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Abstract
In my thesis I concentrate on two topics. The main field of my research was two
dimensional organic conductors, but I also investigated Prussian Blue analogues.
Among organic conductors the layered κ-BEDT-TTF2 Cu[N(CN)2 ]X, X=Cl, Br crystals
are extremely two dimensional. In these materials I studied the two dimensional nature of spin transport, magnetic fluctuations and antiferromagnetic resonance. I used
electron spin resonance spectroscopy as the main method of investigation. I found
an extreme anisotropy of spin transport in both compounds at ambient pressure and
temperature. The spins do not hop to adjacent layers within their spin lifetime. The
interlayer hopping rate becomes more rapid under pressure, and two dimensionality of
the transport can be destroyed. The temperature dependence of the hopping rate correlates with the nature of the ground state. The hopping rate slows down with cooling in
the antiferromagnetic Cl compound while it becomes more rapid in the superconducting Br crystal. A striking anisotropy of the magnetic interactions was also identified in
κ-BEDT-TTF2 Cu[N(CN)2 ]Cl, from antiferromagnetic resonance experiments. Intralayer
interactions are six orders of magnitude stronger than the interlayer ones. Magnetic
fluctuations were observed well above the Néel temperature and they are independent
in adjacent layers which further signals extreme two dimensionality.
The Prussian Blue analogue RbMn[Fe(CN)6 ] · H2 O has a charge transfer transition
between the high temperature Mn2+ –Fe3+ and the low temperature Mn3+ –Fe2+ phases.
This can be induced either by changing the temperature or by illumination with visible
light, by X-rays or by application of external pressure. In the experiments on this crystal
ESR of the bulk was not found, only an ESR line from clusters surrounding defect sites
was observed, which are weakly coupled to the bulk. The lack of a bulk ESR signal
at high temperatures signalled that the electronic configuration at high temperatures is
not a pure configuration of Mn2+ and Fe3+ ions but has an admixture of Mn3+ and Fe2+
states of the low temperature phase.
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1 Introduction
My PhD work centers around two topics, the main part of the research is focused
on two dimensional charge transfer salts, namely κ-BEDT-TTF2 Cu[N(CN)2 ]X, X=Cl, Br,
while another part concentrates on a Prussian Blue analogue (PBA) , RbMn[Fe(CN)6 ] ·
H2 O.
The structure of my thesis is the following: after the introduction (Chapter 1), I will
describe the theory of the electron spin resonance method (Chapter 2), which will be
followed by explaining the techniques (Chapter 3), then I will collect the information
on the samples (Chapter 4). Afterwards I switch to the results, first the two dimensional
nature of spin transport in both the Br and Cl compound is studied (Chapter 6), and
then I extend this study to the full phase diagram by applying pressure (Chapter 7).
Later the effect of X-ray irradiation on spin transport is examined (Chapter 8), which is
followed by the study of antiferromagnetic oscillations in κ-ET2 -Cl (Chapter 9), and by
the investigation of antiferromagnetic fluctuations above the Néel temperature (chapter
10). In the last chapter of my thesis I will introduce my work on RbMn[Fe(CN)6 ] · H2 O,
which will be introduced and motivated there (chapter 12).
In this chapter I will give an overview on the physical properties of two dimensional
organic salts with more focus on the κ-BEDT-TTF2 Cu[N(CN)2 ]X, X=Cl, Br crystals.

1.1 Two dimensional organics
The interactions between electrons are responsible for a large number of collective
physical phenomena in solids, including superconductivity, ferroelectricity and magnetism. In strongly correlated materials electron–electron interactions are important
and they lead to correlations between particles. In low-dimensional systems electronelectron correlations are stronger. Many new phenomena occur in quasi-one- and
two-dimensional systems which are not observed in three dimensional systems, two
examples are charge density wave (CDW) or spin density wave (SDW) instabilities.
This thesis investigates two dimensional organic systems. The two dimensional crystal structure is mirrored in the physical properties of such systems. Organic systems
composed of large anisotropic molecules often have low dimensional band structure
because their physical properties are mainly determined by the overlap of the molecular
orbitals, which reflect the shape of the organic molecules. Organic two dimensional
systems also have the advantage of tunability, by small changes of the crystal structure,
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BEDT-TTF (S8C10H8)

Figure 1.1: Left: α, β anf κ arrengement of mulecules. Right: The BEDT-TTF molecule
in either eclipsed or staggered configurations of the ethylene groups. The
lower part of the figure shows the view along the long axis of the molecule,
adopted from [1].

or ”chemical engineering”. Another benefit of low dimensional systems is that for
many problems exactly solvable theoretical models are available while in the case of 3D
systems approximations are needed.
In this thesis I deal with organic charge transfer salts in which donor molecules
jointly donate an electron to the anion molecules. In two dimensional charge transfer salts donor molecules are arranged into layers. The molecular orbitals overlap
producing partially filled bands and the 2D sheet becomes conducting. BEDT-TTF
(bis-ethylenedithio-tetrathiafulvalene, C10 H8 S8 , from now on called ET) molecules are
typical building molecules of such crystals [2]. ET is a large planar molecule which
can be arranged in a variety of 2D structures separated by an anion layer. The ET
arrangements are assigned by Greek letters (α, β, κ) as shown in the left of figure 1.1.
Depending on the structure, the π orbital of the molecules can overlap and the crystal
can become conducting, but conductivity is strongly anisotropic. The interest in ET
based organic conductors is also triggered by the similarity of their phase diagram to
the high temperature superconductor cuprates [3, 4].
One of the motivations to study layered organics lies in there applications. One
purpose is to produce spintronic devices. Nearly independent conductivity or nearly
uncoupled magnetic order in each layer could be used in applications.

8

1.2 Overview of κ-BEDT-TTF2 Cu[N(CN)2 ]X, X=Cl, Br

Mab=90°
b
Layer A

Layer B

Mac=45°
Figure 1.2: Structure of κ-ET2 -X, X=Cl, Br. Left: Conducting ET layers are separated
by insulating Cu[N(CN)2 ]X, X=Cl or Br polymeric layers. ϕac is the angle
from a in the (a, c) plane, while ϕab is the angle from a in the (a, b) plane,
Right: Projection of layer A on to the (a, c) plane, showing the dimers. The
electronic overlap between the magnetically inequivalent A1 and A2 dimers
is typically 0.1 eV. The intra-dimer interaction is about three times bigger
then the inter-dimer ones. The dimers form a triangular lattice. The grey
lines are guides to the eye, highlighting a triangle. The exchange interaction
between A and B layers is three orders of magnitude smaller about 0.1 meV.

1.2 Overview of κ-BEDT-TTF2Cu[N(CN)2]X, X=Cl, Br
κ-BEDT-TTF2 Cu[N(CN)2 ]X (from now on κ-ET2 -X), X=Cl and Br have been in the
center of interest for decades due to their two dimensional behavior and their rich
phase diagram [5].κ-ET2 -X lie on the broader of the Mott metal-insulator transition.
The ground state of κ-ET2 -X, can be either metallic, superconducting or magnetically
ordered. In this section I first introduce the crystal structure of κ-ET2 -X crystals then I
switch to transport, magnetization and other properties of the crystal.

1.2.1 Crystal structure
κ-ET2 -X materials are highly anisotropic layered organic conductors [6, 7]. The conducting layers are built from ET donor molecules. The ET molecule was first synthesized
in the late 1970s by Mizuno et al. [8] and became the building block of many organic
charge transfer salts on the border of a metal-insulator transition. The ET molecule is
nonplanar, it is twisted at the central double C=C bond. The ET layers are separated
by insulating one-atom-thick anionic Cu[N(CN)2 ]X polymer sheets. In the so called κ
packing ET molecules are arranged into dimers, with one hole on each dimer site so the
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electronic band can be considered as half filled. The crystal can undergo a Mott metalinsulator transition due to this half filling and the strong electron-electron correlations
which are present in the low dimensional systems. The dimers are sitting on a triangular
lattice as shown in figure 1.2. This arrangement is magnetically frustrated, which can
lead to fascinating physics, like in the case of the spin-liquid κ-BEDT-TTF2 Cu2 (CN)3
[9, 10].
One unit cell of the crystal contains two neighboring ET layers, layer A and layer
B as shown in the left side of FIG. 1.2. In one layer there are 2 inequivalent dimers,
A1 and A2 in layer A and B1 and B2 in layer B (right side in FIG. 1.2). The crystals
are conducting because within a layer ET molecules are close to each other so their
molecular orbitals overlap. The crystal symmetry is orthorombic, the symmetry group
is Pnma . The alternating insulating and conducting layers lie in the a-c plane. The
parameters of the unit cell for the Cl compound are the following: | a | = 12.968 Å, | b | =
29.925 Å, | c | = 8.475 Å [11]. On the end of each ET molecule there are ethyline groups
(C2 H4 ), which may induce disorder in the system [1]. There are two degenerate ethyline
group orientations, they can be either staggered or eclipsed. At high temperatures the
ethyline groups oscillate between the two conformations. Below a certain temperature,
the groups ”freeze”, and order in the eclipsed conformation [12]. Ordering of the
ethyline groups can also influence the superconducting critical temperature [13]. Tc is
lower in rapidly cooled than in slowly cooled samples. The highest Tc is achieved in
samples annealed at 70 K as due to this annealing the ethyline groups order [14].
The separating anion layer can contain different anion molecules. In this thesis I will
examine κ-ET2 -X with Cu[N(CN)2 ]Cl and Cu[N(CN)2 ]Br anions. Change of the anion
molecule influences the physical properties of the crystal. Modifying the anion also
means a change in its size, which has effects similar to the variation of pressure. That is
why this change of the molecule is termed ”chemical pressure”.

1.3 Phase diagram
The similarity of the phase diagram of κ-ET2 -X salts and the high Tc superconducting
cuprates triggers an intensive research. In addition both systems have 2D crystal
structures. κ-ET2 -Cl has an antiferromagnetic ground state with a TN of 23 K [15],
while κ-ET2 -Br is supercondoctung with TC of 13 K. The superconducting crystals of
the κ family of ET salts have higher Tc than the α, β or θ salts. This higher transition
temperature makes it easier to examine them experimentally. Although changing the
Cl anion to Br is equivalent to the application of pressure as small as 30 MPa, the ground
state changes dramatically. Applying a few kilobars of pressure or chemical pressure
enables to explore the full phase diagram, shown in FIG. 1.3. At pressures above 0.5 GPa
the ground state is metallic.
As shown on the phase diagram (figure 1.3) κ-ET2 -Cl and κ-ET2 -Br are bad metals
at high temperatures, which means that the momentum free path is smaller than the
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Figure 1.3: Phase diagram of κ-ET2 -Cl. At room temperature the crystal is a bad metal,
while at intermediate temperatures insulating (Ins.) and metallic phases
exist depending on the external pressure. The ground state is antiferromagnetic (AF) at low pressures while it is superconducting between 0.03 GPa and
0.5 GPa while it becomes metallic above 0.5 GPa. The dotted line signals the
first order insulator-metal transition which ends at 38.1 K as the transition
changes to a crossover.

typical molecular distances. Decreasing the temperature there is a bad metal – insulator
transition in the Cl compound followed by the antiferromagnetic ground state. On
the other hand, in the Br compound by decreasing the temperature we first reach the
metallic and then the superconducting ground state.
The phase diagram was studied in detail by susceptibility, NMR and transport measurements [5, 16, 17]. Lefebvre et al. [5] were the first to show that the metal-insulator
transition is first order below a critical pressure, Pc and a critical temperature, Tc . Below
these critical values a hysteresis was found in the ac susceptibility. Above Tc there is a
smooth crossover with increasing pressure from a semiconducting to a metallic state.
Limelette et al. [16] and later Kagawa et al. [17, 18] extended this study by transport
measurements. In figure 1.5 a 3D plot of transport measurements is shown. At the
critical temperature and pressure Tc and Pc are defined where the pressure derivative
of the resistance diverges. A critical pressure of Pc =23.2 MPa and a critical temperature,
Tc =38.1 K were determined in κ-ET2 -Cl.
The metal insulator transition shown on the phase diagram can be understood in the
Mott picture [19]. Since ET molecules are arranged into dimers with one hole on each
dimer, the electronic structure can be considered as half filled. The Mott transition is
introduced briefly in section 1.6.
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UA U #

NͲ(BEDTͲTTF)2CuN(CN)2Cl

Figure 1.4: Resistivity of κ-ET2 -Cl
 as a function of temperature on a semilog scale. ρ⊥
is the inter-plane while

 ρk is the inplane

 resistivity. Graph is adopted from
reference [23].

1.4 Magnetic properties
To describe the magnetic properties of κ-ET2 -X the following Hamiltonian is needed:
H=J

X

<i, j>

Si · S j + gµB

X
i

Si · Hi +

X

<i, j>

Di j (Si × S j )

(1.1)

Here J is the isotropic exchange interaction, Si is the spin operator, Hi is the external
magnetic field at site i and Di j is the Dzyaloshinskii-Moriya (DM) vector. The isotropic
exchange interaction is about 450 T [20], and the DM interaction is approximately 3.7 T
[21]. This Hamiltonian consists of the exchange, the Zeeman and the DM term. The
anisotropy term is neglected.
The DM interaction is the antisymmetric exchange interaction, it can arise if there is
a lack of inversion symmetry. The DM interaction prefers neighboring spins to align
perpendicular to each other. Thus the Dzyaloshinskii-Moriya vector gives rise to a
weak ferromagnetism [22] in an antiferromagnet such as κ-BEDT-TTF2 Cu[N(CN)2 ]Cl.
In κ-BEDT-TTF2 Cu[N(CN)2 ]Cl the DM vector has a different orientation in adjacent
layers.

1.5 Transport properties
The strongly anisotropic resistivity reflects the layered crystal structure of κ-ET2 -Cl
and κ-ET2 -Br. For the Cl compound both the intra- and interlayer resistivities are
shown in graph 1.4. The resistivity anisotropy in the Cl compound is about 100 in
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the measurement shown in graph 1.4. At room temperature it is similar in the Br
sample as well. Other resistivity measurements also found a resistivity anisotropy in
the range of 100 to 1000 [7, 6, 16, 12]. The discrepancy in the values of anisotropy in
literature is caused by the difficulty of the experiment. In such an anisotropic material
it is hard to measure the in-plane resistivity (ρk ), because it is always mixed with interplane resistivity (ρ⊥ ). At room temperature both compounds can be considered as bad
metals, as the mean free path is shorter than the inter-molecular distances. The room
temperature resistivity values are the following: ρk ≈ 1 Ωcm, ρ⊥ ≈ 100 Ωcm. Under
cooling the two compounds behave differently. As κ-ET2 -Cl approaches below 50 K
the bad metal-insulator transition, its resistivity starts to increase. On the other hand in
κ-ET2 -Br the resistivity first increases and has a maximum atabout 50 K then it decreases
and drops to zero below the superconducting transition at 13 K. The maximum in the
resistivity can be understood by mean field theory, which will be briefly discussed
in section 1.12. To explore the full phase diagram under pressure in plane transport
measurements have also been done [16, 17] as shown on graph 1.5. In the graph the
insulator-superconductor transition is well observable at the pressure of 24 MPa, and
the metal insulator transition is also easily seen. I analyzed this in more detail in section
1.3.

1.6 Mott metal-insulator transition
The Mott metal-insulator transition plays a vital role in κ-ET2 -X systems, which lie just
on the border line of the transition.
In the band picture crystals with partially filled electronic bands, like the half-filled
κ-ET2 -X crystals, should be metals. Electron-electron correlation can change this simple
assumption. This behavior is understood in the Mott-Hubbard model [19], summarized
by the following Hamiltonian.
H = Hband + HU = −t

XX

(c+jσ clσ + c+lσ c jσ ) + U

< j,l> σ

X

n j↑ n j↓

(1.2)

j

Here < j, l > stands for first neighbor summation, σ assigns the spin index, while c+jσ
and c jσ are the creating and annihilating operator respectively. Thus c+jσ (c jσ ) creates
(annihilates) a localized state on the j-th lattice position with σ spin and ϕ(r − R j ) atomic
wave function. HU is called the interaction term and it arises from the interaction of
electrons localized on the same site. U is defined by the following integral:
U=

Z

dr1

Z

dr2 |ϕ(r1 − R j )|2

e2
|ϕ(r2 − R j )|2
r1 − r2

(1.3)

where e is the charge of an electron and R j is the position of the j-th atom.
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Figure 1.5: Resistivity as a function of pressure and temperature of κ-ET2 -Cl. Graph
adopted from REF. [17]

Hband describes the kinetic energy of the electrons. If V(r) is the atomic potential then:
t=−

Z

drϕ∗ (r − R j )V(r − Rl )ϕ(r − Rl )

(1.4)

In this picture the Mott-Hubbard transition is easy to understand for a half filled
band. In the U >> t limit, putting two electrons on one site costs the energy of U so at
0 K there is one electron on every site so even though the band is half-filled the material
becomes an insulator.
In fact the Mott-Hubbard transition can be reached either by controlling the bandwidth or the band-filling. The bandwidth is directly related to t, by increasing t the
insulator-metal transition is reached. In this simple picture the band has to be half-filled
for an insulator. So if we change the band filling even a little there is a transition from
an insulator to a metal. In reality the phase diagram is more complicated, a crystal can
become an insulator not only at half filling. Still, by tuning the band-filling one can
control transition.
In organics like κ-ET2 -X the typical way to control the Mott-Hubbard transition is by
changing the bandwidth. Softness of the lattice enables the control of the band width
easily by small physical and chemical pressures while the band-filling is unchanged.
Another non-trivial way to induce the Mott transition is by changing the frustration
in the system. κ-ET2 -X has a triangular lattice structure, where frustration plays an
important role in the stability of the ground state. Thus even at fixed bandwidth and
band-filling transition can be achieved by varying the frustration in the system [24].
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M1

MF

MϮ
MST

Figure 1.6: The M1 and M2 magnetizations are tilted even at 0 K due to the
Dzyaloshinskii-Moriya interaction. The graph shows the small canted ferromagnetic momentum, MF and the staggered magnetic momentum MST

1.7 Previous ESR measurements
κ-ET2 -X has been already investigated by electron spin resonance (ESR). Most of the
studies were done at low frequency in a low magnetic field setup, but there has been
also some high field pulsed ESR studies.
The previous high field measurements on κ-ET2 -Cl concentrated on the antiferromagnetic resonance. Pulsed ESR experiments were performed in the 50-383 GHz frequency
range by Ohta et al. [25, 26], which will be briefly discussed in chapter 9.
Low field ESR studies were also done, they explored the g-factor, and the line width
anisotropy of several κ type ET systems [27, 28]. The measured high temperature gtensor could be well described based on the g-tensor of the individual ET molecules
and by taking into account the packing arrangement. The g-factor is the largest along
the long molecular axis while it is the smallest perpendicular to it.

