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Chapter 1

Introduction and Motivation

I think nature’s imagination is so much
greater than man’s, she’s never going to let
us relax.

Richard Feynman

The purpose of the present thesis is to present new results on novel carbonaceous materials,
such as the Li4C60 superionic fulleride, potassium-doped single-walled carbon nanotubes, few-
layer graphene and its intercalated derivatives (Li, Na, and K) and graphite. Before jumping
into the details allow me to briefly introduce the materials and motivate the reader.

Working of the modern society is based on the exploitation of novel technologies. The tech-
nologies were enabled by fundamental and application-oriented research in material sciences.
A well-known example is that advances in manufacturing silicon with impurities below the ppb
(parts per billion) concentration enabled the modern semiconductor industry, which in turn led
to the advent of consumer devices. Besides, understanding fundamental phenomena in solids
(including e.g. the dynamics of electron charge and spin) not only broadened our view but lead
to many important applications such as e.g. in the field of superconductivity.

Albeit an old material (graphite has been known since antiquity), carbon still holds surprises
due to the rich variety of allotropes which are enabled by the uniquely flexible bonding prop-
erties of carbon. This is not only the basis of life but also the basis for a variety of compelling
solid-state systems, which are the subject of the present thesis.

Variations to carbon The advent of low dimensional materials and their physics was started
with the discovery of the "0D" allotrope of carbon, the C60 fullerene in 1985 by Kroto and
his colleagues [1]. The discovery of a novel carbon allotrope, which is not present naturally
on Earth, gained enormous scientific attraction. A single molecule, made up of 60 atoms of
the same kind is not just interesting on paper, but also resulted in further scientific advances.
It turned out that these big molecules not just form a solid crystal, but are also able to form
polymeric bonds. Adding alkali atoms to the formula, it resulted in metallic and even super-
conducting materials, like Rb3C60 [2]. The most prominent application for nowadays is the
possibility to fabricate a spin qubit made up of only a single molecule [3].

The next breakthrough came in 1991 with multi-walled carbon nanotubes [4]. Just within 2
years, researchers managed to synthesize single-walled carbon nanotubes [5, 6]. The physical
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6 1. INTRODUCTION AND MOTIVATION

properties of this material reflect a truly one-dimensional behavior, as verified by the band
structure [7, 8], the presence of Van Hove singularities in the optical spectrum [9], the presence
of quantized ballistic transport [10–13] and Luttinger phase [14]. Also, highly anisotropic heat
conductivity is another important feature to be mentioned [15]. The most promising applications
of nanotubes are gas sensing [16], flexible electronics [17, 18], energy storage [19–21], and
many others, like car parts out of carbon fiber composites.

The next step to advance a dimension further to 2D was demonstrated by Geim and
Novoselov in 2004 [22] with the discovery of graphene. Although graphene had long been
theorized prior to this discovery and it was considered as a theoretical auxiliary tool to describe
the properties of graphite and nanotubes, the existence of graphite was seemingly ruled impos-
sible by the Mermin–Wagner theorem [23]. The planar honeycomb lattice of carbon atoms is
just as exciting as the one mentioned above. The presence of massless Dirac fermions in the
vicinity of the Dirac cones [24] and room temperature quantum Hall effect [25] are only two of
the many interesting physical phenomena in graphene. Recently, the topological behavior and
superconductivity of bilayer graphene twisted in a magic angle, which also attracted the eyes
[26–28]. The wide range of applications stem from spintronics [29–40] and quantum comput-
ing [41, 42] through energy storage [43–45], energy harvesting [46, 47] and gas sensing [48] all
the way to flexible displays [49, 50], and light emitting devices [51]. Moreover, a recent study
shows that graphene might find applications also in waste reprocessing [52].

Unfortunately, the third dimension does not fit into the historical timeline, as graphite has
been around "since the Greeks". Even though everybody thinks that graphite is well under-
stood, it still holds several surprises. One example is the anomalous anisotropy and temperature
dependence of the g-factor and spin-relaxation times, which cannot be interpreted with the con-
ventional Elliott–Yafet [53, 54] theory. Applications of graphite are everywhere from pencils
to neutron moderator materials in nuclear power plants [55] (unfortunately widely infamous
for the Chernobyl power plant accident in 1986). From the solid-state physics point of view,
probably energy storage is the best-known application [56, 57]. Regrettably, the discussion of
graphite related topics are beyond the scope of the present thesis.

Furthermore, all the mentioned materials had and have a huge impact on organic chemistry.
Modification, intercalation, and functionalization of the low-dimensional carbon allotropes are
of special interest. Among the many possibilities, intercalation with lithium and sodium is of
special importance, as the current need for lithium-based energy storage has skyrocketed in re-
cent years. Moreover, the emergence of sodium-based batteries to replace current technologies
is promising [58–65].

Spintronics, quantum computing or where is IT going? As we are closing on to the end
of the famous Moore’s law more and more, researchers and engineers turned from classical
Turing–von Neumann computers to spintronics and quantum computers. In all of the new ar-
chitectures, the spin degree of freedom is used instead of the charge to manipulate the states of
a bit. The reason is, while the momentum of an electron is conserved between two collisions
for about τ ∼ 10−12 seconds only, the much weaker interactions of spins with their neighbor-
hood yields τs ∼ 10−8 seconds even if conditions are far from ideal. A simple calculation in
a diffusive model results in a diffusion length of about 100 µm, which is enough to fabricate a
spintronics chip. In spintronics, the computational basis is a classical boolean, where a bit can
either have a state 0 or 1, but the spin transistors ("SFETs") operate with the manipulation of

https://www.bmwgroup-plants.com/en/produktion/bmw-i.html
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC113360/kjna29440enn.pdf
https://publications.jrc.ec.europa.eu/repository/bitstream/JRC113360/kjna29440enn.pdf


1. INTRODUCTION AND MOTIVATION 7

spins and the resulting current depends on the spin orientation. The concept is somewhat similar
to how a modern hard disk is operating with the use of giant magnetic resistance (GMR); the
concept of SFET can be found in Refs. [66, 67]. In contrast, in quantum computing the super-
position of the states is also allowed: |ψ〉= α |0〉+β |1〉, where |α|2 + |β |2 = 1 and α,β ∈ C.
The new architecture requires new operations and new materials to be functional. As of 2020,
we can say that we are at the beginning of the quantum era since Google managed to achieve
quantum supremacy in the recent past with a 53 qubit chip [68].

Open questions in the field Several open questions in the field motivated the present research.
The alkali atom intercalation of carbon could be further explored, such as, what is the nature
of charge dynamics on the Li4C60 superionic conductor? What is the origin of the electronic
contribution? Is it possible to exfoliate graphene on a large scale with acceptable quality? Is
it possible to intercalate the exfoliated graphene with alkali atoms? What are the properties of
the resulted materials? Can Raman spectroscopy combined with potassium intercalation reveal
the maximum number of layers present in the material? Is the spin-relaxation time sufficient
in these materials to be used in spintronics? What is the position of the Fermi energy in these
materials?

Contents of the thesis The structure of the thesis is as follows: first, the geometric construc-
tion, the band structure, and the vibrational properties of fullerenes, graphene, graphite, and
single-walled carbon nanotubes are revised. Later, the behavior of a spin system in a finite
magnetic field, the spin-orbit interaction, the Elliott–Yafet theory are described. Chapter 2 is
concluded with the phenomenological theory of the behavior of electrons in a microwave field.

Chapter 3 deals with the sample synthesis and the applied experimental methods. The
preparative methods of starting materials and different intercalation techniques: conventional
two-zone vapor-phase intercalation and doping in liquid ammonia are described in the first part.
Here, the improvement of the liquid ammonia-based alkali doping is also described in detail.
This is followed by the theory and experimental realization of Raman spectroscopy. Conven-
tional X-band and high-frequency electron spin resonance (ESR) spectroscopy are described
thereafter. The chapter ends with the presentation of microwave conductivity measurements,
both theoretical considerations and experimental methods are expounded.

The novel results of my work are presented in Chapters 4 to 8. The superionic Li4C60 was
probed by infrared spectroscopy, HF-ESR, and microwave conductivity. The latter two methods
were performed in a broad temperature range, covering both the polymeric and the monomeric
phases. We conclude the lowered symmetry in the intercalated material and the presence of
both ionic and electronic conductivities. The material is known to be a bad conductor in the
polymer phase, the conductivity below 125 K is dominated by the small amount of tunneling
electronic defects, whose presence is confirmed by HF-ESR and conductivity measurements.
The reversible breaking of polymeric bonds is also observed.

In Chapter 5, potassium-doped singe-walled carbon nanotubes are investigated. The ma-
terial is characterized by Raman spectroscopy, where a significant charge transfer is observed
for both the samples prepared by the vapor-phase intercalation method and the liquid ammonia
alkali doping technique. Compared to previous results, we find that only partial intercalation
can be achieved in the vapor phase while doping in liquid ammonia is more complete as the
spectrum is dominated by a broad Fano mode. In ESR, the emergence of a new, Dysonian peak
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is observed as a result of the presence of conducting electrons and a transition to a Fermi liq-
uid. The temperature dependence of the susceptibility, ESR linewidth, and resistivity confirms
the metallicity of the material. The density of states is extracted from the spin susceptibility,
and using a tight-binding model, the shift of the Fermi energy is estimated. We prove that a
bundle of intercalated nanotubes has a stoichiometry of KC7 and is a good model system of
biased graphene. At the end of the chapter, an in situ microwave conductivity measurement is
presented, where the resistivity change of the material is followed and a transition from semi-
conducting to a metallic phase is noted.

Properties of few-layer graphene (FLG) prepared by liquid-phase exfoliation are explored
in Chapter 6. The material is characterized by atomic force microscopy, Raman spectroscopy,
and microwave conductivity. The effect of mechanical post-processing is also examined. AFM
analysis shows that the prepared material is a mixture of mono- and few-layer graphene flakes.
We find that 90% of the samples consists of 5 layers or less. Raman and ESR spectroscopy
revealed that ultrasound treatment results in better quality than shear mixing and stirring of the
exfoliated material.

Following the results of the previous chapter, the change of the vibrational properties is
studied in in situ potassium intercalation experiments. The emergence of a so-called Cz mode
suggests the forming of an ordered potassium lattice; the G vibrational modes of the graphene
is transformed to a Breit–Wigner–Fano (BWF) mode in the final intercalation step. The pres-
ence of both Raman modes proves successful intercalation and the transfer of electrons to the
hexagonal lattice. Analyzing the G and 2D modes in the intermediate steps, we were able to
propose a scheme of how the material is intercalated and suggest a protocol to characterize a
sample using only Raman spectroscopy and potassium intercalation.

Finally, the FLG was also probed with lithium and sodium intercalation in liquid ammonia.
The color change of the material and the changes in the Raman spectrum indicate successful
intercalation with both alkali metals. We argue based on thermodynamic considerations that in
the sodium system only the monolayer flakes get intercalated, as graphite does not form highly
intercalated compounds with Na. ESR confirms the presence of new conducting electrons with
a finite density of states calculated from Pauli spin susceptibility. The shift of the Fermi energy
by 1 eV is also deduced from theoretical considerations. The most surprising observation is the
long spin-relaxation times of the order of 10 nanoseconds for both materials, which is adequate
for spintronic applications. These results are collected in Chapter 8.

The results of the thesis are summarized in Chapter 9 along with the listing of the thesis
points.



Chapter 2

Theoretical Background

All science is either physics or stamp
collecting.

Ernest Rutherford

This chapter summarizes the required theoretical background to understand the forthcom-
ing chapters. First, the physical properties of the low dimensional carbonaceous materials are
presented. Namely, those of fullerenes, fullerides, graphene, graphite, and single-walled carbon
nanotubes are on the menu. Later, the physics of a spin placed in a finite magnetic field is dis-
cussed. The derivation of Bloch equations and its interpretation is followed by the investigation
of Curie and Pauli susceptibilities. The subsection is concluded with the Dysonian line shape.
Afterwards, the microscopic origin of spin relaxation is discussed in metallic materials with
inversion symmetry: the spin-orbit coupling and the Elliott–Yafet theory is presented. At the
end of the chapter, the behavior of the electron in a finite microwave field is discussed.

2.1 The zoo of low dimensional materials

2.1.1 Fullerides
The era of low dimensional materials started with the discovery of the C60 fullerene

molecule in 1985 [1]. The material was the third stable allotrope of carbon, after diamond and
graphite. Furthermore, it has Ih icosahedral symmetry, which is the highest possible symmetry
among point groups. The investigation of fullerenes became widespread after the synthesis of
Krätschmer et al. in 1990 [69], which made macroscopic amounts of fullerenes in a crystal,
referred to as fullerite, readily available. The pure FCC (face-centered cubic) C60 crystal is an
insulator with a band gap of about 1.5 eV, however, as it turned out the material can be inter-
calated with alkali metal atoms and the resulting material is often metallic [70]. Moreover, in
certain cases superconductivity is also observed [71]. As it turned out, only phases with inte-
ger alkali stoichiometry are stable [72]: AnC60 with n = 1,2,3,4,6. The A6C60 materials are
band insulators, as the conduction band is completely filled. Superconductivity is only present
in fullerides with A3C60 stoichiometry. Alkali intercalation is not the only way to modify the
structure of fullerenes, with pressure or light, polymerization is also possible [73, 74]. Even
though there are more types of fullerenes, e.g. C70, C82, etc., here we restrict ourselves to the

9



10 2.1.1. FULLERIDES

most common and most stable variant, C60.

Structure The 60 carbon atoms in the buckminsterfullerene, C60, are now known to be located
at the vertices of a truncated icosahedron, where all carbon sites are equivalent as presented in
Figure 2.1. The molecule has Ih icosahedral symmetry, which is the highest possible point
symmetry and has a crucial role in the vibrational properties and electronic levels. The average
distance between the neighboring carbon atoms is 1.42 Å, identically to graphite, however, the
presence of pentagons alters the bond lengths. The bonds on a pentagonal edge are 1.46 Å
long, while along the hexagonal edge they are only 1.40 Å long (measured by NMR) [72]. The
difference is due to the different electron configuration of the bond as the latter is a double bond.
The diameter of the molecule is d = 6.88 Å.

Figure 2.1: The structure of the
C60 molecule. The bonds dif-
fer on the edges of the pentagons
(a5 = 1.46 Å) and the hexagons
(a6 = 1.40 Å) [72].

3.1. Structure of C6o and Euler's Theorem 61 

Fig. 3.1. The C60 molecule showing 
single bonds (as) and double bonds (a6). 

bond length a 6 which is measured to be 1.40/~ by NMR and 1.391 A by 
neutron diffraction (see Fig. 3.1). Since the bond lengths in C60 are not 
exactly equal (i.e., a 5 -  a6 "~ 0.06 ]k), the vertices of the C60 molecule 
form a truncated icosahedron but, strictly speaking, not a regular truncated 
icosahedron. In many descriptions of C60, however, the small differences 
between the a5 and a 6 bonds are neglected and C60 is often called a regular 
truncated icosahedron in the literature. 

Since the bonding requirements of all the valence electrons in C60 are 
satisfied, it is expected that C60 has filled molecular levels. Because of the 
closed-shell properties of C60 (and also other fullerenes), the nominal s p  2 

bonding between adjacent carbon atoms occurs on a curved surface, in 
contrast to the case of graphite where the SF 2 trigonal bonds are truly 
planar. This curvature of the trigonal bonds in C60 leads to some admixture 
of sp 3 bonding, characteristic of tetrahedrally bonded diamond, but absent 
in graphite. 

Inspection of the C60 molecular structure [see Fig. 3.1] shows that every 
pentagon of C60 is surrounded by five hexagons; the pentagon, together with 
its five neighboring hexagons, has the form of the corannulene molecule 
[see Fig. 3.2(a)], where the curvature of the molecule is shown in Fig. 3.2(b). 
The double bonds in corannulene are in different positions relative to C60 
because the edge carbons in corannulene are bonded to hydrogen atoms. 
Another molecular subunit on the C60 molecule is the pyraclene (also called 
pyracylene) subunit [see Fig. 3.2(c)], which consists of two pentagons and 
two hexagons in the arrangement shown. Again, the double bonds differ 
between the subunit of C60 and the pyracylene molecule because of the edge 
hydrogens in the molecular pyracylene form. The pyracylene molecule is of 

The pentagons allow the structure to have a finite curvature, otherwise, it would be planar,
like graphite or graphene. Changing the pentagons to heptagons would result in the inversion of
the curvature, turning convex to concave. The number of pentagons is fixed by Euler’s theorem
for any connected polyhedra:

f + v = e+2, (2.1)

where f , v and e are the number of faces, vertices, and edges, respectively. Considering a
polyhedron formed by h hexagonal faces and p pentagonal faces we get

f = p+h, (2.2)
2e = 5p+6h, (2.3)
3v = 5p+6h. (2.4)

A simple substitution into Eq. (2.1) yields:

6( f + v− e) = p = 12. (2.5)

This means that in all kinds of fullerenes must have 12 pentagonal faces. The number of hexag-
onal faces is arbitrary. On the other hand, two adjacent pentagonal faces are energetically
unfavorable, this is the so-called isolated pentagon rule and thus fullerenes with less than 60
carbon atoms do not exist. The theoretically smallest fullerene would be C20 which consists of
12 pentagons only, but it has not been observed to date.
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In the solid-state, the C60 molecules form a molecular solid, where the C60 units are linked
with weaker van der Waals forces forming a face-centered cubic (FCC) system with a lattice
constant of 14.17 Å. The ordered system of fullerene molecules is referred to as the fullerite
crystal. At room temperature, the molecules are freely and rapidly rotating, which freezes out
in two phases. First, a ratcheting phase is formed at 261 K, where some rotational degrees of
freedom are still activated [75]. Below 50 K, the rotating motion of the balls is completely
frozen. The FCC structure has 4 octahedral and 8 tetrahedral voids in the cubic unit cell, where
alkali atoms can be accommodated in an intercalation process. The intercalated fullerit structure
is referred to as fullerides. Here, it might be worth mentioning, that some atoms can also be
placed inside the molecule, these materials are referred to as endohedral fullerenes.

Polymerization of fullerenes can be carried out with light excitation [73], electrons [76], or
by hydrostatic pressure [77, 78]. There is more than one possible type of polymers, but for us
only the one formed in a [2+ 2] cycloaddition reaction is important. The structure of such a
bond is presented in Figure 2.2.

212 7. Crystalline Structure of Fullerene Solids 

Fig. 7.20. Structure of a photodimerized C60 molecule (forming a dumbbell). The dimer 
structure shows a four-membered ring bridging adjacent fullerenes [7.12]. 

Phototransformation effects have also been observed in Brillouin scatter- 
ing studies carried out on a single crystal of C60 in the presence of oxygen. 
The use of sufficient intensity of 541.5 nm laser excitation from an argon 
ion laser to observe Brillouin scattering at room temperature produced an 
irreversible phototransformation effect which was identified with fullerene 
cage opening and the formation of a spongy material, which from the Bril- 
louin spectra was identified with an amorphous carbon or a carbon aerogel- 
like material (see w [7.14]. 

7.5.2. Electron Beam-Induced Polymerization of C60 

Electron beam-stimulated polymerization of C60 has been reported both 
for --~3 eV electrons from a scanning tunneling microscope (STM) tip at 
nanometer dimensions and for 1500 eV electrons from an electron gun 
on a larger spatial scale [7.135]. The STM-induced modifications to solid 
C60 were carried out both for monolayer coverage of C60 on a GaAs(l l0)  
substrate and for a 10-monolayer C60 film for 3 eV electron irradiation. 
Typical conditions used to induce polymerization in the C60 film were a 
flux of ,-, 1 • 108 electrons per second per C60 molecule [7.135]. The STM 
technique, operating at lower voltages (< 2 eV), was used to probe the ef- 
fect of the electron irradiation, which was carried out by repeated scanning 
(for approximately 30 min) of a small area of the image (e.g., 80 x 80 A 2) 
at a higher voltage (--~3 eV). The electron irradiation-induced modification 
to the solid C60 was identified as the appearance of a modified "speckled" 
region in the STM scan. Annealing to 470 K restored the original ordered 
surface, as it appeared prior to electron irradiation [7.135]. These results 

Figure 2.2: Structure of a C60 polymer
formed in a [2 + 2] cycloaddition reaction
(forming a dumbbell) [73].

Band structure and vibrational properties The bonding orbitals in molecular C60 show
hybridization of s and p bonds, but they are not sp2 hybridized as in graphite, due to the finite
curvature. The hybridization is between sp2 and sp3. The band structure of the crystalline C60
can be derived from the orbital model of the single molecule. Result of such a calculation is
presented in Figure 2.3.

The valence band is originated from the hu HOMO (highest occupied molecular orbit) or-
bital and the conduction band is from the t1u LUMO (lowest unoccupied molecular orbit) or-
bital. The band gap of the molecule is inherited to the crystalline material and has a value
of about Eg ≈ 1.5 eV in the X point of the Brillouin zone. The LUMO orbital can take up 6
electrons, hence upon alkali intercalation, the originating band is filled. As one molecule can
accommodate six extra electrons, AnC60 with n = 1,2,3,4,6 materials are stable. As expected,
the donated extra electrons make the materials metallic (except for the completely filled A6C60
stoichiometry) and the conductivity is increasing until the band is half-filled, i.e. until n = 3 is
reached. It is worth mentioning, that the A3C60 materials are superconductors.

Another interesting phenomenon in lithium intercalated fullerenes is that the Li+ ion can
also contribute to the conductivity above 125 K in an activated process [80]. Details of this can
be found in Chapter 4.

The number of active infrared and Raman modes can be deduced from the symmetry, using
irreducible representations:

Γ = 2Ag +3F1g +4F2g +6Gg +8Hg +Au +4F1u +5F2u +6Gu +7Hu, (2.6)
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Fig. 12.2. Calculated electronic structure of an (a) isolated C60 molecule and (b) face- 
centered cubic (fcc) solid C60, where the direct band gap at the X point is calculated to be 
1.5 eV on the basis of a one-electron model [12.7]. 

strongly bonding $p2 directed orbitals and 60 ~r electrons (i.e., one 7r 
electron per carbon atom) close to the Fermi level. The level filling and 
overview of the electronic structure can be obtained by filling the electronic 
states according to their orbital angular momentum quantum numbers, first 
assuming full rotational symmetry and then imposing level splittings in ac- 
cordance with the icosahedral symmetry of C60, treated as a perturbation. 

These symmetry issues are discussed in w and the results for the level 
filling are given in Table 4.10, where the number of electrons filling each of 
the angular momentum states is listed together with the cumulative number 
of filled electronic states and with the splittings of each of the angular mo- 
mentum states in an icosahedral field. Table 4.10 shows that 50 7r electrons 
fully occupy the angular momentum states through e = 4, so that the 10 
remaining 7r electrons of C60 are available to start filling the e = 5 state. 
In full spherical symmetry, the e = 5 state can accommodate 22 electrons, 
which would correspond to an accumulation of 72 electrons, assuming that 
all the e = 5 state levels are filled, before any e = 6 levels fill. However, the 
e = 5 state splits in icosahedral symmetry into the H,, + Flu-F F2u irreducible 
representations, as indicated in Table 4.10. The level of lowest energy is the 
fivefold Hu level, which is completely filled by the 10 available electrons in 
C60, as indicated in Table 4.10 for 60 electrons. The resulting h 1~ ground 

Figure 2.3: Calculated electronic structure of an (a) isolated C60 molecule and (b) face-centered
cubic (FCC) solid C60, where the direct band gap at the X point is calculated to be 1.5 eV on
the basis of a one-electron model [79].

where g stands for gerade (even) and u for ungerade (odd). Out of the 46 possible modes, only
4 are IR active (4F1u) and 10 are Raman-active (2Ag +8Hg) (in the first order). The 4 IR active
modes are located at 526.5, 575.8, 1182.9 and 1429.2 cm−1. The optically active modes of
charge neutral C60 are plotted in Figure 2.4.358 11. Vibrational Modes 
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Fig. 11.11. First-order infrared (A) and Raman (B) spectra for C60 taken with low incident 
optical power levels (<50 mW/mm 2) [11.80]. 

[11.8, 88]. The IR spectrum of solid C60 remains almost unchanged relative 
to that of the isolated C60 molecule, with the most prominent addition 
being the weak feature at 1539 cm -~ [11.19,31,42]. However, more than 
60 additional weak lines can be observed in the infrared spectrum in 
the 400 to 4000 cm -~ range. These weak features can be identified with 
higher-order processes, as discussed in w 

The strong correspondence between the solution and/or gas-phase IR 
spectrum and the solid-state IR spectrum for C60 is indicative of the highly 
molecular nature of the crystalline phase of C60. The infrared spectrum 
shown in Fig. 11.11 is for a thin film (,,~5000 A) of C60 on a KBr substrate. 
We discuss below ({}11.6.2) the effect of doping on the mode frequencies 
and intensities of the infrared-allowed modes in the C60 spectrum. 

11.5.3. Higher-Order Raman Modes in C60 

Raman scattering measurements on a C60 film show a well-resolved second- 
order Raman spectrum (see Fig. 11.12) [11.20]. From group theoretical 
considerations (see w the expected number of second-order Raman 
lines is very large, consisting of a total of 151 modes with Ag symmetry 
and 661 modes with Hg symmetry [11.20]. The total number of second- 
order modes with Ag symmetry is found by taking the direct product n~F~ | 
n / F / a n d  counting the number of modes with Ag symmetry in that direct 
product. Here, the number of modes ni and n/wi th  1-" i and F/symmetries, 
respectively, that yield modes with Ag symmetry are found in Table 4.6, 
and the direct products are given in Table 4.7. The same procedure is 
used to find the number of overtones and combination modes with Hg 
symmetry. The second-order Raman spectra include both overtones (i.e., 

Figure 2.4: First-order infrared (A) and Raman (B) spectra for C60 [73].

Upon polymerization and intercalation, the symmetry is gradually reduced (also referred
to as breakdown effect) and as a result, new modes are observed [72]. The IR modes of the
investigated Li4C60 polymer fulleride is discussed and compared to other fulleride materials in
Chapter 4.
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Preparation Historically, the first fullerenes were produced using the laser ablation technique
where a high power laser pulverizes a graphite target [1]. The resulting materials are blown
away by a helium stream, the final product contains not just C60, but many more types of
fullerenes. The biggest problem with the method is the low yield. Most of the commercially
available fullerene samples are therefore prepared in an arc-discharge procedure [69]. There,
a finite voltage is applied between two graphite electrodes in low pressure of helium (∼ 267
mbar). The current flow is about 60 A in the arc. Afterwards, the extracted powder has to
be purified to enhance the amount of C60 which is usually low at the beginning (about 4%).
Extraction and purification can be achieved using aromatic solvents or in a sublimation process.

2.1.2 Graphene and graphite
Graphene is an ordered allotrope of carbon, where the carbon atoms are placed in the ver-

tices of the hexagonal honeycomb lattice. According to the famous Mermin–Wagner theorem
[23, 81], this kind of ordered lattice should not exist at finite temperatures, as the lattice vi-
brations would immediately destroy the lattice. As a consequence, people did not really try
to synthesize these kinds of two-dimensional materials until 2004, when K. Novoselov and A.
Geim managed to produce graphene with micromechanical cleavage [22]. The preparation was
done starting from graphite using Scotch tape and the graphene was transferred to a silicon
substrate with a 300 nm thick SiO2 layer on top. The resolution of the contradiction between
the theory and the experiments can be clarified, assuming that graphene is not truly two dimen-
sional. The underlying substrate thermodynamically stabilizes the material when the graphene
is suspended. When it is free-standing, ripples are responsible for its stability. The substrate
also acts with a force on the graphene layer which prohibits these ripples and has consequences
regarding the electronic and vibrational or phononic structure. Under the optical microscope,
the different number of layers give a different contrast which is also affected by the substrate
[82, 83]. Since its discovery, various interesting properties of the graphene were identified, such
as extremely high charge carrier mobility [84] which results in a ballistic electronic transport up
to the micron scale [85, 86] and it even survives up to room temperatures [87, 88]. The behavior
of the quasi-particles near the Dirac cone can be described by the relativistic Dirac equation.
This is a result of the special honeycomb lattice, where the electrons can be described with a
zero mass particle with linear energy dispersion at low energies [89]. In a finite magnetic field,
the so-called quantum Hall effect is also observable in the material [24], which is preserved up
to room temperatures [25]. The presence of the Berry phase is also a noticeable property of the
material [90, 91].

Enormous attention in the field of nanocarbon materials focuses on their possible use for
spintronics [67, 92]. The small spin-orbit coupling (SOC) of carbon atoms and low concen-
tration of magnetic 13C nuclei would give rise to a long spin-relaxation time, a prerequisite
for spintronics applications. However, experimental data and the theory of spin-relaxation in
carbon-based materials are far from complete: the absolute value of the spin-relaxation time,
τs, in graphene is debated [29, 31, 93] and the theoretical description suggest an extrinsic origin
of the measured values [94]. Contemporary studies of the SOC in two-dimensional heterostruc-
tures tailored by proximity effects [95] predicted a giant spin-relaxation anisotropy in graphene
[96] that was subsequently observed in monolayer and bilayer graphene [38–40, 97]. Even more
surprisingly, the spin-relaxation, its anisotropy and temperature dependence and the g-factor are
not understood in the mother compound graphite either.
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Furthermore, it is worth noting, that graphene also has outstanding mechanical properties,
its Young’s modulus is 1.0± 0.1 TPa, the elastic stiffness is around −2.0± 0.4 TPa, and the
intrinsic strength is 130±10 GPa [98, 99]. Moreover, graphene has many practical applications
in modern life, like photovoltaic cells [43, 50, 100], flexible displays [49, 101, 102], batteries
[44, 103–105], gas sensors [106, 107], and many more. The numerous applications can be
further extended taking chemical modification into account.

Structure As mentioned above, in graphene the carbon atoms are placed in a hexagonal hon-
eycomb lattice. The distance between two neighboring atoms, or in other words the length of
the C−C bond is aC−C ≡ a0 ≈ 1.42 Å. The hexagonal lattice can be described as a triangu-
lar lattice, where two (identical) atoms are present in the unit cell with the following lattice
(primitive) vectors:

a1 =
a0

2

(
3,
√

3
)
, a2 =

a0

2

(
3,−
√

3
)
. (2.7)

For the case of multilayers a third lattice vector is also present:

a3 = c0(0,0,1), (2.8)

where c0 = 2c≈ 6.71 Å, the distance between two A−A layers, c= 3.35 is the distance between
the two neighboring graphene sheets. Furthermore, the in-plane lattice vectors are extended
with a third vector component of 0. The corresponding reciprocal-lattice vectors are:

b1 =
2π

3a0

(
1,
√

3
)
, b2 =

2π

3a0

(
1,−
√

3
)
, (2.9)

and if the structure is extended in the third direction:

b3 =
2π

c0
(0,0,1) (2.10)

The graphene lattice, together with its lattice vectors is shown on the left side of Figure 2.5.
On the right side, the reciprocal-lattice is presented with the high symmetry points. Among the
many, the K and K′ points are the most important, since the Dirac cones are located on these
reciprocal sites:

K =
2π

3a

(
1,1/
√

3
)
, K′ =

2π

3a

(
1,−1/

√
3
)
. (2.11)

The structure of few-layer graphene and graphite can be obtained when the graphene sheets
are placed on top. This can be done either placing the carbon atoms above of each other, this
is the so-called AA stacking or by shifting the planes by a half lattice vector, this is the Bernal
stacking or AB stacking. Energetically speaking, the latter is more favorable. Another variant
for tri-layer graphene is the ABC stacking [108], where each layer is shifted by a half primitive
vector. For graphite, a turbostratic variant is also known when there is no long-range order in
the stacking. The distance between the graphene planes is 3.35 Å and they are held together by
weak van der Waals forces, which is the reason why it can be easily exfoliated. The possible
stacking configurations are presented in Figure 2.6.
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Figure 2.5: Structure of graphene in real (left) and reciprocal space (right). Lattice vectors are
noted with a1 and a2, and the corresponding reciprocal-lattice vectors are b1 and b2. δi points
to the neighboring carbon atom. The Dirac cones, discussion later, are found in the K and K′
high symmetry points [89].
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Figure 3. Typical Raman spectra of CNW and graphene. Several other

peaks can be seen in a CNW curve, namely D peak, D′ peak, and D+G

peak, which is caused by defects of the CNW material.

the second-order of D peak, which is called “2D.” But

no direct causal relationship appears in the emergence of

the D peak and 2D peak. Because the 2D peak originates

from a process where momentum conservation is satisfied

by two phonons with opposite wave vectors, no defects are

required for its activation, and thus are always present.94

Other peaks are the shoulder “D” peak of G at around

1620 cm−1 and the “D+G peak” at 2950 cm−1, which

are accompanied with a strong D peak, which also indi-

cates the nature of the defect of the material.95 It is worth

mentioning that if there are no six-fold aromatic rings, no

D peak appears.96

More information can be obtained through Raman spec-

tra as Figure 4 shows. In fact, ID/IG is proportional to

the size of crystalline.97�98 The position and full width at

half maximum (FWHM) of 2D shift with the increase of

graphene layer numbers.99–101 All analysis should also con-

sider the laser energy of excitation.102 For such details, one

can consult many excellent reviews.94�103

Figure 4. Raman spectra of varying numbers of graphene layers with

different laser excitation. Reprinted with permission from [101], A. C.

Ferrari, Solid State Commun. 143, 47 (2007). © 2007, Elsevier.

Figure 5. HRTEM image of CNW (inset shows the line profile of the

highlighted area). Reprinted with permission from [80], N. Soin, et al.,

Mater. Chem. Phys. 129, 1051 (2011). © 2011, Elsevier.

3.2. SEM, TEM, and XRD Analysis
Seeing is believing. By using different electron microscopy

techniques, one can study the structure of CNWs in

detail, identify their properties and investigate the growth

mechanism. Scanning electron microscopy (SEM) allows

viewing the morphology and structure growing on differ-

ent substrate at nanometer scale. Transmission electron

microscopy (TEM) is another method used for higher res-

olution view. Electron energy is elevated to no more than

80 keV for atomic resolution of CNWs (higher energy will

cause evident damage to the film). TEM is a powerful tool

that allows one to determine layer numbers, film structure,

and even defects.

Figure 5 shows the occasional folding and abrupt termi-

nation of carbon layers constituting the flakes. The calcu-

lated (002) plane spacing is ∼0.346 nm, which deviates

from single crystal graphite (0.335 nm104�.
Figure 6 shows different stacking from that of natural

graphite. A theory of graphite bonding proved that the AB-

stacking is preferred in nature.105 Another kind of stacking

is referred to as “AA-stacking,” in which each atom has

neighbors in the adjacent sheets. Natural (and synthesized)

graphite contain varying amounts of rhombohedral mod-

ifications of graphite, where the layers are stacked in an

ABC–ABC fashion.106�107 And for the actual disordered

turbostratic stacking, layers possess no periodicity as they

are misaligned to each other by translation or rotation.108

Figure 6. Different stacking of graphite. (a)–(d) are different struc-

tures of graphite, AA-hypothetical stacking, AB-Bernal structure, ABC-

rhombohedral, and disordered turbostratic respectively.

J. Nanosci. Nanotechnol. 14, 1647–1657, 2014 1651

Figure 2.6: Different stacking types of few-layer graphene and graphite. (a) the most typical
and energetically stable AB or Bernal stacking, (b) AA stacking (does not realized in bulk
graphite), (c) ABC rhombohedral stacking, (d) turbostratic graphite without long range order in
the c direction [109].

Band structure The structural stability of graphene is a result of its electronic structure. The
2s, 2px and 2py orbitals of the carbon atoms form an sp2 hybrid state which together create
the σ bonded lattice. It is well known from organic chemistry that this kind of bonding is
highly stable in molecules. In accordance with the Pauli principle, the σ band is completely
filled and forms the low energy sector. The remaining 2pz orbital of the carbon atom, which is
perpendicular to the sp2 matrix, bonds to the 2pz orbital of the neighboring atom forming a π

band. This band is half-filled and responsible for most of the interesting electronic properties.
The band structure can be well estimated in terms of tight-binding approximation, TBA. The

shape of the bands is obtained quite well in the approximation, however, exact energy values
have to be inserted from experiments or from other ab initio (first principles) calculations, like
DFT (density functional theory). The calculations can also be extended for a few layers [110].
The first calculation of Wallace is dated back to 1947, where he intended to calculate the band
structure of graphite, but instead ended up with a relatively good estimate for graphene [111].
In his calculations, he took a single layer and taken into account first and second neighbors. A
more sophisticated calculation was done by Reich et al. [112], where third neighbors and the S
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overlap integral were also treated. The eigenvalue problem for the energy bands is thus can be
formulated: ∣∣∣∣

HAA(k)− ε(k)SAA(k) HAB(k)− ε(k)SAB(k)
H∗AB(k)− ε(k)S∗AB(k) HAA(k)− ε(k)SAA(k)

∣∣∣∣= 0, (2.12)

where ε(k) is the eigenfunction of the Hamiltonian. Here it is already taken into account that
both atoms in the unit cell are carbon. Building Bloch functions from the ϕ = pz atomic orbitals,
the matrix elements are defined by the following equation for N electrons:

HAA =
1
N ∑

RA

∑
RA′

eik(RA−RA′) 〈ϕA(r−RA)|H |ϕA(r−RA′)〉= ε2p, (2.13)

HAB =
1
N ∑

RA

∑
RB

eik(RB−RA) 〈ϕA(r−RA)|H |ϕB(r−RB)〉= γ0

(
eikR11 +eikR12 +eikR13

)
. (2.14)

with γ0 = 〈ϕA(r−RA)|H |ϕB(r−RA−R1i)〉, i = 1,2,3. Since the atomic wavefunctions are
orthonormalized, the self-overlap is SAA = 1. The overlap between the AB atoms is:

SAB = s0

(
eikR11 +eikR12 +eikR13

)
, (2.15)

with s0 = 〈ϕA(r−RA)|ϕB(r−RA−R1i)〉, i = 1,2,3. The R1i, present both in γ0 and s0 is a
vector pointing from atom A to atoms B. Introducing f (k) as follows

f (k) = 3+2coska1 +2coska2 +2cosk(a1−a2) (2.16)

and executing the calculations, we obtain the electronic bands:

ε
±(k) =

ε2p∓ γ0
√

f (k)
1∓ s0

√
f (k)

. (2.17)

In the result, value of ε2p, γ0 and s0 are inserted from experimental results or from first prin-
ciples calculations. The negative sign returns the bonding π band, while the positive returns
the antibonding π∗. It is customary to choose the value of the Fermi level zero ε2p = 0 for
charge-neutral graphene (e.g. half-filled π band). Value of γ0 is typical between −2.5 eV and
−3 eV and s0 < 0.1 eV. The calculated band structure is shown in Figure 2.7. The π and π∗

bands touch in the K and K′ points, the dispersion is linear, resulting in the famous Dirac cone.
The electrons in these points behave like a massless Dirac quasi-particle:

ε
±
K (k) =±h̄vF|k−K|, (2.18)

where vF is the Fermi velocity, whose value is about vF ≈ 1.07×106 m/s [113]. We note that
the linear dispersion and the resulting semimetallic nature of graphene is the consequence of
the two atom basis of the honeycomb cell, which is occupied by two equivalent atoms. The
isostrucural hexagonal boron nitride (hBN) is e.g. a band insulator with a direct band gap of
Eg = 5.971 eV [114].

The Fermi surface of graphene is only made up of the 6 Dirac points (all of these are located
in the K and K′ points). The density of states near the Dirac cones is

ρ(ε) =
2
π

√
3a2/2
h̄2v2

F
|ε|, (2.19)
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Figure 2.7: Left: Elec-
tronic energy dispersion
in the honeycomb lattice
with the π and π∗ bands
and high symmetry points
noted. Right: zoom-in of
the energy bands close to
one of the Dirac points, in
the K and K′ points [89].

which is zero on the Fermi surface. This is the reason why graphene is often referred to as a
zero band gap semiconductor or a semimetal. However, this is only true, when the spin-orbit
interaction is neglected, which induces a band splitting in the order of a few µeV [115–117].
Nevertheless, the Fermi energy can be adjusted by applying a finite voltage or with chemical
modification (doping).

While graphene has hexagonal Brillouin zone due to its two-dimensionality, graphite has
indeed a more complex, three-dimensional cell in the reciprocal space, as presented in Figure
2.8. Compared to the graphene, three new high symmetry points are present: A (above and
below the Γ point), H and H′ (above and below the K and K′, respectively), here the latter
two have particular importance regarding the band structure. Here, I wish to mention that the
discussion is restricted to the AB stacked graphite, as this is the most typical variant. Results
on other variants can be found in Ref. [118].

