38, 11322–11330. issn:
0163-1829. doi:10.1103/PhysRevB.38.11322 (1988).

80. Chawla, S. K., Sankarraman, N. & Payer, J. H. Diagnostic spectra for XPS analysis of
CuOSH compounds. Journal of Electron Spectroscopy and Related Phenomena 61, 1–18.
issn: 0368-2048. doi:10.1016/0368-2048(92)80047-C (1992).

81. Yin, M., Wu, C.-K., Lou, Y., Burda, C., Koberstein, J. T., Zhu, Y. & O’Brien, S. Copper
Oxide Nanocrystals. Journal of the American Chemical Society 127, 9506–9511. issn: 0002-
7863. doi:10.1021/ja050006u (2005).

82. Barreca, D., Fois, E., Gasparotto, A., Seraglia, R., Tondello, E. & Tabacchi, G. How
Does CuII Convert into CuI? An Unexpected Ring-Mediated Single-Electron Reduction.
Chemistry - A European Journal 17, 10864–10870. issn: 0947-6539. doi:10.1002/chem.
201101551 (2011).

83. Glaser, M., Ciccullo, F., Giangrisostomi, E., Ovsyannikov, R., Calzolari, A. & Casu, M. B.
Doping and oxidation effects under ambient conditions in copper surfaces: a “real-life” CuBe
surface. Journal of Materials Chemistry C 6, 2769–2777. issn: 2050-7526. doi:10.1039/
C7TC04983H (2018).

84. Stoll, S. & Schweiger, A. EasySpin, a comprehensive software package for spectral simu-
lation and analysis in EPR. Journal of Magnetic Resonance 178, 42–55. issn: 1090-7807.
doi:10.1016/j.jmr.2005.08.013 (2006).

42

http://dx.doi.org/10.1016/j.saa.2014.02.097
http://dx.doi.org/10.1016/j.saa.2006.03.010
http://dx.doi.org/10.1103/PhysRevB.5.4709
http://dx.doi.org/10.1039/c2ra20168b
http://dx.doi.org/10.1039/c2ra20168b
http://dx.doi.org/10.1002/chem.201203247
http://dx.doi.org/10.1002/chem.201203247
http://dx.doi.org/10.1002/(SICI)1521-4095(199906)11:8<605::AID-ADMA605>3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-4095(199906)11:8<605::AID-ADMA605>3.0.CO;2-Q
http://dx.doi.org/10.1063/1.462633
http://dx.doi.org/10.1063/1.462633
http://dx.doi.org/10.1103/PhysRevB.38.11322
http://dx.doi.org/10.1016/0368-2048(92)80047-C
http://dx.doi.org/10.1021/ja050006u
http://dx.doi.org/10.1002/chem.201101551
http://dx.doi.org/10.1002/chem.201101551
http://dx.doi.org/10.1039/C7TC04983H
http://dx.doi.org/10.1039/C7TC04983H
http://dx.doi.org/10.1016/j.jmr.2005.08.013


85. David, L., Crăciun, C., Cozar, O., Chiş, V., Agut, C., Rusu, D. & Rusu, M. Spectroscopic
studies of some oxygen-bonded copper(II) β-diketonate complexes. Journal of Molecular
Structure 563-564, 573–578. issn: 0022-2860. doi:10.1016/S0022- 2860(00)00941- 8
(2001).

86. Bak, M. & Nielsen, N. C. Repulsion, A Novel Approach to Efficient Powder Averaging in
Solid-State NMR. Journal of Magnetic Resonance 125, 132–139. issn: 1090-7807. doi:10.
1006/jmre.1996.1087 (1997).

87. Von Zelewsky, A. & Fierz, H. Electron spin resonance of copper bis(dibenzoylmethane).
Superhyperfine anomalies. Inorganic Chemistry 10, 1556–1557. issn: 0020-1669. doi:10.
1021/ic50101a060 (1971).