1.8 NMR investigations
Nuclear magnetic resonance (NMR) measurements helped to understand the magnetic
ground state of κ-ET2 Cl. Both 1 H NMR [29] and 13 C NMR were performed [20, 30].
The 1 H NMR has some disadvantages over the 13 C NMR measurements. 1 H is more
influenced by the ethylene groups sitting at the end of the molecules than the 13 C nuclei,
and this effect can be so strong that it hides every other electronic contribution. Another
problem with 1 H NMR is that 1 H hyperfine coupling to the conduction electrons is small
so that the Knight shift cannot be resolved, while the central 13 C atoms have a stronger
coupling to the electrons. Nevertheless, first 1 H measurements were performed because
for 13 C NMR, 13 C-isotope-labeled ET molecules needed to be synthesized.
Miyagawa el al. performed 1 H NMR experiments in κ-ET2 Cl [29]. The temperature
dependence of the nuclear relaxation time, T1 was examined. They found that at
high temperatures, above 200 K, the 1/(T1 T) of 1 H NMR is strongly increasing with
increasing temperature which is caused by relaxation induced by the thermal motion of
the ethylene groups. At intermediate temperatures 1/(T1 T) is roughly constant, while
there is a strong peak at 26 K which signals the AF transition. 13 C NMR studies revealed
the structure of the antiferromagnetic groundstate, through analyzing the that Knight
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Figure 1.7: Magnetization of κ-ET2 -Cl. Left: Magnetization in 0.1 T magnetic field.
Right: Magnetization in 1 T magnetic field. Graph adopted from ref. [29].

shifts. The detailed structure will be discussed in chapter 9.
13

C NMR observes fluctuations at higher temperature in both κ-ET2 Cl [31] and in
κ-ET2 Br [32, 33] which can be suppressed by pressure or magnetic field. I will study
magnetic fluctuations in chapter 10.

1.9 Weak ferromagnetism
The high magnetic temperature susceptibility is similar in all κ-ET2 -X compounds while
at low temperatures it becomes system dependent. The Br compound becomes a
superconductor below TC =13 K and the Cl one orders antiferromagnetically at 23 K.
The groundstate of κ-ET2 -Cl is not a simple Néel order. There is a canted ferromagnetic
momentum caused by the Dzyaloshinskii-Moriya interaction shown in graph 1.6 [22,
29, 34]. The high temperature susceptibility of both compounds is nearly constant, there
is a small maximum around 100 K. The room temperature susceptibility is in the range
of 4∼5 · 10−4 emu/mol [27].
Magnetization measurements by Miyagawa et al. in 0.1 T and in 1 T magnetic
fields on a single crystal are shown in figure 1.7 for κ-ET2 -Cl. A strong anisotropy
is observed at low temperatures. There is an increasing magnetic moment below the
antiferromagnetic transition when the magnetic field (H) is parallel to the (a − c) plane
which is suppressed when H⊥(a − c). The strong anisotropy of the magnetization is
caused by a canted magnetic moment. The anisotropy decreases in stronger magnetic
fields but is still well pronounced in 1 T.
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1.10 Superconductivity
κ-ET2 Br is a superconductor below 12 K [7]. The nature of the superconducting groundstate has been investigated for decades, but is still debated [35]. Even the pairing symmetry of the ground state is not well established. There are two competing opinions
such as strong coupling s-wave [36, 37] superconductivity and d-wave pairing [38, 39].
One of the main reasons κ-ET2 -Br is in the focus of attention is the similarity of its phase
diagram to cuprates and the hope to understand high temperature superconductivity.
Despite the long investigation of the superconductor κ-ET2 -Br, there are still many
open questions, I will not study superconductivity in detail in this PhD. The main
reason is that there is no ESR signal in the superconducting state in κ-ET2 -Br.

1.11 Band structure
The physical properties of a conducting crystal is determined by the band structure and
the Fermi surface. The quasi two dimensional nature of the Fermi surface of κ-ET2 -X is
reflected in the transport and other measurements. The Fermi surfaces of these crystals
contains closed, quasi-2D pockets and open 1D sheets. Even though most physical
properties can be described with a 2D model at low temperatures, 3D interactions also
play a crucial role, since neither superconductivity nor antiferromagnetism exists in a
simple 2D model at finite temperatures.
The band-structure of numerous κ-ET salts are similar [40, 41, 42, 43], it is determined
by the overlapping π orbitals of the ET molecules. There are, however, differences which
are responsible for the variations in the conducting properties. In the Br compound
there are two conduction bands which partly overlap and thus the system is metallic.
While in the Cl material in the AF phase the two bands are split and a gap opens
which leads to the insulating behavior [42]. Dynamical mean field (DMFT) calculations
described in the next section are in agreement with these results.

1.12 Mean field approximations
The mean-field theory qualitatively reproduces the phase diagram of κ-ET2 -Cl and
the temperature dependence of the resistivity [45]. Mean-field description is a simplification of the otherwise complicated and unsolvable Hamiltonian. It associates the
Hamiltonian with single-site effective dynamics [44, 45, 46], thus it describes systems
in the thermodynamic limit.
In dynamical mean field theory (DMFT) one calculates the density of states (DOS) as
a function of temperature, on-site Coulomb interaction, U and the kinetic term t. The
increase of pressure is similar to an increase of U/t.
The calculated DOS is shown in figure 1.8 at different temperatures both for a metalic
system (left side) and for an insulating system (right side). The calculations were
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Figure 1.8: The DOS calculated with DMFT method on half filled triangular lattice. The
critical value of U/t is 12. Left: The DOS for U=10t at different temperatures.
As the temperature is lowered a sharp Kondo resonance develops at ω=0.
The system is metallic. Right: The same for U=14t. A Mott gap has opened
at T=0.5t. The system is insulating. Graph adopted from ref. [44].

done for a half filled triangular lattice. The critical value of U/t=12 was calculated by
Aryanpour et al. [44].
κ-ET2 -Cl is insulating at ambient pressure, thus U/t is large. The temperature dependence of the DOS is similar to the one shown in the right side of figure 1.8. At
low temperatures there is gap in the spectrum, thus there are distinct bands. With
increasing temperature the gap disappears, but a dip remains in the spectral density
ant the crystal becomes semiconducting. κ-ET2 -Br or κ-ET2 -Cl under small pressure has
a metallic (superconducting) groundstate, U/t is smaller than the critical value. At low
temperatures a coherent peak appears between the Hubbard bands which is smeared by
increasing temperature (left side of FIG: 1.8) and the system transforms from a normal
metal to a semiconductor. If we apply higher pressure to κ-ET2 -X the coherent peak
persists and the semiconducting state is ”skipped” the crystal becomes a bad metal at
high temperatures. Thus DMFT describes well the phase diagram. Limelette et al.[16]
compared results of the DMFT calculations with the temperature and pressure dependence of the resistivity of κ-ET2 -Cl measured at pressures above Pc . They found a good
agreement between experiment and theory. An increase of the bandwidth from 0.35 eV
at 0.3 kbar to 0.5 eV at 10 kbar and a constant U=0.4 eV fit well the data. The numerical
comparison is restricted to P > Pc , where the ground state is metallic.

1.13 Motivation
During my PhD studies I have performed electron spin resonance experiments on
κ-ET2 -X, X=Cl,Br. The main motivation of this work lies in the rich phase diagram
of these crystals and in the persisting open questions. Although these materials are
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in the center of attention for more than thirty years, the role of interlayer interactions
and the nature of the superconducting groundstate is still not understood. The main
question addressed in this thesis is the strength of the two dimensional nature of these
systems. Although in both compounds 3D interactions might play an important role in
the development of the groundstate, most theories describing these materials neglect
interlayer interactions.
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2.1 Basics of electron spin resonance method
Most of the work described in this thesis was done by electron spin resonance. It is a
powerful tool to examine organic conductrors or magnetic systems. In the following I
give a brief introduction to the basics of ESR.
The equation of motion of an electron in a magnetic field B is
dJ
=µ×B
(2.1)
dt
where J is the total angular momentum and µ is the magnetic moment of the electron.
The magnetic dipole moment is proportional to the angular momentum and their ratio
is γ. So: µ = γJ.
Using the equation of motion we can calculate the frequency of precession of an
electron in a magnetic field: ωl = γB. In an external field the energy levels split due
to the Zeeman effect, lets assume that the external field is in the z direction, then the
energy levels are
E = γBJz
(2.2)
Here Jz is the projection of the total momentum in the z direction.
The ESR method is based on the fact that if we apply a perturbating magnetic field
in the direction perpendicular to the external field with the frequency ωl then there is a
resonant absorbtion.
Lets assume the perturbating magnetic field is much smaller than the external field,
it is in the x direction and it has a time dependence: Bx (t) = Bx eiωt . The electrons in the
magnetic field B and perturbating field Bx absorb energy and go to a higher Zeeman
level. They can also loose energy through relaxation processes and fall back to the
groundstate. The relaxation process in which they loose their energy is the so called
spin-lattice relaxation.
To understand the spin lattice relaxation in somewhat more detail it is convenient to
examine an S=1/2 spin. In this case there are two Zeeman levels corresponding to the
1/2 and −1/2 spins. Lets denote the number of spins on the corresponding energy levels
with N1/2 and N−1/2 . Thus the excess of electrons at the higher level: n = N1/2 −N−1/2 . Lets
denote the transition probability per second between the energy levels with W−1/2→1/2
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and W1/2→−1/2 . For processes for which W−1/2→1/2 = W1/2→−1/2 = W holds then
∂n
= −2Wn
∂t

(2.3)

For transitions which arise because spins are coupled to another system (to the lattice)
the two transition probabilities are not equal
∗
∗
W−1/2→1/2
= e(γ~B)/kT W1/2→−1/2

(2.4)

Lets introduce the spin lattice relaxation time T1 .
∗
∗
(T1 )−1 = W−1/2→1/2
+ W1/2→−1/2

In equilibrium:
n=

n0
1 + 2WT1

(2.5)

(2.6)

where n0 is the population difference in thermal equilibrium.
If we take both kind of processes into account:
∂n
n0 − n
= −2Wn +
∂t
T1

(2.7)

During experiments we measure the absorbed energy, which is:
∂E
W
= n~ωW = n0 ~ω
∂t
1 + 2WT1

(2.8)

When T1 is short the absorbed energy is proportional to W which is proportional to the
square of the perturbating field Bx Apart from T1 there are other relaxation mechanism.
We can introduce the spin-spin relaxation time T2 which describes the relaxation in the
x and y direction. The change of magnetization in the x − y plane doesn’t change the
energy so this relaxation is not similar to the spin lattice relaxation.
Using these relaxation times the system can be described by the following Bloch
equations [47]:


δM 
= 
δt


Mx
T2
M
γ(M × B) y − T2y
z
γ(M × B)z − M0T−M
1

γ(M × B)x −








(2.9)

Solving this linear equation system, we can calculate the magnetization which allows
us to determine the dynamic susceptibility:

χ = χ′ − iχ′′
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(2.10)

2.2 Conduction electron spin resonance

χ′ = χ0
χ′′ = χ0

1
1 + (T2

)2 (ω

0

− ω)2

ω0 − ω
1 + (T2 )2 (ω0 − ω)2

(2.11)
(2.12)

Where χ0 is the static susceptibility.
We can distinguish different type of electron spin resonances like:
a) ESR of localized electrons: electron paramagnetic resonance (EPR)
b) ESR of conducting electrons: conduction electron spin resonance (CESR)
c) ESR of strongly coupled electrons: the collective resonnace of strongly coupled
electrons can lead to ferromagnetic resonance (FMR) or antiferromagnetic resonance
(AFMR)
In this thesis I will discuss the CESR and AFMR of κ-ET2 -X so in the following I will
introduce these two type of resonances in a bit more detail.

2.2 Conduction electron spin resonance
In a metal normally the conduction electrons strongly overlap and have a joint g-factor
tensor. The common resonance of these electrons is called conduction electron spin
resonance (CESR). CESR was first observed by Griswold at al. in 1952 [48], a few
years later Dyson [49] developed a theory to understand the properties of the lineshape
and g-factor of CESR. The CESR differs strongly from EPR (electron paramagnetic
resonance) because it is not measured on localized ions. The conduction electrons
map the whole crystal and the CESR is one motionally narrowed line. The linewidth
becomes narrower with better conductivity. The suscepibility of CESR is proportional
to the density of states and otherwise it is temperature independent. This is the so
called Pauli susceptibility: χP = 1/4 · g2e µ0 µ2B ̺EF , where ̺EF is the density of states at the
fermi surface, ge is the electron g-factor, µ0 is the magnetic permeability of the vacuum
and µB is the Bohr magneton.

2.3 Antiferromagnetic resonance
Since κ-ET2 -Cl is an antiferromagnet at low temperatures, AFMR (antiferromagnetic
resonance) experiments important to characterize the system. An antiferromagnet is an
example of a system of strongly coupled electrons in which we can observe a collective
resonance. We can describe an antiferromagnet with at least two magnetic sublattices.
In antiferromagnetic resonance resonant vibrations are excited in the magnetization
vectors of the sublattices. The theory of antiferromagnetic resonance was first described
by Kittel in the early 1950-s [50, 51].
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In this part of the thesis I introduce antiferromagnetic resonance in the presence of
the Dzyaloshinskii-Moriya (DM) interaction. DM interaction is the antisymmetric part
of the exchange interaction which only exists when there is no inversion symmetry
in the crystal. The vector characterizing the antisymetric DM interaction is D. The
energy associated with two magnetization vectors (M1 and M2 ) and D is: EDM =
D · (M1 × M2 ). This interaction destroys the perfect antiferromagnetic groundstate even
at 0 K and introduces a canted ferromagnetic momentum. To calculate the resonance
mode in general we first have to calculate the equilibrium magnetizitaion (M, with the
magnitude M0 ) from the free energy F.
1
1
F = −B(M1 + M2 ) − λM1 M2 + D(M1 xM2 ) + K′ (M21y + M22y ) + K(M21z + M22z )
2
2

(2.13)

Where K and K′ are anisotropy constants and λ describes the strength of magnetic
exchange interaction. From the free energy we can also derive the equations of motion
and than assuming small deviation from the equilibrium it is possible to calculate the
eigenfrequencies [52, 53, 54].
When the external field B is perpendicular to the easy magnetization direction the
eigenmodes are approximetly [52]
ωα /γ =
ωβ /γ =

q
q

DM0 (H + DM0 ) + (KλM20 )
H(H + DM0 ) + (K′ λM20 )

We denote by α and β the continuation of these modes as the magnetic field angle is
varied. Of course if we assume that | D |=0 we get back the usual AFMR modes. The
main change induced by the DM vector is a strong angular dependence of the α mode.
When H k D the frequency of this mode approaches 0 so the resonance field diverges.
In a handwaving model this mode corresponds to a resonance of M1 and M2 in a nearly
equienergetic plane where EDM = D · (M1 × M2 ) = 0. In the case when H ⊥ D, ω is
bigger and the resonance is observable if |D| is big enough. κ-ET2 -Cl is a perfect crystal
to study AFMR because in a general magnetic field orientation uniquely both resonance
modes are observable. From analyzing these resonance modes we can determine the
main magnetic parameters (such as D, λ, K and K′ ) describing the crystal.
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The measurements were done on high frequency electron spin resonance spectrometers
(ESR) either in Budapest at BME in the high field ESR laboratory or in Lausanne at EPFL.
The two spectrometers have similar designs but in the next section I will introduce the
spectrometer at BME. Some differencies are that in Budapest in situ rotation of the crystal
around a single axis is possibe while at EPFL higher frequencies are available (210 GHz,
315 GHz and 420 GHz). For under pressure measurements an oil filled clamp pressure
cell was used, with which we can reach pressures up to 1.6 GPa at room temperature,
during cooling to 4 K a pressure loss about 0.2 GPa appears. The spectrometer setups
are discussed in some articles [55, 56, 57], but I also give a brief introduction here.