At this point the best guess which we can make is that
graphite will be an electron liquid. In this case, the band
model can be used to describe the quasiparticle energy
spectrum, and should give a consistent account of those
properties which depend only upon the quasiparticle spec
trum, such as the electronic heat capacity" and the de Haas
van Alphen effect," However, other properties such as the
cyclotron resonance' and steady diamagnetic suscepti
bility" do not depend directly upon the quasiparticle
spectrum (if the periodic potential were not present, they
would depend upon the "bare" particle spectrum), and
may not agree directly with the energy band model deter
mined from the quasiparticle properties. Certain of these
properties can be treated by combining Landau's theory
of a Fermi liquid" with the present band model. At present
it is not clear if the experimental results demand such a
generalization.

Energy band model

z

Figure 1 The graphite crystal lattice. The distances
between atoms are shown to scale. The dis
tance a is 2.46 A (the distance between near
est neighbors in a plane is 1.42 A), and the c
spacing is 6.74 A (the distance between
planes is 3.37A).

Figure 2 The Brillouin zone for graphite, showing
the positions of the Fermi surfaces. The
Fermi surfaces are magnified in the hori
zontal direction by about a factor four. The
surfaces are not drawn about all of the zone
edges, in order to show the coordinate sys
tem more clearly.

K

H

H

K.

K.y

unit cell. A general model for the behavior of the energy
bands in the neighborhood of the vertical zone edges
was developed by Slonczewski and Weiss.ll The Fermi
surfaces have very little extent in the x or y directions,
so the k· p method was used in the xy plane (i.e., the ele
ments of the Hamiltonian matrix were expressed as power
series in the distance K from the zone edge). In the z direc
tion a Fourier expansion was made, which converges

HOLES

ELECTRONS-

ELECTRONS-

The graphite crystal lattice is shown in Fig. 1. Note that
the distance between layer planes is much larger than the
distance between atoms in a layer, and that each atom has
three near neighbors in the same layer. The planes are
stacked in abab order and there are two kinds of atomic
sites: type A which has neighbors directly opposite in
adjacent planes, and type B which does not. There are
four atoms in a unit cell, an A and B atom from each
plane. The Brillouin zone is a thin hexagonal cylinder,
shown in Fig. 2.

Because of the large anisotropy of the crystal structure,
it is a reasonable starting approximation to ignore the
interaction between lavers." The Brillouin zone for a
single layer is a two-dimensional hexagon. The 2s, 2PX>
2pu atomic wave functions form the familiar bonding and
antibonding trigonal orbitals, which make up the (J

bands. The P. atomic wave functions give rise to two
11" bands, which are degenerate at the six Brillouin zone
corners, the energy of degeneracy being well within the
gap between the bonding and antibonding (J bands. The
lower and upper 11" bands form the valence and conduction
bands, and in the single-layer model there is no overlap
or band gap between the two bands. All calculations on
the two-dimensional model give the same general result,
so that there is very little doubt that the Fermi surfaces
will be located near the corners of the Brillouin zone.

The energy of interaction between layers is of the order
of 0.5 eV, which causes very little change in the over-all
character of the 11" bands, whose width is about 20 eV.
However, the interaction between layers has a profound
effect near the six vertical zone edges, which is where the
carriers are located. There are four 11" bands (not counting
spin degeneracy) in the three dimensional band structure,
as there are twice as many atoms in the three dimensional256

J. W. MCCLURE

Figure 2.8: Brillouin zone of graphite
[119–121] showing the high symmetry
points and the Fermi surface. The Fermi
surfaces are magnified in the horizon-
tal direction by about a factor of four.
Note the complete three-dimensional
behavior with additional high symmetry
points of H and H′.

Performing a band structure calculation yields that graphite has a mixed conducting behav-
ior: both electrons and holes are present at the Fermi energy, as noted in Figure 2.9.

The electrons are mostly located near the K and K′ points, while holes are found to be near H
and H′. The Fermi surface is very small compared to metallic materials and has a characteristic
Hungarian Christmas candy shape (szaloncukor). Thus the term electron and hole pockets are
often used in the literature. The Fermi surface is shown in Figure 2.10.

The vicinity of the Fermi energy can be described in a four-band SWMC (Slonczewski–
Weiss–McClure) model. The model implies the use of seven relevant tight-binding parame-
ters: γi with i = 0, . . . ,6. Here, γ0 describes the interaction between the nearest neighbors in
a graphene layer, this is the only parameter which is in-plane, the rest describes out-of-plane
interactions. γ1 corresponds to the interaction of A-type atoms from two neighboring layers
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Figure 2.9: Three-dimensional energy bands
of graphite, showing schematically the wave
vector (ξ ,σ ) dependence of the energy E of
the graphite π-bands. The dashed line repre-
sents the Fermi level (E0

F) for pure graphite
[121].

Figure 5 One-dimensional energy bands of graphite. The valence ( )
and conduction bands ( ) have an overlap of 0.03 eV. The Fermi energy
(Eo

F) lies within the band overlap region, resulting in pockets of holes
and electrons.

Figure 6 Three-dimensional energy bands of graphite, showing
schematically the wave vector (ξ , σ ) dependence of the energy (E) of the
graphite π -bands. The dashed line represents the Fermi level (Eo

F) for
pure graphite. (a) Energy vs dimensionless wave vector σ in the plane
ξ = 0 about the K point. (b) Energy vs dimensionless wave vector ξ along
the edges HKH and H′K′H′. (c) Energy vs σ in the plane ξ = 1/2 about
the H point.

is partly occupied and defines the majority electron
and hole carrier pockets. The wave vector coordinates
shown are ξ and σ , where ξ is the dimensionless wave
vector along the c-axis and is related to the wave vector
kz, measured from the K point, by

ξ = kzco/2π.

The other coordinateσ is the dimensionless wave vector
in the basal plane and is related to the wave vector κ

measured from the zone edge by

σ = 1

2

√
3aκ

The dimensionless wave vectors σ and ξ , together with
the basal plane polar angle α completely specify the
cylindrical coordinate system, which is shown in Fig. 4.

The E3 band lies very close to the Fermi energy (EF)
and forms carrier pockets along the HKH axis. The three
pockets, two of which contain holes and one of which
contains electrons, are shaded in Fig. 6. The Fermi en-
ergy is chosen so that the volumes of the electron and
hole pockets are equal. The degeneracy of the E3 band
is lifted away from the zone edge as one moves in the

basal plane, except at the planes ξ = 1/ 2. The regions
around the zone edges are the only parts of the Brillouin
zone where bands cross the Fermi energy. Therefore all
of the free carriers are located along the zone edges,
giving rise to slender Fermi surfaces along these edges,
as shown in Fig. 4. A Fermi surface extends less than
1% of the distance from the zone edge to the zone cen-
ter. Half of one Fermi surface, between the H point
and the K point, is shown in Fig. 7. It consists of one
hole pocket and half of an electron pocket. The hole
pocket and the electron pocket are connected at four
points; three, known as “legs”, are off the HKH axis;
one, known as “central”, is on the HKH axis.

It can be seen from Fig. 7 that the cap or top portion
of the majority hole Fermi surface protrudes beyond the
H point. Thus, translation by a reciprocal lattice vector
of the cap portion results in a minority hole surface in
the vicinity of the H point, as shown in the extended
zone scheme in Fig. 8.

Figure 7 Fermi-surface model for graphite, showing extremal cross sec-
tions which correspond to the constant-energy orbits normal to the kz

direction.

Figure 8 Fermi surface for minority holes near the Brillouin zone corner
(the H point) shown in the extended zone scheme. This surface is formed
by the overlap of the portions of the Fermi surface which extend beyond
the planes ξ = ±1/2. The extremal cross section around the H point and
perpendicular to the c-axis is indicated.

1478

Figure 2.10: The Fermi surface of graphite [120]. The figure is
magnified by a factor of about four in the c direction. Note the
small size, the mixed charge carrier behavior and the unusual (sza-
loncukor, Hungarian Christmas candy) shape of it.

40 Energy spectrum of electrons and holes in graphite 
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Fig. 12. The Brillouin zone and Fermi surfaces for graphite. The Fermi surfaces are drawn 
schematically, being magnified in the horizontal direction by a factor of about 5, in order to show 

the trigonal warping more clearly. 

graphite is consistent with the experimental data obtained by Cooper et al. 
(1970) in studying the effect of neutron irradiation upon the Shubnikov-de 
Haas oscillations, as well as with the galvanomagnetic and thermomagnetic 
data for graphite, and is at present generally accepted. 

The general form of the Fermi surface in graphite is shown in fig. 12. 
Attention is called to the fact that the position of electron extrema at the K-
points agrees with the model of "nearly free electrons" and with the con-
struction of the Fermi surfaces for graphite by the method proposed by 
Harrison (1966). An analysis of eq. (35) reveals that the transformation of a 
gapless semiconductor, such as two-dimensional graphite, into a semimetal is 
mostly due to the parameters y2 and Λ. Taking account of zi eliminates the 
degeneracy that took place in the corners of the two-dimensional Brillouin 
zone. The overlapping of the conduction band (7r*-antibonding states) with the 
valence band (π-bonding states) is, as already mentioned, 2|y2l· Thus three-
dimensional graphite is a semimetal with an equal density of electrons and 
holes. The small number of electrons and holes is due to the smallness of |y2l· 
The negative value of y2 corresponds to the model in which the effective 
electron masses are greater than the effective hole masses. In broad outline, the 
structure of the σ- and π-bands of three-dimensional graphite coincides with 
the band structure of the graphite layer shown in fig. 7. Numerous calculations 

r * 

placed one under the other, γ2 describes the interaction between B-type atoms from two nearest
layers. This interaction determines the coupling between the π and σ bands. The interaction
between an A-type atom and the nearest B-type atom is determined by γ3. The γ4 parameter
depends on the interaction between atoms belonging to two different layers. γ5 describes an in-
teraction between the nearest A-type atoms placed in the neighboring equivalent layers. Lastly,
the parameter γ6 ≡ ∆ is associated with the difference in the position of A-type and B-type
atoms [120]. The values can be estimated from band calculations and corrected from experi-
mental results. The found values are: γ0 = 2.73, γ1 = 0.32, γ2 =−0.019, γ3 = 0.29, γ4 = 0.15,
γ5 = 0.021, γ6 ≡ ∆ = 0.017, each in the units of eV. Introducing

ε
0
1 = ∆ + γ1Γ +

1
2

γ5Γ
2, (2.20)

ε
0
2 = ∆ − γ1Γ +

1
2

γ5Γ
2, (2.21)

ε
0
3 =

1
2

γ2Γ
2, (2.22)

Γ = 2cosξ , (2.23)

where ξ = 1
2kzc0 is a wave vector measured from the K point, kz is the wave vector in the z
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direction, c0 is the distance between two identically stacked graphene sheets. The calculated
dispersion for the four bands are

ε
±
1,2 =

1
2
(
ε

0
1,2 + ε

0
3
)
±
{

1
4
(
ε

0
1,2− ε

0
3
)2

+

(
h̄

me
p0

)2

k2
p

}1/2

, (2.24)

with kp =
√

k2
x + k2

y . Using a parabolic approximation near the local extrema of the bands, yield
the following effective masses for electrons are me

1 = 0.055me and me
3 = 3me and for holes are

mh
2 = 0.04me and mh

4 = 6me. Here me is the mass of the free electron.

Vibrational properties In this part the relevant Raman modes of the graphene and graphite
are summarized, focusing mainly on the D, G, and 2D modes. The theoretical description of
the Raman process is discussed in Section 3.2 together with the experimental setup.

The possible vibrational modes of graphene and graphite can be deduced from group theory.
From symmetry considerations, we get only one Raman active mode, the E2g, the other modes
are IR active or silent. This mode is referred to as the G mode and is a universal feature
in the Raman spectra of carbon structures, like graphene, graphite, carbon nanotubes, etc. It
corresponds to a lateral displacement of the carbon atoms in the plane, as presented in Figure
2.11.

E2g

A2u

B2g

E1u

E2g

B2g

E1u

B2g

A2u

E2g

R 1582 cm−1

IR 1582 cm−1

IR 868 cm−1

127 cm−1

R 42 cm−1

Figure 2.11: Vibrational modes of graphene and graphite deduced from their symmetry groups.
The Raman active processes are denoted with R, the IR active ones are with IR [122].

In graphene and graphite the E2g is a degenerate mode of the LO (longitudinal optical) and
TO (transverse optical) modes in the Γ point of the Brillouin zone [122–124]. The phonon
spectrum of the whole Brillouin zone among the high symmetry paths is depicted in Figure
2.12.

The G mode is located at 1575−1582 cm−1 in graphite [123, 129, 130] and at 1582 cm−1

in graphene [131], but it can vary depending on the substrate, temperature and preparation
[132–136]. The spectral width of this mode varies between 6 cm−1 and 35 cm−1, which is due
to strains and deformations of the lattice. Increasing the strain, the G mode shifts to higher
energies [137]. The position of the G mode is not dispersive, e.g. it does not depend on the
energy of the excitation.
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Figure 2.12: Calculated graphene
phonon dispersion from DFT
(lines) and IXSa measurements
on graphite (•) [125], (4) [126],
and (◦) [127]. The highest optical
branch near K is "corrected" to
include GW effects following Refs.
[128] and [127], and is plotted
with a thicker gray (red) line. The
dashed line (– – –) is the same
branch calculated from standard
DFT, without GW correction. The
cross at Γ is the measured Raman
G line frequency in graphite [124].

aInelastic X-ray scattering
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FIG. 3. Graphene electronic dispersion obtained with the five-
neighbor tight binding described in the text (solid line). For a
comparison we also show the dispersion obtained with the first-
neighbor TB having the same Fermi velocity at K (dashed line).
The electron/hole (e/h) asymmetry is defined as επ∗

k + επ
k and is

constant for the first-neighbor TB.

This quantity depends on the k direction and has values of the
order of the electronic broadening (see Sec. II F): e.g., for the
states in resonance with a laser of 2.4 eV, the asymmetry is
about 40 and 100 meV along the K-� and the K-M direction,
respectively (Fig. 3). On the contrary, in a first-neighbor TB
model, the e/h asymmetry is k independent and it is equal to
zero.

Phonon dispersions ων
q are obtained from ab initio DFT

calculations26 corrected with GW as in Refs. 27 and 28. In
particular, first we computed the DFT phonon dispersion, then
we “correct” the dispersion of the highest optical branch near
K (the branch that is TO near � and associated with the A′

1
mode at K; see Fig. 4) by rescaling the phonon self-energy
contribution to the dynamical matrix consistently with the GW
calculated electron-phonon coupling and electronic π band
dispersion.27 Calculations are done for graphene with the same
computational details of Ref. 28. In Ref. 28, the rescaling factor
is a constant, rGW = 1.61, all over the Brillouin zone (BZ) and
the phonons are studied just in the neighborhood of K. Here,
in order to obtain a phonon dispersion all over the BZ, the
rescaling factor rGW

q depends on q. rGW
q = rGW near K and

smoothly drops to 1 elsewhere:

rGW
q = 1 + (rGW − 1)

1

2
erfc

( |q − Kn| a0
2π

− 0.2

0.05

)
, (6)

with a0 the graphene lattice constant and Kn the nearest
vector to q among those equivalent to K. The GW correction
associated to rGW changes the phonon slope of the highest
optical branch near K by almost +60% (with respect to DFT)
providing a much better agreement with measurements for
graphite (Fig. 4). The precise value of the phonon dispersion
near K is essential in the present context, since it determines
the dependence of the D peak dispersion as a function of the
exciting laser energy.29

Finally, notice that the present DFT calculations reproduce
very well the experimental phonon dispersion from inelastic
x-ray scattering (IXS) of Ref. 30 of the highest optical branch
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FIG. 4. (Color online) Calculated graphene phonon dispersion
from DFT (lines) vs IXS measurements on graphite from Refs. 30
(filled dots), 31 (triangles), and 28 (open dots). The highest optical
branch near K is “corrected” to include GW effects following Refs. 27
and 28, and is plotted with a thicker gray (red) line. The dashed
line is the same branch calculated from standard DFT, without GW
correction. The cross at � is the measured Raman G line frequency
in graphite (1582 cm−1).

near �. We can thus assume that the DFT frequency for the E2g

� mode (1561 cm−1) is a precise fit of the IXS measurements.
The 1561-cm−1 value is, however, 1.3% smaller than the
measured frequency of the G Raman line of graphite, which is
1582 cm−1 (the corresponding infrared mode is 1586 cm−1).
This discrepancy between Raman and IXS measurements in
graphite is so far unexplained.

C. Electron-phonon scattering

The electron-phonon scattering matrix elements 
Hq,ν

are obtained from TB (explicit expressions are given in
Appendix B 2) and depend on the parameter η1, defined as the
derivative of the nearest-neighbors hopping parameter with
respect to the bond length. The present approach neglects
the derivative of the hopping parameters (with respect to
the atomic positions) for hopping computed for second and
more distant neighbors. This approximation reproduces very
well the k and q dependence of the electron-phonon matrix
elements for electronic states with k near K and for optical
phonons with q near � or near K. This was already verified in
Ref. 32 by direct comparison with DFT calculations.

We define the average square of
√

2Mωqν/h̄
Hq,ν between
π and π∗ at K as 〈D2

�〉F for the E2g phonon at �. 〈D2
K〉F

is the analogous quantity for the A′
1 phonon at K. From

Eqs. (B4) and (B5) from Appendix B 1, after some algebra,
〈D2

�〉F = 9/4(η1)2 and 〈D2
K〉F = 9/2(η1)2 (η1 is defined in the

035433-5

Among the three dominant features, the D mode is located at the lowest energies, around
1350 cm−1. The mode is due to a defect induced symmetry breaking and is double resonant
[124, 138–140]. The position of the D peak depends on the wavelength of the exciting light,
it shifts to higher wavenumbers upon increasing the photon energy. Since the mode is defect
induced, it is readily available to study the density of defects in the material. In principle,
in a perfectly oriented and defect-free graphene, this mode should be absent and thus barely
detectable in high-quality HOPG samples.

The 2D mode (historically also called D∗ or G’), located near 2700 cm−1 is the harmonic
of the D mode and the second most intensive feature in the spectrum of graphite. In true mono-
layer graphene, it is usually the most pronounced feature, however, its intensity ratio to the G
mode depends on the used substrate [135]. In certain cases, like on a GaAs [141] or SiC [142]
substrate the ratio can have a turnover, resulting in a more intensive G mode. In graphite, the
2D mode is made up of two components: 2D1 and 2D2, which is a result of the long-range order
among the c-axis [143]. Hence, turbostratic graphite exhibit only a single, but very broad 2D
mode [144–146]. In graphene, only a single 2D peak is expected, but depending on the number
of layers in few-layer species the number of peak deviates, e.g. in bilayer graphene it has 4
components [131]. Similarly to the D mode, the 2D is also dispersive in a similar manner.

A typical Raman spectrum of graphene and graphite is shown in Figure 2.13a). The differ-
ences of the 2D mode as a function of the layer number is highlighted in Figures 2.13b) and c).
The decomposition of the 2D feature for the bilayer graphene is presented in Figure 2.14.

Preparation and doping The biggest obstacle in the applications of graphene is that it is not
readily available in large amounts. The method used during its discovery [22], micromechan-
ical cleavage or mechanical exfoliation, which means the layer by layer exfoliation of HOPG
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Fourier transform of projected atomic potentials. This
confirms our multilayer graphene has the same stacking
as graphite.

Raman spectra are measured on single, bi, and multi-
layers on Si� SiO2. Some are then processed into free-
hanging sheets, as described above, and measured again
after TEM. The measurements are performed at room
temperature with a Renishaw spectrometer at 514 and
633 nm, with notch filters cutting at �100 cm�1. A
100� objective is used. Extreme care is taken to avoid
sample damage or laser induced heating. Measurements
are performed from �4 to �0:04 mW incident power. No
significant spectral change is observed in this range. The
Raman spectra of suspended and on-substrate graphene are
similar, the main difference being a small D peak in the
TEM samples. We also measure the reference bulk graph-
ite used to produce the layers.

Figure 2(a) compares the 514 nm Raman spectra of
graphene and bulk graphite. The two most intense features
are theG peak at�1580 cm�1 and a band at�2700 cm�1,
historically named G0, since it is the second most promi-

nent peak always observed in graphite samples [15]. TheG
peak is due to the doubly degenerate zone center E2g mode
[16]. On the contrary, the G0 band has nothing to do with
the G peak, but is the second order of zone-boundary
phonons. Since zone-boundary phonons do not satisfy the
Raman fundamental selection rule, they are not seen in first
order Raman spectra of defect-free graphite [17]. Such
phonons give rise to a peak at �1350 cm�1 in defected
graphite, called D peak [16]. Thus, for clarity, we refer to

(a)

(b) (c)

(d) (e)

FIG. 2 (color online). (a) Comparison of Raman spectra at
514 nm for bulk graphite and graphene. They are scaled to
have similar height of the 2D peak at �2700 cm�1. (b) Evolu-
tion of the spectra at 514 nm with the number of layers. (c) Evo-
lution of the Raman spectra at 633 nm with the number of layers.
(d) Comparison of the D band at 514 nm at the edge of bulk
graphite and single layer graphene. The fit of the D1 and D2

components of the D band of bulk graphite is shown. (e) The
four components of the 2D band in 2 layer graphene at 514 and
633 nm.

FIG. 1. (a) TEM of suspended graphene. The grid is also
visible in optical microscopy. (b) High-resolution image of a
folded edge of a single layer and (c) a wrinkle within the layer.
(d) Folded edge of a two layer, and (e) internal foldings of the
two layer. The amorphous contrast on the sheets is most likely
due to hydrocarbon adsorbates on the samples that were cracked
by the electron beam. (f) Electron diffraction pattern for close to
normal incidence from single layer and (g) from two layers.
Weak diffraction peaks from the supporting metal structure are
also present. (h) Intensity profile plot along the line indicated by
the arrows in (f),(g). The relative intensities of the spots in the
two layer are consistent only with A-B (and not A-A) stacking.
Scale bars: (a) 500 nm; (b–e) 2 nm.
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Figure 2.13: (a) Comparison of Raman spec-
tra of graphene and bulk graphite at 514 nm.
Spectra are scaled to have a similar height of
the 2D peak at ∼ 2700 cm−1. (b) Evolution
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100� objective is used. Extreme care is taken to avoid
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are performed from �4 to �0:04 mW incident power. No
significant spectral change is observed in this range. The
Raman spectra of suspended and on-substrate graphene are
similar, the main difference being a small D peak in the
TEM samples. We also measure the reference bulk graph-
ite used to produce the layers.

Figure 2(a) compares the 514 nm Raman spectra of
graphene and bulk graphite. The two most intense features
are theG peak at�1580 cm�1 and a band at�2700 cm�1,
historically named G0, since it is the second most promi-

nent peak always observed in graphite samples [15]. TheG
peak is due to the doubly degenerate zone center E2g mode
[16]. On the contrary, the G0 band has nothing to do with
the G peak, but is the second order of zone-boundary
phonons. Since zone-boundary phonons do not satisfy the
Raman fundamental selection rule, they are not seen in first
order Raman spectra of defect-free graphite [17]. Such
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graphite, called D peak [16]. Thus, for clarity, we refer to
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(d) Comparison of the D band at 514 nm at the edge of bulk
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FIG. 1. (a) TEM of suspended graphene. The grid is also
visible in optical microscopy. (b) High-resolution image of a
folded edge of a single layer and (c) a wrinkle within the layer.
(d) Folded edge of a two layer, and (e) internal foldings of the
two layer. The amorphous contrast on the sheets is most likely
due to hydrocarbon adsorbates on the samples that were cracked
by the electron beam. (f) Electron diffraction pattern for close to
normal incidence from single layer and (g) from two layers.
Weak diffraction peaks from the supporting metal structure are
also present. (h) Intensity profile plot along the line indicated by
the arrows in (f),(g). The relative intensities of the spots in the
two layer are consistent only with A-B (and not A-A) stacking.
Scale bars: (a) 500 nm; (b–e) 2 nm.
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Figure 2.14: Deconvolution of the 2D
band into four components bilayer
graphene at 514 and 633 nm [131].

graphite using Scotch tape. Even though this method serves high-quality material, the final
product is always realized on the surface of some sort of substrate, which influences the ob-
served properties. Furthermore, the method is limited up to the micron scale [147, 148] and its
production requires substantial human effort.

The next method is called epitaxial growth, which originally meant graphitization of SiC
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[149, 150] under vacuum conditions [151, 152], but it also works using ruthenium [153] or
copper foil [154]. In the case of SiC, the method is based on the evaporation of the top silicon
layer of the substrate, leaving a monolayer of carbon on top. The process is carried out at
1000− 1500◦C temperature. It has particular importance during the method that the substrate
has to be lattice compatible with graphene (or graphite). The clear drawback of the method is
that it is extremely expensive and the terraces of the substrate influence the quality of the final
product.

The breakthrough, in terms of size, is solved using chemical vapor deposition (CVD) [155].
The carbon atoms, forming the graphene layers are deposited from the gas phase onto the sur-
face of a substrate (which can be Co, Pt, Ir, Ru or Ni) [155–161]. The weakness of the method
is that it still requires a substrate and the deposition is usually imperfect leaving defect sites
behind.

Methods overcoming the need for a substrate are purely chemical routes. One possibility
is the reduction of graphite oxide (rGO), usually performed in a solvent [162–175] or through
physical (microwaves) [176] or biological routes [177]. Different routes yield different qual-
ities, however, most methods result in poor quality graphene. The prepared materials usually
have high defect concentration, denoted with a strong D mode in the Raman spectrum. The
reason behind this is that during the reduction, the oxygen drags a carbon atom with itself creat-
ing a vacancy and dangling bonds in the lattice. Somewhat better results can be achieved using
graphite sulfate [178].

Another method that does not require a substrate, is wet chemical exfoliation of graphite
(WCEG), also referred to as liquid-phase exfoliation (LPE). It can be either carried out through
direct exfoliation of graphite [179–183] or using alkali intercalated graphite host (usually potas-
sium) prior to the exfoliation [184–190]. The latter has the advantage that the graphite lattice is
already expanded by the intercalant making exfoliation easier. After the exfoliation, which can
be done using ultrasound treatment, shear mixing or stirring, the solution is dried. The alkali
metal-assisted route is depicted in Figure 2.15. While the earlier, direct exfoliation procedure
usually yields few-layer graphene, the latter, assisted with alkali adatoms results in a material,
which contains more monolayer flakes. The result (in terms of quality and the amount of mono-
layers) depends on the type of the solvent [189] and mechanical processing, which is discussed
in Chapter 6.

Higly Ordered Pyrolytic Graphite The most widely used graphite variant is highly ordered
(or oriented) pyrolytic graphite (HOPG) [192, 193], which is prepared by either graphitization
heat treatment of carbon or by chemical vapor deposition. Both methods yield a high-quality
material in therms of graphene layers, albeit, it has a mosaicity (e.g. microcrystalline fine
structure in the c direction) of about 0.4◦±0.1◦ for the highest quality grade. Other variants are
natural graphite formed in meteorites or volcanic minerals, or Kish graphite (byproduct in blast
furnaces) [194–196]. Even though graphite was studied intensively in the ’50s and ’60s, high-
quality crystals are only available starting from the mid-’80s, thus several interesting properties
remained unknown or not yet understood.

Doping and intercalation In the present paragraph, when we refer to doping or intercalation,
we mean doing it generally with alkali metals. The most commonly used methods can be di-
vided into four major categories: vapor phase (further reading in Section 3.1.2) [197–199], elec-
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Figure 2.15: Wet chemical exfoliation of
graphene prepared from alkali intercalated
graphite using organic solvents [184].

�
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Figure 2.16: Different routes to prepare
graphene [191].

trochemical [200–202], molten immersion (usually limited to bulk samples) [203, 204] or liquid
phase (which can be carried out in organic solvents [205–207] or liquid ammonia [208–212] for
example), the latter is described in Section 3.1.3. In case of graphite, the intercalant atoms go
between the graphene layers, upon successful intercalation a color change is observed if the
alkali concentration is high. The stage number registers the number of carbon layers between
two alkali layers (e.g. stage II corresponds to a structure of (−C−C−Mam−C−C−Mam−)n in
the direction of the c-axis), this is presented in Figure 2.17.

The realized structure and stoichiometry depends on the size of the alkali: lithium, as the
smallest of the family, prefers a LiC6 formation, while heavier members, K, Rb, Cs follow the
MamC8 stoichiometry in the stage I compound [199]. The reader here might realize that sodium
is missing from the list, which is a consequence that under ambient conditions it does not
form a low stage compound. Most of the attempts report a stable phase of NaC64 (stage VIII)
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Figure 2.17: Staging phenomena in graphite intercalated compounds (GICs) [213].

[214–217], sometimes intermixed with stage V-VI clusters [218]. The reason behind this is
that intercalation with sodium does not cause a significant free energy (∆F) gain and therefore
not favored [199]. Higher alkali concentrations, like NaC3 and NaC2 can only be achieved
using high pressure of 10−40 kbar [219, 220]. For graphene, it appears that there are no such
limitations, as discussed in Chapter 8.

Upon intercalation, the Raman spectrum of graphene and graphite transforms significantly.
In the case of graphite, the G mode first shifts upwards and a second G mode appears, Gc around
1600 cm−1, which corresponds to charged layers [130, 217, 221–223]. Both of the G modes
shift to lower energies upon increasing alkali concentration, with lowering of the stages. In
graphite, the intensity ratio of the two G modes corresponding to charged (Gc) and uncharged
(Guc) layers, continuously turns over. The 2D mode vanishes in a continuous manner while it
downshifts. In Stage I, both of the G modes broaden and have a Breit–Wigner–Fano (BWF)
line shape [224, 225], which is a clear sign that the phononic state is coupled to an electronic
continuum [226]. Moreover, in MamC8 materials a low energy BWF line, the Cz mode, is also
observed, as a result of an ordered alkali sublattice.

In the case of single-layer graphene, one would expect a homogeneously upshifting single
G mode, however, upon potassium intercalation Howard et al. found a split G mode with a
BWF and a symmetrical component on a sample prepared on the surface of SiO2. In the final
intercalation step, only the BWF feature is present [227]. The 2D mode disappears even at
the presence of slight dopant concentration and the Cz mode is also noted at low energies.
When multilayers are also present, the original G mode survives [228]. Parret et al. performed
intercalation with rubidium, and they observed an upshifting G mode and the appearance of the
BWF mode while the 2D mode disappears continuously [229].

ESR properties Graphite, due to its structural anisotropy presents a uniaxial g-factor
anisotropy as well. Its value perpendicular to the c plane is g⊥ = 2.0030, while parallel to
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it is g‖ = 2.0492 [230, 231]. Interestingly, g⊥ has a flat temperature dependence, while g‖
increases by about 5% at 25 K (this is a huge and very unusual increment in ESR). When
graphite is in a powder form the weighted average of the two values has to be taken, resulting in
g = 2.0148. Since the ESR line is originates from conducting electrons of the half-filled π band
in a crystalline HOPG the line shape is an asymmetric Dysonian [232], in powder form, it has
the characteristic uniaxial line shape. The width has also a strong field orientation dependence,
∆B = 0.21 mT, when B ‖ (a,b) and ∆B = 0.51 mT, when B ‖ c at room temperature.

Upon alkali intercalation, the anisotropy is drastically reduced, in crystalline KC8 the
observed g-factor values are around g⊥ = 2.0032 (g⊥ = 2.0037 [233], g⊥ = 2.0030 [234],
g⊥ = 2.0028 [235]) and g‖ = 2.0023 (g‖ = 2.0023 [233], g‖ = 2.0016 [234], g‖ = 2.0030
[235]). It is noteworthy to mention that the anisotropy is reversed compared to the undoped
HOPG. In powder form, g = 2.0024 [235] gives a good average of the two orientations. The
line shape is also Dysonian, just like in pure graphite, but it is broadened to 1.2− 1.5 mT. In
KC24 the g-factor values are more or less the same, however, the width is as low as 0.3− 0.4
mT [233]. In the Stage VIII sodium system, a Dysonian with g = 2.0018 and ∆B = 1.4 mT
was observed [217]. The lithium system presents a very sharp Dysonian at g⊥ = 2.0030 and
g‖ = 2.0021 [233] with a width of 0.24− 0.26 [234] in the Stage I compound and a much
sharpen one in Stage II (LiC12): g = 2.0022, ∆B = 0.07−0.08 mT [234]. The physics behind
the varying width is that it is mostly determined by the spin-orbit coupling originating from the
alkali adatom and it is the smallest in lithium and highest in potassium intercalated material.
The amount of alkali atom, i.e. the stage level, also has an influence.

In graphene, the observed spin properties are greatly influenced by the method of prepara-
tion; in mechanically exfoliated graphene (more layers on top, separated by scotch tape) results
a g = 2.0045 and ∆B = 0.62 mT line [236]; rGO yields g = 2.0062 and ∆B = 0.25 mT [237];
the solvothermally reduced exhibits a line at g = 2.0044 and ∆B = 0.04 mT [238]. The liquid
phase exfolated graphene is discussed in Chapter 6.

2.1.3 Single-walled carbon nanotubes

Carbon nanotubes gained scientific attraction after the publication of Iijima Sumio in Nature
journal in 1991 [4]. He was the first, who correctly identified the existence of multi-walled
carbon nanotubes (MWCNTs). He observed bundles of nanotubules coaxially inside each other
in an electron microscope. Even though Iijima’s article caused a significant breakthrough in
modern solid-state physics, he was not the first, who observed such structures. The first article
in the topic dates back to 1952 by Radushkevich and Lukyanovich [239], however, in the cold
war era, their results remained mainly unknown to the broader scientific community (not to
mention that the article was published in Cyrillic).

Single-walled carbon nanotubes (SWCNTs) are a special type of carbon nanotubes. They
were discovered in 1993 by two groups simultaneously [5, 6]. Their specialty is that they form
a one-dimensional structure as their diameter is orders of magnitude smaller than their length.
The one-dimensionality is reflected in the physical properties, the characteristic band structure
with Van Hove singularities (discussed later) and the presence of the Tomonaga–Luttinger phase
at low temperatures [14, 240].
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Structure Theoretically, carbon nanotubes can be deduced from cutting and wrapping up a
sheet of graphite or graphene, the latter results in a single-walled nanotube. The cut of the
lattice is characterized by C the Hamada or chirality vector [7], which is calculated as follows:

C(n,m) = na1 +ma2, where 0≤ n≤ |m|, (2.25)

where a1 and a2 are the primitive vectors of the graphene lattice, as we saw earlier, n,m are
non-negative integers: n,m ∈ N0. The cutting is done among the C vector and among the
perpendicular T = t1a1 + t2a2 (with t1, t2 ∈ Z) translation vector. The resulted rectangle is then
wrapped around the points separated by the chirality vector. The geometric construction is
presented in Figure 2.18.

Figure 2.18: Geometric constitution of a single-
walled carbon nanotube from the graphene lat-
tice. The lattice vectors are noted with a1 and
a2, C is the Hamada-vector, T is the translation
vector. The blue line corresponds to the arm-
chair and the red notes the zig-zag configura-
tions [241].

Figure 2.19: Carbon nanotubes with the
three different types of chirality: a) arm-
chair, b) zig-zag and c) chiral.

The sixfold symmetry of the graphene lattice is inherited to the nanotubes, as it can be seen
from Eq. (2.25) and Figure 2.19. Therefore, θ is constrained between [0,π/6], the other cases
can be transformed back to this region. The θ = 0 case corresponds to a (n,0) chirality, which
is a zig-zag configuration. The armchair geometry, (n,n) is realized when θ = π/6. The other,
general cases are referred as chiral nanotubes. The three qualitatively different types are shown
in Figure 2.19.

The circumference of the nanotube is given by the length of the Hamada vector:

C = |C|. (2.26)

The diameter can be expressed as [242]:

d(n,m) =
|C|
π

=
aCNT

C−C

√
3
√

n2 +m2 +nm
π

, (2.27)

where aCNT
C−C = 1.44 Å is the distance between the carbon atoms.
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The secondary structure of carbon nanotubes is dictated by van der Waals forces, which
align the tubes to form a bundle, as presented in the electron micrograph in Figure 2.20. There
is also a ternary structure, which is often referred to as "spaghetti" as bundles are usually not
well aligned with respect to each other.
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2.2. ábra. Egyfalú nanocsövek d átmérőjének eloszlása egy valódi mintára, a szövegben meg-
adott paraméterekkel. A b) ábrán mutatjuk az eloszlást nagyított skálán.

 

2.3. ábra. Egyfalú nanocső köteg nagyfelbontású elektronmikroszkópos képe [50] után.

Figure 2.20: Secondary structure of carbon
nanotubes forming an aligned bundle as seen
through an electron microscope [243].

Band structure The band structure of single-walled carbon nanotubes can be deduced from
that of graphene. The bands in SWCNTs are one-dimensional cuts from the graphene band
structure for given directions determined by the C chirality vector. These are continuous for k‖
values parallel to the axis of the nanotube and discretely quantized for k⊥ values perpendicular
to it. This is due to the continuity of the wavefunction, and yields:

eik⊥C = 1 = e2πi`, with ` ∈ Z. (2.28)

The quantization condition is thus

k⊥ =
2π`

C
=

2`
d
, (2.29)

which results in the equidistant cutting lines of the graphene dispersion [244]. If the cutting
line goes through the K or K′ points of the graphene Brillouin zone the resulting nanotube will
be metallic, otherwise, it will be semiconducting. This is formulated by the following equation
[245], the nanotube will be metallic, when:

(n−m) mod 3 = 0. (2.30)

Since (n,m) indices are random in the investigated arc-discharge sample, one-third of the nan-
otubes will be metallic in the batch.

Cutting lines and the density of states are presented in Figure 2.21. Please note the char-
acteristic Van Hove singularities of the density of states (DOS), which is characteristic for a
one-dimensional material.
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Figure 2.21: a) The energy-momentum
contours for the valence and conduction
bands of graphene near the K(K′) point.
The cutting lines of these contours
denote the dispersion relation for the
single-walled nanotube system. Each
cutting line gives rise to a different en-
ergy subband. The energies E(v)

i and
E(c)

i for the valence and conduction
bands and the corresponding wave vec-
tors k(v)

i and k(c)
i at the Van Hove sin-

gularities are indicated on the figure by
the solid dots (•). b) The corresponding
density of states (DOS) for the conduc-
tion and valence bands [244].
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small-diameter nanotubes. In the zone-folding scheme, as
described above, the effect of curvature of the nanotube
wall on the electronic band structure is completely ignored,
while it becomes important for nanotubes of small diame-
ter, because of the hybridization of the electronic in-plane
¼ orbitals with the out-of-plane º orbitals. Furthermore,
the zone-folding scheme is applicable to isolated SWNTs
only, whereas, for nanotube bundles and multiwall nano-
tubes (or individual nanotubes dispersed on a substrate),
some corrections might be required because of the weak van
der Waals intertube interactions (or nanotube interactions
with the substrate). In the same way as described above for
electrons, the zone-folding scheme can be applied to the
phonon dispersion relations for nanotubes.

Figure 1b shows the electronic density of states (DOS)
related to the nanotube electronic band structure plotted in
Figure 1a. Each of the cutting lines in Figure 1a (except for
the one that crosses the degenerate K point) gives rise to a
local maximum in the DOS in Figure 1b, known as a (one-
dimensional) van Hove singularity (VHS). The four VHSs
in Figure 1b are labeled E(v)

i and E(c)
i for the electronic sub-

bands in the valence and conduction bands, correspond-
ingly. The presence of VHSs in the DOS of 1D structures
makes these structures behave quite differently from their
related 3D and 2D materials, as can be seen in Figure 2.
Generally, the DOS pro� les for systems of different dimen-
sionality (3D, 2D, 1D, and 0D) are very different from one
another, as shown in Figure 2. The typical DOS depen-
dence on energy g(E) is given by g } (E 2 E0)[(D/2)21],
where D is an integer, denoting the dimensions, and D
assumes the values 1, 2, and 3, respectively, for 1D, 2D,
and 3D systems.7 Here E0 can be considered as a critical
energy in the DOS. For a 3D system, E0 might correspond
to an energy threshold for the onset of optical transitions,
or to a band edge state in a semiconductor. For a 1D sys-
tem, E0 would correspond to a VHS in the DOS occurring
at each subband edge, where the magnitude of the DOS
becomes very large. One can see from Figure 2 that 1D
systems exhibit DOS pro� les that are quite similar to the
case of 0D systems, with very sharp maxima at certain
energies, in contrast to the DOS pro� les for 2D and 3D
systems, which show a more monotonic increase with
energy. However, the 1D DOS is different from the 0D
DOS in that the 1D DOS has a sharp threshold and a
decaying tail, so that the 1D DOS does not go to zero
between the sharp maxima, as the 0D DOS does (see
Fig. 2). Moreover, the values of the DOS at the peak posi-
tions are generally much higher for 1D objects (nanotubes
and nanowires) than for 0D objects (molecules and quan-
tum dots), because of the much larger number of atoms in
1D objects. The extremely high values of the DOS at the
VHSs allow us to observe individual 1D objects in various
experiments, as discussed in Section 3.