88. Belford, R. L. & Davis, P. H. Anomalous structure in electron paramagnetic resonance
spectra of polycrystalline copper complexes. Inorganic Chemistry 10, 1557–1558. issn:
0020-1669. doi:10.1021/ic50101a061 (1971).

43

http://dx.doi.org/10.1016/S0022-2860(00)00941-8
http://dx.doi.org/10.1006/jmre.1996.1087
http://dx.doi.org/10.1006/jmre.1996.1087
http://dx.doi.org/10.1021/ic50101a060
http://dx.doi.org/10.1021/ic50101a060
http://dx.doi.org/10.1021/ic50101a061


7. REFERENCES

44



8. Author publications and outputs

Publications

1. J. Hrubý, Š. Vavrečková, L. Masaryk, A. Sojka, J. Navarro-Giraldo, M. Bartoš, R. Herchel,
J. Moncol, I. Nemec and P. Neugebauer: Deposition of Tetracoordinate Co(II) Complex
with Chalcone Ligands on Graphene, Molecules, 25, 5021 (2020).

2. J. Hrubý, D. Dvořák, L. Squillantini, M. Mannini, J. van Slageren, R. Herchel, I.
Nemec, and P. Neugebauer: Co(II)-Based single-ion magnets with 1,1�-ferrocenediyl-
bis(diphenylphosphine) metalloligands, Dalton Trans., 49, 11697-11707 (2020).

3. L. A. Gonzaga, V. T. Santana, M. I. B. Bernardi, J. Hrubý, P. Neugebauer and A.
Mesquita: CeO2 and CeO2:Pr nanocrystalline powders prepared by the polymeric precur-
sor method: Yellow and red pigments with tunable color, J. Am. Ceram. Soc., 103,
6280–6288 (2020).

4. L. St. Marie, A. E. Fatimy, J. Hrubý, I. Nemec, J. Hunt, R. Myers-Ward, D. K. Gaskill, M.
Kruskopf, Y. Yang, R. Elmquist, R. Marx, J. van Slageren, P. Neugebauer and P. Barbara:
Nanostructured graphene for nanoscale electron paramagnetic resonance spectroscopy, J.
Phys. Mater., 3, 014013 (2020).

5. J. Hrubý, V. T. Santana, D. Kostiuk, M. Bouček, S. Lenz, M. Kern, P. Šiffalovič, J.
van Slageren and P. Neugebauer: A graphene-based hybrid material with quantum bits
prepared by the double Langmuir–Schaefer method, RSC Adv., 9, 24066-24073 (2019).

6. S. Realista, A. J. Fitzpatrick, G. Santos, L. Ferreira, S. Barroso, L. Pereira, N. Bandeira, P.
Neugebauer, J. Hrubý, G. G. Morgan, J. van Slageren, M. J. Calhorda and P. Martinho:
A Mn(III) single ion magnet with tridentate Schiff-base ligands, Dalton Trans., 45, 12301-
12307 (2016).

Conferences
1. 09/2021 – 42nd FGMR Annual Discussion Meeting (online) – Oral contribution

2. 09/2021 – CEITEC PhD 2021 (online) – Flash talk contribution

3. 04/2021 – 54th Annual ESR Spectroscopy Group of the Royal Society of Chemistry (online)
– Poster contribution

4. 03/2021 – 2nd International Workshop on Plasmon Enhanced Terahertz Electron Param-
agnetic Resonance (online)

5. 11/2019 – 8th EFEPR School (Brno, Czech Republic) – Organisation and Poster contri-
bution

6. 09/2019 – XIth EFEPR Conference (Bratislava, Slovakia) – Poster contribution

45

https://www.mdpi.com/1420-3049/25/21/5021/htm
https://pubs.rsc.org/en/content/articlelanding/2020/dt/d0dt01512a#!divAbstract
https://ceramics.onlinelibrary.wiley.com/doi/10.1111/jace.17339
https://ceramics.onlinelibrary.wiley.com/doi/10.1111/jace.17339
https://iopscience.iop.org/article/10.1088/2515-7639/ab6af8
https://iopscience.iop.org/article/10.1088/2515-7639/ab6af8
https://pubs.rsc.org/en/content/articlelanding/2019/RA/C9RA04537F#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/DT/C6DT02538B#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2016/DT/C6DT02538B#!divAbstract