3.1 High field ESR spectrometer
The available microwave frequencies at BME are: 75 GHz, 111.2 GHz, 150 GHz and
222.4 GHz. Of these the 222.4 GHz (150 GHz) is reached by doubling the 111.2 GHz (75
GHz) sources. The 111.2 GHz and 222.4 GHz source have much higher intensity. This
high field ESR spectrometer is different from the conventional ones since it is not based
on cavity techniques.
The block diagram of the spectrometer is shown in figure 3.1. The microwaves are
produced by a high stability 13.9 GHz source which is followed by several frequency
doublers. The microwaves first reach a quasi optical bridge, which contains a beam
splitter (not shown), which divides the microwaves into two parts. One gets directly to
the detector serving as a bias, while the other part goes through the sample, reflects back
from the adjustable mirror, goes through the sample again and reaches the detector. In
the quasi optical bridge there are several optical elements, serving higher accuracy,
eliminating standing waves and giving more control of the experiments.
During measurements the sample sits in a probehead. In the probehead there is a
Cernox temperature sensor and a 50 W heater with which we can accurately control
the temperature of the sample. The microwaves propagate in a corrugated wave guide
within the magnet until it reaches the probehead. The corrugation is optimized for
222.4 GHz and serves to obtain a better signal to noise ratio. At the bottom of the
probehead, below the sample there is an adjustable mirror, which can be moved with
a screw with a pitch of 0.5 mm, thus its position can be easily modified by ∼ 0.05 mm.
The purpose of this mirror is to maximize the microwave magnetic field on the sample
and thus the signal. The adjustment steps have to be in the range of the tenth of
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Figure 3.1: Simplified block diagram of the high field spectrometer setup at Budapest
University of Technology and Economics. The microwave radiation is emitted from the microwave source (1), passes through the quasi optical bridge
(2) and enters the probe head, through a corrugated wave guide (4) and after
passing through the sample (5) it is reflected from a mirror at the bottom
of the probehead and finally, after adding to the reference signal it reaches
the detector (3). The measurement is computer (11) controlled. The PC is
directly connected to the lock-in (9) and to the magnet (6) power supply (10).
The lock-in drives the modulation coil (7) through the U-I converter (8).

the wavelength, which is easy to reach even at the highest (222.4 GHz) frequency. The
probehead and the sample sits in a sample area which is separated from the VTI (variable
temperature inset). The VTI is surrounded by vacuum outside, the high homogeneity
(10−5 /cm3 ) superconducting magnet is in liquid helium. This helium kettle is also
separated from the surroundings by vacuum nitrogen and vacuum again. To control
the temperature we use a capillary to flow liquid helium from the magnet to the VTI.
The heat contact between the sample space and the VTI is achieved by filling helium
gas in the sample area. Measurements are possible between 2 K and 340 K.
All steps of the measurement are controlled and programmable by a computer. The
magnet sweeping speed is freely adjustable, with the maximum rate of 1 T per minute.
The modulation coil is inside the probehead, and the available maximum peak to
peak modulation is about 8 mT (depending on the coil used). The frequency and the
amplitude of the modulation is driven by the lock-in through an U-I converter.
The ESR spectrum is proportional to the dynamical susceptibility. The spectrum
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Figure 3.2: Left: Simplified cross section of the clamped-type piston cylinder pressure
cell for high-frequency ESR measurements [57], the microwave enters from
the waveguide through a diamond window, on which a ruby chip is attached
as a pressure reference. The pressure cell is filled with Daphne oil 7373
and the pressure can be adjusted by moving the piston. The end of the
piston also serves as a mirror. Right: Temperature dependence of pressure
inside the pressure cell using Daphne 7373 oil as pressure medium. The
pressure was determined using an InSb-resistance pressure sensor. Each
curve corresponds to initial pressures of 0.13, 0.54, 0.81, 1.05 GPa at 300 K.
The data in this figure are taken from ref. [58]. The pressure drop decreases
with increasing pressure, and it is about 0.2 GPa if the ambient temperature
pressure is ∽0.5 GPa.

is measured as a function of magnetic field, while the microwave frequency is fixed.
The fixed microwave frequency has an advantage compared to the fixed magnetic field
because it employs a high stability microwave source for accurate detection. To increase
the sensitivity phase sensitive lock in detection is used.

This high field high sensitivity spectrometer enables to investigate new problems
which are impossible to treat at lower magnetic fields. The topic of this dissertation is
one example for that. The sensitivity of the ESR spectrometer is about 1014 spin/tesla/sec
which is similar to the commercially available cavity based low field setup.
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3.1.1 Rotation of the sample
Within the probehead it is possible to rotate the sample along a single axis perpendicular
to the external field, allowing to accurately adjust the direction of the crystal or perform
direction dependent measurements. Prior to the experiments the sample is positioned
on the rotation axis under a microscope. The plane of the measurement can be fixed
with an accuracy of 5◦ .

3.1.2 Pressure cell
In the spectrometer described sofar the way to explore a phase transitions is by changing
the temperature. Much more detailed study of the phase diagram can be achieved by
applying external pressure. The pressure cells used at BME and at EPFL [56] have
the same design, so the following description is valid for both setups. The maximum
pressure can be reached is 1.6 GPa. This is a high enough pressure to study the full
phase diagram of κ-ET2 -X, X=Cl, Br.
The microwave source and the quasioptics are the same as for the ambient pressure
measurements, and they were discussed in subsection 3.1. For measurements under
pressure we simply replaced the ambient pressure modulation coil with the pressure
cell which is attached to the bottom of the corrugated waveguide. The schematic
diagram of the pressure cell is shown in graph 3.2. The cell has a cylindrical shape
and is made of BeCu which is non-magnetic and does not deform even at 1.6 GPa.
The modulation coil is wrapped around the cell, which causes difficulties. At the
usual modulation frequencies of 20 kHz the modulation does not enter the cell due to
the ahort skin depth. Thus for under pressure experiment low modulation frequencies
have to be used in the order of 300 Hz which lower the signal to noise ratio because of the
characteristics of the detector. The opening window of the pressure cell is a Poulter-type
microwave-transparent diamond window with the diameter of 1.5 mm. This diameter
allows the use of the setup at the following frequencies: 222.4 GHz (BME), 210 GHz,
315 GHz and at 420 GHz (EPFL). The diamond window is also transparent to visible
light so the pressure inside the cell can be measured by ruby-fluorescence technique
[59, 60, 61]. A small ruby chip is fixed to the inner surface of the diamond window and
a green, λ = 514.5 nm, laser light excites the transitions within the ruby Cr3+ electronic
manifold, which gives rise to the red fluorescence around λ = 694 nm. The fluorescence
line shift of 0.35 nm/GPa [59, 60, 61] under pressure, is used for pressure calibration at
room temperature. The inside of the cell is filled with Daphne oil 7373 which is a well
characterized pressure-transmitting fluid. The most important characteristic of the oil
is the pressure drop under cooling which is shown in the right side of figure 3.2. In the
diagram the pressure versus temperature is shown for a few pressures. The pressure
drop under cooling 300 K to 4 K is about 0.2 GPa for a room temperature pressure of
∼0.4 GPa, and has to be taken into account when evaluating the results. The pressure
can be increased within a cell by pushing the piston. The piston acts also as a mirror
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during measurements, thus unlike in ambient pressure experiments it is impossible to
maximize the signal by moving the mirror.

3.2 Low field ESR spectrometer
Even though the main method used during my thesis is high field ESR, throughout
my work I used low field measurements as a complementary technique. I utilized two
spectrometers which have similar design. One is at the Chemical Research Center of
the Hungarian Academy of Sciences (KKKI) and the other is at the École Polytechnique
Fédérale de Lausanne (EPFL). The setup at EPFL has the advantage that cooling of the
sample is possible down to 5 K. These spectrometers operate at the frequency of 9.4 GHz
(∼ 0.34 T) and are commercially available. The setups are great for fast characterization
of the sample. The signal to noise ratio of these spectrometers is similar to the high
field devices, inspite of the much smaller magnetization in the lower magnetic fields.
This is achieved by a resonant cave which has a Q factor about 5000 (depending on the
sample). Similarly to the high field setup, rotation of the crystal around a single axis is
possible in these spectrometers.

29

4 Samples
I measured on several κ-ET2 -Cl and κ-ET2 -Br single crystals. In this chapter I summarize
the method of crystal growing and crystal preparation. I also collect in a table the various
crystals used.

4.1 Crystal growing
κ-ET2 -Cl and κ-ET2 -Br single crystals with typical dimensions of 1×1×0.2 mm3 were
grown by standard electrochemical methods [62, 40, 63]. Platinum electrodes were
used for electro-chemical oxidation. For the crystals grown at BME, the electrolytic
cell was placed in an additional temperature regulated argon gas chamber to prevent
oxygen and water contamination. The crystal shape differed in different batches, a
rod like κ-ET2 -Cl crystal is shown on the right of figure 4.1. In the rod like samples
the b crystalographic axis was parallel to the long axis of the crystal. In other plate
like crystals b was perpendicular to the plane of the sample. The quality of several
single crystals were verified by X-ray diffraction, twinning was excluded. The X-ray
diffractogram on TEKCL2 sample is shown on the left side of figure 4.1.

4.2 X-ray irradiation
In the section 8 I show experiments done on crystals which were irradiated with X-rays.
The samples were irradiated at room temperature by using a nonfiltered tungsten target
at 40 kV and 20 mA by the group of T. Sasaki (Sendai University). The dose rate was
approximately 0.5 MGy/h [64, 65]. For these measurements I used one X-ray irradiated
sample: TEKCl102 which was a sample grown by F. Fülöp an E. Tátrai. Following ESR
measurements the sample was irradiated thus the total irradiation time increased. The
total irradiation times used were: 90 hours, 180 hours, 360 hours and 720 hours.

4.3 Samples used
4.3.1 κ-ET2 -Cl samples
First I tabulate the κ-ET2 -Cl crystals used for different measurements: Most of the
crystals investigated were grown by F. Fülöp and E. Tátrai at BME: they are named:
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Sample name

Details/Measurements

Measurement date

TEKCL1

9.4 GHz, 111.2 GHz, 222.4 GHz, 420 GHz
temperature dependence and AF rotation

2008/01-2008/03

TEKCL3

9.4 GHz

2008/02

TEKCL5

Magnetization

2008/03

TEKCL7

AF rotations

2008/01-2008/04

TEKCL8

AF rotations and pressure dependence

2008/01-2008/03

TEKCL9

9.4 GHz

2008/01-2008/03

TEKBR3 4

named Br accidently, temperature dependence of ν⊥

2010/03-2010/04

to much impurity at 9.4 GHz

2008/05

TE2KCL2

250 K rotation 111.2 GHz and 222.4 GHz

2010/09

TE2KCL3

transport

TEKCL102

X-ray irradiation

2010/09-2011/03

NKG6

250 K rotation and temperature dependence in b direction

2008/01

NATETCL1

temperature dependence of ν⊥

2010/09-2010/10

TE2KCL1

Table 4.1: κ-ET2 -Cl sampes used during my thesis
TEKCL1, TEKCL3, TEKCL5, TEKCl7, TEKCL8, TEKBR3 4 (by mistake), TEKCl102 (
They were taken of the electrode at 2007.12.20) TE2KCL1, TE2KCL2.
We got some samples from Nataliya Kushch. There were two batches, from both I
used one sample: 1st batch: nkg6 2nd batch: NATETCL1
The κ-BEDT-TTF2 Cu[N(CN)2 ]Cl samples used are listed in table 4.1.

4.3.2 κ-ET2 -Br samples
The sources for κ-ET2 -Br crystals similarly to the Cl compund were F. Fülöp an E. Tátrai
from BME and Nataliya Kushch (Chernogolovka).
Three batches were grown at BME by F. Fülöp an E. Tátrai, but only the second and
the third ones were used for high field experiments:
• 1st batch: 2008.02.03
• 2nd batch: 2009.06.25 (TE2KBR 2)
• 3rd batch: 2010.04.14 (TEKBR3 2)
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Figure 4.1: Left: Photo of the ∼ 1 mm long κ-ET2 -Cl TEKCL2 crystal. Right: X-ray
diffraction pattern of the same crystal, showing the good crystal quality.
Sample name

Details/Measurements

Measurement date

TEKBR3 2

250 K rotation, temperature dependence
at 111 GHz, 222.4 GHz

2010/02

TE2KBR2

250 K rotation 9 GHz, 111 GHz,
222.4 GHz and 150 GHz temperature dependence of ν⊥

2008/06-2008/07, 2009/06

temperature dependence of ν⊥

2010/03

NATETKBR1
NATETKBR2

temperature dependence of ν⊥

2010/03

Table 4.2: Table of κ-ET2 -Br samples used during my thesis
We also got good quality plate like crystals from Nataliya Kushch (Institute of Problems of Chemical Physics, Chernogolovka). These crystals had a flat shape and the b axis
lied perpendicular to the plane. The name of the samples are: NATETBR1, NATETBR2.
The κ-BEDT-TTF2 Cu[N(CN)2 ]Br samples used are listed in table 4.2.
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5 CESR in the bad metal state
In this chapter I discuss the high temperature behavior of κ-ET2 -X. I will compare the
Br and the Cl compounds and study the spin transport in them which I compare to
transport measurements.
At 250 K, where we observe the conduction electron spin resonance the crystals can
be considered as bad metalics since the momentum free path is less than the molecular
distances. In this chapter first I discuss the method for measuring the interlayer spin
hopping rate, ν⊥ in layered materials then I turn to the relationship between conductivity
and interlayer spin transport and compare the theory to our experiments. Then I will
show that spin transport is extremely two dimensional in this material. Comparison of
the Cl and Br compound will be also done. The temperature dependence of the ESR
spectrum will be studied in the next chapter (chap. 6).

5.1 Measurement of interlayer spin hopping
In layered materials in which a unit cell contains two adjacent layers, which are chemically equivalent but crystallographically different it might be possible to measure the
interlayer spin hopping rate by ESR. We call these two adjacent layers A and B. It is
possible to measure the interlayer spin hopping (ν⊥ ) between the layers if the two layers
have a different g-factor anisotropy. If A and B are not interacting at all, we observe two
CESR lines, with g-factors corresponding to the gA and gB tensors. Here gA and gB are
the g-factor tensors corresponding to layers A and B. If we apply an external magnetic
field in a general direction, we observe two resonances at νA and νB frequencies, these
frequencies can be determined from gA and gB . If there is an interaction among the
layers, which introduce interlayer spin hopping we can define three cases depending
on the magnitude of ν⊥ :
a) ν⊥ ≪ |νA − νB |, ν⊥ is small and we observe two resolved lines, which have a bit
different lineshape from the non interacting case
b) ν⊥ ≈ |νA − νB |, there is a line with a strongly modified lineshape
c) ν⊥ ≫ |νA − νB | we see one motionally narrowed line at the frequency (νA + νB )/2
From the above mentioned cases b) is the best suited to measure ν⊥ by ESR. In this case
we can directly and accurately determine ν⊥ . To fit the ESR lineshape in the presence
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Figure 5.1: Typical derivative CESR spectra in κ-ET2 Cl at 222.4 GHz and 250 K. The
resolved lines of A and B layers at fields in general directions (ϕab = 45◦ and
ϕab = 71◦ ) prove two-dimensionality of spin diffusion. When the A and B
layers are magnetically equivalent (ϕab = 90◦ and ϕbc = 45◦ ) a single line
appears. The KC60 reference at H0 = 7.94 T has a g factor of g0 = 2.0006.

of ν⊥ , we solve the following coupled Bloch equations:
dMA
x,y
dt

= γ (M × B )x,y −
A

A

A

MA
x,y
T2

+

MBx,y − MA
x,y
T×

.

Here γA = gA µB /~, and BA = B0 + λMB + B1 is the effective magnetic field in the A layer,
B1 the exciting magnetic field, T2 is the transverse spin relaxation time, T× is the cross
relaxation time between the A and the two adjacent B layers, and λMB is the interlayer
exchange field.
By applying the coupled Bloch equations it is possible to numerically calculate the
CESR spectra. By fitting the calculated spectra to the measured ESR curves we can
determine the relaxation times ( T2 and T× ) and the exchange field between the layers.
From T× it is straightforward to get ν⊥ , since spins can hop to two adjacent layers it is
the half of the cross relaxation rate: ν⊥ = (2T× )−1 .
As mentioned above, this method is only applicable if there are layers with different
g-factor anisotropies. This is the case for the κ-ET2 -X, X=Cl, Br materials which I discuss
in this thesis and there are also plenty of other examples e.g. [66, 67, 68, 69].
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a;

b;

Figure 5.2: Spin transport in a layered materal. In a layer spins propagate with the fermi
velocity, vF , and they are scattered after the time of τk . Spins diffuse to the
distance of: δspink which is much larger than vF τk causing the perpendicular
spin transport to be incoherent. Two dimensional spin transport shown on
a; while the three dimensional case is plotted on b;

5.1.1 Incoherent hopping and conductivity
In this subsection I shortly describe the relation between the interlayer hopping rate
and conductivity in the case of incoherent transport. The Boltzmann transport theory
cannot describe the interlayer spin transport when it is incoherent. The Fermi surface is
not two-dimensional and Fermi velocity perpendicular to the layers cannot be defined.
The incoherent spin transport and its relationship to the resistivity in the case of high-Tc
layer oxides was described by Kumar and Jayannavar [70] , I will adopt their theory and
use it for the case of layered organics. In their model the inplane transport is described
by the Boltzmann theory so it can be characterized by τk mean free lifetime. This model
can be used when the electrons of molecular layers form a Fermi liquid but interlayer
spin transport is incoherent.
Spin transport is incoherent if
(5.1)

~/t⊥ ≫ τk
Here t⊥ is the tunneling matrix element between adjacent layers.
The Hamiltonian which has to be solved is:
H0 =

X
kσ

εk A+kσ Akσ +

X
kσ

εk B+kσ Bkσ + t⊥

X

B+kσ Akσ + H.C. + H′

(5.2)

k

Here A+kσ (Akσ ), B+kσ (Bkσ ) are creation (annihilation) operators for electrons in the A
and B layer respectively, εk is the corresponding quasi particle energy, while H′ is the
Hamiltonian belonging to the inplane scattering events. H′ does not have to be defined
more accurately if we assume that it leads to an inplane transport with the mean free life
time of τk . The following relationship can be derived for ν⊥ by performing perturbation
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theory:

t2⊥ τk
ν⊥ = 4 2
(5.3)
~
If we assume that the spin hopping rate is the same as the charge hopping rate,than we
can also calculate the relationship between the perpendicular resistivity ρ⊥ and ν⊥ :
2
ρ−1
⊥ = e g(EF )ν⊥ d/F

(5.4)

Here g(EF ) is the density of states, 1/F is the 2 dimensional charge carrier density and
d is the layer-layer distance. Equation (5.4) shows that the resistivity is expected to
be proportional to the density of states and the perpendicular hopping rate. It is also
possible to derive the resistivity anisotropy if we know the in plane tunneling matrix
element, tk , the in plane lattice constant, a, and the number of charge carriers per cite, δ
a tk
ρ⊥ /ρk = 4( )2 ( )2 δ
d t⊥

(5.5)

The anisotropy of the tunneling matrix elements determine the transport anisotropy.