2. THEORETICAL DESCRIPTION

We start this section by describing the geometrical structure
of SWNTs. From this geometrical structure, we determine
the nanotube unit cell and construct the cutting lines in the
reciprocal space of the graphene layer. The translation
properties of the cutting lines are then discussed, followed
by the development of the zone-folding scheme for carbon
nanotubes and its consequent application to the electronic
and phonon dispersion relations of the graphene layer. The
selection rules for the electron-photon and electron-phonon
interactions in carbon nanotubes are then considered in
connection with the cutting lines.

Samsonidze et al./Cutting Lines in Carbon Nanotube Science J. Nanosci. Nanotech. 2003, 3, 431–458
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Fig. 1. (a) The energy-momentum contours for the valence and conduc-
tion bands for a 2D system, each band obeying a linear dependence of
energy on wave vector and forming a degenerate point K where the two
bands touch to de� ne a zero gap semiconductor. The cutting lines of these
contours denote the dispersion relation for the 1D system derived from the
2D system. Each cutting line gives rise to a different energy subband. The
energy extremum Ei in each cutting line at the wave vector ki is known as
the van Hove singularity. The energies E(v)

i and E(c)
i for the valence and

conduction bands and the corresponding wave vectors k(v)
i and k(c)

i at the
van Hove singularities are indicated on the � gure by the solid dots. (b) The
1D density of states (DOS) for the conduction and valence bands in (b)
corresponding to the E (k) dispersion relations for the subbands shown in
(a) as thick curves. The DOS shown in (b) is for a metallic 1D system,
because one of the cutting lines in (a) crosses the degenerate point (the K
point in the graphite Brillouin zone). For a semiconducting 1D system, no
cutting line crosses the degenerate K point, which results in a band gap
opening up in the DOS between the van Hove singularities E(v)

1 and E(c)
1 .

For metallic SWNTs, the constant DOS value between E(v)
1 and E(c)

1 is
given by L/( º®0a) for each cutting line crossing the K point, where L is
the length of a metallic SWNT, ®0 is the transfer integral, and ¬ is the lat-
tice constant for the graphene layer (see electronic dispersion for graphite
around the K point in Section 2.3).

3

Fig. 2. Typical electronic density of states for 3D, 2D, 1D, and 0D systems.

Raman spectroscopy The Raman spectrum of SWCNTs is similar to that of graphene or
graphite. Here I only wish to emphasize the differences compared to the earlier allotropes. The
two most prominent ones are the presence of radial breathing modes (RBM) and the split G
mode. The earlier is a result of the tubular geometry and the vibrational mode corresponds to
prolongation and contraction of the carbon bonds among the tube. This radial mode has a strong
dependence from the tube diameter and usually located at low energies (typically a few hundred
cm−1). The position of a single mode is given by

νRBM =
C1

d
+C2, (2.31)

where C1 ≈ 230 cm−1 and C2 ≈ 10 cm−1 are constants. In the case of a bundle, where multiple
(n,m) indices are present a mixture of the present RBM modes are observed. The strong diame-
ter dependence of the RBM modes gives an easily feasible method to determine the diameter of
the investigated tubes. Tuning the laser energy, different resonant processes can be addressed,
which enhance the visible separability of the different diameters (due to the diameter dependent
band structure) in the spectrum. A collection of such is called the Kataura plot [9].

The split G mode is also a result of the special geometry, namely the degeneracy of the LO
and TO modes in the Γ point is resolved resulting in a doublet of G− and G+.

Preparation The three most common and widely used methods to prepare carbon nanotubes
are arc-discharge, laser ablation, and chemical vapor deposition. Since my work was done on
arc discharge nanotubes, here I restrict myself to discuss the preparation of only this type, the
rest can be found in Refs. [242, 246]. In the arc method, the nanotubes are prepared in a heated
chamber (typically above 1700 ◦C), where two carbon rods with a diameter of 5− 20 mm are
placed close to each other (usually around 1 mm). A DC voltage of 20−25 V is applied between
the rods, the current flow is around 50− 120 A. A continuous flow of low-pressure helium or
hydrogen gas is also applied as cooling medium during the preparation. The carbon nanotubes
are formed in the arc, while the length of the anode is decreased. If no catalyst is applied,
the arc discharge method results MWCNT bundles; single-walled tubes can be achieved using
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transition (Fe, Co, Ni, Pd, Ag or Pt) or rare-earth metal (Y or Gd) catalysts. The technique yields
a mixture of nanotubes, whose diameter varies between 1.2−2.0 nm, depending on the catalyst.
During my work, Ni metal catalyst based SWCNTs were used, which resulted in bundles with a
mean diameter of 1.4 nm with a variance of 0.1 nm. The doping of carbon nanotubes with alkali
metals proceeds similarly to that of graphite and graphene, which are mentioned above. The
most crucial difference for SWCNTs is that the intercalant usually does not penetrate the tube,
but remains in the space between the tubes, similarly to alkali doped fullerides. The intercalant
donates its electron to the semi-conducting tubes making the resulting material more metallic
[247]. In the Raman spectrum, this results in the appearance of the BWF mode near the G-
band region [248, 249], similarly to graphene. The presence of conducting electrons is also
confirmed by ESR, as a new CESR (conducting electron spin resonance) line appears in the
spectrum [212, 250, 251]. Further details are described in Chapter 5.

2.2 Spin in a finite magnetic field

In the present section, I wish to present what happens to the magnetic moment (be it a spin
of an electron or a nuclear magnetic moment) if the spin system is placed in an external mag-
netic field. As it was shown in the famous Stern–Gerlach experiment [252], in the presence of
magnetic field the degeneracy of the energy levels, which share the same J angular momentum,
is lifted. This is the so-called Zeeman effect. Upon interaction with an electromagnetic field
(or photon), only transitions dictated by the ∆mJ = ±1 selection rule are allowed. The energy
difference between the neighboring Zeeman levels:

∆E = gJµBB, (2.32)

where gJ is the Landé g-factor, µB is the Bohr-magneton. A detailed description of these pa-
rameters can be found later, in Section 2.2.2.

The investigated system can absorb photons with this particular energy in a resonant process.
In the following, we investigate this dynamical transition [81, 253–255].

By classical means, to a µ magnetic moment in the presence of an external magnetic field,
B, a torque of µ×B is applied. If the investigated body or sample also has angular momentum,
additional to its magnetic moment the torque forces the body to make a precession around
the external field. Using the definition of the torque, the equation of motion for the angular
momentum is:

dJ
dt

= µ×B. (2.33)

Since µ = γJ, where γ is the gyromagnetic ratio. The equation of motion can be reformulated
to the magnetic moment:

dµ
dt

= µ× γB. (2.34)

The latter holds for both fields constant and varying in time. To solve the differential equation
let us consider a rotating frame withΩ angular velocity compared to the laboratory frame:

δµ

δ t
= µ× (γB+Ω) . (2.35)
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Here δ/δ t denotes the derivation in the rotating frame. Introducing an effective magnetic field,
Beff = B+Ω/γ a similar equation to the original can be obtained. Assuming a static B = ẑB0
external field pointing along the z-axis the effective field, Beff, can be chosen to be zero. This
can be achieved whenΩ=−γB0ẑ. As a result one finds δµ/δ t = 0 thus the moment is standing
still in the rotating frame, and rotating with a Ω angular momentum vector in the laboratory
frame. The angular momentum corresponds to the rotation (the magnitude ofΩ) is the so-called
Larmor frequency, ω0 = γB0.

In the quantum mechanical picture first, for simplicity, let us consider the effect of a static
magnetic field and from now on the mJ = m notation is used. The Hamilton operator describing
the system is:

Hext =−γ h̄mB0. (2.36)

The eigenvalues of the operator are:

Em =−γ h̄mB0, (2.37)

where γ = −geµB/h̄ ≈ 2π · 28 GHz/T for electrons. Denoting the solutions of the time in-
dependent Schrödinger equation with uJ,m, the formal solution of the time dependent problem
is

Ψ(t) =
J

∑
m=−J

cmuJ,m e−
i
h̄ Emt . (2.38)

Here cm is a complex number for a given m. The expectation value of the magnetic moment for
a given direction can be calculated as:

〈µx(t)〉=
∫

Ψ
∗(t)µxΨ(t)d3r (2.39)

using Ψ(t) and the µx = γJx relation:

〈µx(t)〉= ∑
m,m′

γc∗m′cm 〈m′|Jx |m〉e−
i
h̄ (Em′−Em)t , (2.40)

where 〈m′|Jx |m〉 =
∫

uJ,m′JxuJ,m d3r is a time independent matrix element. It can be directly
read, that the system can only absorb a photon with a given (Em′−Em)/h̄ angular momentum,
moreover, the matrix element is non-zero only upon the m′ = m±1 selection rule.

The time evolution of the expectation value of the magnetic moment can be evaluated using
the Heisenberg equation and the Ehrenfest theorem in the following way:

d〈µ〉
dt

=
i
h̄
〈[Hext,µ]〉= 〈µ〉× γB0. (2.41)

The latter equation is in correspondence with the classical picture, where µ denotes the sum of
independent moments.

Transitions between the Zeeman levels can be realized with a perturbing magnetic field
varied periodically in time (the other method is using radiofrequency or microwave pulses). In
the continuous wave (CW) ESR this is achieved using a linearly polarized field along the x-axis,
which can be written as a sum of two circularly polarized waves:

BR = B1 (x̂cosωt + ŷsinωt) , (2.42)
BL = B1 (x̂cosωt− ŷsinωt) . (2.43)
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Here it is worth noting, that the two fields can be transformed into each other using ω →−ω .
Near resonance absorption only occurs for the component rotating in the same direction as the
Larmor precession. The general solution can be retained by introducing the ωz =±ω notation.
Thus the perturbing magnetic field, which induces the transition has the following form:

B1 = B1 (x̂cosωzt + ŷsinωzt) . (2.44)

Inserting B = B0 +B1 into Eq. (2.34) yields:

dµ
dt

= µ× γ(B0 +B1(t)). (2.45)

Going into a rotating frame along the z-axis with ωz angular velocity the time dependence of B1
can be transformed out. Choosing the x′-axis of the rotating frame along B1 perturbing field:

δµ

δ t
= µ×

[
ẑ(ωz + γB0)+ x̂′γB1

]
. (2.46)

Since transitions are only generated from one component, near resonance ωz = −ω has to be
taken:

δµ

δ t
= µ× γ

[
ẑ(B0−ω/γ)+ x̂′B1

]
= µ× γBe. (2.47)

In quantum mechanics, jumping to a rotating frame is described with a unitary operation:

Ji′ = e−iJiφ/h̄ Ji eiJiφ/h̄, (2.48)

where i = (x,y,z), φ is the angle of the rotation, which can be time-dependent. For our case, the
transformation has to be done for the following magnetic field:

B(t) = x̂B1 cosωzt + ŷB1 sinωzt + ẑB0 (2.49)

Transforming the Schrödinger equation according to Eq. (2.48) we obtain

ih̄
∂Ψ

∂ t
=−µBΨ =−γ [B0Jz +B1(Jx cosωzt + Jy sinωzt)]Ψ . (2.50)

The Hamilton operator describing the system now has the following structure:

H =−γ

(
B0Jz +B1 e−iωztJz/h̄ Jx eiωztJz/h̄

)
. (2.51)

Then the wave function has to be transformed with a well-chosen exponential operator:

Ψ
′ = eiωztJz/h̄

Ψ . (2.52)

With this the explicit time dependence of the magnetic field is transformed out:

ih̄
∂Ψ ′

∂ t
=− [(ωz + γB0)Jz + γB1Jx′]Ψ

′. (2.53)

As a result, the moments interact with the static effective field of

Beff = ẑ
(

B0 +
ωz

γ

)
+ x̂′B1 (2.54)

as shown for classical moments before.
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2.2.1 Bloch equations
Until now, we neglected the effect of dissipation or the presence of a finite temperature

reservoir. In the classical picture, we can interpret this as the spins are suffering from friction
during their precession. In the quantum mechanical picture, the effect can be taken into account
through relaxation of the system. The phenomenological description of the dynamics was de-
veloped by Bloch in 1946 [256]. Introducing the magnetization or magnetic dipole density as
M = µ/V the Bloch equations are:

dMz

dt
= γ (M×B)z +

M0−Mz

T1
, (2.55)

dMx

dt
= γ (M×B)x−

Mx

T2
, (2.56)

dMy

dt
= γ (M×B)y−

My

T2
. (2.57)

Here M0 is the equilibrium magnetization, T1 is the spin-lattice relaxation time – which corre-
sponds to an energy loss process – and T2 is the spin-spin relaxation time – which is arising
from spin dephasing in the quantum mechanical picture. The introduction of the two different
relaxation times is dictated by the conservation of energy and by the quantization. Furthermore,
in most cases T1 > T2, but this is not a strong inequality, as later we will see, that T1 ≈ T2
in several cases and even T1 = T2/2 is realized, e.g. in graphite for one direction. In several
(mainly transport) literature, the reader might find a single τs spin-relaxation time, which is the
zero-field equivalent of τs = T1(B = 0) = T2(B = 0). First, we search the solutions of the equa-
tions, when the perturbing field is small. The steady-state solutions (e.g. when the transients
are neglected) to Bloch equations in the rotating frame, where x′ is chosen to be along B1 are:

Mx′ = χ0 (ω0T2)
(ω0−ω)T2

1+(ω−ω0)
2 T 2

2

B1

µ0
, (2.58)

My′ = χ0 (ω0T2)
1

1+(ω−ω0)
2 T 2

2

B1

µ0
, (2.59)

where χ0 = µ0M0/B0 denotes the static spin susceptibility, ω0 = γB0 is the transition frequency
and ω = −ωz, as used before. The solutions can be transformed back to the laboratory frame
using the following complex formalism:

MC
x = Mx′ e

iωt +My′ e
iωt+π/2 . (2.60)

The magnetization in the x direction is thus realized as the real part of the expression above:

Mx = ReMC
x . (2.61)

Similarly, the complex magnetic field can also be introduced: BC
x = Bx,0 eiωt . Now let us as-

sume, that the connection between the magnetic field and the magnetization is linear, and the
proportionality factor is the dynamical susceptibility.

χ = µ0
MC

x
BC

x
= χ

′− iχ ′′. (2.62)
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The real part of χ is called the dispersion, the imaginary is referred to as the absorption response
function. χ ′ and χ ′′ are depicted in Figure 2.22 and has the following form:

χ
′ =

χ0

2
ω0T2

(ω0−ω)T2

1+(ω−ω0)
2 T 2

2

, (2.63)

χ
′′ =

χ0

2
ω0T2

1

1+(ω−ω0)
2 T 2

2

. (2.64)
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Figure 2.22: χ ′, dispersion and χ ′′, absorption responses as a function of (ω0−ω)T2.

Linear response theory dictates that the real and imaginary parts of the susceptibility are
Kramers–Kronig conjugates:

χ
′(ω)−χ

′(∞) =
1
π
P

∞∫

−∞

dω
′ χ
′′(ω ′)

ω ′−ω
, (2.65)

χ
′′(ω) =− 1

π
P

∞∫

−∞

dω
′ χ
′(ω)−χ ′(∞)

ω ′−ω
, (2.66)

where P
∫

denotes the principal value integral. Assuming χ ′(∞) = 0, the static susceptibility
can be obtained:

χ0 = χ
′(0) =

1
π
P

∞∫

−∞

dω
′ χ
′′(ω ′)
ω ′

=
2
π

1
ω0

∞∫

0

dω
′
χ
′′(ω ′). (2.67)

In Section 3.3.1, it is shown that in the ESR the detected signal is proportional to the deriva-
tive of χ ′′. Connecting the theory with the experiment, in a non-saturated ESR measurement the
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following quantities are obtainable: χ0, through the area of the fitted curve (or through double
integration), the g-factor from the position of the signal and the T2 relaxation time through the
∆B width (HWHM) of the line:

T2 =
1

γ∆B
. (2.68)

The situation is indeed similar in pulsed experiments (except the derivation). Some literature
use ∆Bpp peak-to-peak linewidth instead of HWHM, this can be converted using:

∆B =

√
3

2
∆Bpp. (2.69)

Saturation regime It is worth mentioning that the presented solutions are only valid when
the observed signal is not saturated, e.g. when the microwave power is low. If this is not the
case, the solutions have to be extended with the saturation factor. The general solutions for the
dynamical susceptibilities are:

χ
′
sat =

χ0

2
ω0T2

(ω0−ω)T2

1+(ω−ω0)
2 T 2

2 + γ2B2
1T1T2

, (2.70)

χ
′′
sat =

χ0

2
ω0T2

1

1+(ω−ω0)
2 T 2

2 + γ2B2
1T1T2

, (2.71)

where the magnitude of the perturbing B1 field is also present. Furthermore, a product of T1
and T2 also appears, this allows us to determine T1, when T2 is known from a non-saturated
experiment. This indeed comes very handy in certain situations. As a result, upon saturation
the line gets distorted: it appears the Lorentzian is "dipped in". This means that the integrated
intensity is reduced and the line is broadened. It is useful to introduce the saturation factor as
s = γ2B2

1T1T2. The detected intensity in the saturated case is thus reduced by a B1/
√

1+ s factor
[254]. Since determining the intensity is less reliable than measuring the linewidth, it is more
appropriate to evaluate the broadening:

∆Bsat = ∆B
√

1+ s = ∆B
√

1+ γ2B2
1T1T2, (2.72)

where ∆B is determined from a non-saturated experiment. Fitting Eq. (2.72) to a set of satu-
ration measurements directly yields (inserting T2 from a low power measurement) the T1 spin-
lattice relaxation, which is otherwise not accessible. One more thing to mention is that B1 can
be determined from the cavity parameters described by the manufacturer (or measured by the
instrument).

2.2.2 Spin susceptibilities

In the following section, I present how the detected ESR signal is related to the microscopic
properties of the physical system. First, I deal with the signal arising from localized paramag-
netic moments and then I treat the contribution from mobile, conducting electrons.
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Curie susceptibility Let us consider an atomic, localized electron, which is experiencing a
V (r) potential and an external magnetic field, B(r). In the presence of a magnetic field, the
canonical momentum, p = (h̄/i)∇, present in the Hamilton operator, has to be replaced with
the kinetic momentum of p+ eA, where A is vector potential of B = ∇×A [81]. Taking into
account that the electron has a spin, which also interacts with the magnetic field, the Hamilton
operator describing the system has the following form:

H =
1

2me
(p+ eA(r))2 +V (r)+geµBBs, (2.73)

where me is the mass, ge = 2.00232 . . . is the g-factor of the electron1, µB = eh̄
2me

is the Bohr
magneton, and s is the spin operator. In coordinate representation, p is a differential operator
(as showed before), thus the expansion of the quadratic term is not trivial, since p and A usually
do not commute:

[p,A] =
h̄
i
∇ ·A. (2.74)

In case of a homogeneous magnetic field, it is customary to choose the so-called symmetric
gauge, where

A =
1
2
[B× r] . (2.75)

It can be shown that this choice does not only satisfy the required ∇×A = B relationship but
also grants that ∇ ·A = 0, in other words p and A are now commuting. After substitution, Eq.
(2.73) can be transformed to the following form:

H =
p2

2me
− e

2me
[r×p]B+

e2

8me
[r×B]2 +V (r)+geµBBs. (2.76)

Realizing, that r×p = h̄l is the angular momentum, the equation simplifies to

H =
p2

2me
+V (r)+µB (l+ges)B+

e2

8me
[r×B]2 . (2.77)

Introducing r⊥ for component of the space vector, which is perpendicular to the external
magnetic field, the last term of Eq. (2.77) can be rewritten: [r×B]2 = B2r2

⊥. Moreover, the
equation can be generalized for the Z electron case using

h̄L =
Z

∑
i=1

h̄li =
Z

∑
i=1

(ri×pi), (2.78)

S =
Z

∑
i=1

si. (2.79)

The Hamilton operator for the general case has the following form:

H =
Z

∑
i=1

[
p2

i
2me

+V (ri)

]
+µB(L+geS)B+

e2

8me
B2

Z

∑
i=1

r2
i⊥ (2.80)

1This value can be deduced from quantum electrodynamics.
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The Curie term, which is linear in the magnetic field is responsible for the paramagnetic
moment of the atoms. When the total moment of inertia has a non-zero value, this term dom-
inates over the quadratic (in B), Langevin or Larmor one. Of course, there is a paramagnetic
contribution, when J = 0, in this case, one must proceed to the second-order correction. This
term is called the Van Vleck paramagnetic susceptibility, which dominates the magnetism of
atoms with closed shells:

χVV =
N
V

2µ
2
Bµ0 ∑

n

|〈0|(Lz +geSz) |n〉|2
En−E0

. (2.81)

When the Curie term dominates, the magnetic moment favors pointing parallel or antipar-
allel to the direction of the magnetic field. Let us suppose that this is the case now and our
magnetic field is small. The external field shall point in the z direction, and let this be the
quantization axis. Due to spin-orbit coupling, L and S do not commute with the Hamiltonian
(i.e they are not good quantum numbers), the state is thus can only be described with the total
angular momentum, J = L+S and its projection to the z-plane, Jz. The linear term, present in
the Hamilton operator can be rewritten in the following form:

L+geS = gJJ, (2.82)

where gJ is the Landé g-factor and its value can be evaluated using the Wigner–Eckart theorem:

gJ =
〈(L+geS)J〉
〈J2〉 = 1+(ge−1)

J(J+1)+S(S+1)−L(L+1)
2J(J+1)

. (2.83)

Here 〈.〉 denotes expectation values. The angular momentum and the magnetic momentum is
presented in Figure 2.23 in the presence of an external magnetic field.

Figure 2.23: Representation of
the orbital and total angular
momentum, the spin and the
total magnetic moment in ex-
ternal magnetic field [81].
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The contribution of the ion core:

µ=−µB(L+geS) =−gJµBJ. (2.84)

The effect of the external field can be included in the Hamilton operator with a

Hext =−µB = gJµBJB (2.85)
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perturbation term (neglecting the diamagnetic and higher-order contributions). As a result, the
2J +1 degenerate ground state splits to 2J +1 Zeeman bands. The energy difference between
these is

∆E = gJµBmJB, (2.86)

where mJ ∈ [−J, . . . ,J] are the eigenvalues of the Jz operator. Let us now assume a finite V
volume with N magnetic moments, the total magnetization is then

M =
N
V
〈µ〉= n〈µ〉. (2.87)

In the present case, these moments point to the z direction derived by the external field, so:

〈µ〉=−gJµB〈mJ〉. (2.88)

During the calculation of the expected value, it is assumed that the atom is in the ground state
and the population of the excited levels is negligible. If so, only one level with a J quantum
number has to be taken for each independent atom. Choosing the E0 energy of the ground
state zero, the magnetization in a finite T temperature thermal bath, can be evaluated using the
canonical ensemble:

M =−ngJµB〈mJ〉=−ngJµB

J
∑

mJ=−J
mJ e−βgJ µBmJB

J
∑

mJ=−J
e−βgJ µBmJB

. (2.89)

Here β = 1/kBT denotes the Boltzmann factor. The obtained geometric series can be summa-
rized, afterwards and we arrive to

M = ngJµBJBJ(βgJµBJB), (2.90)

BJ(x) =
2J+1

2J
coth

2J+1
2J

x− 1
2J

coth
1
2J

x, (2.91)

where BJ(x) is the so-called Brillouin function. Analyzing BJ , we find a simple solution for one
momentum: B1/2(x) = tanhx and the classical solution is also returned when J� 1: BJ→∞(x) =
L(x) = cothx− 1

x . The latter is often referred as the Langevin formula. In strong magnetic field,
e.g. x→ ∞ all spins align to the magnetic field with maximal projection and the magnetization
saturates: BJ(x→ ∞) = 1.

For the present experiments, carried out in small magnetic fields (x is small, the T → 0 limit
is discarded), the Brillouin function can be expanded in series:

cothx≈ 1
x
+

x
3
− 1

45
x3 + . . . , (2.92)

BJ(x)≈
J+1

J
x
3
− (2J+1)4−1

(2J)4
x3

45
+ . . . (2.93)

Keeping only the leading term, the magnitude of the magnetization is

M =
n(gJµB)

2J(J+1)
3kBT

B. (2.94)
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In the final step, we assume that the material is non-magnetic: B ≈ µ0H. Arriving at the final
expression, the Curie susceptibility is then

χCurie =
∂M
∂H

∣∣∣∣
H=0

=
µ0n(gJµB)

2J(J+1)
3kBT

∼ 1
T
. (2.95)

Taking a closer look, we can deduce that the χCurie Curie susceptibility is inversely proportional
to the temperature, while it goes to zero at high temperature. In contrast to the Pauli susceptibil-
ity (described below), which is independent of the temperature (in the leading order). Therefore,
in a temperature-dependent measurement, the two contributions can be separated.

Pauli susceptibility The contribution of the conducting electrons to the magnetic suscepti-
bility is taken into account first as they would behave as an ideal electron gas [257]. Without
the presence of a magnetic field, the energy levels of the electrons are degenerate in the spin
degree of freedom, however, in a magnetic field, the degeneracy is lifted and the bands are split.
Quantizing the spin in the direction of the magnetic field, the energy bands are:

εk,σ = εk−
1
2

geµBBσ , (2.96)

with σ = ±1. For simplicity, it is conventional to note the two spin orientations with arrows.
Applying the magnetic field adiabatically, when the system reached the equilibrium, the density
of states (DOS) is different for the two spin states as shown in Figure 2.24.
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Figure 2.24: Change of density of states of an ideal electron gas upon the presence of magnetic
field [257].

Making a series expansion to the DOS to the first order yields:

ρ↑(ε) =
1
2

ρ

(
ε +

1
2

geµBB
)
≈ 1

2
ρ(ε)+

1
4

geµBB
dρ(ε)

dε
, (2.97)

ρ↓(ε) =
1
2

ρ

(
ε− 1

2
geµBB

)
≈ 1

2
ρ(ε)− 1

4
geµBB

dρ(ε)

dε
. (2.98)

The particle number density of the occupied states are:

n↑↓ =
∫

ρ↑↓(ε) f0(ε)dε =
1
2

∫
ρ(ε) f0(ε)dε± 1

4
geµBB

∫ dρ(ε)

dε
f0(ε)dε. (2.99)



2.2.3. THE DYSONIAN LINE SHAPE 39

Here, f0(ε) = 1/
(

eβ (ε−µ)+1
)

is the Fermi–Dirac distribution function. The chemical poten-
tial, µ , can be evaluated from the n↑+n↓ = ne equation, where the conservation of the particle
number is used. The magnetization is thus

M =
1

2Vc
geµB(n↑−n↓) =

1
4Vc

g2
eµ

2
BB
∫ dρ(ε)

dε
f0(ε)dε, (2.100)

where Vc is the volume of the unit cell. Applying the Sommerfeld series expansion and neglect-
ing the quadratic term, the integral can be processed:

M =
1

4Vc
g2

eµ
2
BB
∫

ρ(ε)

(
−∂ f0(ε)

∂ε

)
dε =

1
4Vc

g2
eµ

2
BBρ(εF). (2.101)

The appearing εF is the Fermi energy, which replaces the chemical potential. In the paramag-
netic limit B≈ µ0H and therefore the Pauli susceptibility is:

χPauli =
1

4Vc
µ0(geµB)

2
ρ(εF). (2.102)

I wish to remind the reader here, that the obtained result only depends on the density of
states at the Fermi level and independent of the temperature in the leading order. When the
calculation is done on Bloch electrons the ge has to be replaced with the actual g-factor in the
material and the DOS also differs on the Fermi surface.

Here, it is worth noting that there are diamagnetic contributions to the spin susceptibility as
well. If the atom or ion has a closed electron shell, the Langevin or Larmor diamagnetism has
to be taken into account [81]. Moreover, an itinerant electron gas has also a diamagnetic con-
tribution, this is referred to as Landau diamagnetism [257]. Nevertheless, in ESR experiments
neither of these susceptibility types plays a role as these are not linked to the spin transitions
between Zeeman levels, which is the ESR process itself. This is, in fact, a major advantage of
the ESR method as it is sensitive to the spin-related paramagnetic contributions, in contrast to
bulk magnetometry (e.g. SQUID or VSM magnetometry). Discussion of the mentioned terms
is therefore not required for the present discussion and is beyond the scope of the present thesis
and is well-described elsewhere in the literature.

2.2.3 The Dysonian line shape

Before dealing with the signal arising upon conduction electron spin resonance (CESR), it
is necessary to mention that the electromagnetic field can only penetrate a metal up to finite
depth [258]. The latter is called the skin depth and the effect is referred to as the skin effect.
According to the differential form of Ohm’s law, the electric current density is proportional to
the electric field:

j = σE, (2.103)

where σ is the conductivity, which can be evaluated from the Drude model (or from the Boltz-
mann equation) as shown in Section 2.5. Assuming a linear medium, the Maxwell equations
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have the following form:

∇ ·E =
%c

ε
, (2.104)

∇ ·B = 0, (2.105)

∇×E =−∂B
∂ t

, (2.106)

∇×B = µσE+µ ε
∂E
∂ t

. (2.107)

These can be treated with the following continuity equation:

∇ · j =−∂ %c

∂ t
. (2.108)

Inserting Eq. (2.103) into Eq. (2.108) and using Eq. (2.104), which describes the source of the
electric field, the following relation is obtainable:

∂ %c

∂ t
=−σ (∇ ·E) =−σ

ε
%c, (2.109)

whose solution in the homogeneous case yields an exponential decay in time:

%c (t) = e−(σ/ε)t %c (0). (2.110)

This means that any free charge at the initial time disappears with a characteristic σ/ ε time. To
treat the behavior in real space let us consider only the steady-state solution when the transients
are gone and %c= 0. The simplified Maxwell equations are

∇ ·E = 0, (2.111)
∇ ·B = 0, (2.112)

∇×E =−∂B
∂ t

, (2.113)

∇×B = µσE+µ ε
∂E
∂ t

. (2.114)

The wave equations can be now constructed with differentiating the latter two equations again:

∇
2E = µ ε

∂ 2E
∂ t2 +µσ

∂E
∂ t

, (2.115)

∇
2B = µ ε

∂ 2B
∂ t2 +µσ

∂E
∂ t

. (2.116)

These can be satisfied with a plane wave solution by introducing the complex wavenumber, k̂.
For one direction in space:

E(z, t) = E0 ei(k̂z−ωt), (2.117)

B(z, t) = B0 ei(k̂z−ωt), (2.118)
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where

k̂2 = µ ε ω
2 + iµσω = (k+ iκ)2 (2.119)

and κ is the so-called extinction coefficient. Separating the real and imaginary parts:

k = ω

√
ε µ

2

[√
1+
(

σ

ε ω

)2
+1

]1/2

, (2.120)

κ = ω

√
ε µ

2

[√
1+
(

σ

ε ω

)2
−1

]1/2

. (2.121)

For the finite penetration depth of the fields, the imaginary part is responsible. The distance in
which the amplitude of the fields is lowered by a factor of 1/e is called the skin depth:

δskin = 1/κ. (2.122)

Moreover, this cause that the magnetic field has a finite phase shift of φ = tan−1(κ/k) compared
to the electric field.

The above-mentioned skin effect is the origin that the ESR signal in metals deviates from
the usual Lorentzian line shape. This was first shown experimentally by Feher and Kip in
1955 [259] and theoretically discussed by Dyson [232], thus named after the latter. In his
paper, he treats that the electromagnetic field excites only those electrons, which are present
within the skin depth. Furthermore, the electrons have diffusive motion and can get into deeper
regions before their spins relax. The calculated, rather complicated line shape has two additional
parameters: R, which is characterized by the TD (the characteristic time in which a conducting
electron escapes from the volume determined by the skin depth; defined by δskin = vF

√
τTD/

√
3)

spin diffusion time and by the spin-relaxation time:

R =

√
TD

T2
. (2.123)

The second parameter is denoted by λ and is determined by the ratio of the d grain size of the
sample and the skin depth:

λ =
d

δskin
. (2.124)

The calculations can be done for a rectangular cuboid through a rather complicated path. The
obtained line shape [232, 260] reads:

fDyson =
dV
dω

= N
{

Re
(
F2)Re

[
dG(ω−ω0)

dω

]
−
[

Im
(
F2) Im

[
dG(ω−ω0)

dω

]]}
, (2.125)
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where N is a constant, ω0 is the position of the resonance,

F =−u tanu, (2.126)
u = λ (1+ i)/2, (2.127)

G(ω−ω0) =
i

(w2−u2)
2

[
2u2 cotw

w
+
(
w2−3u2) cotu

u
+
(
w2−u2) 1

cos2 u

]
, (2.128)

w =
λR
2
(ξ + iη), (2.129)

ξ = sgn(x)
√√

1+ x2−1, (2.130)

η =

√√
1+ x2 +1, (2.131)

x = (ω−ω0)T2 (2.132)

The line shape is shown for various R2 in Figure 2.25.

Figure 2.25: The Dysonian line shape with various values of R2 [232].

It was shown in Ref. [260] that if the asymmetry (e.g. the grain size is smaller than the skin
depth) of the Dysonian is not too big, it can be well approximated with a phase-shifted sum of
an absorption and a dispersion Lorentzian:

fDyson ≈ χ
′′ cosϕ +χ

′ sinϕ, when λ � 1. (2.133)

For the samples, which I studied, this case is satisfied as they are fine powders and the mi-
crowave field can uniformly penetrate and also the conduction electron diffusion is negligible.
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2.3 The spin-orbit interaction
Spin-orbit coupling (SOC) or interaction (SOI) is a relativistic correction to the Schrödinger

equation of a particle with finite spin. The correction term can be derived from the Dirac
equation, when the velocity of the particle is small compared to the speed of light (v� c). In
the presence of an external electromagnetic field of Aµ the equation reads in covariant form
(Einstein convention): (

γ
µ
(
ih̄∂µ − eAµ

)
−mc

)
ψ = 0, (2.134)

where there is an implied summation over µ = 0,1,2,3 and ψ is the spinor wavefunction. The
γ Dirac matrices have the following form:

γ
0 =

(
I2 0
0 −I2

)
, γ

i =

(
0 σi
−σi 0

)
with i = 1,2,3 (2.135)

here I2 is 2× 2 identity operator, σi are the Pauli matrices. Performing a series expansion in
1/c and keeping only the electronic terms in first-order we obtain [81]:

H = mec2 +
1

2me
(σσσ(p+ eA))2 +V (r). (2.136)

using the following identity (σσσA)(σσσB) = (AB)+ iσσσ(A×B) and neglecting the mec2 term and
using s = 1

2σσσ for electrons, the result is the Pauli–Schrödinger Hamiltonian:

H(1) =
1

2me
(p+ eA)2−geµBBs+V (r). (2.137)

In the second-order, three new terms appear:

H(1) =Hkin +HDarwin +HSOC, (2.138)

Hkin =−
1

8m3
ec2 (σσσ(p+ eA))4 , (2.139)

HDarwin =
h̄2

8m2
ec2 ∇

2V (r), (2.140)

HSOC =
h̄

4m2
ec2 σσσ (∇V (r)× (p+ eA)) . (2.141)

The first term describes a correction to the kinetic and magnetic energy, which can be neglected
in solids. The second, Darwin term is only important for s electrons, since in atomic Coulomb
fields V (r) ∼ 1/r and ∇2(1/r) ∝ δ (r). The third term is the most important, which describes
the spin-orbit interaction. When the scalar potential is central, i.e. it only depends on r = |r|,
like the Coulomb potential, it can be rewritten as

∇V (r) =
dV (r)

dr
r
r
. (2.142)

Neglecting the vector potential and realizing that h̄l = r× p the SOC Hamiltonian (here, l is
dimensionless), HSOC can be further simplified:

HSOC =
h̄2

2m2
ec2

1
r

dV (r)
dr

ls. (2.143)
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It can be shown that for an atom with Z electrons the contribution of the SOC term is
proportional to Z2, thus it becomes important for the heavy elements. For lighter elements (like
alkali metals and carbon), it can be treated as a weak perturbation to the interaction due to other
electrons.

2.4 The Elliott–Yafet theory

Kramers theorem Before going into the details of the Elliott–Yafet theory, a few words about
the Kramers theorem have to be mentioned. The theorem describes a situation, when the Hamil-
tonian of the physical system has a U antiunitary symmetry such that U∗U =−I, then its energy
bands or states are doubly degenerate. In general, if a material does not have an i inversion sym-
metry, the SOC, induced by the internal electric field, splits the spin-degenerate bands. On the
other hand, when i is present, the SOC does not lift the degeneracy of the kinetic bands. The
product of inversion, i, and time reversal, T forms an antiunitary symmetry, which also does not
change the crystal momentum of a given state. Therefore, εk,α = εk,β , which means that there
is a degenerate, orthogonal state with the same wave vector for every energy state with wave
vector k as a result of the Kramers theorem.

In the Elliott–Yafet theory, a metallic material with i inversion symmetry is assumed. Ac-
cording to the Kramers theorem, mentioned above, the spin degeneracy is preserved even in the
presence of finite spin-orbit interaction. To give a meaningful description of spin relaxation,
a four-band model is required, as showed by Elliott [53]. Thus, a conduction band and a near
lying valence band is taken into account in the model. Another assumption of the model is
that the spin of the electron might flip over with a low probability upon momentum scattering
events, while it remains unchanged between two. This is demonstrated graphically in Figure
2.26.
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where K is conjugation. This yields T 2 = −1.
Kramers theorem only requires an antiunitary symmetry A and A2 = −1. Note

that for any unitary symmetry U , UT is an antiunitary symmetry. Consider an
energy eigenstate |φ〉 with energy ε. Since A is a symmetry operation, |Aφ〉 is also
an energy eigenstate with the same energy. To prove that it is orthogonal to the
original state I use Eq. (2.12) above with |ψ〉 = |Aφ〉:

〈φ|Aφ〉 = 〈A2φ|Aφ〉 = −〈φ|Aφ〉 . (2.14)

2.4 The Elliott-Yafet theory
The Elliott-Yafet theory assumes a metal with inversion symmetry. As mentioned
above, the spin states remain degenerate even in the presence of a finite SOC
interaction. Elliott showed that the simplest model to describe spin relaxation
meaningfully requires two additional bands, i.e. altogether a four band model.
Therefore the theory takes into account the conduction band and a nearby band.
The interpretation of the EY theory is depicted in Fig. 2.3. The spin state of
an electron may flip at momentum scattering events with a low probability and
between scattering events, the spin state remains unchanged.

spin flip
event

momentum
scattering event

Figure 2.3: The interpretation of the Elliott-Yafet theory.

Since the spin-flip probability and the frequency of scattering events is propor-
tional, the EY theory predicts that the spin-relaxation time is proportional to the
momentum relaxation time:

Figure 2.26: Graphical representation of the Elliott–Yafet theory [261]. Upon momentum scat-
tering events, the spin may flip with a low probability.

A consequence of the spin-orbit coupling is that the unperturbed spin states, |↑〉 , |↓〉 are
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admixed:

|↑̃〉k = [ak(r) |↑〉+bk(r) |↓〉]eikr, (2.144)

|↓̃〉k =
[
a∗−k(r) |↓〉+b∗−k(r) |↑〉

]
eikr, (2.145)

Denoting the SOC matrix element between the conduction band and the near lying band with λ

and the band separation with ∆ , it can be shown that |bk|/|ak| ≈ λ/∆ .
As the spin-flip probability and the frequency of the momentum scattering events is propor-

tional, the theory predicts that the τs spin-relaxation time is proportional to the τ momentum
relaxation time (the inverse of quasi-particle broadening):

1
τs

= α1

(
λ

∆

)2 1
τ
, (2.146)

where α1 = O(1) is a dimensionless parameter near unity.
Furthermore, it was shown by Elliott, that the energy of the admixed spin states differs from

pure spin states, which cause a shift of the g-factor:

∆g = g−ge = α2
λ

∆
, (2.147)

where ge is the g-factor of the free electron and α2 = O(1) is a different, band structure depen-
dent constant. Introducing the spin and momentum scattering rates as Γs = h̄/τs and Γ = h̄/τ

and combining Eqs. (2.146) and (2.147) the Elliott relation can be obtained:

Γs =
α1

α2
2
(∆g)2

Γ . (2.148)

In the following, we revisit the calculations of Elliott [53] and Yafet [54] to obtain the results
mentioned above. The microscopic origin of spin relaxation, as suggested by the equations
above, is the spin-orbit interaction. In the Elliott–Yafet theory the following model Hamiltonian
is considered:

H =
p2

2m
+V +

h̄
4m2c2 σσσ (∇V ×p) . (2.149)

Here, V is the periodic potential of the cores in the lattice and the last term is responsible for
spin-orbit coupling. As already mentioned, other crucial points of the theory are the presence
of inversion symmetry, thus the spin degeneracy is preserved and the four band model with ∆

separation in energy as presented in Figure 2.27. The value of the band separation has to be
taken at the Fermi wavenumber, i.e. ∆ = |εn(kF)− εm(kF)|.