8. AUTHOR PUBLICATIONS AND OUTPUTS

7. 06/2019 – CEITEC Joint Retreat 2019 (Kouty, Czech Republic) – Poster contribution

8. 04/2019 – 52nd Annual ESR Spectroscopy Group of the Royal Society of Chemistry (Glas-
gow, Scotland) – Poster contribution

9. 10/2018 – PETER Summer School (Brno, Czech Republic) – Poster contribution

10. 09/2018 – V School for young scientists on Magnetic Resonance (Roshschino, Saint Peters-
burg, Russia) – Poster and Oral contribution

11. 07/2018 – International Conference on Nanoscience + Technology (ICN+T) (Brno, Czech
Republic) – Poster contribution

12. 04/2018 – CEITEC PhD & Postdoc Retreat (Telč, Czech Republic) – Oral contribution

13. 06/2017 – IUVSTA International Summer School on Physics at Nanoscale (Devět Skal,
Czech Republic) – Poster contribution

14. 05/2017 – 10th ESMolNa and 5th Workshop on 2D Materials (El Escorial, Madrid, Spain)
– Oral contribution

Supervision

• Bc. Šárka Vavrečková – graduated in 2020, thesis topic: Deposition of molecular magnets
on ”2D” materials

• Bc. Martin Bouček – graduated in 2019, thesis topic: Study of behaviour of paramagnetic
molecules on surfaces

• Mr. Filip Janko – CEITEC student talent programme, project topic: Development of
online framework for data processing

Meeting abstracts
• 03/2021 – L. St. Marie, L. Havlíček, J. Hrubý, D. Henry, A. Sojka, J. Navarro, R. Myers-

Ward, A. El Fatimy, A. Liu, D. K. Gaskill, I. Nemec, P. Neugebauer and P. Barbara:
Spectroscopy of Mn12 with modified ligands on graphene bolometers – Bulletin of the
American Physical Society

• 03/2020 – L. St. Marie, A. El Fatimy, J. Hrubý, I. Nemec, J. Hunt, R. Myers-Ward, D.
K. Gaskill, M. Kruskopf, Y. Yang, R. Elmquist, R. Marx, J. van Slageren, P. Neugebauer
and Paola Barbara: Graphene quantum dot bolometers for high frequency EPR of single
molecule magnets – Bulletin of the American Physical Society

• 03/2019 – L. St. Marie, J. Hrubý, J. Hunt, P. Neugebauer, I. Nemec, A. El Fatimy,
R. Myers-Ward, D. K. Gaskill, M. Kruskopf, Y. Yang, R. Elmquist and P. Barbara: De-
position of single-molecule magnets on graphene quantum dots – APS March Meeting
Abstracts

• 03/2018 – A. El Fatimy, P. Neugebauer, L. St. Marie, J. Hrubý, B. Don Kong, A. Boyd,
R. Myers-Ward, I. Nemec, K. Daniels, A. Nath, D. Bloos, J. van Slageren, D. K. Gaskill
and Paola Barbara: Spectroscopy of single-molecule magnets using graphene quantum
dots – APS March Meeting Abstracts

46


	Contents
	Introduction
	Aims of thesis
	Theoretical background
	Electron spin and statistical physics
	Magnetic moments
	Spin Hamiltonian
	Quantum bits

	Methods
	Thin film preparation
	Langmuir–Blodgett deposition

	Characterisation techniques
	HF-ESR spectroscopy


	Results obtained
	A graphene-based hybrid material with quantum bits prepared by the double Langmuir–Schaefer method

	Conclusions
	References
	Author publications and outputs