5.1.2 Hopping rate
So far a general introduction has been given to the transport properties of a layered
material. Now I turn to the case of κ-ET2 -X. In these materials although at 222.4 GHz,
at 250 K for ϕab = 45◦ ν⊥ < |νA − νB | still by fitting the measured ESR spectra we can
determine ν⊥ , T2 and the exchange field between the layers. There are two inequivalent
dimers within one layer , the overlap energy between the dimers is typically tk = 0.1 eV
[71]. This overlap within the conducting layers is large enough to merge the ESR into a
single line.
Within a layer there is always one common ESR resonance, whether we observe one or
two ESR lines depends on the comparison of ν⊥ to |νA − νB |. Here at first approximation
ν⊥ is magnetic field independent while |νA − νB | is proportional to the external magnetic
field: νA − νB = (gBA − gBB )µB B/h. Here B is the external magnetic field and gBA and gBB are
the g-factors of layer A and B respectively for a given orientation of B. The lines merge
into a single line when the external magnetic field is small and there are two lines if the
field is high. As expected in κ-ET2 -Cl we found that the splitting is nearly proportional
to the frequency in the experiments at 111.2 GHz and 222.4 GHz. For measuring ν⊥
a high field, high frequency ESR setup is needed, since in the conventional low field
setups (9.4 GHz≈0.34 T) there is one motionally narrowed line. Although with this
experimental method always exists a sufficiently high field to resolve the ESR lines,
but normally that is not attainable by existing magnets. It was quite a surprise that at
222.4 GHz (≈8 T) κ-ET2 -X, X=Cl,Br ESR lines are clearly resolved.
Typical spectra of κ-ET2 -Cl taken at 222.4 GHz in general field orientations at 250 K are
shown in FIG. 5.1. Although here we show the results for the Cl compound, the spectra,
the g-factor and the interpretation for the Br compound is similar at 250 K as shown in
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Figure 5.3: Angular dependence of integrated ESR spectra in κ-ET2 Cl. Angular dependence of the CESR shift ∆H = H0 (g0 − g)/g in the (a, b) plane is also shown
by squares. The principal axes of the g-factor tensors in the A and B layers
are tilted from the orthorhombic a and b axes.

section 5.3. The g-factor tensors describing the layers are gA and gB . For both materials
the tensors have one common principal axis which coincides with the crystallographic
c axis while the other two are rotated from a and b by −30◦ and +30◦ for gA and gB ,
respectively. If the external field is oriented along one of the main crystallographic
directions we observe one line, since the layers have the same g-factors. Otherwise we
can observe two resolved lines, which proves that ν⊥ is slow, so the material is strongly
two dimensional. The two CESR lines have equal intensities as expected, since they are
coming from adjacent layers. The assignment of A and B to the ESR spectra on FIG. 5.1
and in FIG. 5.3 is in agreement with the A and B layers drawn in the graph showing
the structure (FIG. 1.2). The g-factor of the ESR signal of a layer is maximal when the
external field is applied along the long molecular axis of the ET molecules [27]. This is
also in agreement with results obtained on crystals which have only one type of layers
but otherwise have a similar structure . The monoclinic κ-(ET)2 Cu2 (CN)3 is an example
for that, it has a similar g-factor anisotropy as a single layer of κ-ET2 Cl [72]. From the
known g-factor anisotropy we can determine which ESR signal corresponds to which
layer.
The angle dependence of the integrated spectra of κ-ET2 -Cl in the (a, b) plane taken
at 222.4 GHz at 250 K is shown on a colorplot in FIG. 5.3. In this graph the fitted
positions of the resonances are represented by yellow and green circles. The fit is only
an approximation as it was done by assuming that the two layers are independent. △H
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on the vertical axis, is the distance between the CESR and the KC60 reference resonance
field. When ϕab is close to 0◦ or 90◦ the two lines merge into one, while in any other
general magnetic field directions the two lines are resolved.
Figure 5.3 shows that the relation between ν⊥ and |νA − νB | is changed not only by
the magnitude of the external magnetic field but also by its direction, since |νA − νB |
is proportional to gBA − gBB . In the a (a, c) and (b, c) planes the A and B layers are
magnetically equivalent, their g-factors are the same, in every other field direction gBA
differs from gBB . By rotating the external field in the (a, b) plane we can tune gBA − gBB . The
smallest resolved splitting gives a higher limit of the interlayer hopping rate. We can
distinguish the ESR lines of the A and B layers already at 4 mT splitting (at 222.4 GHz it
appears when ϕab = 10◦ ). This gives an upper limit for the interlayer spin hopping rate
ν⊥ < 109 1/s. Thus interlayer spin hopping is extremely rare. Spins are confined to a
single molecular layer for τspin ≥ 1/∆ωmin = 1.4 ns, which is longer than the spin-lattice
relaxation time, T1 .
The ESR lineshape differs from what would be expected for two independent layers
(superposition of two derrivated Lorentzian curve). This modified lineshape can be
fitted numerically to calculate ν⊥ and other parameters. A program for this fitting was
written by Titusz Fehér, the results for ν⊥ , T2 and for the exchange interaction were
calculated by him, from the ESR spectra measured by me. Results were reproduced for
several samples and were similar for X=Cl and Br.
The fitted perpendicular spin hopping rate ν⊥ ≈ 2 · 109 1/s. The spin hopping is
rare, and spin transport is strongly two dimensional. Transport can be considered two
dimensional if spins stay within one layer within the spin lifetime T1 so:
ν⊥ < 1/T1

(5.6)

The ESR linewidth is determined mainly by T1 ≈ 109 s at 250 K. This means that spin
1
diffusion is two-dimensional and spins diffuse to a distance δspink = 12 vF (τk τspin ) 2 ≥
0.2 µm without mixing with spins in adjacent molecular layers. Here vF = 105 m/s is
the Fermi velocity [73]. We estimate τk ≥ 10−14 s by assuming that the mean free path
l = vF τk is bigger than the inter molecular distance 10−9 m. This estimation is not entirely
correct since the crystals are bad metals at 250 K so the mean free path can be shorter
than the molecular distances, but the error caused by this discrepancy is usually small.
Taking into account the possible contribution of phonons to interlayer hopping would
further increase the transport anisotropy by reducing the estimate of t⊥ .

5.2 Anisotropy of the resistivity
The κ-ET2 -X crystals are strongly anisotropic, t⊥ ≈0.04 meV and tk ≈100 meV in the
case of κ-ET2 -Cu(NCS)2 [71]. From the overlap parameters we estimate the transport
anisotropy (Equation (5.5)). The predicted anisotropy ρ⊥ /ρk ≈ 106 which is much higher
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Figure 5.4: g-factor anisotropies in the (a,b) plane measured at 222.4 GHz and 250 K.
κ-ET2 -Cl: red squares,  and blue stars, ∗ and κ-ET2 -Br: magenta triangles
up,N; green triangles down,H. a’ and b’ denote g-factor principal axes of
A-layers , a and b are the orthorhombic lattice directions.

than the measured room temperature values of 102 −103 [7, 6, 16, 12]. Altough measuring
parallel transport in such anisotropic materials is difficult the difference of three orders
of magnitude is not easy to explain. Leakage through defects of the insulating polymer
could explain this discrepancy [74], although it would result in CESR intensity between
the A and B lines, which we do not observe. In fact with ESR we do not measure
the resistivity anisotropy but we directly measure the interlayer hopping rate which
determines the interlayer resistivity. From Eq. (5.4) we can estimate ρ⊥ if we know
the density of states g(EF ). The density of states was calculated at low temperatures.
I will use those values to estimate ρ⊥ at 250 K. Non-correlated electronic structure
calculations were done by Haddon et al. Ref. [75] and they got g(EF )=4.4 states/eV per
2 ET and 2 spins. Using this values the ambient temperature, zero pressure interlayer
resistivity estimated from Eq. (5.4) is ρ⊥s = 2.7 Ωm (3.0 Ωm) in κ-ET2 -Cl (κ-ET2 -Br). On
the other hand, resistivities of ρ⊥ =0.4-0.5 Ωm for κ-ET2 -Br [7, 76] and ρ⊥ =0.9 Ωm for
κ-ET2 -Cl [23] at 300 K were reported. The difference between the measurements and
our estimation might be explained partly by the temperature dependence of the density
of states. There are indications that the band structure calculations under estimate the
density of states. Electron susceptibility, specific heat [75] and cyclotron frequency [45]
measurements imply that at low temperatures g(EF ) 2–3 times higher. Taking these
effects into account the measured interlayer hopping rate is in a good agreement with
previous inter layer resistivity results.
It has to be mentioned that in the bad-metal phase of κ-ET2 -X the concept of a
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density of states (DOS) at a well defined Fermi energy fails. The uncertainty due to the
momentum lifetime, ~/τ is comparable to EF and Eq. 5.4 is only approximately valid
with g(EF ) replaced by an average DOS. In a two dimensional free electron gas g(E)
is constant and this justifies the use of g(EF ) calculated for non-correlated metals for
comparison with the DOS extracted from the experiment.

5.3 Comparing the Cl and Br compounds
At 250 K it is hard to distinguish the Cl and Br compounds. Their room temperature
resistivities do not differ significantly. Here I compare the CESR spectra of the two
crystals. At 250 K I have measured the angle dependent CESR in the (a, b), (a, c) and
(b, c) planes at 222.4 GHz for both crystals. Both the linewidth and the g-factor of the
CESR spectra were the same.
On FIG. 5.4 the g-factor anisotropies in the (a, b) plane are shown for the two compounds. The small discrepancy observed can be due to different crystal orientation.
These results were reproduced for several samples from different batches.

5.4 Conclusions
In this section I dealt with the high temperature transport properties of κ-ET2 -X. I have
shortly described the theory of the incoherent transport and showed that the interlayer
hopping rate should be proportional to the interlayer resistivity and the density of states.
I compared the predicted resistivity anisotropy (106 ) to the measured ones (102 − 103 ),
but the contradiction still has to be explained. This discrepancy mainly comes from
the inplane resistivity, since the ESR results are in quite good agreement with the
perpendicular resistivity. I also showed that interplane spin hopping is extremely rare
in accordance with the two dimensional nature of the crystal structure and the transport.
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6 Bad metal to insulator or metal
crossover
In the previous chapter I studied only the high temperature ambient pressure properties
of κ-ET2 -X. Here I will examine the temperature dependent behavior of these materials.
I will analyze the temperature dependence of the perpendicular spin hopping rate, ν⊥
and the exchange interaction between adjacent layers. The interlayer hopping rate will
be compared to previous transport measurements. I will have a look at the similarities
and also at the differences in the Cl and the Br compound. This comparison is interesting
since the two crystals are at the other sides of the Mott transition. In κ-ET2 -Cl a bad
metal to insulator transition occurs at ∼50 K while in κ-ET2 -Br a bad-metal to metal
transition takes place at similar temperature. It was found that at high temperatures the
compounds behave similarly, their spectra are indistinguishable. At lower temperatures
ν⊥ increases in the metallic Br crystal while it decreases in the insulating Cl compound.
In both compounds interlayer antiferromagnetic exchange interactions grow up below
50 K.

6.1 Bad metal to insulator crossover in κ-ET2 -Cl
At ambient pressure κ-ET2 -Cl is a bad metal at room temperature, while it becomes an
insulator by cooling and its ground state is antiferromagnetically ordered below TN .
The metal to insulator transition is continuous as the temperature decreases from 300 K
to the Néel temperature at 23 K. The transition to the insulating state is accompanied
by the decrease of the perpendicular spin hopping rate ν⊥ .
In the left side of graph 6.1 some representative ESR spectra taken at 111.2 GHz on
κ-ET2 -Cl are shown with the external field in the H k ϕab = 45◦ direction. In this external
field direction there are two resolved lines at high frequencies due to the different gfactor of the A and B. At 250 K and 111.2 GHz we observe one significantly broadened
line. In the same magnetic field orientation at higher fields, at 222.4 GHz, it was easy to
resolve the two lines which as shown in the right side of FIG. 6.1. The line splits into two
under cooling in the 111.2 GHz measurements. This shows that interlayer spin hopping
becomes rarer and spin transport is even more two dimensional at low temperatures.
The Cl compound is an ideal material for fitting ν⊥ , because at 222.4 GHz we can
easily resolve the two lines while at 111.2 GHz they are merged. To make the fitting
more accurate I performed measurements at the two frequencies without changing the
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Figure 6.1: ESR spectra of κ-ET2 -Cl as function of temperature when B oriented along
ϕab ≈ 45◦ . Left: Measured at 111.2 GHz, on TEKCL8. At high temperatures
we observe only one ESR line which splits into two during cooling. Right:
Measured at 222.4 GHz on NATETCL1. The strong line at 7.945 T is the KC60
reference. At this higher frequency the line splits already at 250 K. During
cooling the spectrum becomes asymmetric due to the antiferromagnetic exchange interaction among the adjacent layers. The higher field line starts
to broaden below 50 K due to antiferromagnetic fluctuations, but the lower
field resonance can be followed down to the Néel temperature.

crystal orientation. With this method one eliminates a systematic error originating from
the misalignment of the sample. The spectra taken at the two frequencies were fitted
simultaneously by a numerical method by Titusz Fehér explained in section 5.1.
Apart from ν⊥ , we could also determine by fitting the intrinsic spin relaxation times
in layer A (T2A ) and layer B (T2B ) and the magnetic exchange interaction between
neighboring layers, which will be discussed in a bit more detail in section 6.2.2. The
method for determining ν⊥ was explained in section 5.1. The linewidth of the ESR
is mainly affected by the intrinsic spin relaxation times, by analyzing the spectra the
relaxation times of both layers are obtained.
The intrinsic and the cross relaxation times, derived by the fitting procedure are
plotted in graph 6.2 as a function of temperature. T2A and T2B are differ slightly and
are only weakly temperature dependent. As we cool the crystal from 250 K to 50 K,
Tx becomes slower by more than a factor of five while T2A and T2B changes less than
20 percent. The relation between Tx and T2 decides whether spin transport is two
dimensional or not. Spin diffusion is two-dimensional in a layered conductor if spin
memory of electrons is lost before hopping to the adjacent layer, i.e. if Tx > T2 . As
shown in graph 6.2 this is clearly the case in κ-ET2 -Cl at all temperatures. Spin transport
is two dimensional already at room temperature and cooling down to 50 K it becomes
even more so. The continuous increase of Tx is attributed to the bad-metal to insulator
transition.
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Figure 6.2: Interlayer cross relaxation Tx (red crosses), intrinsic spin relaxations, T2A
(triangles up) and T2B (triangles down) in κ-ET2 -Cl.

6.2 Discussion
6.2.1 Interlayer hopping rate and conductivity in κ-ET2 -Cl
In the previous chapter (chapter 5) I compared the room temperature conductivity to
the spin hopping rate and to the theory of Kumar et al. (section 5.1.1). It was found that
at room temperature the perpendicular conductivity is in a quite good agreement with
the theory. The comparison of the temperature dependence of ν⊥ to the temperature
dependent conductivity [23] is shown in graph 6.3. The temperature dependence of ν⊥
and σ⊥ is nearly the same. This is in a good agreement with the theory which predicts
that σ⊥ is proportional to ν⊥ and to the density of states, g(EF ).

By ESR we measure interlayer spin hopping while transport accounts for the electron
hopping. This comparison assumes that charge hopping is the same as spin hopping.
This is not always the case, for example superconductors are a good exception, since
a Copper-pair has no spin but has charge. However, at temperatures well above the
antiferromagnetic Néel temperature or the superconducting transition temperature the
quasi classical electron diffusion model is applicable, i.e. interlayer spin and charge
diffusion are tied together if one assumes that magnetic and superconductor correlations
are unimportant.