Further calculations are utilized using expanding the wavefunctions on the wn,k Wannier
basis:

Φn,k(r) =
1√
N ∑

R j

wn,k(r−R j)eikR j , (2.150)

where n is the band index. The periodic potential can be written as

V = ∑
R j

V (r−R j), (2.151)
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k

Figure 2.4: Schematics of the band model of the EY theory. The spin-orbit coupling
does not break up the degenerate spin states. Γ = ~/τm is the quasi-particle
broadening.

Superposition of the electric fields allows the periodic potential to be written as
a sum of the atomic potentials:

V =
∑

d

V (r− d), (2.20)

where V (r− d) is non-zero in the Wigner-Seitz cell. Substituting this potential
into the Hamiltonian yields for the SOC term:

HSOC =
~

4mc2

∑

d

(∇V (r− d)× p) · σ. (2.21)

An isotropic atomic potential in each Wigner-Seitz cell allows the gradient in
the SOC term to be expressed using spherical coordinates:

~
4mc2

1

r

∂V

∂r
l · σ = ξ(r)l · s. (2.22)

Since only two kinetic bands are taken into account, only an effective SOC
Hamiltonian is needed that gives the correct matrix elements for only these bands.

Γ

c 

EF----------- ------------------- r 

∆

ε

εF

Figure 2.27: Schematics of the four band model of the Elliott–Yafet theory. ∆ is the separation
of the conduction and the near lying valence bands (taken at the Fermi wavenumber), Γ = h̄/τ

is the quasi-particle broadening. The spin-orbit coupling does not break up the degenerate spin
states, due to the presence of i inversion symmetry [261].

where V (r−R j) 6= 0 in the Wigner–Seitz (WS) cell. The SOC term is thus

HSOC =
h̄

4m2c2 ∑
R j

σσσ(∇V (r−R j)×p). (2.152)

Supposing an isotropic atomic potential in the WS cell and using the definition of the angular
momentum we get

HSOC,WS =
h̄2

4m2c2
1
r

dV
dr

lσσσ = ξ (r)ls. (2.153)

As we have only two kinetic bands, only a simplified, effective SOC Hamiltonian is required
to calculate the matrix elements.

〈φn,k|HSOC |φm,k′〉= δkk′ 〈wn,k(r)|ξ (r)ls |wm,k′(r)〉= δkk′λ 〈wn,k(r)| ls |wm,k′(r)〉 , (2.154)

where λ is independent of k and k′ for bands n and m. Here we also neglected the interband
spin-orbit coupling of the two bands. The effective Hamiltonian thus reads:

HSOC = λ ls. (2.155)

The simplified model can be generalized for materials with finite anisotropy with ease. For this
λ has to be replaced with a λλλ tensor as:

HSOC = lλλλ s. (2.156)

The λλλ tensor has maximum three different λi eigenvalues for the three directions, which multi-
ply the lisi products.
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In the EY theory, the SOI is taken into account as a first-order perturbation, which admixes
the spin states. The unperturbed wavefunctions expressed with Wannier functions read

Ψn,k,σ (r) = Φn,k(r)χσ =
1√
N ∑

R j

wn,k(r−R j)eikR j χσ , (2.157)

where χσ is the spin wavefunction. The SOC matrix elements to be calculated are

〈Ψn,k,σ |HSOC |Ψm,k′,σ ′〉=
1
N ∑

R j,Rk

〈wn,k(r−R j)χσ |HSOC |wm,k′(r−Rk)χσ ′〉ei(k′Rk−kR j) .

(2.158)
Neglecting contributions from other cells, e.g. when R j 6= Rk in a WS cell the following is
obtained:

〈Ψn,k,σ |HSOC |Ψm,k′,σ ′〉=
λ

N ∑
R j

〈wn,kχσ | lxsx + lysy + lzsz |wm,k′χσ ′〉eiR j(k′−k) . (2.159)

The sum is zero when k 6= k′, thus:

〈Ψn,k,σ |HSOC |Ψm,k′,σ ′〉= δkk′λ 〈wn,kχσ | lxsx + lysy + lzsz |wm,k′χσ ′〉 . (2.160)

The perturbed wavefunction for the two kinetic bands is then

|Ψ̃n,k,σ 〉= |Ψn,k,σ 〉+ ∑
k′,σ ′

〈Ψm,k′,σ ′|HSOC |Ψn,k,σ 〉
∆

|Ψm,k′,σ ′〉= (2.161)

= |Ψn,k,σ 〉+
λ

∆
∑
σ ′
〈wm,kχσ ′| lxsx + lysy + lzsz |wn,kχσ 〉 |Ψm,k,σ ′〉 . (2.162)

The perturbed Wannier functions for a given spin direction is

|w̃n,k,↑〉= |wn,k,↑〉+
λ

2∆

(
〈wm,k| lz |wn,k〉 |wm,k,↑〉+ 〈wm,k| lx + ily |wn,k〉 |wm,k,↓〉

)
. (2.163)

The g-factor shift can be obtained from the matrix element of the perturbed wavefunctions
calculated with the Zeeman Hamiltonian:

〈Ψ̃n,k,σ |HZ |Ψ̃n,k,σ 〉= 〈w̃n,k,χσ |µBB(lz +gesz) |w̃n,k,χσ 〉 , (2.164)

with the assumption that the magnetic field is pointing towards the z-axis. The g-factor shift is
then

∆g = 2〈w̃n,k,χσ | lz |w̃n,k,χσ 〉=
2λ

∆

∣∣〈wm,k| lz |wn,k〉
∣∣2 . (2.165)

Assuming that
∣∣〈wn,k| lz |wn,k〉

∣∣2 is in the order of unity, one may read:

∆g ∝
λ

∆
. (2.166)

Here λ has to be replaced with λz when anisotropy is present.
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The spin and momentum relaxations are caused by a Hint spin-independent interaction
Hamiltonian. This summarizes the interactions with phonons and non-magnetic impurities,
defects. Hint can be tackled with time-dependent perturbation theory. Even without the exact
form of Hint the relationship between the two relaxation times can be deduced. The relevant
terms for the momentum relaxation rate are

Γ ∝

∣∣∣〈Ψ̃m,k′,↑|Hint |Ψ̃n,k,↑〉
∣∣∣
2
+
∣∣∣〈Ψ̃m,k′,↓|Hint |Ψ̃n,k,↑〉

∣∣∣
2
, (2.167)

where the contribution of the second term is small compared to the first and can be neglected.
On the other hand, the spin relaxation rate depends on

Γs ∝

∣∣∣〈Ψ̃m,k′,↓|Hint |Ψ̃n,k,↑〉
∣∣∣
2
. (2.168)

To simplify the situation Eq. (2.161) can be reformulated into:

|Ψ̃n,k,↑〉(r) = an,k(r) |↑〉+bn,k(r) |↓〉 , (2.169)

where the appearing coefficients are:

an,k(r) = Φn,k(r)+
λ

2∆
〈wm,k| lz |wn,k〉Φm,k(r), (2.170)

bn,k(r) =
λ

2∆
〈wm,k| lx + ily |wn,k〉Φm,k(r). (2.171)

For the opposite spin orientation we obtain:

|Ψ̃n,k,↓〉(r) = a∗n,−k(r) |↓〉+b∗n,−k(r) |↑〉 . (2.172)

Performing a first-order time dependent perturbation calculation (essentially applying Fermi’s
golden rule) for the spin relaxation rate we obtain:

h̄
τs

= Γs ∝

∣∣∣〈Ψ̃m,k′,↑|Hint |Ψ̃n,k,↑〉
∣∣∣
2

∣∣∣〈Ψ̃m,k′,↓|Hint |Ψ̃n,k,↑〉
∣∣∣
2 Γ ∝

(
λ

∆

)2

Γ =

(
λ

∆

)2 h̄
τ
, (2.173)

as expected. Here λ 2 has to be replaced with λ 2
x +λ 2

y when anisotropy is present.
When the inversion symmetry is broken, another mechanism, named after D’yakonov and

Perel’, has to be considered [262]. Furthermore, it is possible to unify the EY with the DP
model [263–267]. Since the materials studied within the thesis have inversion symmetry and
obey the conventional EY theory, these phenomena are not discussed herein.

2.5 Electrons in a microwave field
Despite its classical phenomenology, the Drude model gives an adequate description of the

conducting electrons in solids. The interaction between the electrons and the nuclei is taken into
account with the τ momentum relaxation time, the time between two collisions. This parameter
is not determined by the model but is an input from experimental data or from ab initio (first
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principles) calculations. In a finite electric field, the electrons accumulate an extra drift velocity,
apart from their thermal motion, which is described by the Maxwell–Boltzmann distribution.
The contribution from the thermal motion is averaged out in an ensemble of particles [257].
In a collision event, we assume that the electron loses all its drift velocity. The description of
motion can be written in terms of Newton’s equation:

me
dv(t)

dt
=−eE(t)− mev(t)

τ
, (2.174)

where me is the effective mass of the electron, E(t) is the time-dependent electric field and τ is
the already introduced relaxation time. Since the electric field varies with a constant ω angular
frequency in time, it is natural to search the solution in the form of exp(−iωt) or in other
words we change to Fourier space. The solution can be obtained from the following algebraic
equation:

− iωmev(ω) =−eE(ω)− mev(ω)

τ
. (2.175)

The solution for the velocity is thus:

v(ω) =− eE(ω)

me/τ− imeω
. (2.176)

Applying Ohm’s law in the differential form for the current density

j(ω) = σ(ω)E(ω) =−enev(ω) =
nee2

me (1/τ− iω)
E(ω) (2.177)

is attainable. The frequency dependent complex conductivity can be read from the equation
above:

σ(ω) =
nee2

me(1/τ− iω)
=

σ0

1− iωτ
, (2.178)

where σ0 is the DC (direct current) conductivity. The real and imaginary parts of σ are:

σ1 = Reσ =
σ0

1+(ωτ)2 , (2.179)

σ2 = Imσ =
σ0ωτ

1+(ωτ)2 , (2.180)

σ = σ1 + iσ2, (2.181)

whose are depicted in Figure. 2.28 as a function of driving frequency.
The real part of the conductivity is responsible for absorption. In normal metals (Fermi

liquids) the value of 1/τ is in the range of a couple THz, thus in X-band (about 10 GHz),
the frequency dependence of the real part is negligible. The real and imaginary parts of the
conductivity are forming a Kramers–Kronig pair according to linear response theorem (where
they can be calculated from the current-current correlation function):

σ1(ω) =
1
π
P

∞∫

−∞

dω
′ σ2(ω

′)
ω ′−ω

, (2.182)

σ2(ω) =− 1
π
P

∞∫

−∞

dω
′ σ1(ω

′)
ω ′−ω

. (2.183)
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Figure 2.28: Real and imagi-
nary parts of the complex con-
ductivity (the frequency axis
has logarithmic scale). Verti-
cal dashed line denotes the po-
sition of 1/τ .
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Here P
∫

denotes the principal value integral.
To describe electrons in metals the Drude model is used even up to nowadays. Similar, but

more precise results can be obtained through solving the semiclassical Boltzmann equation for
conductivity. Derivation of the conductivity can be found in Ref. [257], the obtained result in
the relaxation time approximation reads for DC electric fields:

σ = e2
∫ dk

4π3 vk ◦ vkτ(εk)

(
−∂ f0

∂εk

)
(2.184)

≈−1
h̄

e2
τ(εF)

∫ dk
4π3 vk ◦

∂ f0(εk)

∂k
, (2.185)

where τ is the momentum relaxation time, vk is the velocity of the particle at k wavenumber
and f0 is the equilibrium distribution:

f0(εk) =
1

e(εk−µ)/kBT +1
. (2.186)

Assuming that the band can be described locally with an effective mass, which is independent
of k, we arrive at the result of the Drude model, except that the mass of the particle is replaced
with its effective mass,

(m∗)−1 =
1
h̄2

∂ 2εk
∂k2 . (2.187)

In the case of AC electric fields, the result is:

σαβ (ω) = e2
∫ dk

4π3 vα
k vβ

k
1

1/τ(εk)− iω

(
−∂ f0

∂εk

)
. (2.188)

After integration and assuming a cubic symmetry, we recover the Drude result, where the mass
is exchanged with the optical mass:

m−1
opt =

1
3ne

∫ dk
4π3 v2

k

(
−∂ f0

∂εk

)
. (2.189)



Chapter 3

Sample Synthesis and Experimental
Methods

God made the bulk; surfaces were invented
by the devil.

Wolfgang E. Pauli

3.1 Sample preparation

In the following section, I introduce the reader to the used sample preparation and intercala-
tion, doping methods. To obtain the desired materials, various techniques were used depending
on the starting material and the intercalant. First, I present the conventional methods, namely
vapor phase and liquid alkali mixing. Later I discuss the doping procedure in liquid ammo-
nia solution, where I managed to improve the already available recipe. The latter is published
together with its demonstration on HOPG (highly oriented pyrolytic graphite) in Ref. [O1].

3.1.1 Starting, pristine materials

In this part, I wish to summarize the properties of the starting, undoped materials.

SWCNTs The single-walled carbon nanotubes studied in Chapter 5 were commercial
SWCNTs prepared by the arc-discharge method and obtained from Nanocarblab (Moscow,
Russia). During the preparation Ni:Y catalyst was used, which makes up 50 m/m% of the
final mass and located at the end of the carbon nanotubes. The catalyst does not interfere with
the used intercalation procedures and does not make the obtained results unreliable. The ob-
tained material has been already used for previous studies, such as Raman measurements [268],
peapod filling [269], and NMR measurements [270]. According to Raman spectroscopy, the
diameter distribution in the SWCNT samples is a Gaussian with a mean diameter of d = 1.4 nm
and a variance of σ = 0.1 nm. The material was purified with repeated air oxidation and acid
treatments. In order to enable penetration of microwaves, thoroughly ground fine powder sam-
ples were prepared. Samples of about 5 mg were vacuum annealed at 500 ◦C for 1 hour in an

51
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electron spin resonance (ESR) grade quartz sample tube and inserted into an Ar-filled glovebox
without air exposure.

FLG The studied few-layer graphene samples were prepared by Philipp Vecera and Kon-
stantin Edelthalhammer using wet chemical exfoliation. The chemical procedure is described
earlier in Section 2.1.2 and in Refs. [189, 271]. The samples, which I used during my work were
prepared from SGN18 (Future Carbon, Germany) graphite powder, intercalated with potassium
to KC8. Afterwards the exfoliation was done in DMSO (dimethyl sulfoxide) solvent with the
assist different mechanical processes: ultrasound sonication (US), shear mixing (SM) or mag-
netic stirring (ST). The intercalation and the exfoliation were done under argon atmosphere
in an MBraun LabMaster glovebox. The resulted material was cleaned in a high vacuum of
10−7 mbar at 400 ◦C for one hour to remove the remnants of the solvent.

The as-prepared bulk samples were characterized by atomic force microscopy (AFM) topo-
graphic measurements, carried out by Konstantin Edelthalhammer and images to determine the
flake size and the typical number of graphene layers in the bulk material. For AFM statistical
analysis, the samples were drop-casted on a 100×100 µm surface of a Si/SiO2 wafer. Unlike the
samples used for Raman studies, only partial restacking may occur due to drop-casting and the
presence of the substrate in this configuration used for AFM studies. These measurements were
carried out using a Bruker Dimension Icon microscope in tapping mode. Bruker Scanasyst-Air
silicon tips on nitride levers with a spring constant of 0.4 N/m were used to obtain images
resolved by 512×512 pixels.

To overcome the difficulties of the determination of the individual layer thickness due to
residual solvent, capillary forces, and adhesion, we took advantage of the frequently used step-
height analysis procedure [272]. We first examined few, incompletely exfoliated nanosheets,
which showed clear terraces. As the terrace step heights are multiples of the apparent thickness,
we were able to identify the individual layer thickness to be about 1.2 nm.

3.1.2 Conventional methods of intercalation

Vapor phase intercalation A well-known method of intercalating alkali atoms into graphitic
carbon is the so-called vapor phase intercalation [199]. Prior to the synthesis, the measured
amount of host material is placed into a quartz tube, which is afterwards narrowed down 30−
35 mm above the sample, creating two zones. This neck forbids the intercalant to be in direct
contact with the host. In the next step, the tube is placed inside the argon-filled dry box together
with a vacuum valve, where the desired amount of intercalant is added. Attaching a vacuum
valve the tube is taken out from the glovebox and connected to the vacuum system, where it is
evacuated to high vacuum of 2×10−6 mbar. In the final step, 20−30 mbar of He 6.0 (99.9999%
purity) exchange gas is introduced and the quartz is permanently sealed. The intercalation is
carried out either in a furnace or in an in-situ setup, where the heat was transferred with hot air
or hot nitrogen gas. The set temperature and chemical potential gradient drive the reaction until
equilibrium. The schematics of the two-zone vapor phase intercalation technique is presented in
Figure 3.1., where Th and Ti notes the temperature of the host and the intercalant, respectively.
Typical values for stage-I potassium intercalated species are Th = 250 ◦C and Ti = 225−320 ◦C.
The homogeneity and the final stage of the materials depend on these temperatures, which are
also alkali dependent. For heavier alkalis and higher stages, not discussed in the thesis, the
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reader should consult with Table 1. of Dresselhaus and Dresselhaus [199] on page 8.

Host Intercalant

Th Ti

Figure 3.1: Schematics of vapor phase intercalation. The temperature of the host material is
noted with Th and Ti denotes the temperature of the intercalant. The doping process is driven by
the gradient in temperature and in chemical potential.

The present method is originally developed to intercalate graphite [197, 199], but also works
well for other carbon-based materials, like carbon nanotubes [249, 250, 273] and graphene
[227, 228]. The prepared materials yield high quality, but the presence of excess intercalant
requires either a long quartz tube or replacement of the final material to a fresh tube afterwards
the synthesis. The present method is used to synthesize materials described in Chapters 5, 7.

In situ vapor phase intercalation with potassium Prior to potassium intercalation, the start-
ing, undoped FLG was synthesized using the method with DMSO solvent and various mechan-
ical routes mentioned earlier. Moreover, the sample was resistively heated up to 500 ◦C to
evaporate the remaining solvent used before.

Potassium intercalation was carried out in situ under a vacuum of 4×10−8 mbar pressure.
To perform the in situ intercalation process, we used a setup presented in the photograph of
Figure 3.2. The applied geometry is similar to the two-chamber vapor phase method used for
graphite intercalated compounds (GICs) [199]. Doping steps were achieved a hot air blower op-
erated at 550 ◦C. Due to lack of substrate, significant restacking of individual graphene flakes
occurs, leading to misaligned layers in the sample. The powder sample consists of sponge-like
structures, as thermodynamic equilibrium is achieved to create a three-dimensional solid mate-
rial. As a result of the described sample morphology, Raman measurements provide detailed
information not only of single graphene flakes but a large ensemble of flakes that are restacked.
As restacking creates only mechanical contact, the electronic properties of individual flakes are
preserved. Thus, the staging phenomenon necessary for our Raman-based technique occurs at
the level of individual flakes.

Preparation of Li4C60 using azide decomposition Commercially available C60 powder was
used during sample preparation. Doping of the fullerene was achieved with thermal decomposi-
tion of lithium azide [275], 2LiN3,(s) −−→ 2Li+3N2(g)↑, carried out at 510 K under dynamic
vacuum [276, 277]. The samples were structurally characterized with X-ray crystallography
and 13C NMR spectroscopy [276, 277]. Both methods attested high sample quality and good
agreement with the expected polymeric structure. For infrared measurements the powder was
pressed into KBr pellets under Ar atmosphere, for ESR and microwave conductivity it was kept
in powder form and was sealed in quartz tubes with 200 mbar He exchange gas. The investiga-
tion of Li4C60 samples are described in Chapter 4. The samples were prepared by the group of
Mauro Riccò.
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Figure 3.2: The Raman setup used during in situ investigation of K-FLG samples in Vienna.
Photo adopted from Ref. [274].

3.1.3 Doping in liquid ammonia solution
The doping or intercalation process is based on the fact that liquid ammonia, similarly to

water, is in a self-ionized (autodissociated) state [278, 279]:

2NH3 −−⇀↽−− NH +
4 +NH −

2 . (3.1)

Introducing alkali or alkaline earth metals (denoted with Mam) into the liquid, the metal gets
ionized and the electron will be donated to the ammonia molecule:

Mam −−→M +
am + e−, (3.2)

e−+ xNH3 −−→ e−(NH3)x. (3.3)

The alkali ammonia solution has a dark blue color when the metal concentration is low,
while a golden yellow or brownish color is realized when the concentration of the metal is high
[279]. The alkali ions in the liquid can diffuse and penetrate the host material. At the end of the
intercalation process, the electron is donated back from the ammonia, which results in a doped
material. Since the electronegativity of the alkali and alkaline earth metals is usually weak, the
electron is thus donated to the host material.

During my work metallic lithium (Aldrich 01328TE 99.9+%), sodium (Aldrich 01380CH
99.8%), and potassium (Aldrich MKBL0124V 99.9+%) obtained from Sigma-Aldrich were
used. Here, it is noted that the method is demonstrated on graphite in Ref. [O1], but it is not
limited to it, as it was proven earlier for C60. The method should work with other host materials
as well (e.g. SWCNTs, graphene, black phosphorus, etc.) and with any ammonia soluble metal
(e.g. alkali and alkaline earth metals, except Be and Mg [279]). The amount of intercalant
has to be in an excess regarding the expected stoichiometry. Samples prepared with the setup,
presented in Figure 3.3, are typically on the scale of a few milligrams.

Prerequisites Before the intercalation or doping could take place, several preparatory steps
are mandatory. The host material and the intercalant metal is placed into the quartz tube in
an argon-filled glovebox (MBraun GmbH with < 0.1 ppm of O2 and H2O) and sealed with a
vacuum valve. To maximize the reaction efficiency, special sphere ended quartz tubes were
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used (depicted in the inset of Figure 3.3). The diameter of the bubble was 10− 15 mm, while
the diameter of the quartz tube was 5 mm. In principle the bigger volume of the sphere allows
bigger amounts to be simultaneously doped as the reaction surface is increased.

Reaction After the host and the intercalant are placed in the quartz tube, it is connected to
a vacuum system shown schematically in Figure 3.3. Here the argon gas is removed and the
system is evacuated to high vacuum (2×10−6 mbar).

Turbomolecular
pumpHe	6.0

NH3

Ultrasound	bath

CH3-CH2-OH

p

Main
valve

Figure 3.3: Schematic diagram of the used intercalation setup, connected to a vacuum line with
gas inlets. The solution is represented with a blue bubble connected to the system. Underneath,
a plastic bottle filled with cooled ethanol is present, which keeps the temperature of the solution
below the boiling point of the ammonia. The ethanol is cooled with periodically introduced
liquid nitrogen. The intercalation is assisted with a bath sonicator placed underneath. The
pressure of the ammonia and helium gases are measured with a broad range pressure meter
(which is based on a mechanical principle and is thus insensitive to the type of gas). Valves are
represented with triangles facing each other. Inset shows the solution at the beginning and at
the end of the process. The solution has a dark blue color when the concentration of the metal
is low, and yellowish-brown when high.

Closing the main valve towards the turbomolecular pump and introducing 900−950 mbar
of ammonia, the reaction can begin. Here, the ammonia has to be condensed rapidly with
liquid nitrogen, because the ammonia gas also reacts with the alkalis, as shown later. The
drop of the ammonia gas pressure to about 400−500 mbar (depending on the size of the total
system) at this point is normal, and it is due to ammonia liquefaction. Underneath the now
frozen sample, readily cooled ethanol (< −60 ◦C) and a bath sonicator is placed. The solid
ammonia thus slowly melts and remains in the liquid solution phase avoiding any additional
side reactions. At this point, the alkali-ammonia system has a dark blue color, as shown on
the right side of Figure 3.3. The bath sonicator helps the diffusion of alkali ions into the host.
Due to reaction kinetics, the solution temperature has to be kept close to the boiling point of
the ammonia, typically between −50 ◦C and −40 ◦C. Here, extra care has to be taken to avoid
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boiling of the ammonia, which happens at around −33 ◦C. The whole intercalation process
with sonication requires about 30 minutes. At the end of the process, the solution is slowly
heated up and its color turns into yellowish-brown as presented in the right inset of Figure 3.3.
Once the ammonia gas pressure is restored to about 800−900 mbar, the gas is removed through
the vacuum pump. Afterwards, the sample is further sonicated for 30 minutes in 30 ◦C water to
remove the adsorbed ammonia and to avoid the sample being stuck to the inner wall of the quartz
bubble. At the end, the quartz is heated up to 200 ◦C for 30−60 minutes to remove the rest of
the ammonia and the excess alkali. Additionally, after closing the main valve, a 20− 30 mbar
of high purity He exchange gas can be introduced to make cryogenic measurements readily
available without the need of placing the sample into a fresh tube. Finally, the quartz tube is
permanently sealed with a torch. Here, we wish to emphasize that the sample is never in contact
with oxygen or moisture, resulting in a material free of oxides and oxidated species. Once the
quartz ampule is sealed, it is readily measurable, even down to a couple of kelvins with helium
exchange gas present.

Side reaction of gaseous ammonia and alkali metals The clear drawback of the intercalation
carried out in ammonia is that gaseous ammonia also reacts with the alkali metals forming
alkali amides (MamNH2) [280]. Worsening the situation, the reaction is catalytically activated,
when iron, nickel, cobalt, platinum, or their compounds are present [281]. These are usual
contaminants in graphite and graphene [282], and Fe or Ni catalyst particles are used in carbon
nanotube growth. The side reactions are also sped up at higher temperatures; for potassium
room temperature is enough, for lithium and sodium the reaction is rather slow below 210−
300 ◦C. During the reaction, alkali amide salts are formed, which have white color and are
usually insoluble in liquid ammonia:

2Mam,(s)+2NH3(g) −−→ 2MamNH2(s)
white

+H2(g)↑. (3.4)

The released hydrogen gas molecule is denoted with ↑. Here, it is worth mentioning that the
resulting amide is not necessarily white, it can have various colors (pink (Li-Na), greenish-
brown (Li-Na), olive green, or brownish (K)) depending on other contaminants in the metal
[283]. For the case of lithium, if the amide concentration is high, lithium imide (Li2NH) is
formed (the reaction happens even at room temperature and became very active above 200 ◦C;
above 400 ◦C only imide is formed), which has red color and ammonia gas is released [284]:

2LiNH2(s)
decomposition−−−−−−−−→ Li2NH(s)

red
+NH3(g)↑. (3.5)

At higher temperatures (typically above 300 ◦C), other reaction routes are also opened, e.g.,
nitride and hydride formation. To avoid these, it is recommended not to go above 200 ◦C in the
final step of the process and thus during my work this temperature was not exceeded.

Sodium and potassium behave a bit differently, as they do not tend to form imides, only
amides. The sodium amide melts at 210 ◦C, and slowly transforms to black sodium nitride and
whitish-yellow sodium hydride [285] between 300− 400 ◦C with releasing gaseous ammonia
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or nitrogen and hydrogen gases:

3NaNH2(`)
T = 300−400 ◦C−−−−−−−−−−→ Na3N(s)

black
+2NH3(g)↑, (3.6)

2NaNH2(`)
T = 335−400 ◦C−−−−−−−−−−→ 2NaH(s)

whitish-yellow
+N2(g)↑+H2(g)↑. (3.7)

Potassium tends to react faster with ammonia both in the gaseous and in the liquid phase.
On the other hand, potassium amide is very stable, here even the nitride formation is blocked
(not just the imide) [286]. The potassium amid melts at 338 ◦C and remains stable up to 600 ◦C,
where it decomposes. It is worth noting, that the situation is similar for heavier alkalis, such as
rubidium and cesium and even for alkaline earth metals, like calcium and strontium [285].

Fortunately, most of these side reactions can be suppressed or can be slowed down compared
to the reaction time in the liquid phase. In the case of lithium, the amide formation would require
2−3 weeks, for sodium 2−3 days in the solution. Potassium is a bit more reactive and forms
its amide within 2−3 hours in the solution, even without the presence of the catalyst [286, 287].
Thus, the rapid cooling of the ammonia gas is essential.

The complete synthesis method, together with its application on highly oriented pyrolytic
graphite discs is published in Ref. [O1]. The present method is used to prepare materials
described in Chapters 5 (potassium-doped SWCNTs) and 8 (lithium and sodium-doped FLG).

Raman and ESR properties of the byproducts In lithium amide, the NH−2 group gives two
asymmetric stretching modes at 3318 and 3308 cm−1 and there is a symmetring stretching
mode at 3258 cm−1. The bending modes are located at 1561 and 1539 cm−1 [284, 288]. Other
Raman active modes are located in the low energy sector, under 660 cm−1; in brackets the
corresponding irreducible representation is shown: 133 (E), 178 (B), 238 (E), 273 (A), 322
(2B+E), 343 (A), 406 (B), 513 (twisting - A), 563 (B), 654 (waving - A) cm−1 [284, 289]. In
lithium amide no ESR signal is observed.

The vibrational Raman modes of lithium imide are also located below 1000 cm−1 and above
3000 cm−1 [290]. In the ESR spectrum a narrow line of ∆B = 48 µT is observed at g = 2.0023
and a broader at g = 1.999 with a width of 4.75 mT [291].

The Raman spectrum of sodium amide is similar to the lithium version, the most important
features originate from the NH−2 group. The asymmetric bending mode can be found at 3261
cm−1, the symmetric is at 3210 cm−1, the bending is located at 1536 cm−1. The other modes
are below 540 cm−1: 115, 177, 251, 464, 535 cm−1 [292, 293]. Similarly to the lithium version,
no ESR is observed.

As I present in Chapter 8, no significant sign of byproducts are found in the Raman spectra
of the prepared materials. This means that the side reactions were successfully suppressed
during the reaction.

3.2 Raman spectroscopy
Since the discovery of Raman scattering in 1928 [294] its application in spectroscopy has

become widespread. A great advantage of the method is that it is possible to obtain information
about the vibrational and electronic properties of the material without destroying or forming



58 3.2. RAMAN SPECTROSCOPY

defects. The samples do not require special preparation and can be measured also in a glass or
quartz sample holder, even if they are in a solution form. During a Raman scattering experiment,
we investigate the inelastic scattering of photons, which interact with the excitations and optical
modes of the quasi-particles present in the solid (or in the molecule). In the majority of the
cases, phonons are involved in the process, but plasmons, magnons, and electronic transitions
can also play a role. During the experiment, it is essential to use a monochromatic light source,
therefore nowadays lasers are preferred [295].

Basic theory of Raman scattering Before discussing the physical process, it is necessary
to introduce the ν wavenumber used in optical spectroscopy. It is defined with the following
equation:

ν =
f
c
=

1
λ

[
cm−1] , (3.8)

where f = ω/2π is the frequency, c is the speed of light and λ is the wavelength. In an
experiment, we observe the intensity as a function of the change of the wavenumber.

Raman process is different from infrared activity. In IR, an incoming photon interacts with
a molecule which has a dipole moment, and it excites the corresponding molecular vibration.
However, in the Raman process, the molecule does not need to have a dipole moment, it is
induced by the vibration itself. The classical description can be demonstrated on a diatomic
molecule in an electric field oscillating with a given frequency [295]. The dipole moment of the
molecule is then PD(ω) = α0E(ω), where α0 is the polarizability. Assuming that the molecule
is oscillating with Ω(� ω) around its equilibrium the dipole moment gets modulated in the
presence of an oscillating electric field:

PD(ω) = (α0 +α1 cosΩ t)E0 cosωt︸ ︷︷ ︸
E(ω)

. (3.9)

Applying trigonometric sum rules, the expression can be reformulated:

PD(ω) = α0E0 cosωt︸ ︷︷ ︸
Rayleigh

+
1
2

α1E0 cos(ω +Ω)t
︸ ︷︷ ︸

anti-Stokes

+
1
2

α1E0 cos(ω−Ω)t
︸ ︷︷ ︸

Stokes

. (3.10)

Here Stokes and anti-Stokes denotes the side bands, the sum of these two are called a Raman
process. Since α1� α0, the intensity of these are a few orders smaller compared to the quasi-
elastic Rayleigh process, which is also described by Eq. (3.10).

In solids and crystalline materials, vibrations are replaced by phonons. Because of the time
shift and translational symmetries, the energy and the momentum are conserved during the
process:

h̄ωi = h̄ωs± h̄Ω , (3.11)
h̄ki = h̄ks± h̄q. (3.12)

Here i denotes the incident, s the scattered photon and h̄q is the quasi momentum of the phonon.
The term with the + sign describes a phonon creation, the one with − denotes an annihilation
process. Only (optical) phonons with small q values, compared to the whole Brillouin zone
are involved in the process. The reason for this is that the energy and the momentum of the
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incident photon is related through E = h̄kc and due to the large value of c, only small momentum
exchange can be realized. Assuming a 180◦ total backscattering geometry, the maximum value
of q can be evaluated:

qmax = ki + ks ≈ 2ki. (3.13)

Hence visible photons has a ki in the order of 105 cm−1, thus dominantly only phonons present
at the center of the Brillouin zone, with q≈ 0 can take part in the process.

Another criterium is that a phonon or vibration can only contribute to the Raman process if
it changes the α polarizability, in other words, it creates a mechanical deformation. Denoting
the generalized coordinate with Q, the Raman selection rule is described mathematically with

dα

dQ
6= 0. (3.14)

Scattering processes can be analyzed using the differential cross-section:

dσ

dΩ
=

1
Ii

dΦs

dΩ
, (3.15)

where Ii is the intensity of the incident light, dΦs is the power scattered in the dΩ solid angle.
A better description can be obtained with the introduction of the Raman cross-section, S, which
is the aforementioned cross-section normalized with the V scattering volume:

S =
1
V

dσ

dΩ
. (3.16)

This has significance in strongly absorbing materials, where the light penetration depth is lim-
ited.

Taking a body with a finite volume, instead of the polarizability, the χ jl susceptibility tensor
has to be used. In the classical continuum mechanics treatment the susceptibility tensor can be
series expanded in the Qk normal coordinates:

χ jl =
(
χ jl
)

0 +∑
k

(
∂ χ jl

∂Qk

)

0
Qk +∑

k,m

(
∂ 2χ jl

∂Qk∂Qm

)

0

QkQm + . . . (3.17)

The appearing ∂ χ jl/∂Qk ≡ χ jl,k term is often referred as the Raman tensor, which has an order
of 3N − 3. The number of nonzero elements can be reduced using group theory involving
the symmetries of the system. The eigenvalues of the Raman tensor are the Raman modes,
which are observed in an experiment. Treating the susceptibility in the linear approximation,
the induced dipole moment of an electric field with E0 amplitude and ei incident polarization is

Ps
D j(ω±Ωk) = ∑

l
χ jl,kei

lE0 ε0 VcQk0 cos(ω±Ωk) t. (3.18)

Here Vc is the volume of the unit cell. The scattered power for the k mode with es polarization
is thus:

Φ(k) =C |esPs
D|2 , (3.19)

where C is a constant. Using series expansion on the cosine function, we obtain

Si j ∝ (ω±Ωk)
4Vcχ

2
i j,kQ2

k0/c4
0. (3.20)
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This yields that the Raman cross-section is scaling with the fourth power of the frequency and
with the second power of the elements of the Raman tensor. Furthermore, the detected intensity
is proportional to the power of the exciting source and the excited volume.

The Raman process can also be interpreted in the following quantum mechanical frame:
the incident photon excites an electron to a high lying z unfilled (often referred to as virtual)
level or band forming an unstable state. The lifetime of the excitation is short, the electron falls
back to a lower-lying energy state, but not to the i initial, rather to an f final state (which can
have higher (Stokes) or smaller (anti-Stokes) energy compared to i). The scheme is presented
in Figure 3.4.

The emitted photon energy is smaller than the incident for the Stokes process. During the
f → i transition a quasi-particle (elementary excitation) is formed due to the conservation of the
energy. The energy of the excitation is equal to the difference of the two states.

Figure 3.4: a) Quantum mechanical picture to describe the Stokes process [295]. Here, z denotes
a virtual (unfilled) intermediate state. b) The Stokes process presented in a Feynman diagram.

In the following part let us assume that the created elementary excitation is a phonon. To
describe the Raman process the matrix element of the polarization operator has to be evaluated
between the i and f states:

P f i = 〈 f |P |i〉= 〈 f | ε0 χE |i〉 , (3.21)

where | f 〉 and |i〉 are generalized wave functions of the electron and the integral goes over all
the electronic and nuclear coordinates. If the distance between the nuclei is smaller than the
wavelength of the light (which is the typical case in solids for visible light), the electric field
can be treated constant during the process (this is the so-called dipole approximation) and only
appear as a multiplier in the matrix element. The strength of the process is determined by the
transition susceptibility:

[χmn] f i = 〈 f |χmn |i〉 , (3.22)

which is unique for every material. In the adiabatic approximation, the electronic (ϕ , x) and
nuclear (ρ , X) wave functions and coordinates decouple and thus the transition probability has
the following form:

[χmn] f i =
∫

dxdX ρ
∗
f (X)ϕ∗f (x,X)χmnϕi(x,X)ρi(X). (3.23)

Transforming to normal coordinates and series expanding the electronic term in the linear order,
the familiar harmonic form can be obtained:

[χmn] f i = (χmn)0 〈. . .v f ,k . . . | . . .vi,k . . .〉+∑
k

(
∂ χmn

∂Qk

)

0
〈. . .v f ,k . . .|Qk |. . .vi,k . . .〉 . (3.24)
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Here the wave functions present bra and ket vectors are the products of harmonic oscillator
wave functions for a given occupation number:

〈v f ,1, . . . ,v f ,k, . . . ,v f ,n|= ∏
k
〈v f ,k| , (3.25)

|vi,1, . . . ,vi,k, . . . ,vi,n〉= ∏
k
|vi,k〉 . (3.26)

In this approximation, the matrix elements can be calculated:

〈v f ,k|vi,k〉=
{

0, v f ,k 6= vi,k

1, v f ,k = vi,k,
(3.27)

〈v f ,k|Qk |vi,k〉=





0, v f ,k = vi,k√
vi,k +1

√
h̄/2Ωk, v f ,k = vi,k +1

√vi,k
√

h̄/2Ωk, v f ,k = vi,k−1.
(3.28)

Here, v f ,k = vi,k corresponds to the Rayleigh process, while v f ,k = vi,k± 1 to the Raman pro-
cesses: Stokes and anti-Stokes for the plus and minus sign, respectively. The transition suscep-
tibility for the latter is

[χmn]vi,k+1,vi,k
=
√

vi,k +1
√

h̄/2Ωk

(
∂ χmn

∂Qk

)

0
, (3.29)

[χmn]vi,k−1,vi,k
=
√

vi,k
√

h̄/2Ωk

(
∂ χmn

∂Qk

)

0
. (3.30)

The occupation probability of a given state is determined by the Boltzmann factor:

P(εk) =
exp [−h̄Ωk(vk +1/2)/kBT ]

∑vk
exp [−h̄Ωk(vk +1/2)/kBT ]

. (3.31)

In a Raman process, a weighted average of the following probabilities has to be taken:

∑
vk

(vk +1)P(εk). (3.32)

For a Stokes process, this average is nk + 1, while for an anti-Stokes it is nk, where nk is the
Bose–Einstein distribution

nk =
1

exp(h̄Ωk/kBT )−1
. (3.33)

With these in hand it is possible to calculate the Raman cross setion for the Stokes

SS
i j ∝

h̄(ω−Ωk)
4Vcχ2

i j,k(nk +1)

c4
0Ωk

(3.34)

and anti-Stokes processes

Sa-S
i j ∝

h̄(ω +Ωk)
4Vcχ2

i j,knk

c4
0Ωk

. (3.35)
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Compared to the classical result, described in Eq. (3.20), there is a crucial difference: the
appearance of occupancy for a given k. This readily elucidates why the yield of the Stokes
process is always higher than the anti-Stokes’, because the i state is always more occupied than
the f . This effect is especially pronounced at low temperatures. Furthermore, it is worth noting
that the two processes are usually not independent, their correlation can be correlated for a given
material (e.g. for diamond [296]).