In κ-ET2 -Cl we do not expect a big change in g(EF ) with changing temperature. Thus
the result that ν⊥ ∝ σ⊥ as seen in figure 6.3 is according to our expectations. The
hopping frequency ν⊥ and the perpendicular conductivity σ⊥ are both determined by
the tunneling between molecular layers and phonon assisted hopping over the barrier

45

6 Bad metal to insulator or metal crossover

Figure 6.3: Comparision of the interlayer hopping rate (red crosses) and the perpendicular conductivity[23] (blue) in κ-ET2 -Cl.

of the insulating polymeric layer. In κ-ET2 -Cl at ambient pressure phonon assisted
hopping probably dominates T× ( ν⊥ ) between 50 and 300 K as it increases (decreases)
roughly exponentially with increasing temperature. As it will be shown in section
6.3, in κ-ET2 -Cl under pressure and in κ-ET2 -Br at ambient pressure, ν⊥ increases
or is constant with decreasing temperature thus tunneling through the barrier is the
dominant mechanism for the interlayer transport.
Another contribution to ν⊥ , in addition to the phonon assisted hopping, has been
proposed by McGuire et al. [74]. A leakage through defect holes several tens of
nanometers apart in the polymeric layers might increase ν⊥ . Based on this model
McGuire et al. attempted to explain the temperature and frequency dependence of
the conductivity anisotropy in κ-ET2 -Br. Leakage induces an inhomogeneous current
distribution and locally increases spin diffusion at the defects while regions far from
defects remain intact. The corresponding inhomogeneous broadening of the spectra
has not been observed in the samples discussed here. The excellent fit of the CESR
spectra with well defined cross relaxation rates shows that such leaking does not play
an important role. Consequently this sample dependent effect was not taken into
account in the fits discussed above.

6.2.2 Interlayer magnetic exchange field
A striking feature of the spectra shown on graph 6.1 is that the CESR is not symmetric.
This asymmetry is caused by magnetic interactions between adjacent layers. This
interaction is small but not negligible. By analyzing the ESR lineshape [77], in the
H k ϕab = 45◦ direction where the two lines, of layer A and B, are resolved the coupling
between the adjacent layers can be calculated. The exchange interaction between layers
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Figure 6.4: Temperature dependence of the exchange field in κ-ET2 -Cl. Above 100 K
the exchange field is negligible, but below 50 K it starts to increase rapidly.

A and B is expressed as an effective magnetic field Beff
= λMB where Beff
is the effective
AB
AB
magnetic field in layer A due to the magnetization MB of layer B and λ describes
the coupling strength. The CESR spectrum can be derived from the Bloch equations
(Eq. 5.1). The ESR lineshape changes due to the magnetic coupling and would not
be described by adding two independent signals originating from the adjacent layers,
even if ν⊥ were zero.
In the case of λ = 0 the spectrum is symmetric around the frequency corresponding
to the average g factor at all values of ν⊥ if the intrinsic relaxation rates, T2A and T2B
are equal. On the other hand, if λ , 0, i.e. for a magnetic coupling between the
layers, the absorption spectrum G(B) is asymmetric. For an antiferromagnetic coupling
(λ < 0), the higher field resonance loses intensity while the lower field resonance gains
intensity as Beff increases from zero to a large value. On the other hand when λ > 0
the higher field resonance gains intensity while the intensity of lower field resonance
decreases. Cabanas and Schwerdtfeger [78] realized this curious behavior of the ESR
in an insulating quasi 1D organic paramagnet with weakly interacting inequivalent
chains.

The temperature dependence of the exchange field is shown in FIG. 6.4. In the
fits, gA was temperature dependent while the difference gA − gB was fixed for all
temperatures. Above 50 K the interaction was zero within our experimental error, below
that temperature we could observe an increasing AF interaction between neighboring
layers. The exchange field between layers is proportional to the external field. It is
surprisingly large, Beff
= λM0 = −1.3 mT at 210 GHz and 40 K. This exchange field is
AB
about the same as the (magnetic field independent) coupling between layers in the low

47

6 Bad metal to insulator or metal crossover

Figure 6.5: Some representative ESR spectra of κ-ET2 -Br as function of temperature at
222.4 GHz, with B oriented along ϕab ≈ 45◦ . The line at 7.945 T is the KC60
reference. Between 250 K and 50 K the spectra hardly changes. Below 50 K
the two resonance lines rapidly merge.

temperature antiferromagnetic state of κ-ET2 -Cl [21].

6.3 Bad metal to metal crossover in κ-ET2-Br
Changing the Cl atom to Br has a similar effect like applying a small external pressure
of 50 MPa. So measuring the Br compound is ideal to examine the phase diagram in
the close vicinity of the metal insulator transition. It was shown in section 5.3 that
the Br and the Cl are undistinguishable by ESR at 250 K. κ-ET2 -Br at ambient pressure
undergoes a continuous transition with decreasing temperature from a bad metal phase
at ambient temperatures to a normal metal phase at low temperatures. The crossover
was observed in the ESR spectra as a function of temperature in three κ-ET2 -Br crystals
at ambient pressure. The results on different crystals were the same within experimental
error. The spectra taken at 222.4 GHz between 35 K and 250 K of κ-ET2 -Br are shown
in figure 6.5. At room temperature there are two easily distinguishable lines which
merge during cooling. This behavior is not that surprising when we consider the
transport measurements (shown in fig. 6.6), since the crystal becomes metallic at lower
temperatures. Even though the low temperature results are according to expectations,
looking at the spectra at medium temperatures it is surprising that there is not much
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Figure 6.6: Comparison of the interlayer hopping rate (red crosses) and the perpendicular conductivity measured by Buravov et al. [7] (blue) in κ-ET2 -Br. The
increase of ν⊥ below 75 K marks the onset of the bad-metal to normal metal
crossover. The temperature dependence of ν⊥ and σ⊥ is similar but the
increse of ν⊥ below 75 K is steeper than that of σ⊥ .
going on until 50 K. Between 50 K and 40 K the two lines rapidly merge into one.
At lower temperatures there is only one line which becomes narrower by cooling (not
shown).
Comparison of the interlayer hopping rate and the perpendicular conductivity, measured by Buravov et al. [7], is shown in graph 6.6. ν⊥ does not change much above
50 K, while it was strongly increasing in the Cl compound (Fig. 6.3). In κ-ET2 -Br ν⊥
increases abruptly below 50 K at a higher temperature than where σ⊥ starts to increase.
The difference in the temperature dependence of σ⊥ and ν⊥ in κ-ET2 -Br can be explained
by a change in the density of states. The discrepancy can be also caused by differencies
in the quality of crystals used ESR and transport measurements. So even though at
250 K the spectra of the Cl and Br compounds are similar, below this temperature the
behavior differs in the two compounds. The temperature dependence of ν⊥ correlates
with the groundstate of the material.
In κ-ET2 -Br, ν⊥ is constant at high temperatures and at lower temperatures it increases
with decreasing temperature. Thus tunneling through the barrier becomes the dominant mechanism for the interlayer transport during cooling. At high temperatures the
effect of phonons can not be neglected.
In the top panel of figure 6.7 the temperature dependence of the interlayer exchange
field, λM is shown for the Br compound. Above 50 K the interaction was zero within
experimental precision, below that temperature we observed an increasing AF interaction between neighboring layers similarly to the case of κ-ET2 -Cl. So although the Br
compound is superconducting, the interlayer AF interactions are not negligible at all.
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Figure 6.7: Relaxation times and exchange field in κ-ET2 -Br versus temperature calculated from the 222.4 and 111.2 GHz ESR spectra. (a) Interlayer exchange
field λM0 at 8 T field. (b) Interlayer cross relaxation Tx (red crosses), intrinsic
spin relaxations, T2A (triangles up) and T2B (triangles down). The 2D to 3D
spin diffusion crossover is at 40 K.

An important property of the Br crystal is that spin diffusion undergoes a two
dimensional-three dimensional crossover. This is demonstrated in the bottom panel
of figure 6.7. Above 40 K, where Tx > T2 the spin transport is two dimensional. But
below 40 K this relation turns and so spins travel to adjacent layers within their lifetime,
and spin transport becomes three dimensional.

6.4 Comparison of κ-ET2-Cl and κ-ET2 -Br
At room temperature κ-ET2 -Cl and κ-ET2 -Br are indistinguishable which changes during cooling. The temperature dependence of the ESR spectra of the Br crystal is absolutely different from the Cl compound. While in the Cl crystal the interlayer spin
hopping continuously slows down in the Br material it does not change much until 50 K
but below that temperature it starts to increase rapidly. This behavior can be explained
by the different dominant hopping mechanisms in the two crystals. In κ-ET2 -Cl ν⊥ is
determined by phonon assisted hopping over the barrier of the insulating polymeric
layer. On the contrary in the Br compound ν⊥ increases by cooling as phonon assisted hopping is relevant only at high temperatures during cooling tunneling through
the barrier becomes the dominant mechanism for the interlayer transport. Magnetic
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exchange interactions do not differ in the two materials. In both antiferromagnetic
exchange starts to increase below 50 K in a similar manner.

6.5 Conclusion
The change of interlayer hopping rate as a function of temperature was examined in
κ-ET2 -Cl and κ-ET2 -Br. The interlayer hopping slows down with decreasing temperature in κ-ET2 -Cl, and spin transport becomes even more two dimensional. The direction
of change of ν⊥ with temperature correlates with the ground state: in the Br compound
the interlayer hopping increases with cooling while in the Cl compound it decreases
with cooling. The theory predicts that the temperature dependence of the perpendicular resistivity and ν⊥ is the same if the density of states is constant. The experiments
were in rough agreement with these expectations. The temperature dependence of the
interlayer exchange interaction was also investigated. An increasing antiferromagnetic
interaction was observed with decreasing temperature below 50 K in both the Cl and
Br compounds.
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7 Exploring the phase diagram:
pressure dependent studies
Under pressure the metal-insulator crossover in κ-ET2 -Cl changes to a bad metal to
normal metal crossover. The effect of pressure is similar to the change in chemical
pressure between the Br and Cl compounds. I measured ESR under pressure [77] to
examine the full phase diagram in the 50 K-250 K temperature range . Measurements
have been performed at the fixed temperature of 250 K (where I changed the pressure
in small steps of 40 MPa, from 0 to 1 GPa), and I also made temperature dependent
measurements at the pressures of 0.24 GPa, 0.4 GPa, 0.64 GPa (these pressure values are
nominal values at room temperature). These measurements were performed at EPFL,
Lausanne. By increasing the pressure at 250 K there is a bad metal to normal metal
crossover and interlayer spin hopping becomes more frequent. A similar effect was
observed by cooling the Br compound at ambient pressure or the Cl compound under
pressure [79, 77].

7.1 Studies of κ-ET2 -Cl under pressure
At high temperatures, roughly above 50 K, κ-ET2 -X is in a bad metal phase, where the
parallel conductivity is low and the parallel mean free path is less than the typical intermolecular distances. In this phase the electronic conductivity increases with pressure
[16, 80]. To measure the interlayer spin hopping rate, the ESR spectra of a κ-ET2 -Cl
single crystal (TEKCl8) were recorded at 250 K as a function of pressure between 0 and
1.06 GPa at 210, 315 and at 420 GHz. The crystal was oriented with magnetic field along
ϕab ≈ 45◦ in the (a,b) plane where the difference between the Larmor frequencies of the
A and B layers is about the largest (Fig. 5.4). This orientation was chosen because at
ambient pressure the ESR of the two layers split at every frequency. By increasing the
pressure the lines start to merge. This effect becomes even cleaner when the temperature
is decreased in the experiments under pressure. This orientation is ideal to determine
ν⊥ in the full pressure and temperature range.
Some of the measured spectra at 250 K are displayed on the left side of Figure 7.1,
at 420 GHz (a;) and at 210 GHz (b;). An impurity Lorentzian ESR line with pressure
independent positions (at ∼14.98 T for the 420 GHz experiment and at ∼7.49 T for the
210 GHz one) and widths was subtracted from the measured spectra. This impurity line
arises from the pressure cell, it was also observed in measurements without the sample.
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a.)

b.)

Figure 7.1: ESR spectra of κ-ET2 -Cl as function of pressure at 250 K. a.) νL = 420 GHz, b.)
νL = 210 GHz. B oriented along ϕab ≈ 45◦ Left panels: experimental spectra.
Right panels: best fit calculated spectra. Note the merger of A and B layer
ESR lines with increasing pressure. The strong line at 15.00 T (7.50 T) is
the KC60 reference; an instrumental impurity line was subtracted at 14.98 T
(7.49 T) at 420 GHz (210 GHz).

The substraction is not perfect, the impurity line does not have an exact Lorentzian line
shape. The part remaining from the impurity line does not influence the data analysis,
since it is in a different magnetic field than the signal arising from the sample.
The pressure was changed at ambient temperature in 40 MPa steps. On the right
panel of Figure 7.1 the calculated spectra are shown. The method of calculation is the
same as for the ambient pressure measurement. The spectra were calculated from the
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Figure 7.2: Integrated ESR spectra of κ-ET2 -Cl as function of pressure at 250 K at νL =
420 GHz, B oriented along ϕab ≈ 45◦ ; an instrumental impurity line was
subtracted at 14.98 T. At ambient pressures two lines are well distinguishable
and they merge by increasing pressure.

Bloch equations 5.1. The only difference from the ambient pressure fitting is that the g
factors were assumed to be pressure independent and we assumed layer independent
relaxation rates, T2A = T2B = T2 . The worse signal to noise ratio of the pressure dependent studies was the reason for this restrictions. Although a small difference between
T2A and T2B would be probably more realistic because of the different crystalographic
orientation. This assumption should not cause a big error in the resulting parameters,
as the anisotropy of the line width and thus T2 is small. The calculated spectra are
almost indistinguishable from the measured κ-ET2 -Cl spectra.
Figure 7.1 shows the merger of A and B layer lines as the interlayer hopping rate,
1/Tx increases with pressure. At ambient pressure we see two weakly interacting lines
while as the pressure is increased to 1 GPa the two lines merge. We find |νA − νB | ≈ 1/Tx
at 0.16 GPa and 0.32 GPa for 210 GHz and 420 GHz, respectively. The determination of
ν⊥ is the most precise in this pressure range. The pressure dependence of ν⊥ (fig. 7.3)
and the intrinsic relaxation time, T2 (not shown) were derived from the ESR spectra.
Tx , the cross relaxation time decreases by a factor of 20 between ambient and 0.94 GPa
pressures. The intrinsic relaxation time, T2 decreases smoothly by a factor of 2 in the
same interval.
In figure 7.2 the integrated spectra at 420 GHz are displayed in a colorplot. This
diagram displays all the measured spectra with subtracted impurity line. The merger
of the two lines can be seen more clearly. On the colorplot we can simultaneously follow
the ESR positions and linewidth. At 0.32 GPa where |νA − νB | ≈ 1/Tx the lineshape is
strongly modified.
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Figure 7.3: Comparison of the 250 K interlayer hopping rate ν⊥ to the perpendicular
conductivity, (data from Ref. [80]) in κ-ET2 -Cl versus pressure. Conductivity
data are normalized to zero pressure.

The pressure dependence of the perpendicular conductivity and ν⊥ at 250 K is shown
on graph 7.3. The theory for analyzing the results is the same as in the ambient pressure
case: σ⊥ is proportional to ν⊥ and to the density of states (g(EF )). There is an increase of
ν⊥ /σ⊥ by a factor of about 3 in Graph 7.3 with increasing the pressure from 0 to 1 GPa.
This increase signals a strong decrease of the DOS as the material changes from a bad
metal towards a normal metal phase.
The temperature dependence of the ESR was measured at various fixed pressures.
In spite of the large number of cycles, the ESR spectrum was independent of thermal
or pressure history. The signal to noise ratio depends on pressure due to variations of
the standing waves within the cell. In figure 7.4 the temperature dependent spectra
are shown at 0.4 GPa pressure. The value of 0.4 GPa is a nominal value measured at
ambient temperature. As the pressure cell is cooled to 2 K the pressure drops to 0.2 GPa.
Similarly to the other measurements under pressure an impurity line was subtracted
but the traces of it still can be seen especially at low temperatures. At 0.4 GPa pressure
there is only one broad line already at 250 K which narrows under cooling. Thus the
interlayer spin hopping becomes faster as we approach the superconducting ground
state. The same was observed in the experiment at 0.64 GPa.
Although in these measurements fitting becomes less reliable since ν⊥ ≫ |νA − νB | at
all temperatures ν⊥ still can be determined. In these fits T2 was assumed to be temperature independent and was estimated from an extrapolation of the 250 K linewidths at
210 GHz and 420 GHz to zero frequency. The estimated TX is shown in the left side of
figure 7.4 and is compared to the parallel resistivity which was measured by Richard
Gáal on a crystal from the same batch. Even if there are uncertainties in the calculation
of TX and it is hard to measure ρk in such an anisotropic material, similar behavior of
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Figure 7.4: Left: Comparison of the cross relaxation, Tx (+: 0.4 GPa, ×: 0.64 GPa,
measured on TEKCL8) and the in-plane electrical resistivity (lines, measured
on TE2KCL3), in κ-ET2 -Cl under pressure. ρk is normalized to the zero
pressure resistivity at 250 K. The pressure drops similarly for Tx and ρk by
about 0.2 GPa between 300 K and 4 K. Right: Temperature dependent spectra
of κ-ET2 -Cl at 0.4 GPa nominal pressure. At 15 T the KC60 reference line is
seen, while the signal at about 14.98 T comes from the pressure cell

TX and ρk with decreasing temperature has been observed.