The previous calculations serve a rather demonstrative purpose as they involve rough ap-
proximations and can only describe first-order Raman processes. In reality, there are others:
higher-order terms, where more than one photon is taking part or resonant processes, where an
energetically near lying electronic transition is also involved. A more detailed description can
be found in the book of Long [297]. Moreover, I wish to mention, that in the later examined
carbon-based materials, the adiabatic approximation cannot be used [298] and more sophisti-
cated calculations are required.

The Breit–Wigner–Fano (BWF) line shape For systems which consist of one or several
discrete oscillators (e.g. phonons) close to (or on top of) a continuum transition (e.g. electronic
bands), interference effects may occur and lead to special spectral characteristics known as
Fano or BWF (Breit–Wigner–Fano) lines [224], whose have an asymmetric shape. An essential
condition for their occurrence is a coupling between the states responsible for the discrete and
continuous transitions.

To give a brief description, let us parameterize our system as follows: the discrete ground
state is denoted with g, from here there are two possible transitions: one to a discrete εs energy
level with a wave function of ϕs or to a continuum of states denoted with ε ′ described with a
ψε ′ wave function. The discrete εs level is connected to the continuum with a Hint Hamilton
operator. The situation is depicted in Figure. 3.5.

Figure 3.5: Energy scheme for interference
effects between excitations from a g ground
state to a single discrete level εs and to a con-
tinuum ε ′. The interaction between the two
excited states is noted with Vsε ′ , which leads
to a Fano line shape [224, 295].

The matrix elements of the interaction are Vsε ′ = 〈ψε ′|Hint |ϕs〉. Due to the interaction,
the discrete level is renormalized to a new state described by a Φs wave function and energy
εs = εs−F(ε) given by

Φs = ϕs +P

∫
dε
′ Vsε ′

ψε ′
, (3.36)

F(ε) = P

∫
dε
′ |Vsε ′|2
ε− ε ′

, (3.37)
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where P
∫

denotes the principal value of the integral. The whole interacting system can be
described by a Ψε wave function. The line shape for any transition in the total system originating
from a T perturbation is described by the renormalized and reduced energy of ε as

ε =
ε− εs−F(ε)

π|Vsε ′|2
=

ε− εs−F(ε)

Γ /2
, (3.38)

where Γ /2 = π|Vsε ′|2 is the spectral width of the discrete state, which participate in the interac-
tion. Now the line shape parameter, q can be introduced:

q =
〈Φs|T |g〉

πVsε ′ 〈ψε ′ |T |g〉
. (3.39)

Expressing the line shape as the ratio between the transition probability in the total, interacting
system to the transition probability for the unperturbed continuum yields

|〈Ψ |T |g〉|2

|〈ψε ′|T |g〉|2
=

(q+ ε)2

1+ ε
∝ IFano. (3.40)

The observed Fano line of the interacting system thus has the following line shape, using
spectral parameters:

IFano(ω−ω0) =C
(q+ ε)2

1+ ε
2 , (3.41)

ε =
ω−ω0−∆

Γ /2
, (3.42)

where ∆ describes the shift of the line position for the discrete transition from its position
without interaction, and Γ is the damping (reciprocal lifetime) due to the interaction U and
given as Γ = 2πU2. q is equal to U−1 normalized by the relative strength of the (modified)
discrete oscillator to the strength of the continuum transition. Depending on the sign of q, the
minimum of the intensity can appear to the left or to the right of the peak.

Experimental setup Raman measurements were carried out on a modified LabRAM HR
(Horiba Jobin-Yvon) spectrometer [299] at the University of Vienna. The schematics of the
equipment is depicted in Figure 3.6.

The modification of the spectrometer allowed to be used with multiple photon wavelengths.
The light source is an Ar-Kr gas laser, which has several intensive excitation lines. During
my work, I used 458 nm, 514.5 nm and 568 nm wavelengths from the available ones. After
the laser, a bandpass filter with a narrow bandwidth (Semrock RazorEdge) is placed to make
the incident light as monochromatic as possible. The photons enter the spectrometer through
a periscope system, denoted with X in Figure 3.6. Here, first the light goes through an optical
attenuator, then with the help of an iris and a pinhole, we discard the diffusely scattered parts
forming a proper Gaussian beam, which is split afterwards with a beam splitter. One of the split
beams then arrives to the sample through a 50× Olympus microscope objective. The area of the
focused spot size on the sample is diffraction-limited and is about 1 µm2. The scattered light
is collected through the beam splitter and a Rayleigh-filter (long pass filter). The filtered light
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Figure 3.6: Schematics of the mod-
ified Raman-spectrometer, which
was used [299].
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is resolved with a 600 groove/mm grating and forwarded to a liquid nitrogen cooled Horiba
Symphony CCD detector with 1024 pixel resolution. This together yields a lateral and vertical
resolution of 5 . . .10 µm, which is large enough for a representative surface average without the
biasing effects of nano-imaging.

During the measurements, the laser power focused on the sample was kept below 0.5 mW
to avoid dedoping of the sensitive materials. Each spectrum was accumulated for 30 seconds
and 20 averages were accumulated in the range of 300−3400 cm−1.

3.3 Electron Spin Resonance (ESR) spectroscopy
Since the discovery of electron spin resonance (ESR) [300], it became a useful tool to char-

acterize new materials and investigate novel physical phenomena. In the current section, I wish
to present how conventional X-band and high-field ESR measurements are carried out.

3.3.1 Conventional, X-band ESR
ESR measurements were performed on a Bruker Elexsys E500 X-band (∼ 0.3 T, 9.4−9.8

GHz) spectrometer. The schematics of the instrument are visualized in Figure 3.7.
During the measurement, the microwaves, coming from the "Microwave Source" are split

into three. The first branch is coupled into a "Microwave frequency counter", the second is being
used as a reference, thus referred to as "reference arm" and the third is forwarded to the "Mi-
crowave cavity". Using a variable "Attenuator" the microwave power can be adjusted between
0.207 µW and 207 mW. For our experiments, we used the Bruker ER 4122SHQE (super-high-
Q cavity) microwave cavity, which is a mixed-mode cavity and has an unloaded Q-factor of
7,500. The signal detection is carried out in a reflection geometry, where the microwaves prop-
agating in and out are carried in the same waveguide. The frequency of the bridge is kept at
the resonance using AFC (automatic frequency control) locking, whose operation is described
later in Section 3.4. The maximum of the microwave absorption is reached when the cavity is
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Figure 3.7: a) Schematics of a conventional, X-band ESR instrument, b) Magic Tee enlarged.

critically coupled, which is achieved through adjusting the "Iris" screw. In principle, this ad-
justs the ratio of the reflected and the transmitted microwaves [301]. With this, the sensitivity of
the instrument is maximized. The reflected signal is then intermixed with the reference signal
using the "Magic Tee". The phase-shifting element in the "reference arm" is set in a way, that
the constructive interference is maximized to the χ ′′ component, amplifying the signal coming
from the cavity and eliminating the prompt reflected microwaves. This does not affect the shape
of the ESR signal.

For the case of X-band (as well as for L, S, and Q-bands) the Zeeman splitting of the elec-
tronic levels or bands is achieved using a water-cooled electromagnet. In a continuous wave
(CW) ESR experiment, the ω angular frequency is held constant, while the B0 magnetic field is
swept linearly across the transition. The reason for this is instrumental: the microwave bridge
contains so many frequency-dependent elements (couplers, waveguides, cavity, etc.), which
would make a frequency sweep impractical. On the other hand, the magnetic field can be easily
adjusted using a variable current power source. The value of the B0 magnetic field is measured
using a Hall probe. In the case of resonant absorption, a drop in the microwave amplitude
emitted from the cavity is observed. Here, it is worth to mention, that the microwave source
emits a linearly polarized microwave, which can be decomposed into two circularly polarized
components. During the resonance, only one of the circularly polarized component is absorbed,
the one, which rotates parallel with the Larmor frequency of the spin system. This leads to a
circularly polarized light which is reflected from the cavity. In low field measurements, this is
not emphasized, however, in high-frequency ESR this has a crucial role and called "polarization
coding". Due to technical reasons a modulating magnetic field of Bmod is also applied, which
is achieved through modulation coils present in the microwave cavity. This enables the use of
the so-called lock-in detection technique, where most of the noise is spectrally filtered out. In
our case, the field modulation had a frequency of 100 kHz and thus in the lock-in amplifier
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detection of this frequency component is set.
The detection is carried out using microwave mixers, where the amplitude of the microwave

field is detected. The magnitude of the observed signal on the mixer is [302, 303]:

Vmixer = χ
′′
ηQ
√

PZ0, (3.43)

where Q is the loaded quality factor of the microwave cavity, η =
∫

Vsamp
|B1|2 d3r/

∫
Vc
|B1|2 d3r

is the so called filling factor, B1 is the x component of the microwave magnetic field, P is the
microwave power and Z0 is the wave impedance. Because of the use of lock-in technique, we
observe the first derivative of the ESR absorption signal:

VLI ∝
dχ ′′

dB

∣∣∣∣
B0

Vsamp
√

PBmod. (3.44)

The shape of the observed line is dictated by χ ′′, which is determined by the sample present in
the cavity. The resulting line shapes are described in 2.2.1 and 2.2.3 sections.

The value of the g-factor is obtained through either calibration with Mn2+ reference sam-
ple, which has a well known g-factor of 2.0014 or by direct computation from the recorded
resonance frequency. Static susceptibility was obtained through calibration with CuSO4 ·5H2O
standard which has a known spin susceptibility of 1.25×10−3 emu/mol.

For angular dependent measurements, a Bruker ER 218PG1 programmable goniometer was
used, which has an angular resolution of 0.1◦. Cryogenic measurements were carried out using
an Oxford He flow cryostat insert.

3.3.2 High-Frequency ESR
The high field or high-frequency ESR measurements were carried out with a home-built

spectrometer configuration [304, 305]. The frequency of the spectrometers can be varied be-
tween 78 GHz up to 420 GHz. The main difference from an X-band spectrometer – apart from
the at least one order of magnitude higher magnetic field, which is achieved using superconduct-
ing magnets – is the use of a quasi-optical setup. This is required as waveguides and resonant
elements are impractical (high losses due to eddy currents, small form factors, etc.) at these
frequencies. The scheme of the quasi-optical bridge is depicted in Figure 3.8.

In an ideal situation, the off-resonance background power, reflected to the detector from the
probe head or leaking through other paths, is small and a reference arm is used to bias the detec-
tor to achieve optimal working conditions. Following the path of the microwaves, the following
elements are incorporated in the setup. The source is locked to a highly stable local oscillator
with a phase-locked loop (PLL). Its frequency is variable between 78 GHz and 420 GHz with
frequency multipliers and it is connected to a corrugated horn (1) and emits a Gaussian beam,
which is linearly polarized at 45◦ with respect to the optical table. An isolator (2), consisting of
a wire-grid polarizer, a 45◦ Faraday rotator and an absorber, eliminates standing waves and turns
the polarization perpendicular to the table. A rotating wire-grid polarizer (3) splits the reference
from the main beam. Right after the grid, the electric field in the reference arm is horizontal,
while in the measuring arm it is vertical. A movable pair of plain mirrors (4) is used to change
the length of the light path and thus the phase between the reference and the signal. A variable
attenuator (5) in the measuring arm reduces the microwave power. A wire-grid polarizer (6)
reflects the beam into the cylindrical corrugated waveguide of the probe head (7). At resonance,
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Also, according to our experience the grid by Thomas Keating is less susceptible to

mechanical disturbances than the Mylar foil used in previous designs.

The Faraday rotator in the reference arm is also a new feature of the bridge that

increases the efficiency of the reference arm.
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Fig. 2 Scheme of the quasi-optical bridge: simplified scheme, with the focusing mirrors omitted (a) and
detailed drawing showing all components (b) (the bore of the magnet is rotated into the plane of the
drawing for clarity). The angle of the arrows in circles with respect to the horizontal direction
corresponds to the approximate orientation of the polarization with respect to the optical table. Dotted
lines represent wire-grid polarizers, the orientation of the ones marked with an arrow (i.e., 3, 5, 9, 10) is
adjustable. The zig-zag lines are dampers. The microwave radiation is emitted from the microwave source
(1), passes through the isolator (2) (45� Faraday rotator), beam splitter (3), phase shifter (4), attenuator (5)
and enters the probe head (7) through the grid for ‘‘polarization coding’’ (6). The reference is directed
towards the 90� Faraday rotator (8), and then joins the signal with orthogonal polarization at the grid (9).
Finally, the signal and the reference, added at the rotating grid (10), enter the detector (12) isolated from
the bridge by the 45� Faraday rotator (11). A Shottky detector (13) can also be used by changing the
orientation of the grid (10) and moving the Faraday rotator (11)
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123

Figure 3.8: Scheme of the quasi-optical bridge. The angle of the arrows in circles with respect
to the horizontal direction corresponds to the orientation of the polarization with respect to the
optical table. Dotted lines represent wire-grid polarizers, the orientation of the ones marked
with an arrow is adjustable. The zig-zag lines are dampers. The microwave radiation is emitted
from the microwave source (1), passes through the isolator (2) (a 45◦ Faraday rotator), beam
splitter (3), phase shifter (4), attenuator (5), and enters the probe head (7) through the grid for
"polarization coding" (6). The reference wave is directed towards the 90◦ Faraday rotator (8),
and then joins the signal with orthogonal polarization at the grid (9). Finally, the signal and the
reference, added at the rotating grid (10), enter the detector (12) isolated from the bridge by the
45◦ Faraday rotator (11). A Shottky detector (13) can also be used by changing the orientation
of the grid (10) and moving the Faraday rotator (11). Figure adopted from Ref. [305].

the sample selectively interacts with one of the circularly polarized components of the linearly
polarized microwave excitation and the reflected beam becomes elliptically polarized [253]. At
the bottom of the sample holder, a metallic plate acts as a microwave mirror. The wire grid
above the probehead (6) separates the ESR signal from the reflected wave. It transmits the
component orthogonally polarized to the incident beam towards the detector, while it reflects
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the rest of the mm-waves back to the isolator (2). The Faraday rotator (8) in the reference arm
rotates the polarization from horizontal to vertical so that it can be joined with the signal beam
by a wire grid (9). A rotating wire-grid polarizer (10) adds the signal and the reference, ampli-
fying the ESR signal. The same polarizer (10) and a 45◦ Faraday rotator (11) form an isolator
in front of the detector and eliminate standing waves caused by reflections from the detector
(12). The detector is an InSb hot-electron bolometer (QMC Instruments, UK; QFI/2), which
acts basically as a single-ended mixer. The sensitivity of the instrument is comparable to that
of X-band spectrometers: 3×1010 spins /10−4 T

√
Hz. The homogeneity of the used magnet is

10 ppm over a sample volume of 1 cm3, which determines the resolution of the ESR lines. A
more detailed description of the system can be found in Ref. [305].

The signal arising in a high-field ESR measurement can be also explained using the wave
impedance formalism. The incident electromagnetic wave is propagating towards the sample,
placed in a waveguide with a wave impedance of Z0. The reflection arises from a jump in the
wave impedance, as the sample has a finite and frequency-dependent susceptibility, χ(ω) and
at the edge of the sample the wave impedance becomes Z = Z0/n, where n =

√
ε0 (1+χ(ω)).

Since the incident wave is a superposition of two counterrotating circularly-polarized compo-
nents, only the one matching the direction of the Larmor precession will be reflected, in an ideal
case. The other component does not participate in the magnetic resonant process. In the gen-
eral case, the reflected electromagnetic wave is elliptically polarized. The circularly polarized
component, which is reflected from the sample due to magnetic resonance, goes through the
wire polarizer as a linearly polarized wave with a −3 dB change. This signal is then combined
with the reference wave which has identical polarization. The biased signal thus arrives at the
bolometer, which acts as a single-ended mixer.

During my work, the operating frequency was set to 222 GHz, the corresponding resonant
field for g≈ 2 is about 7.9 T.

3.4 Microwave conductivity measurements
There are plenty of methods to determine the conductivity or resistance of a sample or

material. In the microwave regime, the most commonly used is the so-called cavity perturbation
technique [306–309]. In the method, we detect how the characteristics of a microwave cavity are
changed upon insertion of a sample, whose volume is relatively small compared to the volume
of the resonator: Vc�Vsamp.

First, the Q-factor (quality factor) of the resonator has to be discussed [310]:

Q0 =
f0

Γf
=

ω0

Γω

= ω0
U

pexc
, (3.45)

where f0 = ω0/2π is the resonance frequency, Γf = Γω/2π is the bandwidth (full width at half
maximum, FWHM), U is the time average of the energy stored in the cavity and pexc = pdiss is
the exciting power in one cycle. The latter is equal to the dissipated power due to the conserva-
tion of energy and also noted with L in the literature. Reordering the equation gives the power
dissipated in the cavity:

pdiss =
Uω0

Q0
= L. (3.46)

We note that the losses in the system can be characterized by the Q-factor.
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The coupling of the cavity can be adjusted with an iris, just like in the case of the ESR
instrument. We call a resonator critically coupled when the complete p0 input power is exciting
the cavity and there is no reflected wave. The Q-factor of a coupled cavity is

Q−1 = Q−1
0 +Q−1

c , (3.47)

where Qc is the Q-factor of the coupling element. With the presence of a coupling element,
it is assumed, that it only tunes the Q-factor of the cavity, but the resonant frequency remains
the same, f0. When critical coupling is attained, the Q = Q0/2 relation holds, in other words,
Q0 = Qc. Therefore, we must take into account the from the incident p0 only a T = 1/(1+Q0)
fraction goes through the coupling and excite the cavity, the rest is reflected. The situation is
presented in Figure 3.9. The reflected wave is in the opposite phase compared to the wave
exiting from the resonator causing a negative interference. This is the reason why there is no
backward propagating wave upon critical coupling.

From MW source

From cavity

Reflected on coupler Standing
wave 
in cavity

Figure 3.9: Schematics of the iris of a cavity
and the reflected, transmitted, and radiation
emanating from the cavity [301].

The electromagnetic field in the cavity builds up and decays in an exponential manner. The
spectral absorption response or the stored energy as a function of frequency has a Lorentzian
shape, which can be deduced using Fourier-transform:

U(ω) =
A

4(ω−ω0)2 +(2πΓω)2 . (3.48)

Upon sample insertion, the measured Qs of the whole system is extended with an extra Qsample
term, analogously to Eq. (3.47):

Q−1
s = Q−1

0 +Q−1
c +Q−1

sample. (3.49)

Since the losses in the system are embedded in the Q-factor, it is useful to introduce the complex
frequency in the following form:

ω̂ = ω0− i
ω0

2Q
. (3.50)

In the cavity perturbation technique, the response of the resonator is investigated without and
with the given sample. From the change of the complex frequency we can obtain certain prop-
erties of the sample:

∆ω̂ = ω̂s− ω̂0 = ωs−ω0−
i
2

(
ωs

Qs
− ω0

Q

)
, (3.51)
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where ω̂s corresponds to the complex frequency of the cavity with sample inserted and ω̂0
without any sample. If the ∆ω̂ change is adiabatic, the Boltzmann–Ehrenfest-theorem [311] is
applicable, which yields that the ratio of the stored energy and the angular frequency is invariant:

U
ω̂

= const. (3.52)

As a consequence, the relative change of the energy of the cavity is equal to the relative change
of the angular frequency:

∆U
U

=
∆ω̂

ω̂
≈ fs− f0

f0
− i

2

(
1

Qs
− 1

Q

)
. (3.53)

Here it was assumed, that the sample is only perturbing the cavity and the ωs/ω0 ≈ 1 quantity
is near unity. The energy stored in an empty cavity can be expressed as follows:

U0 =
1
2

∫

Vc

(
ε0 |E |2 +µ0|H |2

)
d3r, (3.54)

where E and H are the electric and magnetic field vectors, respectively. The field inside
the sample does not only depend on the properties of the material, but also on the geometry.
The material properties are encoded in χe,m electric and magnetic susceptibilities, while the
geometry is embedded in the n depolarization tensor. The field inside the sample is thus:

E = E −nP/ ε0, (3.55)
H = H −nM, (3.56)

where P is the polarization and M is the magnetization vector. These quantities are connected
to the field strength through the corresponding susceptibilities:

P = χeE, (3.57)
M = χmH. (3.58)

These quantities can be also connected to the external fields, here the proportionality quantity
is the polarizability, which contains the material parameters as well as the geometric factors:

P = αeE , (3.59)
M = αmH . (3.60)

The stored energy in the perturbed cavity can be calculated using the aforementioned variables.
Due to technical reasons, it is conventional to split the integral into two parts: inside the sample
and outside of it:

Us =
1
2

∫

Vc−Vsamp

(
ε0 |E |2 +µ0|H |2

)
d3r+

1
2

∫

Vsamp

(E ∗D+H ∗B) d3r. (3.61)

Using Eqs. (3.55) and (3.56) and realizing U0 the energy of the perturbed system is

Us =U0−
1
2

∫

Vsamp

(E ∗P+H ∗M) d3r. (3.62)
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The change of the energy can be directly read:

∆U =−1
2

∫

Vsamp

(E ∗P+H ∗M) d3r. (3.63)

Our measurements were carried out in a cylindrical TE011 microwave cavity. Let the height be
parameterized as h and the diameter as d. The electromagnetic field inside the cavity is then

Hr(r,z) =
H0J′0(kr)cos

(
πz
h

)
√

1+
(

2α01h
πd

)2
, (3.64)

Hz(r,z) =
H0J0(kr)sin

(
πz
h

)
√

1+
(

πd
2α01h

)2
, (3.65)

Eϕ(r,z) =−
µ

ε
H0J′0(kr)sin

(
πz
h

)
, (3.66)

Er(r,z) = Hϕ(r,z) = Ez(r,z) = 0, (3.67)

where J0 is a Bessel function of the first kind in cylindrical coordinates and J′0 is its derivative
with respect to r, k = 2α01/d and α01 = 3.83171. Placing the sample into the middle of the
cavity yields that the magnetic field has a maximum and the electric field vanishes. Assuming
E = 0 and the maximum of the magnetic field:

∆ω̂

ω̂0
=

∆U
U0
≈−

∫
Vsamp

H ∗M d3r

2U0
=−

∫
Vsamp

αm|H |2

2U0
≈−Vsampαm |Hmax|2

2U0
=−γαm. (3.68)

Here, the sample independent parameters are summarized in γ . Taking a closer look at equations
(3.50) and (3.49) a relation between the Q-factor and the polarizability can be established:

1
Qs
∼ Imαm. (3.69)

From now on the ∆

(
1

2Q

)
= 1

2Qs
− 1

2Q quantity will be referred to as microwave loss and
∆ f
f0
= fs− f0

f0
will be referred to as frequency shift.

To find αm, the Helmholtz equations have to be solved outside and inside the sample:

∇
2H = 0 outside the sample, (3.70)

∇
2H+ k̂2H = 0 inside the sample, (3.71)

where k̂ = ω

c

√
µ̂rε̂r is the complex wavenumber inside the sample. The complex relative per-

meability and permittivity are defined as µ̂r = µ ′r + iµ ′′r and ε̂r =ε
′
r +i ε′′r . In the following, we

assume that our material is non-magnetic, i.e. µ̂r = 1. In this approximation k̂ only depends
from the conductivity:

k̂ =
ω

c

√
ε̂r(ω) =

ω

c

√
1+

i
ε0

σ(ω)

ω
. (3.72)
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The set of equations (3.70) and (3.71) can be analytically solved for the case of spherical parti-
cles. The resulting polarizability is

αm =−3
2

(
1− 3

(
ak̂
)2 +

3
ak̂

cot
(
ak̂
)
)
, (3.73)

where a is the radius of the sphere, the average radius of the particles. The microwave loss and
frequency shift for spheres with different radii, as a function of the real part of the conductiv-
ity, are shown in Figure 3.10. There are two clearly distinguishable regimes for the absorption
and shift characteristics depending on the relation between the sample size and radiation wave-
length: when |k̂a| � 1 and when |k̂a| � 1.
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Figure 3.10: Microwave loss and frequency shift for multiple grain sizes as a function of the
real part of the conductivity. The plot is prepared for f = 11.1 GHz for a non-magnetic material,
µ̂r = 1. The imaginary part of the conductivity is assumed to be negligible, σ2 = 0, compared
to the real part. Curves reproduce well the results of Ref. [312].

First the |k̂a| � 1 case is discussed, when the microwave field completely penetrates into
the sample. This limit is used for porous materials or powder samples with low-moderate con-
ductivity (a or/and σ1 are small). Applying a series expansion to the cotangent function yields:

αm =
1

10
(
ak̂
)2 ≈ i

10
a2

ωµ0σ. (3.74)
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This means that the microwave loss is proportional to ∆(1/2Q)∼σ1 and the frequency shift will
be caused by ∆ f/ f0 ∼ σ2. In most cases, for well behaving samples, the frequency shift can be
neglected, as σ2� σ1 (exceptions from this are e.g. superconductors or metals when ω ≈ 1/τ ,
where τ is the momentum relaxation time). The observed Q-factor is thus proportional to the
resistivity:

Qs ∼
[

∆

(
1

2Q

)]−1

∼ 1
σ1
∼% . (3.75)

The second case is when |k̂a| � 1 and the microwaves can only penetrate into a finite depth
(the skin depth). This limit is used for macroscopic bulk samples with moderate-high conduc-
tivity (a or/and σ1 are large). To get a meaningful approximation, let us consider the following
relation:

lim
y→∞

cot(x+ iy) = lim
y→∞

sin(x)cos(x)− i sinh(y)cosh(y)
sin2(x)+ sinh2(y)

=−i. (3.76)

In a physical situation y→∞ generates a cut for the field, e.g. the microwaves can only penetrate
until the skin depth. Using Eq. (3.76) we obtain:

αm =−3
2

(
1− 3i

ak̂

)
. (3.77)

Assuming a normal metal, when σ1 is finite and σ2 is negligible, we get

k̂ = (1+ i)
1

δskin
, (3.78)

where δskin =
√

2
ωµ0σ1

is the skin depth. In this limit for the microwave loss and shift we obtain

Qs ∼
[

∆

(
1

2Q

)]−1

=
4a

9γδskin
∼√σ1 ∼

1√
%
, (3.79)

∆ f
f0

=
3
2

γ

(
1− 3δskin

2a

)
. (3.80)

After discussing the theoretical background, our main task now is to measure the Q-factor
of the system, which contains information about the conductivity of the sample. There are three
methods which are presented to determine the Q-factor from the Lorentzian response of the
cavity. The first two are based on sweeping the frequency through the resonance and afterwards
a numerical fitting of the Lorentzian function yields the position (ω0) and the width Γω of the
resonance. The difference is the speed and the used equipment during the sweep. The first
method is called "CavitySweep", which is used to determine the position of the resonance in a
wide frequency range. The second, faster variant is denoted with "CavityPulsed", where a rapid
sweep is performed in a smaller frequency domain. Here, usually 64−256 scans are averaged
together. The third method is based on Fourier harmonic analysis, namely that the Q-factor can
be obtained from the ratio of the second and fourth harmonics [313]. Here, the first harmonic
which changes sign on the resonance is used to stabilize to the resonance frequency in an AFC
manner, which is similar to the case of ESR. We refer to this method as "CavityRead". Before
discussing each method, first the common parts are presented.
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The source of the microwaves, with a frequency of 11 GHz, is a HP83751B microwave
sweeper. The sample is placed in the center of a cylindrical TE011 microwave cavity, where the
magnetic field has a maximum and the electric field has a minimum. The absorption is due to
the eddy currents induced by the magnetic field in the sample. The field present in the cavity is
depicted in Figure 3.11.

Figure 3.11: Electric (×, •) and mag-
netic (– – –) fields inside a TE011 mi-
crowave cavity [254].

Low-temperature measurements were carried out in a setup, where the microwaves enter
into the cavity through coaxial SMA wires and plugs, which are connected to antennas. In a
transmission geometry, one antenna acts as a transmitter, while the other is the receiver. For
detection, a HP8472A crystal detector is used, which gives a voltage response proportional
to the microwave power. Due to heating effects present at cryogenic temperatures [314], low
microwave power was used and the signal was amplified using a low noise microwave amplifier
(LNA), which was placed between the receiver antenna and the detector. The detector signal
was thus forwarded to an oscilloscope or one, or two lock-in amplifiers, depending on the
measurement type.

The microwave probehead is placed into a helium filled dewar or into a cryo-cooled su-
perconducting magnet. The temperature is adjusted through a 47 Ω heating resistor, which is
located above the cavity. For the dewar measurements, the probehead is not placed directly in
the liquid helium but in a steel container, which is filled with 20−30 mbar of He exchange gas.
In the magnet, the VTI (Variable Temperature Insert) does this favor, there the used He pressure
was about 100−200 mbar.

In contrast to the system which was used for high-temperature measurements, the cavity
was connected through WR90 waveguides. This is necessary due to a continuous nitrogen
gas flow, which adjusts the temperature of the sample. A similar transmission geometry was
applied, except that here between the cavity and the LNA a DC block was also placed. The
temperature is controlled through the nitrogen gas flow, which is cooled (with liquid nitrogen
through a second copper coil) or heated (with a tungsten wire resistor) to a given temperature
before entering the cavity. It is worth noting, that only the sample volume is cooled/heated,
the temperature of the cavity is fixed with water cooling to avoid parasitic effects, which would
occur due to thermal expansion.

CavitySweep measurement technique In this technique, the frequency of the source is con-
tinuously swept through the resonance of the cavity. The observed Lorentzian signal is then
derived and fitted. The derivation helps to improve numerical accuracy. The Q value is then
extracted from the fit, using its already introduced definition:

Q =
f0

Γf
, (3.81)
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here Γf is the FWHM of the resonance and f0 is the position of the resonance. Here, the
voltage of the detector is digitized with a Stanford Research SR-830 lock-in amplifier, the data
is collected with a computer through GPIB connection. The numerical derivation and the fitting
is performed on the computer. The schematics is presented in Figure 3.12.

HP83751B
Microwave	sweeper Cavity HP8472A

Crystal	detectorLNA

Control	signal SR-830
Lock-In	amplifier

Figure 3.12: Block schematics of "CavitySweep" technique. Devices with light blue back-
ground are controlled from the computer.

The clear drawbacks of this method are that it is rather slow, accumulation of one spectrum
requires a few seconds, thus it is now well suited to study fast dynamics or follow rapid temper-
ature changes and it also heavily relies on the frequency and phase stability of the microwave
sweeper.

CavityPulsed measurement technique The "CavityPulsed" method is quite similar to the
aforementioned "CavitySweep". Therefore only the differences are given: the signal coming
from the detector is digitized with a Tektronix TDS-320 oscilloscope. The second channel of
the oscilloscope is connected to the "Z-AXIS BLANK/MKRS" marker output of the microwave
sweeper. This is necessary since the oscilloscope, unlike a lock-in amplifier, operates in the
time domain. Another consequence of this is that the frequency axis is calculated and not
directly measured. This, in principle, would make the measurement less stable for long times,
on the other hand rapid sweeps can be performed. This is allowed by the fast digitization of the
oscilloscope. Typical timescale to obtain one spectrum is about a few milliseconds, enabling
rapid changes detectable. Since the signal-to-noise ratio (SNR) is quite poor in one experiment,
it is recommended to use the averaging feature of the oscilloscope. During my work, I usually
used 64− 256 averages to achieve the desired SNR. The block schematics of the method is
presented in Figure 3.13.

HP83751B
Microwave	sweeper Cavity HP8472A

Crystal	detectorLNA

Marker;	CH2 Tektronix	TDS-320
oscilloscope

Signal;	CH1

Figure 3.13: Block schematics of "CavityPulsed" technique. Devices with light blue back-
ground are controlled from the computer. The MKRS marker output of the microwave sweeper
is connected to second channel of the oscilloscope. This provides a well described trigger signal
and also marks the beginning frequency, since the oscilloscope operates in the time domain.
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CavityRead, AFC-based measurement technique Measurement technique based on AFC
heavily relies on the fact, that the first derivative of the Lorentzian changes sign upon resonance
and the Q-factor can be directly derived from the ratio of the even harmonics [313]. These
harmonics can be readily measured by lock-in amplifiers. Previously, it was shown that the first
harmonic is equal to the derivative, which allows the method to be used with relative ease. The
schematics of the method is shown in Figure 3.14.

HP83751B
Microwave	sweeper Cavity HP8472A

Crystal	detectorLNA

SR-830
Lock-In	amplifier

Frequency	counter

DC	FB

AC	mod

FM	modulation

AFC

SR-830
Lock-In	amplifier

Harm	1 Harm	2,4

Figure 3.14: Block schematics of "CavityRead" technique. Devices with light blue background
are controlled from the computer, the green block represents an FM modulated AFM circuity.
Harm i denotes the detected Fourier harmonics, the DC feedback is noted with DC FB and the
FM modulation is with AC mod.

Typical powers used during this measurement scheme is about 0 dBm, the modulation fre-
quency was around 25 kHz. The amplitude of the first harmonic is measured through a separate
lock-in amplifier. For optimal operation, it is crucial to have a small frequency modulation near
resonance. This is achieved by connecting the Sine Out output of the second lock-in, which
measures the other two harmonics. The modulation amplitude relies on the voltage of the out-
put.

Another crucial point of an operational AFC is the feedback circuit. In our case, we exploit
that the first derivative is zero on resonance and has positive values above and negative values
below the resonance, as shown in Figure 3.15. The slope of the derivative Lorentzian has a
maximum at resonance, thus the feedback is easily achievable [309]. Series expansion yields
that the first derivative is equal to the first harmonic (denoted with Harm 1 in the corresponding
figure). We refer this as DC feedback (or error signal as used in other literature), which is
summed with the AC modulation and forwarded to the FM In input plug of the microwave
sweeper. Once this is achieved, the signal is locked to the neighborhood of the resonance,
where the second and fourth harmonics can be measured with high accuracy.

The amplitudes of the second and fourth harmonics (Harm 2 and 4) are measured with
the second lock-in. After readout, the program determines the Q-factor from the ratio of the
harmonics, using the following formula [313]:

Q =
ω0
√

a4/a2

Ω(1−a4/a2)
, (3.82)

where Ω is the amplitude of the modulation. The accuracy of the measurement can be further
improved if the internal clock of the sweeper and the frequency counter is locked, thus the fre-
quencies do not significantly deviate from each other. Moreover, the method works better if the
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Figure 3.15: Schematics of the feedback mechanism using the first derivative as a DC feedback
or an error signal.

error signal is not allowed to be greater than a given value. This can be achieved if the operat-
ing frequency of the sweeper is moved closer to the resonance after the error signal reaches a
critical threshold value. For this, we found an optimal value of 100 kHz. The present technique
has the highest accuracy among the methods presented, albeit it unfortunately performs rather
slow during measurements due to its complexity. Obtaining one measurement point is about ten
seconds (here, it is worth noting that measuring one harmonic requires only 3−30 ms, so there
are no stability issues, the time is limited by the amount of communication required through the
GPIB port from various instruments).

The cavity perturbation technique is proven to be very useful for powder samples, especially
when they are air or water sensitive. In my thesis, it was used in almost every chapter, namely
4, 5 and 6. A comprehensive article, which also demonstrates the versatility and the robustness
of the method is published in Ref. [O2]. Therein, an alkali doped fulleride, K3C60, potassium-
doped black phosphorus, KP8, and in situ K intercalation of single-wall carbon nanotubes are
examined. The latter is also described in Section 5.5.





Chapter 4

Electronic and Ionic Conductivities in
Superionic Li4C60

If you see an antimatter version of yourself
running towards you, think twice before
embracing.

J. Richard Gott

The present chapter deals with the ionic and electronic contributions in the superionic
Li4C60 fulleride compound. Superionic materials have particular importance in energy stor-
age, e.g. in the case of conventional Li-ion batteries. First the infrared spectrum of the studied
material is presented (Section 4.1), compared to similar materials, such as Na4C60, K4C60 and
K3C60. The IR spectroscopy confirms the presence of single polymer bonds at room tempera-
ture, the lower symmetry of the system and shows the lack of metallic electrons.

In Sections 4.2. and 4.3., microwave conductivity and high-frequency electron spin res-
onance (HF-ESR) measurements in the temperature range of 40− 700 K are presented. The
electronic properties of the polymeric and the monomeric phases with particular attention to the
dynamics of electrons in the superionic phase and to the depolymerization process are studied.
We find that diffusion of positive lithium ions above 125 K induces an activated electronic con-
ductivity in polymeric Li4C60. We argue that the electronic contribution to the conductivity in
this regime is either coming from weakly bound defect electrons, which start to diffuse, when
ionic diffusion is enabled, or from small-polaron excitations, which are known to obey a similar
activated behavior.

Ion diffusion also explains changes in the HF-ESR spectrum in the studied temperature
range. We trace the depolymerization process up to 700 K in 10 GHz conductivity measure-
ments and confirm that the high temperature monomer phase is indeed a good conductor, in
accordance with previously reported literature results.

The present results are published in Physical Review B in 2016 [O3].

4.1 Infrared spectroscopy
The IR spectrum of Li4C60 is shown in Figure 4.1. For comparison, we also show the spectra

of Na4C60 and K4C60, where the charge state of the fullerene molecule is also in the same C4−
60
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state. Additionally, we show the data for K3C60, which has a metallic character and a good
conductor (superconductor below 19 K) are presented in Figure 4.1. These measurements were
performed by Gy. Klupp, M. A. Győri and K. Kamarás.
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Figure 4.1: Room-temperature infrared (IR) spectrum of Li4C60 compared to that of Na4C60,
K4C60 and K3C60, shifted and scaled for clarity. Li4C60 and Na4C60 have similar IR spectra with
a mode around 800 cm−1 signaling single C−C bonds in the polymer, whereas the IR spectrum
of monomeric K4C60 are markedly different, as expected from their higher symmetry. The
spectrum of K3C60 (adopted from Ref. [315]) shows metallic character with high background
absorption and Fano line shape of the T1u(4) mode at 1360 cm−1.

The IR spectrum of Li4C60 resembles that of Na4C60, in agreement with the polymeric
nature of both compounds. Na4C60 is a two-dimensional polymer with single carbon-carbon
bonds present [316]. Upon polymer formation, the C60 ball is significantly distorted [317] and
the original Ih icosahedral2 symmetry of C60 is lowered to C2h in Li4C60 [276] and to Ci in
Na4C60, as reported earlier [316]. This results in a large number of IR active modes in contrast
to the four allowed IR modes of C60 [72] and in the monomeric K4C60, where the larger size
of the alkali ion hinders the polymer formation. Though there is a Jahn–Teller distortion [318]
even in this case, the distortion of the C60 ball is smaller than in polymers and the IR active
modes emerging from the lower symmetry are weak and barely visible.

The strong band at 800 cm−1 in Li4C60 and Na4C60 arises from a single C−C bond between
fullerenes [319] and is not an intramolecular mode. Thus the infrared spectra confirm that
single bonds are present in the Li4C60 polymer as determined by the structural characterization
performed earlier by Margadonna et al. [276].

2Using Schönflies notation for symmetry groups.
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Infrared spectroscopy can, in general, provide information also about the conductivity of
materials. In the case of powders in KBr pellets, the effects of light scattering obscure the exact
shape of the free-carrier (Drude) absorption, but the signs of metallic character are a strong
background absorption and the change of the vibrational bands from Lorentzian to Fano shape
[315, 320], similarly to Raman modes. We do not observe any of these effects here, which
confirms the absence of such additional spectral weight in the IR spectrum of Li4C60 at room
temperature. This invokes that the electronic conductivity is negligible in agreement with Ref.
[80]. Due to the large mass of the charge carrying ions in fulleride compounds, the Drude
peak corresponding to the ionic conductivity is well below the usually accessible frequency of
100 cm−1.

4.2 Electronic and ionic conductivities in the polymer phase
The temperature dependence of the 10 GHz microwave conductivity, σ(T ), of Li4C60 nor-

malized to the room temperature value is presented in Figure 4.2. Data above 260 K are for
increasing temperature only. Below 260 K, data taken in heating and cooling are indistinguish-
able and the conductivity was too small to allow the measurement of the microwave loss below
40 K.
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Figure 4.2: Temperature dependence of the 10 GHz microwave conductivity of Li4C60 nor-
malized to the value at 295 K. Red triangles (N): heating (at the rate of 0.2 K/s), blue dotted
squares (⟐): cooling. The concentration of unpaired electrons increases above 300 K, due to
partial breakage of the polymeric bonds. The material behaves metallic in this regime as a result
of the presence of excess charge carriers. The depolymerization is significant above 410 K as
marked with a dashed vertical line.

At low temperature, σ(T ) increases with increasing T and it has a maximum around 300 K
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followed by a minimum at around 410 K. Thermal cycles around the polymerization tempera-
ture show that the data in Figure 4.2. below 410 K corresponds to the polymeric phase. The
subsequent rapid increase arises from the onset of depolymerization and is discussed later in
Section 4.4. Figure 4.3. compares the low-temperature microwave conductivity with the DC
conductivity data of Riccò et al. [80] using an Arrhenius type of presentation.
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Figure 4.3: Arrhenius plot of the 10 GHz (electronic) conductivity in Li4C60 (filled black
squares (�), this work) and the DC (ionic) conductivity (solid green curve from Ref. [80]).
The conductivities are normalized to their respective values taken at 295 K. The electronic con-
ductivity is larger than the ionic, however, its absolute value is not known. Straight lines are
fits to the experimental microwave data. Note the marked upturn in both electronic and ionic
conductivities at about 125 K (dashed vertical line), which is attributed to the onset of Li+

diffusion. Please note the remarkable agreement of the two types of measurements.

An activated behavior of σ(T ) = σ0 e−∆/T with different activation energies, ∆ , above and
below 125 K fits well the microwave conductivity data. The corresponding parameters are
summarized in Table 4.1. below.

The activation energy of the DC ionic conductivity is much larger than for the microwave
conductivity. The different temperature dependence of the DC and microwave conductivities
suggest that these have different origins. In our view [80] above the 125 K onset temperature
of Li+ ionic diffusion to about ambient temperatures the DC conductivity arises mainly from
the ionic conductivity, σion involving all lithium ions. However Sundqvist et al. [321] raised
some doubts about this. On the other hand, we suggest that the microwave conductivity is the
electronic conductivity σel at 10 GHz associated with a small concentration of charged defects.

There is ample evidence for Li ionic diffusion at ambient temperatures and below [80, 322].
AC impedance measurements in the kHz-MHz range yield a single loss peak, which is attributed
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Regime σ0 (arb. u.) ∆ (K)

T > 125 K 8.7(1)×10−4 603(4)
T < 125 K 1.7(1)×10−5 90(6)
Ref. [80] 2400

Table 4.1: The parameters used to fit the activated microwave conductivity of Li4C60 for the
T < 125 K and T > 125 K regimes. The standard deviation of the extracted values are noted in
parentheses.

to bulk Li+ ion conduction through well-defined barriers. The loss peak is well defined by an
ideal Debye process, where Z′′ ∼ ωτ/(1 + ω2τ2), opposed to disordered ionic conductors.
Furthermore, the observed motional narrowing of the 7Li NMR line and, as explained below
in Section 4.3., the narrowing of the ESR line above 125 K is also well understood by Li ionic
diffusion. The strong temperature and frequency dependence of the low frequency (below 100
kHz) conductivity supports the dominant role of the ionic contribution [323].

The microwave conductivity has an electronic origin and the ionic conduction is negligible
at 10 GHz, because, except for very low frequencies, the ionic conductivity decreases strongly
with frequency. An extrapolation of the low-frequency data at 246 K and below shows that
σion at 1010 Hz is well below the sensitivity of the microwave cavity conductivity measurement
technique. We deduce from the previous measurement of ionic conductivity [80] and from
the present data that the total conductivity (i.e., ionic and electronic together) as a function of
frequency has a temperature-dependent minimum somewhere between 106 and 109 Hz. From
DC to frequencies of the order of 106 Hz, the conductivity is dominated by the ionic contribution
while at higher frequencies the conductivity is due to electrons bound to charged defects.

According to the IR experiment presented earlier in Section 4.1, the material is essentially an
electronic insulator at ambient temperatures; the electronic band gap is large and most electrons
do not contribute to the conductivity. Therefore we suggest that the electronic conductivity is
associated with a small concentration of electrons trapped at defects of the lattice. Li vacancy or
Li interstitial sites are obvious candidates; for these sites, the microwave conductivity and ESR
originate from the same electrons. As explained in Section 4.3, the unpaired defect electrons
are confined to well-defined states at octahedral voids below 125 K. The associated microwave
electronic conductivity is due to electron hopping between states in the vicinity of the charged
defects. Calorimetric measurements also support this proposal. A contribution to the specific
heat was attributed to Li+ motion within octahedral voids from temperatures as low as 2 K
[324], as presented in Figure 4.4. The disorder induced by Li ionic diffusion above 125 K
creates new electronic states and allows electronic diffusion of the small concentration of defect
electrons to larger distances. This explains the stronger increase of conductivity above the onset
of Li ionic diffusion at 125 K.

Last, but not least, we note that one may associate the slowly hopping localized elec-
tronic states giving rise to the microwave conductivity of the polymeric phase to small polarons
[257, 325–327], which is another candidate to explain the experimental data. Li4C60 is an ionic
salt with an insulator ground state. According to HF-ESR results, which is presented in Sec-
tion 4.3, at low temperatures, the excited states are confined to the vicinity of octahedral voids.
These localized excitations diffuse slowly as the temperature is raised. The small-polaron mo-
tion is a thermally activated process, which agrees well with our findings shown in Figure 4.3.
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Figure 4.4: Low-temperature
data for the specific heat as
a function of temperature T ,
plotted on a log-log diagram to
show the functional dependence.
� denote Na4C60 and O denote
Li4C60. Adopted from Ref.
[324].

164706-4 Inaba et al. J. Chem. Phys. 142, 164706 (2015)

is also an almost perfect overlap between the data for the
two intercalated polymers above 125 K, the specific heat for
Na4C60 is significantly higher than that of Li4C60 at tempera-
tures below this. We note that the specific heat is dominated
by contributions from low energy modes, such as fullerene
lattice modes and molecular librations, at low temperatures.
For polymeric C60 structures this leads to very obvious effects
due to the stiffness induced by the polymerisation, as shown
by Inaba et al.21 The increased stiffness shifts most vibrational
frequencies to higher energies and the low temperature specific
heats of the pure and intercalated polymers thus drop well
below that of pristine, molecular C60. As mentioned above,
a first Na4C60 sample showed specific heat values close to
that of pristine C60 at the lowest temperatures, indicating that
the intermolecular bonds had broken up during mounting for
the relaxation experiment, probably due to contamination by
oxygen or water. The data for this sample were thus discarded
and in the final analysis of Na4C60 we have only used the data
for sample 2 below 100 K and the data from the adiabatic
calorimetry for sample 1 above 100 K.

Finally, below 10 K we also measured the specific heat
for both materials in applied magnetic fields of 1 and 9 T.
Between 2 and 10 K, data in different fields were practically
identical, except that data at 9 T fall slightly (≈5%) below
data measured at the lower fields in the center of the interval.
Below 1 K, stronger deviations were found but because the
absolute magnitudes were small, experimental uncertainties
are significant and we will not discuss these data further.

Li4C60 is known to be bonded by 2 + 2 cycloadditions
in one direction and by single covalent bonds in the other
(see Figure 1). Librations and longitudinal waves should thus
stiffen significantly in two dimensions but we cannot rule
out the possibility that there might still be some freedom for
transverse vibrations and for librations of the cycloaddition-
bonded chains around their axes, perpendicular to the single
bonds. The lattice of Na4C60 should be less rigid because all
intermolecular links are single C–C bonds. Effects due to the
structure of the polymerized lattice are best seen at very low
temperature, and we show in Figure 6 data for the specific heat
of Na4C60 and Li4C60 between 0.4 and 30 K, plotted on log-
arithmic axes to show clearly the functional dependence. We
expect that fullerene lattice vibrations and librations dominate
the low-temperature behavior because the contribution from
the metal ions should decrease exponentially with temperature
(see below). Below 10 K, the specific heat of both materials
is roughly proportional to T3 as expected in a Debye solid,
but below about 2 K the dependence on temperature becomes
weaker as lattice modes in the polymerized planes freeze out.
For metals, an electronic specific heat term linear in T is
expected, but both Li4C60 and Na4C60 are semiconductors13

with a very low conductivity and thus a negligible density of
conduction electrons at very low T . However, at sufficiently
low temperatures a stack of perfectly rigid planes should be a
good approximation to a one-dimensional material with lattice
vibrations only in the direction perpendicular to the sheets. Ba-
sic solid state theory predicts that the low-temperature specific
heat of an N-dimensional material should be proportional to
TN , and we see that below 1 K both materials are very close to
behave like ideal one-dimensional solids with a specific heat

FIG. 6. Low-temperature data for the specific heat as a function of tempera-
ture T , plotted on a log-log diagram to show the functional dependence. Blue
rings denote Na4C60 and red triangles denote Li4C60.

cp = c0T . For Na4C60 the slope becomes even smaller below
0.6 K, but this might be an experimental artifact due to the very
small magnitude of the total cp.

A reasonable starting point for an analysis of the contribu-
tion from the alkali metal ions to the total cp in Li4C60 is that
the specific heat of the fullerene structure should not be much
different from that of the 2D tetragonal C60 polymer, since the
geometry is very similar and the bonding pattern differs only
by having single bonds in one direction. Assuming that the
interaction between the fullerene lattice and the ions is very
weak, as suggested from the high-temperature data, we can
subtract the contribution of the former from the measured data
for Li4C60 to find the excess specific heat of the Li+ ions (Kopp-
Neumann law). This procedure might, however, overestimate
slightly the contribution from the lithium ions, since the single
bonds in the Li4C60 are “softer” than the corresponding twin
bonds of tetragonal C60. As mentioned above, there are two
sites for Li+ ions,5,11 corresponding approximately to one ion
in each tetrahedral void and two in each octahedral void in the
original fcc lattice of C60. However, there are several possible
ionic positions in each of the octahedral sites and there is some
uncertainty as to the exact ionic locations.5,11,25 The excess
specific heat obtained by subtraction of the data for tetragonal
2D C60 can be analyzed in the light of our structural knowledge.
Because there is no true Li+ ion lattice, an Einstein model
for the specific heat is preferred to a Debye model, and in
principle two Einstein temperatures corresponding to the two
different sites should be expected. Fitting Einstein models to
the data, we find reasonable agreement above about 100 K
for an Einstein temperature TE = 386 K. A somewhat better fit
can be found using two Einstein functions of equal amplitude
and with TE1 ≈ 300 K and TE2 ≈ 550 K, but the statistical
quality of the single-function fit is better. We can compare the
Einstein temperatures found with the Debye temperature of
metallic lithium, 344 K. However, below 100 K the experi-
mental data always significantly exceed the fitted functions.
We do not believe that this is an experimental error, because
measurements on two different samples give almost indistin-
guishable results and measurements with different methods are
in excellent agreement in the range of overlap. While the excess
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The concentration of mobile electrons is small and small-polaron conduction in Li4C60 con-
tributes significantly to the conductivity only at high frequencies, where the ionic contribution
is negligible. At microwave frequencies, the electronic (polaronic) conduction determines the
conductivity. The presence of polarons can also be inferred from HREELS3 measurements in-
dicating coupling of electrons to low-energy (alkali metal or intermolecular) phonons according
to Ref. [328].

4.3 Narrowing of the ESR spectrum by Li diffusion

The ESR spectrum arises from defects of the polymeric matrix or from unpaired elec-
trons in the polymeric structure bound to charges arising from a slight off-stoichiometry of
the lithium concentration. The ESR active defect concentration is one S = 1/2 spin per hun-
dred C60 molecules [322]. As explained below, at low temperatures the large majority of the
ESR active sites have the same environment and we suggest that the ESR arises mostly from
off-stoichiometry.

Figure 4.5. is a schematic view of the proposed charged ESR active site bound to a surplus
Li+ ion in an octahedral void. The resonance frequency of the ESR, characterized by the g-
factor, is sensitive to small variations in the electronic configuration surrounding defects. The
anisotropic g-factor shift depends on the spin-orbit interaction and the local crystal field in an
environment with lower than cubic symmetry and is very small in materials composed of light
atoms [328]. The previous ESR study [322] at 35 GHz observed the deviation from cubic
symmetry as a splitting of the ESR signal. The present higher resolution 222 GHz ESR work
follows the evolution of the environment of ESR active defects in detail as a result of the one
order of magnitude higher magnetic field. We find that the majority of defects evolve from an
axial symmetry configuration at low temperatures to an effectively isotropic configuration at
ambient temperatures.

3High Resolution Electron Energy Loss Spectroscopy
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Figure 4.5: Schematics of the suggested
ESR active defect. Large blue circles are
polymeric fulleride ions. Dark and light
molecules are in the front and back, re-
spectively. Green (red) circles are Li+

ions in octahedral (tetrahedral) sites. In
stoichiometric Li4C60, octahedral voids
are occupied by 2 Li+ ions and have two
unoccupied sites. The unpaired electron
is bound to the void occupied by 3 Li+

ions marked by a dashed line contour.

Figure 4.6 displays the temperature evolution of the ESR spectrum of as-prepared Li4C60.
The spectrum is a superposition of anisotropic and isotropic components. The anisotropic com-
ponent is a powder spectrum broadened by the g-factor anisotropy in the magnetic field (and not
a result of the magnetic field inhomogeneity, which would give a much smaller splitting). The
line shape is characteristic of a uniaxial g-factor anisotropy (blue curve in Figure 4.6) [253, 255].
The width of the anisotropic component decreases with increasing temperature. Above 280 K
only a small intensity anisotropic line with a different line shape remains that possibly reflects a
lower, rhombic, symmetry. The decrease of the linewidth of the anisotropic component is char-
acteristic of a fluctuating environment in which the average g-factor anisotropy is reduced but
remains finite. The isotropic component is a single line with a Lorentzian line shape (solid line
in Figure 4.6), characteristic of sites with a cubic static environment or with a rapidly varying
environment that averages out the g-factor anisotropy essentially to zero.

Figure 4.7 shows the detailed variation of the relative intensity and the linewidth for the
anisotropic component. The intensity of the isotropic component relative to the total intensity
of the spectrum, I(iso)/I(tot) is constant at low temperatures and increases in a step-like fashion
between 210 and 240 K, as presented in Figure 4.7a. This increment occurs in a relatively small
temperature window of 50 K. The spectrum is dominated by the anisotropic component between
160 and 210 K and by the isotropic component above 260 K. The g-factor anisotropy of the
anisotropic component decreases gradually with increasing temperature from 6.4 mT at 160 K
to 2.6 mT at 290 K as shown in Figure 4.7b. The defect concentration changes less than a factor
of two below 280 K since the spin susceptibility, measured by the ESR spectrum intensity, I(tot),
depends little on temperature between 150 K and 280 K [322]. The long spin-lattice relaxation
time prevents reliable intensity measurements at lower temperatures. The spin susceptibility
increases rapidly above 300 K, indicating the formation of new ESR active defects.

The unusual temperature dependence of the ESR spectrum is interpreted as a consequence
of the fluctuation of the g-factor tensor of unpaired localized electrons arising from Li+ motion.
At low temperatures, Li ions in tetrahedral sites are static, localized. Li ions in octahedral voids
are hopping between a few possible sites and remain within voids for long times (compared
to the timescale of the measurement, which is a couple nanoseconds). We assume that the
anisotropic component arises from unpaired electrons bound to octahedral voids with a third Li
ion in addition to the two Li ions at the majority sites. Electron holes bound to Li vacancies is
another possibility to explain the observations. The charge of the Li ion nearest to the unpaired
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Figure 4.6: Temperature evolution of the 222
GHz HF-ESR spectrum of Li4C60. The mea-
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Figure 4.7: a) Temperature dependence of
ESR intensity of the isotropic component di-
vided by the total one, I(iso)/I(tot). T ∗ in-
dicates the onset of Li+ ion motion [322].
b) Temperature dependence of the g-factor
anisotropy, ∆B/B0, of the ESR line measured
at the same frequency.

electron is the most important factor for the deviation from cubic symmetry of the local crystal
field at the unbound electron. The orientations and principal values of the g-factor tensor of
a given ESR active site fluctuates between a few well-defined values due to hopping of Li
ions within the voids but within the ESR time scale, the anisotropy is not averaged to zero. The
relevant ESR time scale τESR = 5 ns is given by width of the anisotropic line at low temperature.
Non-identified sites, representing 20% of the localized unpaired electron defects, give a narrow,
isotropic line at low temperatures.

At higher temperatures, the density of unpaired electronic states increases gradually with the
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increasing disorder and this decreases the effective g-factor anisotropy. At temperatures above
210 K, the fluctuations of the g-factor due to the diffusion of Li ions between different voids
in the polymeric structure becomes important and the line-shape changes in a qualitative way.
Electrons bound to or in the vicinity of the diffusing surplus ions experience a rapidly changing
environment between many more states than experienced at lower temperatures. Diffusion in-
volves all lithium ions between voids according to Ref. [80]. Each C60 molecule of the polymer
is surrounded by eight equidistant tetrahedral and six octahedral voids. Diffusion in and out
of a large number of sites averages the g-factor anisotropy and contributes to a narrow, on-the-
average isotropic line-shape. The concentration of unpaired electrons at isotropic sites increases
rapidly between 210 and 260 K, but the total defect concentration does not change. Above 260
K Li-ion hopping between octahedral voids determines the ESR line shape. At 340 K only a
very small intensity anisotropic line is observed around the isotropic line.

The motion of Li ions was observed in a broad temperature range by the narrowing of
the 7Li NMR spectrum [322], presented in Figure 4.8. The temperature dependence of the
NMR and the ESR spectra are qualitatively similar. The NMR spectrum at low temperatures
has an anisotropic broad component due to the distribution of electric field gradients (EFG) at
octahedral Li sites. The motion of the lithium ions reduces the time-averaged EFG measured
by the NMR linewidth of the broad component. Like for the anisotropic ESR, there are two
temperature ranges. The NMR line narrows moderately with temperature up to 190 K. At
higher temperatures, the EFG decreases rapidly in a step-like fashion and the narrow line at
high temperature is characteristic of an isotropic environment on the NMR time scale.7

Figure 4. 7Li NMR spectra of Li4C60 polymer at low temperatures. Inset:
temperature dependence of the width of the quadrupolar broad component of the
line; the line narrowing observed above 200 K is attributed to the onset of Li ions
diffusional dynamics. Above 300 K the intensity of this component vanishes.

however, not in contradiction with the Fourier analysis of the diffraction patterns, which clearly
revealed well localized electron densities in the lattice. Namely, if the Li+ motion is through a
jump diffusion, the Chudley–Elliott analysis [19] of the (self)correlation functions still predicts
well localized peaks in the Fourier map [20]. The same model successfully describes the Li+

diffusion in other ionic conductors [21, 22].
Temperature activated Li+ dynamics in the polymer phase is evident also from the spin-

lattice relaxation time measurements. In the temperature range around 200 K the longitudinal
relaxation curves change (inset to figure5) from the high-temperature single-exponential
(i.e. Mz = M∞(1− r exp[−τ/T1]) to a low-temperature bi-exponential recovery (i.e.Mz =

Ma(1− r1 exp[−W1τ ] − r2 exp[−W2τ ])), as expected for quadrupolar relaxation [22] (formerly
mistaken as an increase in a single-exponentialT1 [23]). The two relaxation ratesW1

and W2 strongly increase with increasing temperature and nearly coincide at about 220 K
(figure 5). Above ∼220 K where the relaxation curves change to mono-exponential form,
also the temperature dependence of the relaxation rate 1/T1 changes and becomes much
less pronounced. The activation energy for the Li-ion hopping diffusion is estimated to be
Ea = 60 meV. At this point it may be instructive to compare this activation energy to the
activation energy in Li intercalated graphite. In stage-1 intercalated graphite the reported
activation energies vary considerably fromEa = 1 eV [24] to Ea = 600 meV [25] or even to
Ea = 180 meV in KC8 [26]. The diffusion process in this case proceeds via Li+ ion jumping
between graphite potential sites separated by saddle point energy between C–C bonds. The
differences in the surface curvature between flat graphite and curved C60 change the Li+ ion

New Journal of Physics 10 (2008) 033021 (http://www.njp.org/)

Figure 4.8: 7Li NMR spectra of
Li4C60 polymer at low tempera-
tures. Inset: temperature depen-
dence of the width of the quadrupo-
lar broad component of the line; the
line narrowing observed above 200
K is attributed to the onset of Li
ions diffusional dynamics. Above
300 K the intensity of this compo-
nent vanishes. Adopted from Ref.
[322].

Microwave conductivity, 7Li NMR, and ESR are sensitive to both intra- and inter-void hop-
ping but at different time scales. The DC ionic conductivity senses only ion diffusion between
voids. The onset of the increasing isotropic ESR signal intensity (denoted with an arrow in
Figure 4.7a) is thus associated with the onset of Li+ ion hopping between voids around 210 K.
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This temperature is slightly higher than the onset temperature of the rapid narrowing of the
anisotropic 7Li NMR line. The DC ionic conductivity is more sensitive to the onset of hop-
ping between voids and is observed from much lower temperatures. As discussed earlier, the
microwave electronic conductivity is also influenced by the activated ionic motion.

Narrowing of the ESR spectra enables the estimation the correlation time for Li diffusion
between voids as it is of the order of the correlation time, τm of the g-factor fluctuation [253]:

∆ωiso(T ) = ∆ω
2(0) · τm, (4.1)

where ωiso(T ) is the width of the high temperature isotropic line and ∆ω2(0) is the width
of the static low temperature anisotropic spectrum in angular frequency units. Inserting the
measured ∆ω2(0)/γ = 6.4 mT (γ/2π = 28.0 GHz/T is the electron gyromagnetic ratio) and
ωiso(300 K)= 0.7 mT, we find τm = 100 ps. This is a reasonable value for similar ionic diffusion
processes [329–331].

4.4 Depolymerization and conductivity in the monomeric
phase

X-ray diffraction at high temperatures shows depolymerization of the low temperature mon-
oclinic polymeric phase of Li4C60 into a cubic monomeric phase [332]. The depolymerization
is hysteretic; in the XRD study, a mixture of monoclinic and cubic phases appears between
470 and 600 K. ESR, NMR, and Raman spectroscopy data suggests that the cubic monomer
phase is metallic [322, 332]. We confirm in this work the conducting character of the high-
temperature phase by a direct measurement of the electronic conductivity. The structural phase
transition between the electronic insulating low-temperature polymeric phase and the high tem-
perature metallic monomeric Li4C60 phases is followed in the 10 GHz microwave conductivity.
Figure 4.9. displays two examples of the several temperature cycles performed. The heating
and cooling cycle between 300 and 710 K is between the polymeric phase, well below the de-
polymerization temperature, to above 670 K where the material is homogeneously monomeric
(shown with blue symbols in the figure). In the other cycle displayed, a large part of the material
remains polymeric up to 600 K (noted with red symbols).

The 10 GHz conductivity has a local maximum at 300 K and a minimum at about 410 K for
all heating curves with various heating rates and history. The anomaly differs little between the
heating and cooling parts of the 300 and 600 K cycle where the transition to the monomer phase
is only partial. Thus the maximum in the conductivity at 300 K is a feature of the polymeric
phase. We suggest that the anomalous decrease in the 10 GHz electronic conductivity between
300 K and 410 K is due to the reversible breaking of some of the polymeric bonds. The unpaired
electrons arising from the broken bonds increase the amount of mobile charge carriers in the
system, however, also increase the probability of scattering events. As a result, the conductivity
shows a metallic behavior, sigma decreases with the temperature, in this regime.

Above 410 K, the conductivity increases rapidly in the heating cycle as metallic domains
of the monomeric phase are formed. The hysteresis of the 10 GHz conductivity places the
polymerization temperature at about 550 K in agreement with the X-ray diffraction data [332].
For the cycle shown in Figure 4.5 earlier, hysteresis is very small above 670 K. The conductivity
is approximately temperature independent above this temperature and an under-cooling effect
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Figure 4.9: Depolymerization-polymerization cycles of Li4C60 measured by the 10 GHz mi-
crowave conductivity (normalized at 295 K). Full cycle: heating (•) and cooling (4) rates
≈ 0.1 K/s. Partial cycle (�): cooling and heating rates ≈ 0.07 K/s.

is observed well below 670 K. The monomer phase is metallic with more than an order of
magnitude higher conductivity than in the polymeric phase at ambient temperature. As expected
for a metal, the spin susceptibility of the monomer phase measured by ESR is high and is
approximately temperature independent [322]. This measurement was, however, performed in
cooling from 620 K of an incompletely polymerized sample.

To summarize Chapter 4, we found that Li4C60 has a polymeric form at ambient temper-
atures and below with single C−C bonds. Infrared spectroscopy showed the lower symmetry
of C2h for the investigated material. Microwave conductivity at low temperatures indicates the
presence of low amount of electronic defects, which contribute to the conductivity. The overall
conductivity is a sum of ionic and electronic contributions. This is also confirmed by HF-
ESR and 7Li NMR studies. At high temperature, the reversible breaking of polymeric bonds
is observed and the monomer has a gradually higher conductivity, as found by microwave con-
ductivity.





Chapter 5

Potassium-Doped Single-Walled Carbon
Nanotubes as a Model System of Biased
Graphene

To a physicist, beauty means symmetry and
simplicity. If a theory is beautiful, this means
it has a powerful symmetry that can explain a
large body of data in the most compact,
economical manner. More precisely, an
equation is considered to be beautiful if it
remains the same when we interchange its
components among themselves.

Michio Kaku

In the following chapter, I present results on potassium-doped single-walled carbon nan-
otubes. Our goal was to study whether an ensemble of alkali atom doped SWCNTs can be
regarded as a model system of graphene with a strongly shifted chemical potential. First, I
show that the ammonia intercalation method, developed herein, is capable of efficiently doping
bundles of SWCNTs. The resulting material is compared to the one, which is doped by the va-
por phase method, using Raman spectroscopy. The result indicated a higher doping level. The
observation of a broad Breit–Wigner–Fano line shape of the Raman modes suggests a strong
charge transfer between the potassium and the nanotube bundle.

In Section 5.3 the room temperature ESR is presented, where a new, narrow feature arose
upon intercalation as a sign of new charge carriers. The analysis of the line shape and the tem-
perature dependence presented in the subsequent section confirms the presence of conducting
electrons in the system. The latter is further proved by microwave conductivity measurements
in the same temperature range. Using the ESR results and tight-binding calculations, the density
of states and the shift of the Fermi energy is calculated in Section 5.4. The observed chemical
potential of about 1.7 eV yields a fully intercalated stoichiometry of KC7. In the final section of
the present chapter, an in situ conductivity measurement is presented, where the semiconducting
to metallic transition is observed.

The results are published in Physical Review B in 2017 [O4] and in Physica Status Solidi B
in 2018 [O2].
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5.1 Sample characterization with Raman spectroscopy
Raman spectra of the undoped single-walled carbon nanotubes and the completely K-doped

sample are shown in Figure 5.1. in the range of 200−1900 cm−1. As presented in the theoretical
introduction, the pristine nanotubes display a characteristic split G-mode around 1600 cm−1 and
a D defect induced mode at about 1350 cm−1. In contrast, the spectrum of the doped sample is
markedly different. In accordance with Ref. [333], several softened modes appear in the mid-
frequency region (∼ 900−1200 cm−1). These modes might be related to a breakdown effect in
the pristine nanotube selection rules associated with the doping, e.g. the original symmetry of
the system is lowered upon alkali intercalation [334].
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Figure 5.1: Full range Raman spectra of undoped (bottom) and saturation potassium-doped
SWCNTs (top). Notice the markedly different spectrum in the vicinity of the G-modes around
1600 cm−1.

Figure 5.2 presents the Raman spectra in the vicinity of the G mode of undoped (pris-
tine), intermediate-doped, and completely potassium-doped single-walled carbon nanotubes
(SWCNTs). The intermediate doping was achieved by the vapor phase method, whereas the
full doping was performed by the liquid ammonia method. The two methods are described ear-
lier in Section 3.1.2 and 3.1.3, respectively. Characteristic changes are observed in the Raman
spectra of the SWCNTs upon doping: the G mode component with lower Raman shift (known
as G− mode) broadens and vanishes rapidly [335]. The G mode component with the higher
Raman shift (known as the G+ mode) upshifts for the intermediate doping and significantly
downshifts for the highest level of doping. Both observations agree well with the results of Ra-
man studies on in situ K- and Cs-doped SWCNTs presented in Ref. [249], which proves that a
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saturated K intercalation is achieved in our samples for the liquid ammonia procedure. We find
that the vapor doping does not produce homogeneously high doping levels for our relatively
large sample amounts of 5 mg in contrast to doping thin sample films in the previous in situ
Raman study [249]. A previous study by Claye et al. [250] employed electrochemical doping
on SWCNT buckypapers. The spin susceptibility found therein (as discussed below) is a factor
seven times smaller than the present results, which proves the high level of doping of the present
samples.
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Figure 5.2: Raman spectra in the vicinity of the G mode of undoped, intermediately, and fully
doped SWCNTs with a laser excitation of λ = 488 nm. Upon intermediate doping, the G− peak
rapidly vanishes and the G+ peak shows an upshift of 10 cm−1. For full doping, the G+ peak
significantly downshifts and it has a Breit–Wigner–Fano (also referred to as Fano or BWF) line
shape (a fit is shown) [336]. The dashed curve shows how the G+ mode shifts upon doping
according to Ref. [249] (the arrow points to increasing doping). The spectra of the intercalated
species are magnified with a given number to make the plots comparable.

A fit to the G mode region of the Raman spectrum of the saturation doped sample is shown
in Figure 5.3. Three main components are observed. A broad and strong D mode stems from
the defects partially created upon alkali doping. The intensity and the significant asymme-
try of the Breit–Wigner–Fano (BWF) component points to saturation doping in our sample.
The electron transfer to the SWCNTs, measured by the asymmetry of the BWF component is
1/q =−0.305(5), a value similar to the one found by Rao et al. [333] (1/q = −0.35). The G
mode at 1600(1) cm−1, is slightly upshifted compared to the G+-mode of the pristine sample
(1592 cm−1, as shown in Figure 5.2). In Stage-I graphite (KC8) [225], this mode was assigned
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to regions with lower potassium doping and its intensity was found to decrease compared to the
undoped material.
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Figure 5.3: Raman spectrum of saturation potassium-doped SWCNTs. BWF and G denote the
Breit–Wigner–Fano and the graphitic modes, and D represents the defect-related mode.

5.2 Room temperature ESR of K-SWCNTs
The ESR spectra for the undoped and the sample doped to saturation with potassium are

shown in Figure 5.4. An intensive and broad background due to the Ni:Y catalyst particles
(present at the end of the nanotubes) is observed for the pristine sample. The g-factor of this
signal (gNi2+ ≈ 2.2) allowed us to identify it as being due to the Ni2+ ion with an intensity
compatible with the expected nickel amount in the sample [212]. It was shown earlier [240] that
the so-called Tomonaga–Luttinger liquid correlated state broadens the ESR signal of itinerant
electrons significantly (beyond 1 T), which makes this signal, together with the small density of
states (DOS), ρ , of the undoped SWCNTs, unobservable.

Upon doping, a narrower signal with an ESR linewidth of ∆Bpp = 2.2(1) mT emerges at
g = 2.004(2) with an asymmetric line shape. This line shape is known as a Dysonian curve
[232] and it can be fitted with a mixture of absorption and dispersion Lorentzian derivative lines
[260], as shown in Section 2.2.3. The microwave phase of the mixing is 37(5)◦ close to the
ideal 45◦, which is expected when electrons with low carrier mobility, which are embedded in
a metal [259]. It is important to note that observation of a Dysonian signal alone is insufficient
to identify it as emerging due to conduction electrons. In fact, any spin species (even localized
paramagnetic spins or nuclei) that are embedded in a metal, give rise to such a signal [251, 259].
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Figure 5.4: ESR spectra of pristine and saturated K-doped SWCNT samples at room temper-
ature. Note the broad background signal due to the nickel catalyst particles that is present
already in the undoped sample and the narrow line that only emerges upon doping. The spectra
are scaled to each other. The deconvolution of the background and itinerant electron signal is
shown for the doped sample as black and blue dashed curves.

The present study confirms this, as the signal due to Ni2+ ions also has a slight asymmetry in
the doped sample, as it can be noticed from Figure 5.4.

We also studied the intensity, which is related to the static susceptibility of the ESR signal
as a function of the microwave power up to 200 mW irradiation and a cavity quality factor
of QL = 3000. We did not observe any saturation effects, which confirms that the narrow
component is homogeneously broadened [337]. This provides further proof that this signal
originates from the itinerant electrons. The characteristics of the two ESR lines, the broad
background due to Ni2+ and the narrower CESR component, show that the corresponding two
spin systems are electronically decoupled. Where the two kinds of spins are coupled, one could
not observe two separate ESR lines and a common resonance would occur, which is dominated
by the species with larger spin susceptibility.

Simultaneously, the overall ESR signal intensity drops significantly due to the limited mi-
crowave penetration into the sample and due to a decrease in the cavity quality factor when the
sample becomes more metallic. The narrower signal can be identified as being present due to
the conduction electrons that are induced upon the charge transfer from the potassium atoms to
the SWCNTs. Several facts support this identification: the Pauli-like temperature dependence
of the signal intensity as is discussed below; the linewidth matches well with that in K-doped
graphite powder, 2.2(1) mT, and follows a similar temperature dependence [199]. The presence
of doped graphite powder can be excluded as the source of this signal as the graphite quantity
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in the pristine SWCNT samples is too small in the pristine SWCNT samples [212]. Not to men-
tion that graphite powder has a characteristic ESR line shape due to uniaxial g-factor anisotropy
and no such is observed in the undoped nanotube powder. Similarly, the presence of metallic
potassium clusters can be excluded as these have a characteristic∼ 8 mT broad CESR linewidth
[338], which is not observed in our data. We note that the confirmation of the homogeneity of
the ESR signal would be possible using the pulsed electron paramagnetic resonance method
[339, 340]. However, this technique is limited (due to technical reasons) to spin systems with
smaller homogeneous linewidth (typically 0.1− 0.5 mT), which is unfortunately not the case
herein.

5.3 Temperature dependent ESR and microwave conductiv-
ity

We show the temperature dependence of the ESR intensity and the linewidth of the ESR
signal assigned to the conduction electrons in Figure 5.5. The temperature-dependent sample
resistivity is also shown, which was obtained from microwave impedance measurements with
the so-called cavity perturbation method [309, 313, 314]. The method is discussed in Section
3.4, and it yields the temperature-dependent resistivity (in relative units), which is otherwise
unavailable for air-sensitive powder samples. First, let us focus on the behavior of the system
above 100 K due to reasons discussed below.

The ESR intensity shows a slight decrease with decreasing temperature (down to 100 K),
which proves that this signal indeed originates from the itinerant electrons. Were this signal
coming from localized spins, its intensity would increase by a factor 3 when going from 300 to
100 K, according to the Curie law. The slight decrease in the ESR intensity of itinerant elec-
trons occurs due to a change in the microwave penetration into the sample and a change in the
microwave cavity quality factor. A similar slight intensity drop was observed for metallic boron-
doped diamond [341], which was measured under identical conditions. The ESR linewidth data
in Fig. 5.5b agrees well for K-doped SWCNTs and graphite, which also proves that the above
identification is valid. This agreement also shows that the apparent difference in the structure
of the two materials does not affect the ESR linewidth: for both materials ∆Bpp is dominated
by spin scattering due to the K ions, which was explained for K-doped graphite [235] in the
framework of the Elliott–Yafet theory of spin relaxation in metals [53, 54]. It is known from the
study of alkali-doped fullerides (A3C60, A = K and Rb) that, for the heavier alkali elements (K
and Rb), the ESR linewidth scales with the atomic spin-orbit coupling of the atom [264]. How-
ever, a characteristic difference is expected for Li-intercalated SWCNT and graphite as therein
Li is expected to give a negligible contribution to the spin scattering. Upon doping, the sam-
ple resistivity drops by about a factor 10 at room temperature and its temperature dependence
changes character from semiconducting to metallic behavior as shown in Figure 5.5c. These
observations agree with previous studies [342, 343] and prove that doping makes our powder
samples metallic.

Our CESR data below 100 K do not follow the trends described above, due to the pres-
ence of paramagnetic impurities in our system as it can be recognized from Figures 5.6. and
5.7. Similarly to the case of K3C60 [344], the temperature dependence of the ESR measurables
approach the behavior of Curie type paramagnetic impurities. This indicates that at these tem-
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Figure 5.5: Temperature dependence of the a) ESR intensity, b) linewidth, and c) sample re-
sistivity for the 100−300 K range. The ESR linewidth data for K-intercalated graphite (KC8)
from Ref. [235] is shown as a solid curve for comparison. The resistivity for the undoped
sample is also shown for comparison in c).

peratures the so-called bottleneck regime is realized, i.e., a strong coupling is present between
the paramagnetic and metallic spin systems [345].

5.4 Determination of the density of states
In the following, we discuss the absolute value of the static spin susceptibility, χ0, and

DOS in K-doped SWCNTs. Due to its selection rules, ESR is selective to magnetism that
originates from a spin quantum number, i.e., due to the Curie or Pauli susceptibility and is
insensitive to, for example, the Van Vleck or Landau susceptibilities [253]. For this reason, the
ESR signal intensity is often mentioned to be a direct measure of the spin susceptibility. To
obtain absolute values of χ0, a calibration of the ESR signal is required as it is detailed in Ref.
[251, 341] and mentioned in Section 3.3. In brief, the ESR signal of a well-known paramagnetic
intensity standard (CuSO4 · 5H2O in our case) is measured that allows one to relate the ESR
signal intensity to an actual spin susceptibility. In principle, it allows one to determine χ0 for
any samples.

For the present measurements, an intermediate calibration step is required as the K doping
induces a change in the sample conductivity and thus the penetration of microwaves is also
affected. The presence of this effect is clear from a signal intensity drop of about a factor 6(1)
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Figure 5.6: Low-temperature spin susceptibil-
ity of saturated potassium-doped SWCNTs.
Note that the low-temperature increase is pro-
voked by the presence of a small amount of
paramagnetic impurities.
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Figure 5.7: Low-temperature ESR linewidth
of K doped SWCNTs. The low-temperature
narrowing is a result of the bottleneck effect.

of the Ni2+ ions. To take this effect into account, the measured signal intensity of the K-doped
SWCNTs is scaled back with the same factor. From our two-step calibration, we obtain a
χ0 = 4.3(9)×10−6 emu/mol for the saturation-doped sample and χ0 = 1.2(3)×10−6 emu/mol
for the intermediate-doped sample. The sizable errors of these values arise from the somewhat
uncertain amount of SWCNTs in the sample. The DOS of the saturation-doped sample is about
seven times larger than that found using electrochemical doping on SWCNT buckypapers in
Ref. [250]. This difference is either due to the more efficient doping with the present method or
due to the limited microwave penetration into the more bulky buckypapers. The measured χ0
static spin susceptibility is related to the DOS through the Pauli susceptibility, as here we are
dealing with conducting electrons. According to Section 2.2.2:

χ0 = µ0
g2

4
µ

2
B

ρ

Vc
, (5.1)

where µ0 is the vacuum permeability, µB is the Bohr magneton, Vc is the volume of the unit cell
[257, 346], and ρ is the density of states in the unit of states/eV/carbon atom.

To test the validity of the experimentally determined DOS, we compare it with calculations
that were performed on an ensemble of SWCNT as described above. The DOS was calculated
in the nearest-neighbor tight-binding approximation for a large number (81) of (n,m) SWCNT
chiralities as a function of the chemical potential [7, 347] by Jenő Kürti, Viktor Zólyomi, and
János Koltai. These data were then weighted with the abundance of each tube, which was as-
sumed to follow a Gaussian with the mean diameter and variance described in Section 3.1.1
[348–355]. Additional quasiparticle broadening of the Van Hove singularities of the SWCNTs
due to finite lifetime effects were considered [356]. The data for an (n,m) SWCNT chirality
appears along the so-called cutting lines due to the k-space quantization, which corresponds to
the circumference of the SWCNT [7, 347]. Smearing of the cutting lines due to the Heisen-
berg uncertainty principle was also included by broadening the cutting lines with a Gaussian
function.
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Figure 5.8. shows a comparison between the experimental DOS result and theoretical cal-
culations as a function of the chemical potential, i.e., the energy separation from the Dirac
point. The theoretical data is shown for zero and a finite 300 K (taken into account with a
quasi-particle broadening of 26 meV) temperature. For comparison, the DOS for graphene in
the vicinity of the Dirac point is also shown according to Ref. [89]: ρ(ε) = Ac/π×|E|/(h̄vF)

2,
where vF = 1.07× 106 m/s is the corresponding Fermi velocity [113] and Ac = 5.24 Å2/unit
cell is the area of the first Brillouin zone (BZ). The gray bar in the figure shows the value of the
experimental DOS, which allows one to deduce the chemical potential shift due to doping.
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Figure 5.8: Density of states as a function of chemical potential. The shady gray region indicates
the experimentally determined DOS including its error. Curves depict the DOS in graphene,
in SWCNTs with the tight-binding approximation (TBA) at T = 0 K, and TBA with room-
temperature (300 K or Γ = 26 meV) quasiparticle broadening. The apparent shifting of the
latter curve is a mathematical consequence of the convolution of the step-like DOS with the
Lorentzian function.