7.2 Discussion
7.2.1 Interlayer spin hopping throughout the phase diagram
The purpose of the experiments under pressure was to explore the interlayer spin
hopping rate throughout the phase diagram. At ambient pressure in κ-ET2 -Cl the
electron transport became more two dimensional under cooling while under pressure
the relation is the opposit. The same experiment was done at ambient pressure for the Br
compound and the results were similar to the pressurized Cl samples. The advantage
of measuring the Br crystal is that it is like Cl under a small pressure of 50 MPa. This
chemical pressure is temperature independent. It would be hard to apply such a small
pressure in an oil pressure cell.
In κ-ET2 -Cl at 250 K by increasing the pressure the hopping frequency increases and
a 2D-3D crossover of spin diffusion takes place.
The experiments at ambient pressure and under pressure are summarized in the phase
diagram in figure 7.5. The arrows represent the direction of increasing interlayer spin
hopping rate. The arrows are only at the high temperature part of the phase diagram
(above 40 K) because the analysis of the hopping rate became impossible below that
temperature. In κ-ET2 -Cl at ambient pressure the difficulties were caused by a strong
broadening of the line. In κ-ET2 -Br or in κ-ET2 -Cl under pressure at low temperatures ν⊥
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N-Cl

Figure 7.5: Phase diagram of κ-ET2 -Cl. Arrows represent the direction of increasing
interlay hopping rate. The Cl compound is shown by blue arrows while the
Br compound at ambient pressure is represented by a red arrow.

was large and the analysis of the lineshape of the motionally narrowed single line was
not possible. The phase diagram shows that the nature of the ground state correlates
with the direction of the change of ν⊥ with temperature, since this change is opposite
in metallic and in insulating samples.

7.2.2 Comparison with DMFT theory
ESR results are in an agreement with DMFT studies described in section 1.12. As
shown in figure 7.3 ν⊥ increases gradually with pressure marking the bad metal to
normal metal transition. Moreover the ratio ν⊥ /σ⊥ increases by a factor of three which
signals a decrease of the DOS by the same factor. This is in a qualitative agreement
with the results of Limelette et al. [16] who found an increase of the bandwidth from
0.35 eV at 0.3 kbar to 0.5 eV at 10 kbar, from analyzing of transport measurements under
pressure.

7.3 Conclusion
The interlayer spin hopping time and the intrinsic spin life time in the conducting phases
of the temperature-pressure phase diagram of κ-ET2 -Cl were mapped. Experiments at
250 K signalled a decrease of the DOS by a factor of 3 as pressure is increased to 1 GPa
which supports predictions of the DMFT theory.
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8 Effect of X-ray irradiation on the
interlayer spin transort in κ-ET2-Cl
In Mott-insulators the metal insulator transition can be influenced in different ways. One
method is to create carriers into the material to achieve the so called filling-controlled
Mott insulator to metal transition. X-ray irradiation is a possible method to induce
carrier doping in the half–filled band of Mott insulators, as irradiation induces molecular
defects [65, 81]. Thus the study of the effect of X-ray irradiation on κ-ET2 -Cl is desirable.
Previously optical, resistivity and magnetization measurements were performed on
irradiated crystals [65, 82, 83]. All of these measurements were on crystals grown and
irradiated in the same way. The details of the irradiation procedure is explained in
section 4.2.
During my PhD I examined the effect of X-ray irradiation by ESR, as it is a powerful method to study spin transport and antiferromagnetism. I found that the metal–
insulator transition shifts to lower temperatures with increasing irradiation time, but
the position of antiferromagnetic resonance lines did not change. At high temperatures
a short irradiation dose had a drastic effect on the temperature dependence of interlayer
spin hopping which became nearly temperature independent. However, further doses
did not change this behavior. Our results are in agreement with previous transport
studies [65].

8.1 Transport studies
The temperature dependence of the in-plane resistivity of κ-ET2 -Cl as a function of
irradiation time (0,170, 340 and 620 hours) is shown in figure 8.1. The measurements
were done by Sasaki et al. [65] on a crystal grown in a similar way like ours. After 170
hours of irradiation the resistivity decreases in the full temperature range and the metalinsulator transition shifts to lower temperatures. However, increasing the irradiation
time to 340 hours makes this decrease a bit stronger but the change is small. It seems
that the high temperature resistivity is saturated after a short irradiation, while the shift
of the metal-insulator transition is continuous. The behavior changes a bit after the
irradiation of 620 hours. The room temperature resistivity decreases a bit further, but
below 100 K the resistivity is increased compared with the shorter irradiation results.
The enhanced resistivity has been explained by disorder induced Anderson localization
[65]. The proposed phase diagram is the following: first the Mott gap is suppressed by
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Figure 8.1: Influence of X-ray irradiation on the in-plane resistivity in κ-ET2 -Cl, measured by Sasaki et al. [65]. With higher dose the metal insulator transition
shifts to lower temperatures.

the local disorder and as the disorder is further increased the bad metal changes to a
localization insulator [83].

8.2 Influence of X-ray irradiation on cross relaxation
times
We have examined the effect of X-ray irradiation on the behavior of the crystal by ESR.
The X-ray irradiation was done on a crystal grown in Budapest (TEKCL102). The crystal
was irradiated by T. Sasaki (Tohoku University, Sendai, Japan) with the same method
as the ones used for optical, resistivity and magnetization measurements.

8.2.1 Results
I measured the temperature dependence of ESR in several magnetic field orientations
after 90, 180, 360 and 720 hours of irradiation of the sample. The spectra at 50 K in
the ϕab = 45◦ orientation are shown, on the right side of figure 8.2. After 90 hours of
irradiation the lineshape becomes inhomogeneous. This effect is stronger in the higher
field resonance. Due to this inhomogeneity the fit with two interacting lines is not
perfect anymore. On the spectra of 180 hours of irradiation there is an impurity line at
7.935 T but it is some dirt, which does not come from the sample, and it is not present
in the other spectra. Similarly to previous measurements I used KC60 as a reference,
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Figure 8.2: Left: Influence of X-ray irradiation on cross-relaxation time in κ-ET2 -Cl. Tx
is constant above 50 K in the irradiated samples while it is temperature
dependent in the non-irradiated crystal. Right: ESR spectra at 50 K of
κ-ET2 -Cl, when ϕab = 45◦ , after different irradiation times at 222.4 GHz. The
effect of decreasing cross relaxation time with increasing irradiation time is
seen as two lines merge into one.

which has a sharp signal at 7.43 T. The main effect of the irradiation is that interlayer
spin hopping becomes more frequent, and after 720 hours irradiation the two lines
merge into one.
From the measured spectra the temperature dependence of the cross relaxation times
were fitted by Titusz Fehér. Tx is shown in graph 8.2 for all irradiation doses. The fitting
procedure is described in section 5.1, and it is the same as for non irradiated samples
(section 6.2.1, 6.3 and 7.1). There is a strong temperature dependence of Tx above 50 K
in the non-irradiated sample. A small irradiation of 90 hours diminishes it. In the
high temperature range Tx is nearly temperature independent for all the irradiation
times. At lower temperatures there is a more drastic change of Tx which signals the
metal insulator transition. With higher irradiation time the transition is shifted to lower
temperatures. Even though the irradiation induces defects in the sample the transition
stays sharp.

8.2.2 Discussion
These results are quite consistent with the resistivity measurements, which also show
a strong effect of a short irradiation which become saturated with increasing dose. It
is hard to understand this drastic change above 50 K in the temperature dependence
due to a low dose, while higher dose does not have such consequences. We can explain
this strange effect in the following model. This model assumes that the parallel resistivity measurements are not good for the non-irradiated sample, since its temperature
dependence should not change due to irradiation. This can be caused by a very inho-
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Figure 8.3: Spectra of κ-ET2 -Cl after 180 hours of irradiation at 222.4 GHz between 18 K
and 4 K when the external field is parallel to the D vector of one of the layers.
Below 12 K the paramagnetic and the antiferromagnetic resonance coexists.

mogeneous current distribution and so one measures a mixture of the perpendicular
and parallel resistivities. In the irradiated crystals the current distribution becomes
homogeneous thus measurement of parallel resistivity becomes possible.

Above 50 K in the non-irradiated material the perpendicular resistivity is determined by phonon assisted hopping through the anion barrier. This leads to a gradual
exponential-like increase with decreasing temperature of the perpendicular spin hopping time and resistivity. Irradiation introduces a small concentration of random holes
in the barriers. These holes are not correlated from one anion layer to the next. Due
to these holes one measures a mixture of parallel and perpendicular resistivity already
after a short irradiation of 90 hours. The number of holes increase, with increasing dose
but the parallel resistance is not changed much. As a result, in samples with increasing
irradiation a similar temperature dependence of Tx is measured.
This model is sofar hypothetic which should be verified by further measurements.
One way to check this assumption is to measure parallel resistivity in samples which are
only irradiated close to the contacts. This would help to produce a homogeneous current
distribution, while the rest of the sample is left intact. This way one could measure the
resistivity of the non-irradiated sample with homogenous current distribution.
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8.3 Effect of X-ray irradiation on the antiferromagnetic
resonance
The non irradiated sample becomes antiferromagnetic below 23 K [15]. Although the
properties of the antiferromagnetic resonance in the pure sample will be discussed in
chapter 9 in detail, I examine the impact of X-ray irradiation on the antiferromegnatic
resonance here. The main effect of irradiation is to shift the metal-insulator transition
to lower temperature and to destroy the long range antiferromagnetic order. Previous
magnetic susceptibility measurements by Yoneyama et al. [82] examined the influence
of irradiation on the Néel temperature. They assigned the Néel temperature to the
minimum of the susceptibility. The Néel temperature decreased with increasing dose.
The transition temperature dropped from 27 K to 22 K after 626 hours of irradiation.
I examined the change in the antiferromagnetic resonance with increasing irradiation
dose. After 90 hours of irradiation we observe the AF resonance and the paramagnetic
resonance simultaneously between 12 K- 18 K for H k ϕab = 45◦ at 222.4 GHz. Thus
in this temperature range the sample contains paramagnetic and antiferromagnetic regions. Below 12 K the paramagnetic signal disappears. For the non-irradiated samples
we never observed both signals simultaneously. This shows that X-ray irradiation decreased the Néel temperature and made the sample more inhomogeneous. In figure
8.3 the spectra of the 180 hours irradiated sample are shown measured at 222.4 GHz
while the magnetic field was parallel to ϕab = 45◦ . As mentioned before there is an
impurity line at 7.935 and the signal at 7.43 T comes from the KC60 reference. In the
figure we can follow the antiferromagnetic and paramagnetic resonances simultaneously. As the irradiation time is increased to 180 hours the antiferromagnetic resonance
appears only at 12 K, and some of the paramagnetic signal remains even at the lowest
temperatures (4 K). The antiferromagnetic resonance frequencies still stayed the same
as in the non-irradiated sample. Although the transition temperature decreased the antiferromagnetic resonance frequencies stayed the same within experimental error. Thus
the magnetic parameters (exchange interaction, Dzyaloshinskii–Moriya interaction, interlayer coupling and anisotropy) are unchanged in most of the irradiated sample.
However I observed some other resonance lines also, with lower intensity, so in some
part of the sample the antiferromagnetic state is different. Further increase of irradiation
to 360 and 720 hours the magnetic resonance fully vanishes, we did not observe any
magnetic order.
In the non-irradiated crystal anitiferromagnetic fluctuations play an important role
which will be discussed in chapter 9. These fluctuations broaden the resonance lines
below 50 K. Antiferromagnetic fluctuations disappear with increasing dose as a consequence the resonance lines become narrower. This is enhanced by the narrowing of the
resonances due to decreasing resitivity of the crystal.
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8.4 Conclusion
In this chapter I studied the effect of X-ray irradiation on the spin transport and on
the antiferromagnetic resonance in κ-ET2 -Cl. It was found that at high temperatures
a short irradiation strongly influences the temperature dependence of TX , but further
increasing the dose did not have such a crucial impact. The cross-relaxation time was
nearly constant above 50 K in all the irradiated samples. It is suggested that irradiation
induces holes in the insulating anion layer, thus during transport measurements a
mixture of the parallel and perpendicular resistivity is measured. The low temperature
behavior changed drastically due to X-ray irradiation. The metal insulator transition
shifted to lower temperatures with increasing irradiation time. Although the transition
temperature changed and the transition becomes more inhomogeneous, the position of
the antiferromagnetic resonance remained the same. The antiferromegnetic resonance
signal disappeared in the sample irradiated for 360 hours or more. All these results are
in accordance with previous transport experiments.
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κ-ET2-Cl
At low temperatures and at ambient pressure κ-ET2 -Cl is antiferromagnetically ordered
below TN =23 K. In this chapter I will introduce the results from the literature which
revealed the magnetic structure and then I will turn to ESR results. The AFMR (antiferromagntic resonance) strongly depends on the magnetic interactions in the crystal.
Thus it is an ideal tool to examine these interactions and show the huge magnetic
anisotropy in κ-ET2 -Cl.

9.1 Magnetic structure
The low temperature magnetic structure of κ-ET2 -Cl is known from static susceptibility
(graph 1.7) [22] and 13 C NMR (nuclear magnetic resonane) [29, 30, 20] studies. The
static susceptibility measurements showed that the ground state is a canted antiferromagnet, but it did not reveal the exact magnetic structure. 1 H NMR measurements and
magnetization measurements were done by Miyagawa et al. [29]. In their 1 H NMR
experiments at low temperature the NMR line splitted in a few peaks showing that the
magnetic order is commensurate with the lattice.
Although a lot was known about the magnetic properties of κ-ET2 -Cl the detailed
magnetic structure was unknown before the work of Smith et al. [20, 30]. The direction
of the Dzyaloshinskii–Moriya (D) vectors needed to be resolved. There are symmetry
constrains for the direction of the D vector but any orientation within the (a, b) plane
are allowed [20]. To understand the magnetic structure Smith et al. performed detailed
angle dependent 13 C NMR studies. In a general magnetic field orientation there are 16
NMR lines [84] because there are 4 inequivalent dimers in a unit cell, and in a dimer there
are two BEDT-TTF molecules both containing two (inner and outer) 13 C atoms. The
NMR lines of the two molecules in a dimer are split by dipolar interaction. In symmetry
directions different 13 C sites are equivalent so the spectrum is less complicated. In figure
9.1 the NMR shifts are shown for the inner and outer 13 C atoms. The angles in the figure
are defined by the convention that θ is the polar angle measured from c, and φ is the
azimuthal angle from a to b. In the figure both (a, b) (θ = 90◦ )and (b, c) (φ = 90◦ )
plane rotations are shown, and closed and open circles represent the two layers A and B
respectively. In the (b, c) plane the NMR shifts change smoothly, while in the (a, b) plane
there are discontinuities which are caused by a a reversal of the weak magnetization
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Figure 9.1: Shift in 13 C resonance frequencies as a function of orientation of the applied
field in the (a, b) plane (θ=90◦ ) and the (b, c) plane (ϕ=90◦ ) for both layer A
(closed circles) and layer B (open circles): (a) inner site; (b) outer site. Lines
are from fits as described in the text. Figures were adopted from [30].

when the field goes through the D vector. Thus from these measurements the directions
of the two D vectors were determined. The continuous line on the diagram is the
result of a fit. The fit is based on the fact that the resonance frequency of a nucleus is
determined by the effective magnetic field generated by the Zeeman interaction and
by the nuclear-electron spin interaction. Thus the strength of these interactions were
determined from the fit.
The magnetic structure determined from the magnetization and NMR measurements
is the following. A magnetic moment of about 0.5 µB resides on each dimer. Layers A
and B are slightly canted two-sublattice antiferromagnets with large intra- and small
interlayer exchange energies, λ and λAB , respectively. The value of the exchange interaction is roughly 50 meV [20], but determination of the λAB is difficult due to its small
value, for that ESR measurements were needed. The determination of λAB by ESR is
discussed in sections 9.2.2 and 9.2.3. The D vectors lie in the (a, b) plane at ϕA = 46.5◦
and ϕB = 133.5◦ , respectively, from the a axis. Apart from the magnetic structure Smith
et al. also determined the magnitude of the D vector, which they found D ≈ 2.6 T.

9.2 Antiferromagnetic resonance in κ-ET2-Cl
Previous high field AFMR measurements were done by Ohta et al. [26] and Ito et
al. [85]. Ohta et al. performed high field pulsed ESR experiments in the frequency range
50 GHz-383 GHz in a magnetic field up to 16 T. Their results are partly in agreement
with ours, one of our observed modes was found by them. Our technique, however,
has the advantage of a much better signal to noise ratio which allowed us to find all
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Figure 9.2: Simulation of AFMR modes with neglected interlayer interactions in
κ-ET2 -Cl in the (a, b) plane at 111.4 GHz. The α modes of A and B layers diverge as H is tilted towards the Dzyaloshinskii–Moriya vectors at ϕab ≈ 45◦
and 135◦ . Left: Simulation of resonance modes of only one layer (A), Right:
Simulation of both layers, but with no interlayer interaction.

four modes. Ito et al. used deutrated κ-ET2 -Br samples, which were antiferromagnetic
below 15 K and they are similar to the Cl salt. They performed low field 9.4 GHz
(∼ 0.33 T) AFMR experiments, but these results were strongly dependent on the sample
history, which is not the case in the Cl sample. The AFMR modes found also show the
fingerprints of the Dzyaloshinskii–Moriya vector during (a, b) plane rotation.
From now on I will introduce my high field ESR measurements and show that the
adjacent layers are only weakly coupled, the anisotropy of the intra- and interlayer
exchange energies is in the range of 106 . The AF resonance experiments were done on
crystals TEKCL1,TEKCL7 and TEKCL8. I found the AF resonance lines also on crystals
from other batches but the resonance lines were broader, even though we could not
distinguish the high temperature spectra of crystals from different batches. In crystals
of the highest quality batch the magnetic resonance is narrow at low temperatures
[Fig. 9.5, 9.7]. At 222.4 GHz the spectrum corresponding to every modes has narrow
features which are ∼5 mT wide and the whole resonance is ∼30 mT broad. These
features are present in all measured crystals. The angle dependence of the resonance
magnetic field at 4 K was mapped at frequencies 111.2 GHz and at 222.4 GHz (Fig. 9.7,
9.3, 9.4).