The integration of a given ρ(ε) function yields the charge transfer. From this, we obtain
that our experimental DOS corresponds to a stoichiometry of K : C = 1 : 7(1) for the saturation-
doped sample. Remarkably, the calculated K to C ratio is close to that found in Stage-I alkali
intercalated graphite (KC8) and in vapor-phase doped SWCNTs using in situ electron energy
loss spectroscopy (EELS) [357]. Within the limitations posed by the error bar, the experimental
and theoretically deduced DOS data are in accordance. This finding means that the system
under study does not show strong correlations. In view of the underlying one-dimensional
character of the SWCNTs, this observation might sound surprising. However, several previous
studies identified the intercalation-induced transition from the Tomonaga-Luttinger liquid to a
three-dimensional Fermi-liquid phase [212, 357–359].

An ensemble of SWCNTs contains a large number of tubes with chiralities that follow a
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Gaussian diameter distribution [268, 270, 349, 350, 352, 355]. One expects that the eventual
differences in the SWCNT geometries are smeared out for this ensemble, or even the one-
dimensional characters are less pronounced and it is possible to approach graphene, the mother
compound of the SWCNTs.

To test this suggestion, we performed calculations investigating to what extent the BZ of
graphene is mapped out by a carbon nanotube ensemble. In the zone-folding scheme, the one-
dimensional representations of the quantized momentum-space directions of carbon nanotubes
[360], i.e., the cutting lines, display the electronic states of a given (n,m) chirality. In Figure
5.9, we depict the reciprocal space coverage of a carbon nanotube ensemble in the proximity of
the K point as the sum of the probability amplitudes of each of the cutting lines of all relevant
chiralities.
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Figure 5.9: Reciprocal space distribution of the cutting lines calculated for a typical nanotube
ensemble for a) the first BZ and b) in the vicinity of the K point, as marked in a). The color
map from blue to red illustrates the coverage of the possible electronic states. The equienergetic
contour line shown in white corresponds to KC7 saturation doping (εF ≈ 1.73 eV). Please note
the expected C3 symmetry around the K point.

The projection illustrates that all the electronic states of graphene are almost homogeneously
represented by the carbon nanotube ensemble. The high-symmetry K point (as a result of the
crossing of the metallic cutting lines) is slightly over-represented but the coverage at chemical
shifts close to our doping K : C = 1 : 7 barely oscillates around its mean value, as presented in
Figure 5.10.

Therefore, this illustration proves directly that at high doping levels the SWCNT ensemble
behaves as the model system of chemically doped or gate-biased graphene, in terms of the
density of states. This provides an additional link between graphene and carbon nanotubes:
for an ensemble of SWCNTs the bulk properties (spin and thermal properties) mimic those in
graphene and related compounds. In turn, such physical properties of graphene could be studied
using carbon nanotube ensembles, in particular as a function of charge doping.
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Figure 5.10: Mapping of the
graphene BZ by the nanotube
ensemble around the contour
line defined by the KC7 doping
(εF ≈ 1.73 eV). The arrows in-
dicate the C3 symmetry on the
contour line. The solid red line
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weights around the line.

5.5 In situ intercalation of the SWCNT bundle

In addition to the doping in ammonia solution, we followed the evolution of the interca-
lation process and the continuous shift of the Fermi level via in situ microwave conductivity
measurement. Here intercalation takes place similarly to the two-chamber vapor-phase interca-
lation method: the intercalant is separated in space and the process is driven by the gradient in
temperature and chemical potential [199]. The difference is that the nanotube powder is now
placed in the middle of the cavity, while the intercalant is located outside. The hot nitrogen
melts the potassium and sustains the vapor pressure required for the doping. In this geome-
try, the resistivity change of the material inside is measured instantly. The complete setup is
described in Section 3.4. A complete in-situ measurement process is presented in Figure 5.11.

The process is carried out in the following steps: first, the temperature of the steadily cooled
sample was increased from 173 K to 520 K, this part is labeled as I in Fig. 5.11. In this
range the resistivity of the material is decreasing upon increasing temperature, clearly showing
a semiconducting behavior with % (T ) =%0 e∆/T . This is expected as the used arc-discharge
SWCNT bundle contains a mixture of 2/3 non-metallic and 1/3 metallic nanotubes. A fitted
exponential to this regime yields a transport activation energy of ∆ = 39(1) K in agreement
with previous observations [314, 361]. At 520 K, the intercalation starts to take place resulting
in a decrease in the resistivity. The temperature is then fixed at a value of 545 K for 16 minutes,
this regime is noted as II in the figure. Cooling down the sample (III), we observe a completely
different behavior as before: the sample becomes metallic, as its resistivity decreases with
lowering the temperature. Afterwards the system is heated up again and the doping process
is continued. The conductivity of the sample is increased further in IV as the sample gets
more doped. In the further measurement and intercalation steps, the resistivity drops further
and further (V, VI and VII) and the process can be continued until reaching the equilibrium
stoichiometry of KC7, which is a completely metallic state [362].

In conclusion, we found that using liquid ammonia doping works well with bundles of
SWCNTs. The KC7 stoichiometry of saturation potassium doping can be achieved in large
quantities. We demonstrated that ESR is applicable to determine the electronic density of
states in alkali-doped SWCNTs when combined with theoretical calculations, and we confirmed
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Figure 5.11: In-situ potassium intercalation of SWCNTs. Steps marked with red color indicate
measurement steps, while green parts show intercalation steps proceeded at 545 K. In the first
step, the material clearly shows a semiconducting behavior (resistivity decreases upon increas-
ing temperature) as expected from a bundled branch of nanotubes, where 2/3 of the tubes are
non-metallic. In the second step, the first intercalation takes place, which lasted for 16 minutes.
This is followed by the measurement denoted with III, where the system was cooled from 545
K down to 155 K and back. On this part, the SWCNTs show a completely metallic behavior
(resistivity decreases upon decreasing temperature and increases upon increasing) proving that
the intercalation took place. Further doping steps, IV and VI and measurement parts, V and
VII indicate the drop of the resistivity as the material becomes more and more metallic, which
indicate the shift of the Fermi energy.

the absence of strong correlations. The resulting material behaves like a three-dimensional
Fermi liquid confirming the Tomonaga–Luttinger to a Fermi liquid crossover. By comparing
the k-space of a SWCNT ensemble and biased graphene, we illustrated that potassium-doped
SWCNTs provide a tunable model system for graphene.

The results, presented in the current chapter was made in strong collaboration with Péter
Szirmai. He initiated the research and prepared some of the samples. Most of the samples
were prepared by myself. The Raman measurements were carried out by Péter and we did the
analysis together. I performed the room temperature ESR measurements and he did the low-
temperature ones. The conductivity measurements were performed entirely by me. Theoretical
considerations (cutting lines, mapping of the Brillouin zone) and the evaluation of the DOS
was done by Péter. The manuscript, Ref. [O4] was written in a common effort and both of us
contributed equally. I did the in situ conductivity measurements alone and wrote most of the
manuscript labeled as [O2].



Chapter 6

Optical and Electronic Properties of
Chemically Exfoliated Few-Layer
Graphene

What we observe is not nature itself, but
nature exposed to our method of questioning.

Werner Heisenberg

In the current chapter, I discuss the optical and electronic properties of chemically exfo-
liated few-layer graphene flakes. Characterization of materials resulted from novel chemical
routes is important to serve as feedback to improve the chemical synthesis. Samples presented
herein were prepared with DMSO solvent and three, different mechanical processing routes:
ultrasound sonication (US), shear mixing (SM) and magnetic stirring (ST). First, the results
obtained with atomic force microscopy (AFM) are presented. Statistical analysis carried out on
the prepared AFM images yields that the US FLG does contain mono-layer graphene flakes, as
well as few-layer ones up to 8 layers. I show that the dominant portion, ∼ 90% of the sample,
consists of less than 5 layers. The AFM results are published in Scientific Reports in 2019 [O5]
together with the results of Chapter 7.

Later, a spectroscopic investigation is presented using Raman and ESR spectroscopy. De-
tailed analysis of the characteristic D, G, and 2D modes are presented herein. According to our
findings, the prepared chemically exfoliated graphene species have better quality compared to
the reduced graphene oxide route, which has a similar yield. It is also shown, that our mate-
rial indeed differs from SGN18 natural graphite powder (its starting material) and from highly
oriented graphite (HOPG). This difference is also confirmed by ESR. Furthermore, from the
analysis of the g-factor, a slight p doping is identified.

Lastly, the conductivity of the graphene species is compared to the mother compound. We
found that the conductivity is mainly dominated by the different grain sizes, and all samples
exhibit a semiconducting behavior with a relatively flat temperature-dependent character.

Using the Raman, ESR and conductivity results we deduced that the ultrasound sonication
route has the best overall quality. The results are published in Physica Status Solidi B in 2015
[O6].
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6.1 Characterization with atomic force microscopy
Before I discuss the optical and electronic properties of exfoliated graphene, a priory AFM

measurements and statistics are presented for the ultrasound prepared sample type. The analy-
sis was carried out on a large number of as-prepared ultrasound treated individual FLG flakes
in a single batch chosen randomly. The FLG samples were prepared by Philipp Eckerlein and
Konstantin Edelthalhammer. The AFM experiments were carried out by Konstantin Edelthal-
hammer.

Representative AFM images of the graphene flakes are presented in Figure 6.1 along with
cross-sectional scans of the flakes, noted with straight green lines. Figure 6.1a-d) point to the
presence of graphene flakes with up to five layers, with a sizable fraction of single-layer flakes.
Figure 6.1e) shows a microscope image on a 100×100 µm surface, revealing a distribution of
flakes on the surface.

The result of the statistical analysis, the distribution of flake thicknesses are presented in
Figure 6.1f). The current analysis highlights that ∼ 90% of the chemically exfoliated flakes
are composed of maximum 5 graphene layers. A fit to a log-normal distribution points to a
distribution of flakes centered at 3 layers (with a variance of 1.5 layers). Importantly, a fraction
of the flakes consist of mono-layer graphene flakes in our sample. Note that the AFM statistical
analysis is only presented for the ultrasound-treated FLG flakes. The characteristic lateral size
of the flakes varies between 1.5 and 7 µm, however, detailed statistics are beyond the scope of
the present investigation, which focuses on the determination of the number of layers.

Although AFM-based thickness measurement of individual flakes is a standard method for
graphene characterization, it was suggested [363–365] that this approach may be misleading
due to the improperly chosen measurement parameters and complementary studies are required.
In particular, partial restacking of the chemically exfoliated graphene flakes on the substrate
may lead to bigger aggregates of multiple layers where the graphene sheets are misaligned.
AFM, however, is unable to resolve this change of the flake morphology and cannot identify the
thickness of individual flakes.

This diversity of the flakes and the inherent locality of the AFM characterization highlights
the need for bulk characterization methods, such as Raman spectroscopy.

6.2 Vibrational properties from Raman spectroscopy
Figure 6.2 shows the vicinity of the D, G, and 2D Raman modes of the examined graphene

species prepared with different mechanical routes. For comparison, the response of the bulk
graphite (HOPG) and the starting SGN18 is also presented. The D mode arises from the pres-
ence of defects in the crystal lattice [138] and the 2D is its resonant overtone [366] and no
defects are required to induce it. This explains the different height of the two modes. The
defect modes are known to be dispersive, e.g. their position depends on the excitation energy.
They are present around 1350 cm−1 and 2700 cm−1 in the synthesized materials when excited
with visible photons with energy of 2.41 eV. The characteristic G mode corresponds to the tan-
gential motion of carbon atoms and it is the most pronounced in graphite. Solid lines in the
figure are Lorentzian fits to the modes. In most cases, the 2D mode can be deconvolved into
two components: 2D1 and 2D2. However, in the case of the ultrasound treated material, the 2D
peak can be also well described using a single Lorentzian; this is noted with a dashed curve.
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Figure 6.1: AFM experiments on chemically exfoliated few-layer graphene made with DMSO
and ultrasound treatment. Multiple characteristic types of flakes can be identified: a) and c)
show AFM studies containing few-layer graphene sheets (up to 5 layers). Note the diverse
lateral size of the flakes that shows that these are partially restacked on the substrate. b) and
d) Height profile of corresponding graphene flakes along the lines indicated in the left images.
e) Light microscope image depicting the distribution of flakes on a 100× 100 µm surface. f)
Distribution of flakes as a function of layer number in the AFM statistical analysis. Solid green
line is a log-normal distribution fit to the height profiles revealing a mean of 3 layers for the
thickness of flakes. Note that the height of each graphene layer is measured here by AFM to be
1.2 nm. We used the so-called step height analysis method to identify the number of layers as
described in Refs. [272, 363].
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Figure 6.2: D, G, and 2D Raman modes of FLG samples with different mechanical treatment
at 514.5 nm laser excitation. a) bulk HOPG graphite, b) SGN18 graphite powder, c) ultrasound
treated (US), d) shear mixed (SM), e) magnetic stirred (ST) graphene species. The continuous
lines denote the fitted Lorentzian curves. Gray lines symbolize the components of the split 2D
band. In the case of the ultrasound sample, the 2D mode can be fitted with a single peak as well,
similarly to the case of monolayer graphene and turbostratic graphite.

Parameters of the fitted peaks are summarized in Table 6.1 together with measurements
carried out at different photon energies. The Raman spectrum of the graphite powder slightly
differs from that of the HOPG, which is not an instrumental artefact. The position and widths
of the modes in graphite strongly depend on surface morphology and grain size [132].

The details of the Raman features are presented going from lower energy to higher. The
D mode is less pronounced in the ultrasound treated and shear mixed samples. The position
of the D peak shows a relatively good agreement with previous literature results of 1350 cm−1

(at 514.5 nm) on CVD graphene [131, 156]. The D mode can be correlated with the defect
density and in a high-quality graphene sample, its intensity should be almost zero [134, 367,
368]. Nevertheless, in the case of chemically exfoliated graphene the D peak is always present
[181, 184], but its intensity highly depends also on the grain size [182]. From the intensity of
this mode compared to the G mode, we can infer that the quality of our liquid phase exfoliated
few-layer graphene is higher (or close to the best of) than the samples prepared from reduced
graphene oxide (rGO) [162, 164, 171, 174, 175]. The ratio of the D and G modes of our samples
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458 nm HOPG SGN18 US SM ST
νD 1367 1360 not visible not visible 1362

∆νD 16 26 14
νG 1582 1579 1583 1582 1581

∆νG 7 11 11 11 10
ν2D1 2714 2711 2720 2721 2715

∆ν2D1 23 37 35 39 29
ν2D2 2753 2753 2753 2751 2754

∆ν2D2 16 18 21 19 17
ν
∗
2D 2736

∆ν
∗
2D 38

514.5 nm HOPG SGN18 US SM ST
νD 1358 1350 1356 1351 1354

∆νD 19 16 20 29 14
νG 1583 1579 1583 1582 1582

∆νG 7 8 10 11 10
ν2D1 2688 2686 2696 2693 2692

∆ν2D1 21 21 26 24 24
ν2D2 2729 2723 2727 2726 2729

∆ν2D2 17 20 15 17 17
ν
∗
2D 2715

∆ν
∗
2D 29

568 nm HOPG SGN18 US SM ST
νD 1343 1338 1345 1342 1340

∆νD 18 13 25 24 15
νG 1581 1577 1582 1581 1581

∆νG 7 11 10 11 9
ν2D1 2666 2671 2678 2674 2680

∆ν2D1 24 41 32 35 36
ν2D2 2706 2690 2709 2705 2711

∆ν2D2 18 33 17 23 19
ν
∗
2D 2693

∆ν
∗
2D 36

Table 6.1: Parameters of the fitted Lorentzians to the D, G and 2D modes at 458 nm, 514.5 nm
and 568 nm laser excitation wavelengths. The position of the peak is denoted with ν , the width
with ∆ν . The ∗ symbolizes the single Lorentzian fit in the case of the US sample.

are collected in Table 6.2. The D mode is also known to have dispersion, e.g. its position highly
depends on the energy of the laser excitation, this is presented in Figure 6.3. The amount of the
dispersion is about 40−60 cm−1/eV.

HOPG SGN18 US SM ST
ID/IG 0.01 0.10 0.08 0.08 0.11

Table 6.2: Amplitude ratios of D and G modes in the investigated graphene species. Note that
the smaller this ratio is, the better the sample quality is.



108 6.2. VIBRATIONAL PROPERTIES FROM RAMAN SPECTROSCOPY

In each of the FLG samples only one, sharp G mode is present, close to the value in the
crystalline graphite. Its located at around 1580 cm−1 in accordance with previous literature
observations [131, 134]. The position depends on the applied surface when a substrate is present
[135]; the ultrasound treated and shear mixed samples of our batch present this feature close
to the suspended graphene [136]. This is not so surprising since these samples are basically
free-standing on their own. The width of the peak is a bit bigger than in the HOPG.
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Figure 6.3: The position of the D mode in US
(�), SM (•), ST (N) FLGs and HOPG (O,
SGN18 (�) graphites as a function of the ex-
citing laser energy. Red straight line denotes
the average of the three graphene species. Its
slope is 40(5) cm−1/eV, which is close to
the expected theoretical value of 60 cm−1/eV
[138] and agrees perfectly with other exper-
imental observations of 46 − 51 cm−1/eV
[132, 369].

2.2 2.3 2.4 2.5 2.6 2.7
2660

2670

2680

2690

2700

2710

2720

2730

2740

2750

2760

 US 2D1

 SM 2D1

 ST 2D1

 HOPG 2D1

 SGN18 2D1

 

Po
sit

io
n 

of
 th

e 
2D

1 a
nd

 2
D

2 m
od

es
 (c

m
-1

)

Laser energy (eV)

 US 2D2

 SM 2D2

 ST 2D2

 HOPG 2D2

 SGN18 2D2

Figure 6.4: The position of the 2D modes in
US (�; •), SM (N; H), ST (u; J) FLGs and
HOPG (4; O), SGN18 (�; /) graphites as a
function of the exciting laser energy. Black
and red solid lines are fits to the FLG’s 2D
modes. The slope of the 2D1 mode is 79(4)
cm−1/eV, and 84(3) cm−1/eV for the 2D2
peak, which are close to the double of the D
mode. This also confirms that the 2D mode
is indeed the second harmonic for the D band
[369].

In a truly monolayer graphene, the 2D mode is made up of a single, symmetric component
[131], located around 2700 cm−1. However, actual literature values strongly vary [131, 134,
179, 180]. The width of the 2D mode varies between 15 and 40 cm−1 depending on the substrate
and the preparation method (due to strain forces or remaining solvents). On the other hand, our
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FLG samples exhibit a two-component 2D mode. The position of the one at lower energies,
denoted with 2D1 is present at the location of the 2D mode in monolayer graphene. We identify
this as a signal coming from the monolayer flakelets and note that these are also part of the
heterogeneous mixture, as verified by AFM.

The 2D2 peak is close to the similarly called mode in graphite, we attribute this signal to
the multilayer flakes. The position of the 2D peaks depends on the exciting laser energy, this is
shown in Figure 6.4. According to the positions and the widths of the 2D modes we find, that
a mixture of single and few-layer graphene flakes is seen and not the signal of the turbostratic
graphite, where the linewidth would be as wide as 50 cm−1. In the case of an AB stacked bilayer
graphene, a unique 4 component 2D feature is observed [131]. When there is no exact stacking
between the layers (e.g. disorder is present) then no such thing is observed, furthermore, the 2D
mode is shifted to higher energies [370]. When more layers are present, monolayer graphene
signals a 2 component 2D mode, similarly to graphite [131, 134]. The sample prepared with
ultrasound sonication, the 2D peak can also be fitted with a single Lorentzian, whose position
is 2715 cm−1. The intensity ratio of the 2D-G modes are summarized in Table 6.3.

HOPG SGN18 US SM ST
I2D1/IG 0.21 0.17 0.21 0.27 0.37
I2D2/IG 0.42 0.22 0.22 0.36 0.25
I2D/IG 0.63 0.39 0.43 0.63 0.62
I∗2D/IG 0.24

Table 6.3: Amplitude ratios of 2D and G modes of the investigated FLG species. ∗ denotes the
single Lorentzian fit in the case of the US sample.

Previous studies claim that the number of layers can be deduced from the I2D/IG intensity
ratio [134, 371, 372]. Unfortunately, there are too many factors that can affect this ratio, apart
from the number of layers and stacking. A few examples are the substrate material (coupling
effect), internal strain, compression-relaxation, preparation method, type of solvent, and its
quality, but even the wavelength of the laser has an influence on this ratio. In samples prepared
by micromechanical cleavage (mechanical exfoliation) or CVD, which are prepared or trans-
ferred to a substrate, the ratio is bigger than one. Meanwhile, it is usually smaller than one in
suspended or chemically exfoliated graphene. This can be explained that the substrate acts as
damping on the G band phonons reducing their intensity and reverting the ratio. According to
the previous argument, it is safe to say that the properties of the chemically exfoliated graphene
species are closer to suspended graphene than to the ones found on substrates.

6.3 Few-layer graphene probed by electron spin resonance
ESR spectra of the investigated materials are presented in Figure 6.5. In every sample, a

sharp feature of 0.04−0.08 mT is observed, which is coming from contaminants present in the
quartz tubes. Therefore from now on, we focus ourselves on the broad signal.

The broad component in the SGN18 graphite powder is present at g= 2.0148, in accordance
with the literature [212, 231], with a characteristic linewidth of 12 mT. The signal is originating
from conduction electrons, the line position in the powder sample is the weighted average of the
g-factor present in the crystalline graphite in the two characteristic directions (B ‖ c and B⊥ c).
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Figure 6.5: ESR spectra of the investigated materials: a) SGN18 graphite powder, b) ultra-
sound treated, c) FLG obtained using shear mixer and d) magnetic stirrer. The graphite powder
exhibit a broad signal at g = 2.0148 with a width of 12.2 mT. The US and the SM samples
exhibit a Lorentzian shaped line at g = 2.0059 and g = 2.0082 with widths of 1.1 mT and 1.4
mT, respectively. The signal in the ST material shows a characteristic uniaxial anisotropy at
g = 2.0094 with ∆B = 1.2 mT. The sharp feature present in every sample is probably a defect
signal originates from the quartz tubes.

In HOPG, the corresponding values are g⊥ = 2.0023 and g‖ = 2.0500 at room temperature.
Here c denotes the crystalline axis perpendicular to the graphene planes in the graphite lattice.

The ultrasound treated and shear mixer prepared samples exhibit a single component
Lorentzian signal with a width of 1.1 mT and 1.4 mT, respectively. The sample prepared with
a magnetic stirrer, similarly to graphene, shows a signal with uniaxial anisotropy but with a
gradually smaller width of 1.2 mT.

The g-factor of the investigated graphene species lies between that of the free electron,
ge = 2.0023 and graphite. The reason for this is possibly that the monolayers in the sample
would give a g-factor close to that of the free electron but it is shifted to higher values due to the
presence of few-layer flakes, resulting in a value closer to the g-factor of the graphite. Another
possibility is that these materials are slightly p doped, which is known to increase the value
of the g-factor, due to spin-orbit coupling as shown for AsF5 intercalated graphite [199]. Hole
doping can occur due to improper charge neutralization upon the removal of the solvent or due
to the presence of some residual solvent. The spin-related properties of the investigated samples
are summarized in Table 6.4.

Previous ESR studies found a 0.62 mT broad signal at g= 2.0045 in mechanically exfoliated
graphene [236], in reduced graphene oxide a 0.25 mT wide line is observed at g = 2.0062
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Material SGN18 US SM ST
g-factor 2.0148(2) 2.0059(1) 2.0082(1) 2.0094(1)
∆B (mT) 10.3(1) 1.1(1) 1.4(1) 1.2(1)

Table 6.4: g-factors and linewidths, ∆B of the examined graphite powder sample and related
chemically-exfoliated graphene types.

[237]. Graphene prepared using solvothermal synthesis resulted in a 0.04 mT wide peak at
g = 2.0044 [238]. A recent paper on gated graphene reports also similar values of g = 2.0033
with ∆B = 0.64 mT at VG = 0.8 V and g = 2.0036 with ∆B = 1.23 mT at VG = −1.5 V under
ambient conditions [373]. Comparing our material to these, the chemically exfoliated graphene
is close to rGO as far as the g-factor is concerned. However, in terms of linewidth it is more
related to mechanically-exfoliated graphene and material prepared in a solvothermal reaction.

6.4 Probing metallicity with microwave conductivity mea-
surements

The temperature-dependent microwave resistance of the FLGs are plotted in Figure 6.6. The
Q factor of the samples are normalized to the value of the SGN18 graphite powder taken at 25 K.
As discussed in Section 3.4, the quality factor is proportional to the resistance of the materials
(in this particular case), but also depends on the amount of substance and morphology. The mass
of the samples was 1.0± 0.1 mg. The grain size and morphology are shown by microscope
images shown as insets in the figure. The high-temperature regime was measured using the
"CavitySweep" method, while the low temperature was performed with "CavityRead".

All the examined samples show a semiconducting characteristic in the investigated tem-
perature range. This is the usual behavior from polycrystalline metals, where the conductiv-
ity is dominated by defects. The different resistance of the different FLGs can be explained
with the different sizes of the grains in the samples. The microwave loss, which is inversely
proportional to the Q factor, depends from the average grain size with the following trend:
Q−1 ∼ L = πB2

1σR5/5, where B1 is the amplitude of the microwave magnetic field, σ is the
conductivity and R is the average radius of the grains [308, 312]. The size of the grains is about
3−5 mm in the US sample, 500 µm in the ST sample and 300 µm in the SM sample according
to the microscope images. The microwave loss follows this trend of the grain size.

In the present chapter, I showed how the undoped liquid-phase exfoliated few-layer
graphene is characterized by AFM, Raman, ESR and microwave conductivity. The AFM analy-
sis shows that in the ultrasound treated sample single-layer flakes are present and 90% contains
less than 5 layers. Raman spectroscopy indicates significant differences in the spectrum com-
pared to graphene. The spectrum of the FLG materials can be understood as a composition
of single layers and few layers in a stacked, but not oriented mixture. According to ESR, the
materials behave similarly to other kinds of graphene samples. The conductivity in each sample
is dominated mostly by the defects as they behave in a semiconducting manner. Taking all the
measurement techniques into account, we find that the ultrasound-sonicated and shear-mixed
samples possess the best quality.
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Figure 6.6: Microwave resistance of the few-layer graphene samples compared to SGN18
graphite powder (normalized at the value taken at 25 K. Insets are microscope images of the
materials (please note the different scale bars as a result of different objectives). The different
resistance of the graphene species can be explained with the different grain sizes (or morpholo-
gies) as a result of different mechanical processing.



Chapter 7

Determining the Maximum Number of
Layers in Few-Layer Graphene Using
Controlled K Doping

It was quite the most incredible event that
has ever happened to me in my life. It was
almost as incredible as if you fired a 15-inch
shell at a piece of tissue paper and it came
back and hit you.

Ernest Rutherford

To continue the investigation of the FLG material, characterized in the previous chapter, we
performed an in situ intercalation of the material with potassium. The changes were followed by
Raman spectroscopy. The study was motivated by the quest for new correlated phases in various
forms of intercalated carbon. First, the overall changes in the Raman spectrum are described.
In the forthcoming sections, a detailed analysis of each mode is presented: the so-called Cz and
the Fano mode in the completely intercalated material. This is followed by the discussion of
the G and the 2D mode in the intermediate doping steps. At the end of the chapter, a scheme is
proposed how an inhomogeneous FLG mixture is intercalated and protocol is suggested, which
proves that our method is capable of determining the maximum number of layers present in the
sample.

The results of the present chapter are published in Scientific Reports in 2019 [O5].

7.1 Change of the Raman spectrum upon potassium interca-
lation

Starting from undoped FLG, controlled temperature-gradient driven potassium doping ex-
periments were performed. The preparation is similar to the two-zone vapor phase intercalation
technique. Saturation doping was achieved in approximately 10 steps in every sample. We in-
tentionally refer to "steps" in our experiments rather than "stages", as the latter word is reserved
for the well-known intercalation stages of bulk graphite [199]. Stages correspond to structurally
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well-defined, crystalline phases of graphite intercalated compounds, whereas the present mate-
rial is non-crystalline except for a short-range order in the graphene layers. The corresponding
Raman spectra (recorded at 514.5 nm) are depicted in Figure 7.1. Raman spectrum of the
starting material displays the usual D, G, and 2D bands and it reproduces the earlier reports
on similar samples [180, 184, 189]. The 2D band of the starting material can be fitted with a
single Lorentzian line, unlike the composed structure of the same mode in graphite. Whereas
the width of the Lorentzian hints that the material may be a mixture of flakes with different
number of layers, the Raman response of the starting material is insufficient to determine the
exact distribution of the thicknesses. In the previous chapter, it was shown that it is possible to
fit the 2D mode with two Lorentzian functions, but no meaningful further information can be
obtained. Furthermore, as it will be shown later, in the intercalated steps, due to the continuous
disappearance of the mode, it is not possible to decompose the 2D mode after a certain doping
step. Here, it is worth to note that FLG flakes are stable on their own, i.e. no substrate was used
during the Raman measurements.

Figure 7.1: Raman spectra of in situ potassium-doped FLG starting from the undoped material
(top) towards saturation doping (bottom). Saturation intercalation is reached after about 10
intercalation steps, which are described in the text. Note that several steps are skipped in the
figure that shows little or no change. Upon doping, the D mode quickly disappears in accordance
with previous literature data [227]. The 2D mode acquires some structure but it also disappears
after further intercalation steps. The G band splits into G1 and G2, whose origin is discussed
in the text. In the final, fully intercalated step, the G bands form a Fano-shaped band [224]
(discussed in Section 3.2) and the so-called Cz-mode is observed at a Raman shift of ∼ 560
cm−1, similarly to Stage I graphite (KC8).
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Upon light potassium doping, the Raman spectrum changes significantly: the weak D band
rapidly disappears and the G and 2D modes split. At higher doping levels, the intensity of the
double-resonant 2D peak components is suppressed and both signals downshift. The relatively
rapid disappearance of the 2D mode hinders its use for further qualitative analysis, thus we
focus on the G mode and its vicinity. During the first intercalation steps (Steps 1 to 5), we
used each time twice as long intercalation times than at the previous Step. In the meantime, we
kept a constant and large temperature gradient to homogenize the material at a small and fixed
doping level. Comparison of the inhomogeneous Step 3 and the homogeneous Step 5 reveals
that only the intensity ratio of the G modes changes, the position of the 2D modes is unchanged.
Step 5 is of particular importance, as this was found to be a stable phase. The highest doping
level (Step 10 in Figure 7.1) leads to a radical change of the Raman spectrum. A Fano-shaped
line [224, 295], centered around 1486 cm−1, and a so-called Cz-like mode near 560 cm−1

dominate the spectrum [225]. The Fano shape is a clear sign of a significant charge transfer to
the graphene sheets, which leads to a quantum interference of the zone-center phonons and the
electronic transitions, as shown previously in Section 3.2.

7.2 Differences of the Cz and Fano Raman modes in the com-
pletely doped SGN18 and FLG

It is intriguing to compare this spectrum with the Raman spectrum of Stage I potassium in-
tercalated graphite (KC8), where similar Raman bands appear upon intercalation. In Figure 7.2,
an analysis of the saturation doped reference graphite powder (SGN18) and of the chemically
exfoliated sample (FLG) is displayed. Both spectra can be well fitted with the sum of an E2g2

Breit–Wigner–Fano component and a Lorentzian component around 1560 cm−1, together with
the Cz mode. The weak graphitic component around 1560 cm−1 is a common feature with the
GICs [225] and it is assigned to the Stage 2 (KC24) level doping in FLG and in SGN18.

Regarding the c-axis mode, which is the so-called Cz mode around 560 cm−1. It is present
in monolayer, few-layer graphene and in KC8 [225, 227]. The Cz mode arises from a vibration,
where carbon atoms displace perpendicularly to the graphene sheets. Even though this mode
exists at the M point of the Brillouin-zone, it is folded back to the Γ point due to a 2× 2
doubling of the unit cell during intercalation [199, 225, 227]. The presence of the Cz mode
is a clear indication of a 2× 2 ordered potassium lattice present on the graphene sheets, or
between the graphene layers [199, 225, 227]. As a consequence, this mode is naturally present
in Stage I KC8 and is a clear indication of successful and high doping yield. Although the
overall intensity in the two samples is comparable, the linewidth and the asymmetry differs in
SGN18 and in FLG. The measure of the asymmetry, |1/q| is larger in FLG, pointing to larger
coupling with the electronic continuum. This is a plausible conjecture as the small number of
layers increases the relative doping in FLG. In parallel with this, the broader Cz mode can be
assigned to the larger vibration energy uncertainty of the system.

To further emphasize the differences between the FLG and the graphite powder, we extract
a measure of the charge transfer, the electron-phonon coupling parameter (EPC). The electron-
phonon scattering linewidth can be estimated from the positions of the Fano line shape using
the expression

γ
EPC = 2

√
(ωFano−ωA)(ωNA−ωFano). (7.1)
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Figure 7.2: Raman spectra of saturation potassium-doped ultrasound-prepared FLG and SGN18
graphite powder. The fit with the method discussed in the text is shown as a thick line.

Here, ωFano is the measured position of the G line peak, ωA and ωNA are the calculated adi-
abatic and non-adiabatic phonon frequencies [213, 225, 374]. We approximate the latter two
quantities with the ones calculated for KC8: ωA = 1223 cm−1 and ωNA = 1534 cm−1, as no
exact calculation exists for FLG. This approximation was found to be valid in similar hexagonal
carbon systems such as potassium doped multi-walled carbon nanotubes [336].

Sample ωFano ΓFano q γEPC

FLG step 10 1505 148 −1.5 181
SGN18 Stage I 1515 89 −0.7 148

HOPG Stage I (Ref. [225]) 1510 118 −1.9 166

Table 7.1: Electron-phonon coupling parameters from the analysis of the G-modes. The values
of ωFano, ΓFano, and γEPC are in units of cm−1. Calculated parameters in maximally intercalated
FLG are compared to values found in graphite powder (SGN18 Stage I), and Stage I HOPG.

The extracted values are summarized in Table 7.1. Therein, ΓFano is the linewidth of the
Fano line shape. In accordance with previous findings in GICs [374], the γEPC of SGN18 and
FLG follow the linewidth of the Fano line shape linearly (ΓFano ≈ αγEPC with α near unity). A
comparison of the measured characteristics reveals that charge transfer is the largest in HOPG
and in FLG, followed by SGN18. Weaker charge transfer in SGN18 can be explained by its
morphology, as powders are more difficult to intercalate [235]. Thus, the larger charge transfer
in FLG in powder form is a remarkable proof of a system with weak internal strain due to the
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majority of one- to three-layer flakes.

7.3 Analysis of the G modes
The most surprising observation in Figure 7.1 is the presence of a doublet G mode. In a sam-

ple, which contains SLG only, homogeneous doping is expected to lead to a single G mode only.
We can rule out the presence of an inhomogeneous doping [227] as we studied a large number
of positions on the sample, several intercalation runs, and the same spectra were observed in
all cases. It is worth noting, that inhomogeneously doped graphene has indeed a doublet struc-
ture, where the Fano line is intermixed with the upshifted G mode [227]. We wish to point out
that in our case the origin of the doublet structure is not an inhomogeneous doping but the fact
that within the about 1 µm2 of the microscope spot, graphene with varying numbers of layers
is present. It is however intriguing that the Raman spectrum of normal bulk graphite shows a
similar doublet structure under doping [223]. In particular, the Raman spectrum of our Step 5
intercalated FLG may appear similar to a high stage (KC72 or Stage VI) GIC. Nevertheless, the
spectroscopic details are markedly different.

A comparison of our Step 5 intercalated FLG with the data on a graphite single crystal
at a doping stage of VI or KC72 of the observed Raman spectra are presented in Figure 7.3.
Although the doublet structure of the G mode appear similar, two details are different: i) the
G mode with the larger Raman shift lies with about a 6(1) cm−1 difference in the two types of
materials, ii) the 2D mode is markedly different in the two kinds of materials: the FLG contains
a 2D mode component with a smaller Raman shift, which is absent in graphite. Albeit these
differences may appear to be subtle, these enable us to qualitatively differentiate between the
two types of materials. The figure also shows that the Step 5 intercalated FLG can be resolved
into a mixture of a Stage 3 GIC and the undoped material. This fitting procedure is capable
of explaining both the position of the G mode and the composite structure of the 2D mode.
This indicates an interesting scenario for the Raman spectrum of the alkali intercalated FLG: it
consists of a mixture of i) entirely undoped pieces, whose Raman spectrum remains identical to
that of the starting material, and ii) relatively highly doped phases (equivalent to Stage 3 GIC).

We emphasize that the origin of the doublet structure in GIC is related to the presence of
charged and uncharged graphene layers; graphene layers in GIC, which are adjacent to an al-
kali layer are charged, whereas two other layers, which are further apart, remain neutral or
uncharged [223]. In this respect, charges in GIC and our step-wise doped FLG are both in-
homogeneously distributed, however, the source of inhomogeneity is completely different. In-
tercalation in graphite proceeds from homogeneous and crystalline graphite and the charging
inhomogeneity is due to the intercalation itself: it occurs due to the thermodynamic prefer-
ence for fully doped alkali layers which are inevitably separated by uncharged graphene layers.
However, in our FLG material, the inhomogeneity is present a priori in the sample (in terms
of the different layer numbers in the grains) and the inhomogeneous doping merely reflects this
inhomogeneity as it is shown below.

To gain deeper insight into the composition of the multiple restacked FLG, we analyze the
G and 2D Raman bands. Intercalation step dependence of the split G bands (G1 around 1580
cm−1 and G2 around 1600 cm−1) are shown in Figure 7.4 for all three investigated types of
samples. To understand the origin of each G band, we recall the Raman response properties
of potassium-doped GICs. Therein, the upper and lower G lines were attributed to charged
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Figure 7.3: Upper panel: Comparison of single-crystal graphite doped to Stage VI and FLG
doped to Step 5. The vertical line indicates the position of G2 line in the doped FLG. A fit
with two components (green and magenta) simulates well the doped FLG signal. Lower panel:
Simulation of the decomposition of the Raman spectrum of FLG doped to Step 5 as a mixture
of a Stage III GIC doped and the undoped FLG material. The bottommost spectrum is the
simulated curve shown together with the Step 5 intercalated FLG (thus shown twice in the
figure for clarity).

(the Gc band) and uncharged layers (the Guc band), respectively [223]. Upon doping, the Gc
band moves to lower Raman shift beyond experimental error (horizontal lines in Figure 7.4).
The charges transferred from potassium accumulate on the layer immediately adjacent to the
potassium layers, which give rise to the Gc band. Charge transfer to the rest of the layers (the
so-called inner layers) remains low and varies with stage numbers of the GIC [223]. We note
that the Guc band also shifts slightly between the different stages due to strain effect.

In FLG, the G2 band arises from charged graphene layers. However, the comparison with
the position of the different GIC stages unveils a markedly different behavior for the G2 band
in FLG and the Gc band in GIC. Namely, the position of the G2 band is i) independent of the
doping steps, and ii) its Raman shift position lies between the position of charged G band in
KC24 and in KC36. This is a strong indication that the G2 band corresponds to graphene layers
that appear to be doped as in Stage II or III graphite. It also means that in our FLG samples,
no higher stages (or lower doping levels) can be achieved. Given the heterogeneous nature of
the number of layers in the FLG sample, this reveals that our sample is free from flakes with
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Figure 7.4: Position of the G1 (�, ♦, ◦) and G2 (�, �, •) Raman modes as a function of
the doping step in the investigated FLG species measured at 514.5 nm laser wavelength. The
ultrasound-treated material is shown with black, the shear-mixed one is represented with red
and the mechanically-stirred sample with green color. The 0th doping step corresponds to the
starting materials. Positions are obtained through fitting the peaks with Lorentzian and Breit–
Wigner–Fano functions, transition between the two shapes is denoted with a vertical dashed
line. Relevant Gc modes of the potassium intercalated GICs are shown with dashed-dotted
lines: KC24, KC36, KC48, KC60 [223]. The error of the measurement is represented with the
size of the used symbols.

more than 3−5 restacked graphene layers. This observation is in full agreement with our AFM
statistical analysis, as presented earlier in Chapter 6.