9.2.1 Results
The properties of the antiferromagnetic resonance were already discussed, in the presence of Dzyaloshinskii–Moriya interaction, in section 2.3 for a crystal which contains
two magnetic sublattices (simple AF). In this case there are two resonance modes α
and β. The AF resonance is more complicated in the case of κ-ET2 -Cl since a unit cell
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Figure 9.3: Observed (symbols) and calculated (lines) AFMR magnetic fields in κ-ET2 -Cl
in the (a, b) plane at 111.4 GHz. The α modes of A and B layers diverge as H
is tilted towards the Dzyaloshinskii–Moriya vectors at ϕab ≈ 45◦ and 135◦ .
They are little affected by the interlayer interaction except at mode crossings
near a and b.

contains two adjacent layers, thus there are four magnetic sublattices. Although the
magnetic structure is complicated, interactions between adjacent layers are weak so
for a start we can treat these two layers as they were independent. From this basic
assumption we expect four resonance lines in every magnetic filed orientation two for
layer A and two for layer B. If there is no interaction between the neighboring layers
the resonance frequencies can be calculated as discussed in section 2.3. The calculated
resonance modes at 111.2 GHz when the external magnetic field is in the (a, b) plane
are shown in graph 9.2. In the left side of the figure the calculated modes for only one
layer are shown. The β mode is the lower field resonance, it lies between 2.5 T and
3.5 T. The α mode diverges as H is tilted towards the Dzyaloshinskii–Moriya vectors at
ϕab ≈ 45◦ and 135◦ . In the left side of graph 9.2 the resonance modes corresponding two
both layers are shown. Since interlayer interactions are neglected for the simulation,
the resonances of the neighboring layers do not influence each other, they simply cross
each other even in symmetry directions.
Although interlayer interactions are small in κ-ET2 -Cl they can not be neglected. I
performed experiments with the external magnetic field in the (a, b) plane at frequencies
of 111.2 GHz and 222.4 GHz. The resonance positions of the 111.2 GHz spectra are
shown by symbols in figure 9.3. Since our magnetic field was limited to 9 T we could
follow this diverging α mode only in the close range of the a and b direction. The other
three modes could be found in every orientations, the only limitation was the signal to
noise ratio, because of the small intensity of the resonances. The continuous lines in the
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Figure 9.4: Observed (symbols) and calculated (lines) AFMR magnetic fields in κ-ET2 -Cl
in the (b, c) plane at 111.4 GHz. The degenerate AFMR mode in the (b, c)
symmetry plane is split by the interlayer interaction.

figure are the results of a numerical calculation, which I will introduce in the upcoming
subsection (subsection 9.2.2). In the results presented in graph 9.3 one can see that there
is no mode crossing in symmetry directions, as it is inhibited by interlayer interactions.
When the modes are far apart we can tell which signal corresponds to which layer. This
is shown by A and B letters in the graph. This matching can not be made when the
two modes are close to each other, so when the external field is close to a symmetry
direction, since resonances are mixed.
All found resonances in the (b, c) plane are shown by the symbols in Fig. 9.4. In the
(b, c) plane experiments the magnetic field is always perpendicular to the D vector so
there are no divergencies. The continuous lines in this figure are also the result of a
numerical calculation, which I will introduce in subsection 9.2.2.
As mentioned previously in some magnetic field orientations at 111.2 GHz we observed all four resonance modes. According to my knowledge, all four resonance
modes were not found before. One spectrum, with external field parallel to b is shown
in Fig. 9.5. In this magnetic field orientation only one of the β modes is strong, the others
were hard to find, to make those resonances more visible I also plotted them five times
multiplied. The two β mode resonances are at lower fields, while the α mode ones at
higher fields as also shown on graph 9.5.
Sofar I showed low temperature spectra taken at 4 K, well below the Néel temperature.
Now I turn to the temperature dependence of the spectra. As cooling κ-ET2 -Cl from
high temperatures to below the Néel temperature the ESR changes drastically. At high
temperatures we observe the conduction electron spin resonance (CESR) while at low
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Figure 9.5: Antiferromagnetic resonance spectrum at 111.2 GHz in κ-ET2 -Cl at T = 4 K
and H k b, 5× amplified spectra are shown for the low intensity higher field
lines. The 4 modes are the α (green, blue) and β (red, black) eigenoscillations
of weakly coupled canted antiferromagnetic A and B layers.

temperatures it changes to the antiferromagnetic (AFMR) resonance [21]. Both the fitted
resonance field and some of the selected spectra are shown at 420 GHz in the b direction
in figure 9.6, which was measured on a good quality single crystal (TEKCL1). At every
temperatures we see one signal at 14.96 T which originates from the KC60 reference
(g=2.0006). The onset of the AF order below 23 K is indicated by a drastic shift, of more
than 1 T at 420 GHz (and even higher at lower frequencies), of the resonance field.
There is a small temperature range where neither the AFMR nor the CESR is visible,
due to a strong broadening of the signal caused by fluctuations. Below 23 K the AFMR
becomes visible. As cooling even further below 16 K the splitting of the AFMR line
becomes visible. There is a stronger lower field resonance and a much weaker higher
field one. During cooling the AFMR gradually becomes narrower. When the external
field is parallel to b, which is a symmetry direction, at low temperatures there are two
pairs of close lying resonances which are splitted by the small interlayer interaction.
In the 420 GHz H k b direction measurements shown in figure 9.6 there are only two
resonances. The other two resonance lines are at high magnetic fields which we can not
reach with a 16 T magnet. The positions of the lower field lines of the two layers (A and
B) are seen in the low temperature part of figure 9.6.
In the following I will show that in the magnetically ordered state of κ-ET2 -Cl the
magnetic resonance modes of adjacent layers are nearly independently excited in magnetic fields in general directions. Weak interlayer interactions inhibit mode crossing in
symmetry planes and are measurable in the magnetically ordered phase. In figure 9.7
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Figure 9.6: Temperature dependence of ESR of TEKCL1 κ-ET2 -Cl sample measured at
420 GHz in the b direction Left: Temperature dependence of the resonance
field, the large shift at 27 K signals the antiferromagnetic transition. At low
temperature we can follow two AFMR modes. Right: Some of the measured
spectra above and below the antiferromagnetic transition. The sharp line at
14.96 T is the signal of the KC60 which is used as a reference.

on the right side some of the spectra in the (a, b) plane at 222.4 GHz are shown. The
two modes seen are the β modes. In symmetry directions the resonance field splitting
is small, it is caused by the interlayer interaction. To demonstrate the effect of the interlayer interaction I performed the angle dependent AFMR measurements in dense steps
close to the symmetry directions. On the right side of graph 9.7 the fitted resonance
fields are shown close to the b direction of the 222.4 GHz rotation. It is clearly seen in
this figure that there is no mode crossing, so there is some interaction between adjacent
layers. The same effect could be observed also in the vicinity of the a direction.

9.2.2 Calculation of resonance modes
In this subsection the numerical calculation of resonance modes in the presence of
interlayer interactions is introduced. The numerical calculation is based on calculating
the equilibrium magnetization then the eigenfrequencies from the following free energy:
F = FA + FB + FAB Here FA is the free energy corresponding to layer A, FB is the same
for layer B while FAB stands for the weak interlayer interaction.
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Figure 9.7: Antiferromagnetic resonance at 222.4 GHz in κ-ET2 -Cl (TEKCL7) at T = 4 K
in the (a, b) plane. Left: Some of the measured spectra, at this frequency
only two modes of the four is observed. At 7.94 T the signal of the KC60
is seen which is used as a reference. Right: the fitted resonance positions
in the vicinity of the b axis, showing the signature of the small interlayer
interaction.

(9.1)

Fξ = −H · Mξ − λMξ1 · Mξ2
+Dξ · (Mξ1 × Mξ2 )

+(Kc /2)[(Mξ1 · ĉ)2 + (Mξ2 · ĉ)2 ]
+(KD /2)[(Mξ1 · dˆξ )2 + (Mξ2 · dˆξ )2 ]

FAB = −λAB (MA1 · MB1 + MA2 · MB2 )

(9.2)
(9.3)
,

(9.4)
(9.5)

where Mξ1 , Mξ2 are the sublattice magnetizations of layer ξ with magnitude M0 , Mξ =
Mξ1 + Mξ2 , and ĉ is the c axis unit vector. ϕA and ϕB is approximated with ϕA0 = 45◦
√
√
and ϕB0 = 135◦ . Thus Dξ = Ddˆξ is dˆA = [110]/ 2 and dˆB = [1̄10]/ 2. Kc and KD denote
single-ion anisotropies with principal axes along c and (for simplicity) dˆξ , respectively.
If we assume that adjacent layers do not interact we can calculate analytically the
eigenmodes for a single layer with H k c are approximately [52]:
ωα /γ =
ωβ /γ =

p
p

DM0 (H + DM0 ) + (KD λM2 )

(9.6)

H(H + DM0 ) + (Kc λM2 )

(9.7)

as it was discussed in section 2.3, and we denote by α and β the continuation of these
modes as the magnetic field angle is varied.
The computer program,written by Titusz Fehér, calculates the equilibrium directions
of Mξ1 and Mξ2 first and then the eigenfrequencies as a function of magnetic field,
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Figure 9.8: Resonance-field–frequency mode diagram of κ-ET2 -Cl at T = 4 K and H k b.
Symbols denote measured AFMR, lines are model calculations. The 4 modes
are the α (green, blue) and β (red, black) eigenoscillations of weakly coupled
canted antiferromagnetic A and B layers.

H, oriented in fixed directions. A small damping term towards equilibrium was also
added to obtain finite line widths. The g-factor anisotropy and anisotropic terms in
the exchange energies were neglected. The calculated AF resonance fields are shown
in Figs. 9.3 and 9.4 with continues lines. The calculated and measured spectra are in
a really good agreement in all field directions at both 111.2 GHz and 222.4 GHz. The
frequencies depend mainly on DM0 and the products λAB λM20 , Kc λM20 and Kc λM20 but
little on the separate values λAB , Kc and KD .

9.2.3 Discussion
With the above introduced model we can calculate the parameters describing the AFMR.
For the fitting we fixed λM0 = −450 T which is average value of the three main crystalographic directions measured by NMR Ref. [30] The best fit parameters are DM0 = 3.7 T,
KD M0 = −11 mT, Kc M0 = 2.5 mT, and λAB M0 = 1.15 mT. The magnitude of DM0 = 3.7 T
is in a good agrement with the NMR results of Smith et al. [20].
With these parameters the mode diagrams of the frequency versus resonance field
were calculated numerically at fixed field directions from the free energy. The four
modes are shown in Fig. 9.8, for the magnetic field direction H k b with continues
lines. The low field part of the mode diagram is complicated. Since we are limited to a
magnetic field of 9 T at Budapest the α modes can be seen only at 111.2 GHz but not at
222.4 GHz. The squares in figure 9.8 represent the measured values. At 75 GHz I found
only one of the resonances, due to difficulties caused by broader resonance line and
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worse signal to noise ratio. I also performed higher field measurements in Lausanne
at 315 GHz and at 420 GHz to follow the β modes and the results were also in a good
agreement with the calculations.
As mentioned earlier the resonance field versus angle at 111.2 GHz in the (a, b) plane
(b, c) plane were also calculated and are shown by continues lines on Figures 9.3
and 9.4). The calculations reproduce the experiments quite well. Some discrepancies
expected to appear due to miss orientation of the sample which is smaller than 5◦ (as
discussed in section 3.1). Eventhough 5◦ misalignment does not change the β modes
much, it can explain the differences between the experiments and the calculations for
the α modes. Apart from problems arising due to misalignment the model contains
some simplifications, like neglecting the g-factor anisotropy and anisotropic terms in the
exchange energies, which can also explain some differences. Still the qualitative features
predicted for a pair of weakly coupled antiferromagnetic layers are demonstrated by
the calculations and the experiment. At fixed frequencies the α mode resonance field
diverges when H is tilted towards Dξ , while the β mode has no divergence, it can be
found in every magneti field orientation. Close lying pairs of α and β modes appear
in the (a, c) and (b, c) symmetry planes. In these planes the interaction between the
A and B layers prevents mode crossing which is also reproduced by the calculations.
The splitting depends largely on λAB λM20 , but little on the excitation frequency or
angle. Thus we could determine λAB λM20 from the experiments. The calculations show
the extreme smallness of the interplanar interaction, λAB . The magnetic dynamics is
strongly two dimensional because λAB is almost 6 orders of magnitude smaller than
the in-plane interdimer exchange interaction λ. We found λAB ferromagnetic but this
may not be meaningful as its magnitude is comparable to the dipolar interaction and
we neglected its anisotropy.

9.3 Conclusions
In the antiferromagnetically ordered phase of κ-ET2 -Cl, for the first time, all four resonance lines were found. They follow magnetic eigenoscillations of nearly independent
single layers. The interlayer exchange between the adjacent layers was fitted and the
magnitude of interlayer interaction and the Dzyaloshinskii–Moriya interaction was determined. The anisotropy of the intra- and interlayer interactions is about 106 . The
interlayer interactions are comparable or smaller than magnetic dipolar energies. The
antiferromagnetic resonance can be well described, with the microscopic model of Smith
et al. [30, 20].
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κ-ET2-Cl
Below the metal insulator transition around 50 K fluctuations start to grow up in
κ-ET2 -Cl as the Néel temperature at 23 K is approached. These fluctuations increase
the ESR linewidth. We examined the effects of fluctuations at various magnitudes and
orientations of the external magnetic field. We found that fluctuations in adjacent layers
are independent, they are in a plane perpendicular to the D vector, and they increase
with increasing magnetic field in the plane perpendicular to D.

10.1 Fluctuation in κ-ET2-Cl above the
antiferromagnetic transition
Previous studies of antiferromagnetic fluctuations have been done by NMR spectroscopy [31, 29, 5]. NMR experiments are performed in a different frequency range
than ESR. To understand NMR and ESR results we have to know the magnetic interactions present in the crystal. In figure 10.1 the structure of κ-ET2 -Cl is shown. The same
structure was presented in the introduction but now the orientation of the DA and DB
vectors of the A and B layers, and the fluctuation planes are also shown. Based on NMR
studies [30] DA and DB are at ϕab = ±46◦ in the (a, b) plane. However, the NMR study
[30] can not distinguish between two possible orientations of DA : ϕab ≈ ±46◦ . Our
study will conclude that ϕab = +46◦ so DA is inclined about 10◦ from the ET molecular
long axis, and figure 10.1 is drawn accordingly.
Hamad et al. [31] measured with NMR the frequency dependence of 1/T1 , while
pressure dependence was studied by Lefebvre et al. [5]. In their experiments they
found a peak in 1/T1 (inverse spin lattice relaxation time) which is suppressed by either
increasing the NMR frequency or the pressure. Lets denote the temperature corresponding to the peak in 1/T1 with T∗ . By increasing the frequency (thus the magnetic
field) T∗ shifts to higher temperatures [31], which was interpreted as an increase of the
Néel temperature, TN . Hamad et al. could explain the pressure dependence with spin
fluctuations depending on the frustration of the exchange interactions in the triangular
lattice of the ET dimers, but the shift of T∗ can not be explained in this model.
Kagawa et al. [15] also performed NMR measurements to resolve this contradiction
and they developed a mean field model to describe the results. These NMR measurements were done in symmetry directions, parallel to one of the main crystallographic
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Figure 10.1: Structure of κ-ET2 -Cl. The A and B BEDT-TTF layers are separated by insulating Cu[N(CN)2 ]Cl polymeric sheets. DA and DB are the DzhaloshinskiiMoriya vectors of the A and B layers respectively, DA and DB are at
ϕab = ±46◦ in the (a,b) plane [30]. ESR measurements are with field in
the c, c × DA , DB and b directions. Field induced magnetic fluctuations are
polarized in the planes perpendicular to the D vectors which is represented
by a grey ellipse in the right side of the figure.