Furthermore, Figure 7.4 shows that the position of the G1 line barely changes as a function
of doping as long as Raman modes can be fitted with a Lorentzian line. This reveals that the
induced strain is not affected by the doping level, hence, the G1 line corresponds to a significant
amount of undoped (uncharged) flakes. The presence of these undoped flakes along with the
appearance of Stage III doping in five-layer-thick flakes highlights the important contribution
of undoped flakes with a smaller thickness (mono-, bi-, tri-, and four-layer ones).

Here, it is noted that the results presented in Figure 7.4 are from a different batch compared
to the one presented in Figure 7.1. As a result, positions of the peaks are not in perfect agreement
with the results presented in Table 7.1. The goal here was to also emphasize the differences (if
there are any) between the three differently processed graphene samples. These samples were
prepared at the same time; later than that of the material presented in Figure 7.1. Unfortunately,



120 7.4. THE 2D MODES

the resolution in doping steps is lower here.
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To compare the G modes of the SGN18 graphite powder and that of the chemically-
exfoliated FLG, we show in Figure 7.5 the phonon frequency difference of the G2 and the
G1 modes (∆ωG = ω(G2)−ω(G1)) for all doping steps and for three different wavelengths
in samples prepared with the ultrasound treatment at various spots. In order to facilitate the
comparison, the ∆ωG value in KC36 is also shown as a dashed line [223]. The Raman shift
differences in SGN18 have a minimum at the single crystal value, while it has a maximum
for FLG within the error bar (1 cm−1) of our analysis. Hence, the FLG Raman spectra are,
in average, the mixtures of lower G2 and higher G1 modes than those found in SGN18. The
lower G2 lines stem from highly charged (close to KC36), the higher strained the higher G1 lines
arise from unstrained few-layer flakes. This is in perfect agreement with our observation of a
two-component Raman spectrum and our decomposition of the Raman signal.

7.4 The 2D modes
Upon intercalation, we observe that both components of the 2D mode shifts to lower ener-

gies, as shown in Figure 7.6. The trend of the shift is different amongst the differently processed
samples: the shear mixed sample shifts the fastest, while the sample prepared with the magnetic
stirrer tends to shift in a slower manner. We assign this difference to the different grain sizes
thus different active surfaces, as discussed in Section 6.4. Similar downshifts are observed for
GICs [223].

Before analyzing the 2D modes in the FLG samples, it is worth recapturing some remarks
from Ref. [223] for K-GICs. Intercalated graphite exhibits a doublet 2D mode at low doping
Stages (VI, V and VI), while only a single 2D mode is observed in the Stage III compound. The
2D Raman peak is absent in Stage I and II compounds, noting that it only arises from uncharged
graphite planes [223, 225]. This observation yields that the disappearance of the 2D mode is
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Figure 7.6: Position of the 2D1 (�, ◦,4) and 2D2 (�, •, N) Raman modes as a function of the
doping step (until they are observable at all) in the investigated FLG species excited at a 514.5
nm laser wavelength. The ultrasound-treated material is shown with black, the shear-mixed one
is represented with red and the mechanically-stirred sample with blue color. The 0th doping
step corresponds to the starting materials. Positions are obtained through fitting the peaks with
Lorentzian function. After about the third doping step, the two modes are indistinguishable,
thus it is fitted with a single 2D mode. Relevant 2D (2D1 for Stage IV-V-VI, 2D for Stage III;
in higher stages this mode is absent) modes of the potassium intercalated GICs are shown with
dashed-dotted lines: KC36, KC48, KC60, KC72 [223]; horizontal green lines correspond to the
2D modes of crystalline graphite (HOPG).

connected to the amount of the transferred charge. In GICs, the 2D2 mode vanishes faster than
the 2D1 mode.

Surprisingly, in the FLG species, the 2D1 vanishes approximately after 3 doping steps, not-
ing that we indeed have a charge transfer, while the 2D2 mode is still visible, contrary to the
case of GICs. The 2D2 only disappears after about 5 steps, noting that each graphene layer has
at least one neighboring layer of potassium. Using the knowledge acquired from the behavior of
the G mode, as first the few-layer flakes get doped. Followed by the flakes with a lower number
of layers and the single layer is only doped at the end of the process. Here we can say that the
2D1 is more affected by the multilayer flakes and 2D2 by the monolayer ones. This proposal
is also suggested by the position of the 2D1 mode in the first doping step, wherein the US and
SM samples it is close to Stage IV-V (keeping in mind that all the 2D1 modes are upshifted in
the undoped material by about 5 cm−1) and Stage III. This yields that the number of flakes with
more than 6 layers is negligible in these species.
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7.5 Proposed scheme of the FLG doping

Figure 7.7 summarizes the proposed doping scheme for the FLG sample, which allows
gaining insight into the heterogeneous layer-number distribution. At the beginning of the K
intercalation (Steps 1−7), only a high Stage (Stage III, as we identified) can be reached, which
is geometrically possible only in flakes containing restacked graphene of at least 5 layers. Thus,
flakes consisting of less than 5 restacked graphene layers remain intact from potassium doping at
these steps. As the doping proceeds, it is only a low amount of flakes that become intercalated,
as strictly speaking our doping steps do not form a material in thermodynamic equilibrium
due to the inhomogeneous composition. At higher doping (Step 8− 10), flakes with smaller
thicknesses start to be doped and eventually all graphene layers are doped to saturation, which
corresponds to the structure of Stage I GIC.
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Figure 7.7: Proposed scheme of alkali doping for the FLG sample. a) Synthesis steps of the
starting FLG material. b) Illustration of the in-situ intercalation process. The sample is a mix-
ture of a few layers: moderate doping affects the flakes with more layers (Steps 1− 7) and
higher doping steps (Steps 8−10) results in full doping of all flakes including those consisting
of entirely graphene monolayers.

This scenario is supported by first-principles studies [375–377], i.e., that alkali (potassium
[375, 376] or lithium [377]) doping yields a formation energy gain (∆F) that decreases for lower
stages up to Stage II, and increases for Stage I. This behavior is confirmed by calculations for
all thicknesses with a layer number n ≥ 3. This staging phenomenon means that all flakes of
the sample reach the same stage before a new stage is started to be formed independently of the
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layer number. The same effect was found experimentally in bilayer graphene individual flakes,
i.e., that the doping occurs first on one of the layers reaching a full Stage II doping (top layer,
in general) before accumulating in-between all layers [229, 378].

7.6 Suggested protocol
A practical protocol for the use of the present method is as follows. The chemically exfoli-

ated graphene being studied needs to be intercalated with potassium in a stepwise manner along
with the protocol, as presented in Section 3.1.2. Clear evidence for a material, which consists
of monolayer graphene only, is when the stepwise doping steps result in a fully intercalated
material, without the presence of the intermediate stages (e.g. the G mode shifts continuously).
When the intermediate steps are present, the typical upper limit of the layer number can be
determined in three steps. First, the position of the G2 peak has to be compared with that found
in GICs. Second, the 2D peak has to be fitted to a combination of Lorentzian curves. The posi-
tion of the lowest fitted Lorentzian curve must be correlated to the highest stage possible in the
material.

Note that for samples with flakes with a large fraction of 10 or more layers, our method is
only capable of proving that the sample contains multilayer flakes. Here, we limited ourselves
to determine the typical upper limit of the distribution of the number of layers in chemically
exfoliated graphene powder samples. However, further development of our analysis of the
Raman spectra could yield more information about the precise statistical distribution.

In the first section of the present chapter, the changes in the Raman spectrum of FLG were
investigated upon potassium intercalation. First, the Cz and the Fano modes of the completely
doped graphene were described. The presence of the Cz mode suggests an ordered potassium
lattice on (or between) the graphene layers, while the mode with the Fano line shape is due to
the strong electron transfer to the host material. The electron-phonon coupling is also extracted,
which yields that the charge transfer is in the same order as in KC8 graphite intercalation com-
pound. A detailed analysis of the G and 2D modes suggests that our material is a mixture of
flakes with different layer numbers. Following thoroughly the steps, it is possible to estimate
the maximum number of layers present in the sample and the scheme of the intercalation was
proposed. Based on this finding we suggest a protocol to simply characterize a similar batch
using only Raman spectroscopy and potassium intercalation.

The results, presented in the current chapter was made in strong collaboration with Péter
Szirmai. He initiated the research and carried out the first experiments on the ultrasound sam-
ples. Later experiments were performed together on the ultrasound material. The shear mixed
and the stirred samples were characterized by myself. The intercalation of the graphite powder
was performed by Péter. The Raman peak analysis was done together, the calculation and the
analysis of the electron-phonon coupling were done by me. The manuscript, Ref. [O5] was
written in a common effort and both of us contributed equally.





Chapter 8

Ultralong Spin Lifetime in Graphene
Doped with Light Alkali Atoms (Li and
Na)

The important thing is not to stop
questioning. Curiosity has its own reason for
existence. One cannot help but be in awe
when he contemplates the mysteries of
eternity, of life, of the marvelous structure of
reality. It is enough if one tries merely to
comprehend a little of this mystery each day.

Albert Einstein

The current chapter presents results on lithium and sodium-doped few-layer graphene. Both
materials are prepared with the liquid ammonia-based alkali doping method, optimized for the
current case. The first section presents microscope images and Raman results, where success-
ful intercalation is observed proven by the gradual color change and the transformation of the
Raman spectrum. The presence of a Fano line shape, dominating the spectrum yields a strong
charge transfer, similarly to the potassium system (as we have seen before). The existence of
the Na-FLG system is surprising for the first sight, as sodium does not form a low stage com-
pound with graphite. Since we know that 90% the starting material has less than 5 layers, we
came to the conclusion that sodium selectively dopes the monolayer flakes. Again a great tool
to characterize whether single layers are present in a FLG sample.

Both materials were probed by temperature-dependent ESR, which confirmed the success
of intercalation and the presence of conducting electrons. The density of states and the shift
of the Fermi energy is then calculated from the magnitude of the Pauli susceptibility. The
chemical potential is shifted by about 1 eV in both systems, similarly to the LiC6 graphite
intercalation compound. The spin relaxation, calculated from the ESR linewidth, yields values
of a couple of nanoseconds. This is longer than spin-relaxation times found from spin transport
experiments. The high amount of conducting electrons and a long relaxation time paves the
way to applications in the field of spintronics. Besides, lithium and sodium are both favored
materials in energy storage, especially combined with carbonaceous materials. The possible
applications in this field also motivated the present research.
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The results of the present chapter are published in ACS Nano in 2020 [O7].

8.1 Raman spectroscopy to identify the charge transfer
The materials of the present chapter were prepared from few-layer graphene prepared by

Konstantin Edelthalhammer and Philipp Eckerlein and described in Chapter 6 and in Ref. [O6].
The intercalation was carried out using in liquid ammonia, as demonstrated in Section 3.1.3
with care taken to minimize the amount of byproducts. The amount of the host substance was
about 1 mg. Raman spectroscopy and ESR measurements yield successful intercalation and the
absence of the signals arising from the amides-imides, as shown later.

Figure 8.1: Microscope images of the surface of the obtained intercalated materials made with
a 10× objective. Please note, that upon Li doping (left picture), bright, yellowish-brown and
bluish flakes appear, while upon Na doping (right picture) only bluish areas are present. The
change in the sample color is a clear indication of successful intercalation of the host material,
as seen before for GICs [199, 225] and graphene [227, 228], [O5].

Figure 8.2: Microscope image of the sur-
face of the sodium intercalated FLG ob-
tained with a 50× objective. Note the
considerable amount of blue areas.

Microscope photographs of the prepared samples, shot with a 10× objective are presented
in Figure 8.1. In the case of lithium doping, both yellowish-brown and bluish spots are present,
which hints at a successful intercalation of the graphene material. For sodium, only bluish
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areas are observable, which attests lighter, yet successful intercalation since yellow areas are
not present, which usually indicate highly intercalated areas, practically close to Stage I. Figure
8.2 shows an enlargement to a smaller region in the sodium-doped material, which is mostly
blue.

Raman spectra recorded at 514.5 nm wavelength of the prepared materials are presented
in Figure 8.3. The spectrum of the pristine material displays the usual D (at 1358 cm−1), G
(at 1580 cm−1), and 2D (at 2710 cm−1) bands and it reproduces the earlier reports on similar
samples [184, 189], and as seen in the previous two chapters. As it was previously demonstrated
the starting material mainly consists of graphene flakes with 5 or less layers with a log-normal
distribution centered around 3 layers [O5], discussed in Chapter 6.
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Figure 8.3: Raman spectra of the investigated materials recorded at 514.5 nm wavelength. a)
Undoped few-layer graphene prepared with DMSO solvent and ultrasound sonication. The
characteristic D, G and 2D modes of graphene-like materials are clearly visible at around
1358 cm−1, 1580 cm−1 and 2710 cm−1, respectively. b) In the lithium intercalated FLG sam-
ple, a broad and intensive Fano shaped line at 1510 cm−1 is dominating the spectrum. The D
and 2D modes are barely visible, and the latter is extremely broadened. c)-d) Sodium-doped
samples also present a Fano line at around 1566 cm−1 and a symmetric peak at 1600 cm−1. The
latter is associated with weakly charged flakes. The corresponding 2D mode in the material is
significantly broadened. The peak noted with an asterisk comes from a parasitic signal arising
from the quartz tube.

The lithium intercalated FLG sample exhibits a broad and intense Fano-shaped line (also
referred to as BWF line shape; details of the Fano process and line shape are discussed in
Section 3.2) [224, 295] around 1507 cm−1, which completely dominates the spectrum. The
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line is downshifted compared to the original G mode, as expected upon heavy intercalation.
Compared to the Raman spectrum of LiC6 GIC the observed peak is relatively close to its
E2g1 mode at 1546 cm−1. The D and 2D modes are barely visible, and the latter is extremely
broadened, which is also expected [225].

Sodium-doped samples also present a Fano line at 1572 cm−1 and a symmetric Lorentzian
peak at around 1600− 1602 cm−1. The Fano peak at lower energies suggests the presence of
highly intercalated flakes, which is surprising because it is well known that graphite does not
have a low stage compound with sodium. Under ambient conditions, only a Stage VIII Na-
GIC is known [214], which does not undergo any color change and does not have a Fano line
in its Raman spectrum. The upshifted symmetric peak is associated with weakly charged or
incompletely intercalated flakes [217]. The 2D mode is very broad, as expected for a highly
doped material. The doping level is determined from the peak-to-peak intensity ratio of the
Fano peak compared to the symmetric peak at around 1600 cm−1 and from the q asymmetry
parameter.

The extremely broad 2D peak with very low intensity in the intercalated species also attests
a successful intercalation. However, in a completely intercalated material, this mode should
be suppressed [223, 225]. This indicates the presence of a small amount of weakly charged
bottom layers in the materials. The Fano shape is a clear sign of significant charge transfer to
the graphene sheets, which leads to a quantum interference of the zone-center phonons and the
electronic transitions [224, 295].

The peaks noted with an asterisk are due to the quartz tube. The presence of sodium amide
can be excluded as it would have a series of active Raman modes around 400−550 cm−1, where
no signal was observed in our case [292, 293], which also indicates a successful doping. This
also strengthens our argument that the production of amide side-products can be essentially
suppressed.

Deconvolution of the observed Raman spectra is depicted in Fig. 8.4. The sum of the lines
is shown in red. On the left side, the asymmetric Fano line shape is denoted with blue color.
The peak, only present around 1600 cm−1 in the sodium species is shown in green color. The
D mode has an orange color in the figure. The parasitic signal arising from the quartz tube is
marked with ∗ and shown in cyan color. On the right side, the extremely broadened 2D mode is
shown. For the case of lithium it composes only a single Lorentzian, while for sodium doping
it splits into two components. This is probably related to the argument that only the monolayer
flakes get truly charged. The obtained parameters from the fit of the G mode related peaks are
summarized in Table 8.1.

Sample ωG ΓG ωFano ΓFano q γEPC

Undoped 1580 10
Li-doped 1507 116 −1.03 206

LiC6 [225] 1585 71 1546 71 −1.09 157
Na-doped (heavily) 1602 16 1572 31 −2.64

Na-doped (moderately) 1600 16 1572 61 −3.17

Table 8.1: Obtained parameters of the fitted Raman modes. The position, width and electron-
phonon coupling values are in cm−1, q is dimensionless.

The q anisotropy parameter of the Fano line shape provides information about the charge
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Figure 8.4: Deconvolution of the observed Raman spectra. The obtained parameters are sum-
marized in Table 8.1.

transfer characteristic [379]. As the Fano transforms back to a symmetric function in the limit
of q→±∞, the closer the value to zero the higher is the charge transfer. Or in other words |1/q|
is a good measure of charge transfer.

To obtain further valuable information of the nature lithium intercalation, the electron-
phonon coupling parameter (EPC), which is directly related to the charge transfer can be calcu-
lated from the fitted parameters, using:

γ
EPC = 2

√
(ωFano−ωA)(ωNA−ωFano). (8.1)

Here, ωFano is the measured position of the G-line peak, ωA and ωNA are the calculated adiabatic
and non-adiabatic phonon frequencies [374]. We approximate the latter two quantities with the
ones calculated for LiC6: ωA = 1362 cm−1 and ωNA = 1580 cm−1, as no exact calculation
exists for FLG. This approximation was found to be valid in similar hexagonal carbon systems
such as potassium doped multi-walled carbon nanotubes [336] and also used in the previous
chapter for the potassium doped material [O5]. The calculated EPC value for the lithium-doped
sample is γEPC = 206, which is similar to that of LiC6, where it is 157 [225]. Unfortunately,
no adequate calculation exists for the case of sodium. However, as γEPC is estimated to be in a
linear relation with ΓFano, we can deduce that the charge transfer is weaker by about a factor of
2−4.
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8.2 CESR observed in doped few-layer graphene
The ESR spectra of the undoped and Li, Na doped FLG samples at 230 K and 50 K are

presented in Figure 8.5. In each case, the observed line shape can be decomposed into two
features. In the undoped material the peaks are completely symmetrical and thus can be fitted
with derivative Lorentzians, while in the intercalated samples both lines are asymmetric. The
origin of the peaks in the undoped material is probably related to some remaining dangling
bonds or lattice defects, which give rise to a paramagnetic signal, i.e. localized spins [O6].
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Figure 8.5: ESR spectra of the undoped, Li, and Na doped FLG samples at 230 K and 50 K.
Open symbols are the measured data, the fitted curve is represented with a continuous red line.
Blue and green curves are the decomposition of the two components present for every sample.
In the undoped material two completely symmetrical peaks are observed. The origin of these is
probably some remaining contaminant and dangling bonds or lattice defects. In the intercalated
species, both lines are asymmetric. In the case of lithium, the narrow line exhibits a stronger
asymmetry, while for the sodium doping it holds for the broader one. Furthermore, it is worth
to mention that the lines in the lithium-doped sample are more asymmetric in general.

The asymmetric line shape of the intercalated materials is identified as a Dysonian line
[232], which is the usual case in metallic materials. When the electrons are diffusing through
the microwave penetration depth very slowly (this is the so-called NMR limit), the Dysonian can
be approximated with a weighted sum of an absorption and a dispersion curve [260, 380]. The
asymmetry is stronger for both lines in the lithium-doped material than in the sodium interca-
lated one, suggesting a stronger charge transfer. Moreover, the narrow line is more asymmetric
in the Li doped, while in the Na sample it is the other way around, the broader component is
more asymmetric, which yields that the two materials are electronically different.

The presence of multiple ESR lines is often encountered in alkali doped phases of carbon.
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It indicates the presence of inhomogeneous doping as e.g. in alkali doped fullerides [2] or the
presence of localized paramagnetic spins which do not give a common resonance [345] with
the bulk conductive material [344]. The presence of multiple ESR lines is a common a feature
in doped carbon phases, including in fullerides [344], SWCNTs [4, 250] or in boron-doped
diamond [341].

8.3 Temperature dependence of the ESR parameters
To gain a deeper insight, the temperature dependence of the spin susceptibility (calculated

from the ESR line intensity) and the linewidth is studied in the range of 20 to 250 K, and the
result is shown in Fig. 8.6. From the temperature dependence of the ESR intensity, it is possible
to identify the nature of spins (localized or delocalized) which give rise to the ESR signal, and
the ESR linewidth is related to the T2 spin-relaxation time [232, 253, 259].
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Figure 8.6: Temperature dependent spin susceptibility and linewidth. The undoped material
exhibits two Curie type of spin species with almost zero susceptibility, while in the lithium-
doped sample shows two Pauli-like signal intensities. This is a clear indication of successful
intercalation and metallic behavior. On the other hand, the sodium-doped material shows a
mixed behavior with one Curie and one Pauli like spin susceptibilities. Furthermore, the spin
susceptibility in the intercalated materials are gradually increased.

The temperature dependence of the spin susceptibility depicts a Curie behavior (i.e.
χs ∼ 1/T ) for the narrow component in the case of the undoped and sodium-doped material.
For the starting material, this contribution is thus identified as a signal coming from localized
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paramagnetic defects, which most probably originate from dangling bonds or lattice defects.
The broader peak in the undoped material also shows a 1/T dependence but remains finite at
a higher temperature. This can be related to some remaining solvent or some contamination,
which was already present in the SGN18 graphite powder. Nevertheless, since the spin suscep-
tibility for both components is close to zero the amount of contamination is relatively low.

The broader peak of the sodium-doped sample and both of the signals in the lithium in-
tercalated one, clearly show a Pauli type of behavior as they have an almost flat temperature
dependence in the investigated temperature range.

To interpret the mixed, one Curie one Pauli situation in the sodium-doped system, the fol-
lowing argument can be made. Previous studies showed that bulk graphite cannot be intercalated
with Na, thus in our Na-FLG system, the only possible explanation for the observed metallic
behavior is that only the monolayers are doped, which might weakly interact with its neighbor-
hood to be in agreement with the Raman results. The presence of unreacted metallic sodium
particles can be excluded since the sample was heated up to 200 ◦C under high vacuum before
the experiment and metallic Na has a characteristic line shape (typical for strongly diffusing
electrons) which is not observed herein [232, 259]. During the ESR measurements of the inter-
calated materials, smaller values of cavity Q factor are observed, thus an increased microwave
loss due to metallicity is also noted.

The DOS (density of states), ρ , can be calculated through the Pauli susceptibility [212, 251],
[O4]:

χs =
1
4

µ0
g2µ2

B
Vc

ρ, (8.2)

where Vc is the volume of the unit cell, µ0 is the vacuum permeability, µB is the Bohr-
magneton. Inserting the temperature averaged values of spin susceptibility into Eq. (8.2) we
find ρ(Na : Gr) = 0.08(3) states/(eV · C-atom) for the Pauli type line in the sodium-doped
material. In the lithium intercalated samples the found values are: ρ(Li : Grnarrow) = 0.012(4)
and ρ(Li : Grbroad) = 0.085(10) states/(eV · C-atom). The relatively high errors arise from the
uncertainty of the mass of the samples. We find our values to comparable to that of potassium
doped single-walled carbon nanotubes, as discussed in Chapter 5, and Refs. [212], [O4]. During
the calculations we estimated our sodium stoichiometry as being 1 : 7 and lithium as 1 : 6.

Continuing the calculation and assuming a linear energy dispersion the chemical shift (e.g.
the shifted Fermi energy) can also estimated [89]:

ρ =
2Ac

π(h̄vF)2 µ, (8.3)

where vF = 1.07×106 m/s is the Fermi velocity and Ac = 5.24 Å
2

is the area of the graphene
unit cell [89]. In our case, this yields a shift of the Fermi energy by µ(Na : Gr) = 1.1(4) eV,
µ(Li : Grnarrow) = 0.16(5) eV and µ(Li : Grbroad) = 1.1(1) eV for the three cases. Our value
for the broad component in the Li doped material is comparable with the µ = 0.9(1) eV value
found in LiC6 with ARPES [381]. The slightly higher value in our sample can be understand as
mono-layer graphene can uptake 2 layers of lithium thus the alkali concentration can be higher.

ESR g-factors of the investigated materials are shown in Figure 8.7. with respect to that
of the narrow line of the undoped material at 50 K, whose value is g = 2.0069. Please note
that each line present in the intercalated materials are downshifted relative to this, which is an
expected behavior upon n doping, according to the Elliott–Yafet theory [53, 54]. This is also a
clear indication of charge transfer and thus a successful intercalation.
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at 50 K. Please note
that both lines in the
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expected according to
the Elliott–Yafet theory
[53, 54].

8.4 Ultralong spin relaxation observed in a broad tempera-
ture range

The downturn of the linewidth at low temperatures in the Na sample is expected for a weakly
metallic material. However, the observed upturn in the Li is rather unusual, yet not unseen e.g.
graphite is known to display similar [231]. Translating the linewidth values of the Pauli lines to
relaxation times, we found ∼ 7.9 ns for sodium doping and ∼ 26.5 ns and ∼ 6.1 ns for lithium
doping at 230 K. The surprisingly long spin-relaxation times combined with high charge-carrier
concentration paves the way for to spintronic applications [35, 67, 382–384]. The temperature
dependence of the relaxation times is presented in Figure 8.8. The T2 for the CESR of the
sodium-doped material varies between 10.1 and 7.9 ns in the temperature range of 20 to 230 K.
The narrow, more metallic line of Li intercalated varies between 15.0 and 26.9 ns, the broader
line in this material has a spin-relaxation time between 3.5 and 6.2 ns. We refer to these values
as ultralong, as these yields a spin-diffusion length up to several ten microns, and is comparable
to the highest quality ultrapure hBN coated graphene [37]. Analyzing the spin-relaxation time
in LiC6 we find values between 25−29 ns [234], which is close to the value of the narrow line
in our Li-FLG material. On this basis, we might assign the narrow peak to multilayer flakes and
the broader peak to monolayer graphene flakes. In agreement, in the Na doped material, only
one peak is observed arising from the doped monolayers.

We also probed the samples with SQUID magnetometry and microwave conductivity down
to 2 K, but no sign of superconductive behavior was found.

In the present chapter, I showed that the intercalation of few-layer graphene is possible
with lithium and sodium utilizing the liquid ammonia alkali doping technique. Microscope
images, Raman spectroscopy and ESR results are in great agreement regarding the high degree
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of intercalation and the presence of a strong charge transfer for both systems. The shift of the
Fermi energy by about 1 eV and the long spin-relaxation times in the order of 10 ns makes these
materials interesting for applications in spintronics. For comparison results of spin transport
experiments on graphene are collected in Table 8.2.

Sample τs

Li-FLG narrow line 15−27 ns
Li-FLG broad line 3−6 ns

Na-FLG 7−10 ns
SLG Ref. [30] 84−495 ps
BLG Ref. [93] 130−140 ps
SLG Ref. [31] 380−447 ps
BLG Ref. [31] 220−300 ps

Cu-CVD SLG Ref. [32] 110−180 ps
Cu-CVD BLG Ref. [32] 275−360 ps

SLG Ref. [34] 0.5−1.3 ns
SLG-BLG Ref. [385] 120−320 ps

SLG (hBN coated) Ref. [36] 0.5−2.0 ns
BLG (hBN coated) Ref. [36] 0.5 ns

SLG (hBN coated) Ref. [386] 0.1−2.0 ns
TLG (hBN coated) Ref. [36] 2.0−3.7 ns
SLG (hBN coated) Ref. [37] 3.0−12.6 ns

BLG (hBN coated, in magnetic field) Ref. [40]
1.1−1.9 ns for B ‖ c
1.4−9.4 ns for B⊥ c

Table 8.2: Spin-relaxation times found in graphene by transport measurements. The values are
compared against our findings in the lithium/sodium-doped systems.



Chapter 9

Summary and Thesis Points

No man should escape our universities
without knowing how little he knows.

J. Robert Oppenheimer

The present thesis focuses on the physical properties of novel carbonaceous materials, such
as fullerenes, carbon nanotubes, and graphene, which might find applications in the field of
spintronics, energy storage, and material processing. In Chapter 1, a brief introduction to these
new materials is given. My research in the field is motivated by spintronics and quantum com-
puting. Chapter 2 is about the theoretical background of the materials and summarizes the
physics of the methods of questioning. Structure, electronic band structure, vibrational prop-
erties, and preparation methods of fullerenes, graphene, graphite, and carbon nanotubes are
described first. This is followed by the physical behavior of a spin in a finite magnetic field, and
the treatment of the Bloch equations. The two investigated spin susceptibility types (Curie and
Pauli) are introduced afterwards. The consequence of the skin effect in ESR measurements, e.g.
the Dysonian line shape is presented later. Subsequently, the origin of spin-orbit coupling and
its relation to spin dynamics, i.e. the Elliott–Yafet theory is described. The chapter is closed
with the behavior of conducting electrons in the presence of an AC electric field.

Chapter 3 contains detailed information about sample preparation and intercalation tech-
niques. Conventional vapor-phase and liquid ammonia solution techniques are first described.
In the case of the latter, special care was taken to analyze the chemical routes to discover and
suppress the side-routes leading to byproducts. Afterwards, the theoretical background of Ra-
man spectroscopy and its experimental realization are presented. This is followed by the in-
strumentation and measurement techniques of conventional X-band and high-frequency ESR
spectrometers. The chapter is closed with the presentation and interpretation of microwave
conductivity measurement methods.

The forthcoming chapters are about the major achievements of the thesis, my results are
summarized in the following Thesis Points:

1. I studied the electronic and ionic conductivities in the Li4C60 superionic fulleride. I car-
ried out microwave conductivity measurements in a wide temperature range of 40−530
K utilizing a He cooled cryogenic and a nitrogen cooled-heated high-temperature setup.
I observed the polymeric-monomeric phase transition around 410 K and the presence of
both lithium ionic and electronic conductivities at low temperatures. I observed a good

135
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agreement of 125 K with previous literature observations for the freeze-out of lithium
ionic motion and extracted the activation energies for both types of charge carriers. With
the assistance of high-field ESR, 7Li NMR and calorimetric measurements, I concluded
that the origin of the electronic contribution is the presence of a small amount of charged
defects. Furthermore, I proved that the conductivity of the monomeric phase becomes
gradually higher than the polymeric, as expected. The results are published in Ref. [O3].

2. I prepared potassium-doped single-walled carbon nanotube samples utilizing liquid
ammonia-based alkali doping. In Raman spectroscopic measurements, I found that the
nanotubes are highly charged and display a metallic behavior as a broad Fano mode dom-
inates the spectrum. I carried out room temperature ESR measurements and observed
the emergence of a new ESR line corresponding to itinerant charge carriers. I performed
microwave conductivity measurements and found that the K-SWCNT material is indeed
metallic. Furthermore, I followed the evolution of metallicity upon intercalation in an in
situ microwave conductivity measurement. The results are published in Refs. [O2, O4].

3. I characterized the chemically exfoliated few-layer graphene samples, prepared with dif-
ferent post-processing methods, using Raman and ESR spectroscopies together with mi-
crowave conductivity measurements in Chapter 6. In the Raman measurements, I ob-
served a significant difference in the materials from the starting graphite powder. I studied
the changes of the D and G mode in detail and observed a singlet G mode, upshifted to
that of graphite and a doublet 2D mode. The latter observation indicates that the material
consists of few-layers and single-layer flakes as confirmed by AFM. I performed electron
spin resonance measurements and the results prove the presence of itinerant charge carri-
ers with g-factors higher than that of the free electron, indicating a slight p-type doping
or the presence of remaining solvents. Utilizing microwave conductivity measurements,
I deduced that the microwave loss is mainly determined by the grain size. Taking all the
techniques into account, I concluded that ultrasound treatment results in the best quality.
The results are published in Ref. [O6].

4. I carried out in situ intercalation experiments on the few-layer graphene system and ob-
served a gradual change of the Raman spectrum. In the first doping steps, I observed
the split of the G mode and experienced a doublet 2D mode. I also noted the rapid dis-
appearance of the D Raman mode. In the completely intercalated material, I found the
presence of the so-called Cz mode and the emergence of a Fano mode near 1505 cm−1.
From these, I deduced that there is an ordered lattice of potassium atoms and I found
that the host FLG becomes charged. I extracted the electron-phonon coupling and found
that the charge transfer is higher than in potassium-doped graphite species. Through the
analysis of the G and 2D modes in the intermediate steps, I established a model of how an
FLG with a mixture of different layers is intercalated. Using these findings, I suggested a
protocol to determine the maximum number of layers present in the material. The results
are published in Ref. [O5].

5. I adapted and optimized the liquid ammonia-based alkali doping for few-layer graphene.
I analyzed the possible side-reactions and managed to suppress their production. The
latter was confirmed by the absence of Raman and ESR active modes of amides and
lithium imide. The optimized technique is published in [O1]. With the optimized method,
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I successfully synthesized lithium and sodium intercalated few-layer graphene. I used
optical microscopy and Raman spectroscopy to confirm the doping. From the Raman
spectra, I observed a high degree of charge transfer, clearly denoted by the presence
of a Fano mode near the G mode of the starting material. Through spectral analysis, I
extracted the electron-phonon coupling, which is proportional to the amount of charge
transferred, and I found that it is comparable to that of the LiC6 graphite intercalation
compound. Since graphite cannot be intercalated with sodium, here I discovered that
sodium selectively dopes the single-layer flakes, and is a good marker to show whether
a mixture with different number of layers in a graphene material contains single-layer
flakes or not. I confirmed the presence of charge transfer to the graphene host using ESR
spectroscopy. I carried out temperature-dependent measurements to prove the presence
of Pauli type spins in the system. Using a simple model I also estimated the density of
states and the shift of the Fermi energy in the two materials. For the latter, I found 1.1
eV, which is a large value and comparable to that of LiC6. From the ESR linewidth,
I calculated the spin-relaxation time and found values at least one order higher than in
single-layer graphene, which I refer to as ultralong values. I suggest that these materials
might find applications in spintronics and energy storage. The results are published in
Ref. [O7].
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malized to the value at 295 K. Red triangles (N): heating (at the rate of 0.2
K/s), blue dotted squares (⟐): cooling. The concentration of unpaired elec-
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4.6 Temperature evolution of the 222 GHz HF-ESR spectrum of Li4C60. The mea-
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5.2 Raman spectra in the vicinity of the G mode of undoped, intermediately, and
fully doped SWCNTs with a laser excitation of λ = 488 nm. Upon intermediate
doping, the G− peak rapidly vanishes and the G+ peak shows an upshift of 10
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The dashed curve shows how the G+ mode shifts upon doping according to Ref.
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species are magnified with a given number to make the plots comparable. . . . 93

5.3 Raman spectrum of saturation potassium-doped SWCNTs. BWF and G denote
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5.11 In-situ potassium intercalation of SWCNTs. Steps marked with red color indi-
cate measurement steps, while green parts show intercalation steps proceeded
at 545 K. In the first step, the material clearly shows a semiconducting behavior
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6.5 ESR spectra of the investigated materials: a) SGN18 graphite powder, b) ultra-
sound treated, c) FLG obtained using shear mixer and d) magnetic stirrer. The
graphite powder exhibit a broad signal at g = 2.0148 with a width of 12.2 mT.
The US and the SM samples exhibit a Lorentzian shaped line at g = 2.0059
and g = 2.0082 with widths of 1.1 mT and 1.4 mT, respectively. The signal in
the ST material shows a characteristic uniaxial anisotropy at g = 2.0094 with
∆B = 1.2 mT. The sharp feature present in every sample is probably a defect
signal originates from the quartz tubes. . . . . . . . . . . . . . . . . . . . . . . 110

6.6 Microwave resistance of the few-layer graphene samples compared to SGN18
graphite powder (normalized at the value taken at 25 K. Insets are microscope
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ferent objectives). The different resistance of the graphene species can be ex-
plained with the different grain sizes (or morphologies) as a result of different
mechanical processing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

7.1 Raman spectra of in situ potassium-doped FLG starting from the undoped mate-
rial (top) towards saturation doping (bottom). Saturation intercalation is reached
after about 10 intercalation steps, which are described in the text. Note that
several steps are skipped in the figure that shows little or no change. Upon dop-
ing, the D mode quickly disappears in accordance with previous literature data
[227]. The 2D mode acquires some structure but it also disappears after further
intercalation steps. The G band splits into G1 and G2, whose origin is discussed
in the text. In the final, fully intercalated step, the G bands form a Fano-shaped
band [224] (discussed in Section 3.2) and the so-called Cz-mode is observed at
a Raman shift of ∼ 560 cm−1, similarly to Stage I graphite (KC8). . . . . . . . 114

7.2 Raman spectra of saturation potassium-doped ultrasound-prepared FLG and
SGN18 graphite powder. The fit with the method discussed in the text is shown
as a thick line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

7.3 Upper panel: Comparison of single-crystal graphite doped to Stage VI and FLG
doped to Step 5. The vertical line indicates the position of G2 line in the doped
FLG. A fit with two components (green and magenta) simulates well the doped
FLG signal. Lower panel: Simulation of the decomposition of the Raman spec-
trum of FLG doped to Step 5 as a mixture of a Stage III GIC doped and the un-
doped FLG material. The bottommost spectrum is the simulated curve shown
together with the Step 5 intercalated FLG (thus shown twice in the figure for
clarity). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

7.4 Position of the G1 (�, ♦, ◦) and G2 (�, �, •) Raman modes as a function of
the doping step in the investigated FLG species measured at 514.5 nm laser
wavelength. The ultrasound-treated material is shown with black, the shear-
mixed one is represented with red and the mechanically-stirred sample with
green color. The 0th doping step corresponds to the starting materials. Positions
are obtained through fitting the peaks with Lorentzian and Breit–Wigner–Fano
functions, transition between the two shapes is denoted with a vertical dashed
line. Relevant Gc modes of the potassium intercalated GICs are shown with
dashed-dotted lines: KC24, KC36, KC48, KC60 [223]. The error of the measure-
ment is represented with the size of the used symbols. . . . . . . . . . . . . . . 119
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7.5 Phonon frequency difference of the G2 (Gc) and the G1 (Guc) modes in SGN18
and in US-FLG at all measured wavelengths and for all doping stages. The
dashed blue line is the Stage III single crystal value from Ref. [223]. . . . . . . 120

7.6 Position of the 2D1 (�, ◦, 4) and 2D2 (�, •, N) Raman modes as a function
of the doping step (until they are observable at all) in the investigated FLG
species excited at a 514.5 nm laser wavelength. The ultrasound-treated mate-
rial is shown with black, the shear-mixed one is represented with red and the
mechanically-stirred sample with blue color. The 0th doping step corresponds
to the starting materials. Positions are obtained through fitting the peaks with
Lorentzian function. After about the third doping step, the two modes are in-
distinguishable, thus it is fitted with a single 2D mode. Relevant 2D (2D1 for
Stage IV-V-VI, 2D for Stage III; in higher stages this mode is absent) modes
of the potassium intercalated GICs are shown with dashed-dotted lines: KC36,
KC48, KC60, KC72 [223]; horizontal green lines correspond to the 2D modes of
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7.7 Proposed scheme of alkali doping for the FLG sample. a) Synthesis steps of the
starting FLG material. b) Illustration of the in-situ intercalation process. The
sample is a mixture of a few layers: moderate doping affects the flakes with
more layers (Steps 1−7) and higher doping steps (Steps 8−10) results in full
doping of all flakes including those consisting of entirely graphene monolayers. 122

8.1 Microscope images of the surface of the obtained intercalated materials made
with a 10× objective. Please note, that upon Li doping (left picture), bright,
yellowish-brown and bluish flakes appear, while upon Na doping (right picture)
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8.3 Raman spectra of the investigated materials recorded at 514.5 nm wavelength.
a) Undoped few-layer graphene prepared with DMSO solvent and ultrasound
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shaped line at 1510 cm−1 is dominating the spectrum. The D and 2D modes
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8.5 ESR spectra of the undoped, Li, and Na doped FLG samples at 230 K and 50 K.
Open symbols are the measured data, the fitted curve is represented with a con-
tinuous red line. Blue and green curves are the decomposition of the two com-
ponents present for every sample. In the undoped material two completely sym-
metrical peaks are observed. The origin of these is probably some remaining
contaminant and dangling bonds or lattice defects. In the intercalated species,
both lines are asymmetric. In the case of lithium, the narrow line exhibits a
stronger asymmetry, while for the sodium doping it holds for the broader one.
Furthermore, it is worth to mention that the lines in the lithium-doped sample
are more asymmetric in general. . . . . . . . . . . . . . . . . . . . . . . . . . 130

8.6 Temperature dependent spin susceptibility and linewidth. The undoped material
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8.7 Relative g-factor values compared to gundoped,narrow line,50 K = 2.0069, which
corresponds the narrow line of the undoped material at 50 K. Please note that
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cording to the Elliott–Yafet theory [53, 54]. . . . . . . . . . . . . . . . . . . . 133
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