axis, so all layers were equivalent. The mean field model took into account the DM and
Zeeman interactions. The S=1/2 antiferromagnetic Heisenberg model was calculated
on a two dimensional square lattice. Kagawa et al. suggested that the increase of T∗
with H observed in NMR measurements reflects the shift of the 3D to 2D crossover
temperature. ESR investigations discussed in section 10.3 will show that the increase
of T∗ is not accompanied by an increase of TN . According to the model discussed in the
study of Kagawa et al. [15] the interplay of the DM and Zeeman interactions induces a
ferrimagnetic moment well above the Néel temperature. In their work the effect of the
DM interaction in an external field of 7.4 T was measured, which is close to the magnetic
field of the 222.4 GHz ESR measurements (∼8 T) used in my studies. The staggered
component of the magnetization began to increase below 50 K. In their model, Kagawa
et al. [15] used a molecular-field approximation to calculate the effect of the DM interaction. This model could explain the experimental findings, such as the increase of T∗
with H, however, with an unrealistic, large D/J ratio (D ≈ 3 K and J ≈ 20 K). In a mean
field model TN = J, that is why a small J was assumed.
Our ESR measurements [21] suggest D ≈ 5 K (∼ 3.7 T) and J ≈ 600 K (∼ 450 T),
fluctuations in separate layers are independent and they extend to high temperatures.
The D/J ratio is much smaller than assumed in REF. [15] but lower dimensionality
can increase the effect of fluctuations. In two dimensional magnetic systems the Néel
temperature is much less than the mean field value.
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Figure 10.2: Temperature dependence of δ, the frequency dependent linewidth at
222.4 GHz, of κ-ET2 -Cl, when external field applied in the c × DB (green N),
c (blue •), and DB (red ) directions. In the inset the (c × DB − c) plane of
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10.2 Results
ESR measurements were performed above TN with the magnetic field parallel to the c,
c × DA , DB and b directions in fields between 0.3 and to 16 T. Field induced magnetic
fluctuations are polarized in the planes perpendicular to the D vectors (fig. 10.1). Spin
fluctuations contribute to the transverse spin relaxation rate 1/T2 which is measured by
the ESR linewidth ∆H, as 1/T2 = γ∆H. When the magnetic field applied in a general
direction in the (a, b) plane the two ESR lines due to their different g-factor anisotropy
are resolved. For H k ϕab = 45◦ the external field is parallel to DA , the Dzyaloshinskii–
Moriya vector of A layers, while it is perpendicular to DB , as it is in the c×DB direction for
the B layers. The interaction between adjacent layers is weak and 1/T2 is simultaneously
measured in A and B layers with H ⊥ DA and H k DB respectively.
We show below that fields in the plane perpendicular to the DM vector D, induce
strong transverse magnetic fluctuations, while fields parallel to D do not change the
fluctuation spectrum. The magnetic field induced fluctuations of adjacent layers are
uncorrelated and the external magnetic field does not change the Néel temperature of
the 3D magnetic ordering. This suggests that the increase in T∗ measured by NMR arises
from a field induced low frequency gap in the fluctuation spectrum of the uncorrelated
2D layers.
To examine the direction dependence of the fluctuations in figure 10.2 I plotted the
magnetic field dependent part of the linewidth δ as a function of temperature, in
different magnetic field orientations. I got δ by subtracting the linewidth at 9.4 GHz
from the 222.4 GHz value. The 222.4 GHz linewidth values in the DB and c × DB were
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Figure 10.3: Frequency dependence of ESR linewidth of κ-ET2 -Cl. Left: Frequency
dependence at Hkb. Orange : 222.4 GHz blue •: 111.2 GHz. Purple ⋆:
9.4 GHz Right: Frequency dependence at H ⊥ D. Green △: 222.4 GHz,
H k (c × DA ). Red ⊲: 111.2 GHz, H k (c × DA ). Pink ⋆: 9.4 GHz at H k b.
compared to the 9.4 GHz b direction measurements (FIG. 10.2). In the b direction the
external field is tilted by an angle of 45◦ from the c × DB and D vectors of both A and
B layers. However, the linewidth is isotropic in the (a, b) plane at 9.4 GHz and we
assume that the linewidth in the b direction at 9.4 GHz is the same as in the DB and
c × DB directions. The temperature dependence of the linewidth measured at 9.4 GHz
in b direction is the same as in 222.4 GHz in the DB direction (see below) which further
supports our assumption. In the c direction the 9.4 GHz linewidth is different from
the (a, b) plane values. To get δ in the c direction we compared our 222.4 GHz data to
9.4 GHz c direction linewidth data measured by Yasin et al. [86].
As shown in FIG. 10.2 in high magnetic fields δ increases below 50 K in the c and
c × DB directions. The broadening is similar in these two directions while δ is zero in
the D direction. These results show that the broadening appears if the magnetic field
is applied in a plane perpendicular to the D vector, while it is absent when the field is
parallel to the D vector.
Fluctuations increase with increasing magnetic field and disappear at low field, which
is highlighted by the following experiments. In order to investigate the magnetic field
dependence of the linewidth I plot the temperature dependent linewidth at H k b at
frequencies of 222.4 GHz, 111.2 GHz and 9.4 GHz in the left panel of figure 10.3. Since
H k b is a symmetry direction the g-factors of the two layers are the same and we do
not see the A and B ESR lines separately. b is in the angle of 45◦ degrees with the D
vector of both layers and a clear magnetic field dependent broadening of the ESR line
width is observed in the insulating phase below 50 K. In the H k c × DA direction we
can observe the layers separately. The temperature dependent linewidth measured at
222.4 GHz and 111.2 GHz in c × DA direction along with H k b at 9.4 GHz at in the right
side of FIG. 10.3. In this orientation, if we compare results in the same external field an
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even stronger broadening is observed. The orientation of the crystal was unchanged
between the 222.4 GHz and 111.2 GHz measurements, so there is no systematic error
due to different crystal placements.
The magnetic field dependence of fluctuations was clearly shown, but the magnetic
field dependence of the 3D ordering temperature was not yet discussed. Measurements
of Hamad et al. [31] and calculations of Kagawa et al. [15] suggested a rise of the Néel
temperature with increasing external field. In ESR usually the onset of 3D magnetic
order is usually observed as a shift in the resonance position, or similarly as a shift in the
g-factor. The temperature dependence of the g-factors parallel and perpendicular to the
vector DA are shown in figure 10.4 at 111.2 GHz (4 T) and 222.4 GHz (8 T) are compared
to the 9.4 GHz (0.34 T) b direction g-factors. The H k DA and H k c × DA values were
measured simultaneously. The stunning feature is that there is a temperature range
there is a g-factor shift in one layer (H k c × DA ) while there is no shift in the other layer
(H k DA ). The onset of the shift in the H k DA orientation is magnetic field independent,
it is at the same temperature as at 9.4 GHz in the b direction. On the contrary in the
H k c × DA direction, when H is perpendicular to the D vector, there is a strong magnetic
field dependence of the g-factor shift.

10.3 Discussion
The linewidth in the paramagnetic state in the range between 23 K and 50 K depends
strongly on the magnitude and the direction of the external magnetic field with respect
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to the D vector. Cooling below 50 K at 9.4 GHz, the linewidth decreases in all three
crystallographic directions [86]. At higher frequencies however, the temperature dependence is more complicated as seen in FIG. 10.2 and 10.3. In the plane perpendicular
to the D vector the linewidth increases in increasing magnetic field while the broadening is absent in H k D direction. The observed line broadening below 50 K shows
an anisotropy depending on the orientation of the magnetic field compared to the D
vector, and has a strong magnetic field dependence thus we assign it to fluctuations
to the staggered magnetization which is present due to the DM interaction. This is
in agreement with previous NMR studies showing that in a magnetic field the static
staggered moment increases below 50 K [15].
In the H k ϕab = 45◦ orientation two lines corresponding to the two layers with H k D
and H k c × D lines are apparent. Since we can observe a strong line broadening in the
H k c × D line and no line broadening in the H k D line we conclude that fluctuations in
one layer do not effect the other layer, they are independent. This is a consequence of
the extreme two dimensional nature of κ-ET2 -Cl. The disappearance of line broadening
at low frequencies (9.4 GHz) prove that the broadening and the fluctuations disappear
as we decrease the magnetic field. Also at higher magnetic fields the broadening is
stronger and are observable to higher temperatures.
The ESR linewidth is proportional to the inverse of the transverse spin relaxation
rate. Both transverse and longitudinal fluctuations contribute to this relaxation but
in the 23 K and 50 K temperature range the field induced transverse magnetization
is much larger than the longitudinal [15]. Thus, the observed linewidth anisotropy is
determined by the transverse fluctuations of the field induced staggered magnetization.
This staggered magnetization is induced by the interplay of the Zeeman and the DM
interactions [15], and thus increases with increasing magnetic field.
We examined whether the onset of 3D ordering is changed by a magnetic field by
measuring the temperature dependence of the g-factor (figure 10.4). In the H k DA
orientation the temperature dependence of the g-factor was independent of the external
field, which was not the case for H k c × DA . If this shift would mark the onset of the 3D
ordering, we would have a temperature range in which every second layer is already
ordered while the others are not. This is not possible. The upturn of the g factor below
30 K at low fields is typical of 3D magnetic correlations near the Néel temperature. The
change of the g-factor at higher temperatures has a two dimensional nature. The shift
of the g-factor can be attributed to the appearance of the staggered magnetization and
so the resonance field shifts toward the antiferromagnetic resonance frequencies.
The 2D nature is also shown by the isotropy of the magnetic field dependent line
broadening (δ) in the plane perpendicular to the D vector. δ is about the same in the
H k c direction where H is the same in all layers and in the H k c × DB direction where
the ESR line of only every second layer is broadened and shifted.
It is surprising that fluctuations are observable already at such high temperatures.
The energy scale set by the temperature is quite high compared to the DM energy, so
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well above TN , where correlations are negligible fluctuations are fast. As temperature is
decreased correlated regions of the crystal exist in which spins move together. Correlation increases the energy required to flip the spins so fluctuations slow down thus they
become observable. The inverse spin-spin relaxation time due to fluctuating effective
2
magnetic field: Hfluct is 1/T2 ∽ Hfluct
τ0 , where τ0 is the timescale corresponding to the
fluctuations. If the fluctuations are slow, compared to the Larmor frequency, a line shift
is observable in ESR measurements. Below TN the line is broadened by collective excitations of the magnetically ordered system and by the interaction of the AFMR modes.
At the lowest temperatures the AFMR modes are split and there are no more collective
excitations and the AFMR lines are narrow.

10.3.1 Assignment of ESR lines
Smith et al. [20] showed that due to symmetry reasons the DM vector must be perpendicular to c. According to previous NMR and our ESR measurements [20, 21] DA
and DB lies in the (a, b) plane in the direction ϕab ≈ ±46◦ , so that the D vectors of the
two neigbouring layers are nearly perpendicular to each other (Figure 10.1). Previous
studies do not distinguish between the two possible orientations of DA .
Nakamura et al. [27] measured the ESR g-factor anisotropy of several ET salts. They
found that in κ-ET2 -X salts the g-factor is maximal along the long molecular axis [27].
We denote b′ as the orientation of the g-tensor principal axes of layer A with the maximal
g factor. b′ is nearly parallel to the ET molecules of layer A [27]. So at high temperature
we can determine which ESR signal corresponds to which layer. We also know the
direction of the two D vectors but we have to decide which D direction corresponds to
which layer. If we assume that the broadening below 50 K happens when the external
magnetic field is perpendicular to the D vector, and similarly in that direction the gfactor starts to shift at higher temperatures thens the D vector is inclined about 10◦ from
the ET molecular long axis.

10.4 Conclusion
The magnetic fluctuations, due to the Dzyaloshinskii–Moriya interaction in κ-ET2 -Cl
layered crystal, were examined by ESR. These fluctuations lie in the plane perpendicular
to the D vector and they increase with increasing magnetic field. The fluctuations are
independent in adjacent layers. We also determined the orientations of the D vectors
of the two types of layers. The D vectors are inclined about 10◦ from the ET molecular
long axis.
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κ-ET2-Cl and in κ-ET2-Br
In this chapter high temperature structural fluctuations are discussed. At high temperatures ET molecules fluctuate [88]. Although in κ-ET2 -X (X=Cl,Br) at low temperatures
the two ET molecules within the dimer are equivalent high temperature fluctuations
destroy this symmetry [62, 89]. On each dimer there is one hole which fluctuates as the
ET molecules move. This hole acts as a dipole [87]. The charge fluctuation is observed
in ESR measurements through an increased linewidth.

11.1 Introduction
The ethylene groups on the BEDT-TTF molecules are in either eclipsed or staggered
configurations [1] as discussed in chapter 1 and shown in figure 1.1. At high temperatures ET molecules fluctuate and within a dimer there are three possible configurations:
both molecules are staggered, both are eclipsed or one is eclipsed while the other is staggered. At low temperatures structural fluctuations freeze out and in κ-ET2 -X, X=Cl, Br
all molecules become eclipsed [1]. The structural fluctuations of κ-ET2 -X are accompanied by a charge fluctuation. To investigate high temperature fluctuations I performed
high field ESR measurements and compared them to low field measurements known
from the literature [27, 86].
Nakamura et al. performed low field ESR measurements is several ET salts at
9.4 GHz. The measured crystals are κ-ET2 -Br, κ-ET2 Cu(CN)[N(CN)2 ], κ-ET2 Cu(NCS)2
and κ-ET2 Ag(CN)2 · H2 O. All of these compounds have a similar dimer structure but
crystals are orthorombic while some are monoclinic. They found an anisotropic increase
of the linewidth above 70 K in one of the inplane directions in all of the crystals [27].
Apart from the linebroadening a g-factor shift was observed below 100 K in crytals
in which there is no inversion symmetry within the dimer (like κ-ET2 Cu(NCS)2 and
κ-ET2 Ag(CN)2 · H2 O) [27]. The reason of the anisotropic linewidth and the g-factor
shift was not known by Nakamura et al.
I performed high frequency measurements in the case of the κ-ET2 -Br and κ-ET2 -Cl
crystals at 111.2 GHz and at 222.4 GHz. In these crystals I found that the anisotropic
line broadening is independent of the magnitude of the external magnetic field. We
propose that the linebroadening is caused by charge fluctuations within the dimer.
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Figure 11.1: Possible short-range domains of the electric dipoles fluctuating collectively.
The snapshots of the quantum fluctuation are coupled with the inversion
symmetry. Graph adopted from Ref. [87].

11.2 Results
The measured ESR linewidths at 222.4 GHz and at 9.4 GHz are collected in graph 11.2.
In this graph the top panels show the measured linewidths for the κ-ET2 -Cl compound
while in the bottom panels results for the κ-ET2 -Br compound are collected. The high
field experiments were done by me while the low field ones are by Yasin et al. [86] and
by Nakamura et al. [27].
The ESR linewidth in κ-ET2 -Cl and in κ-ET2 -Br is strongly anisotropic, and it is the
same in the two compounds within experimental error. The linewidth measured in both
a and b directions at 222.4 GHz, 111.2 GHz and at 9.4 GHz is about 5.5 mT at T = 250 K.
Under cooling, the line broadens and it reaches 6.5 mT at 50 K. The linewidth changes
more drastically as a function of temperature in the c direction. In the c direction the
linewidth is 6.5 mT at 250 K and it increases to 11.5 mT at 50 K. This linebroadening is
independent of the external magnetic field.

11.3 Discussion
We propose that the linebroadening at high temperatures is caused by the fluctuation
of the charges within a dimer. This fluctuation is related to the structural fluctuations
of the ET molecules. As ET molecules oscillate the charges also fluctuate between the
two molecules of the dimer rather than staying statically at the center. Interdimer
Coulomb interaction plays an important role in describing these fluctuations. Holes on
neighboring dimers prefer to be far from each other. Due to the frustrated triangular
structure of the dimers inter dimer electron-electron interaction is relatively small, and
intra dimer fluctuations are dominant. Fluctuating domains of holes were proposed by
[87] in κ-ET2 Cu2 (CN)3 . The system fluctuates between the two configurations shown
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Figure 11.2: Top left: Temperature dependence of the ESR linewidth of κ-ET2 -Cl with
magnetic field parallel to c direction at 222.4 GHz (measured by me) and
at 9.4 GHz (measured by Yasin [86]). Top right: Temperature dependence
of the ESR linewidth of κ-ET2 -Cl with magnetic field parallel to c and b
direction at 9.4 GHz (measured by Yasin [86]) Bottom left: Temperature
dependence of the ESR linewidth of κ-ET2 -Br with magnetic field parallel
to the c direction at 222.4 GHz (measured by me) Bottom right: Temperature
dependence of the ESR linewidth of κ-ET2 -Br at 9.4 GHz, graph adopted
from [27]

in graph 11.1.
As spins fluctuate the exchange magnetic field of the neighboring dimers acting on
the spins change. Fluctuations with the Larmor frequency increase the inverse spin
relaxation time and so enlarge linewidth. Under cooling, fluctuations slow down and
the spectral weight of fluctuations at the Larmor frequency increase. Thus linewidth
increases under cooling. Below 70 K the oscillation of the BEDT-TTF molecules freeze
out, the molecules order and thus charge fluctuations disappear. As a consequence the
linewidth decreases below 70 K in the low frequency measurements. The increase of
the linewidth below 70 K in the high frequency measurements was discussed in chapter
10.
Sofar only the linebroadening was discussed, now I turn to the g-factor shift observed
in some compounds. In materials where there is no inversion center within the dimer
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the g-factor of the two molecules are different. At low temperatures a static charge
disproportionation develops in crystals without inversion symmetry. The g-factor
shifts towards the g-factor of the molecule with the bigger charge below the ordering
temperature of the ET molecules.

11.4 Conclusion
In the bad metallic regime at high temperatures we observed an ESR line broadening in
the conducting c direction in κ-ET2 -Cl and in κ-ET2 -Br. This broadening was observed in
several other κ-ET2 compounds and is magnetic field independent. We propose that the
line broadening is due to structural fluctuations accompanied by charge fluctuations
within dimers. The line narrows at low temperature where fluctuations freeze and
dimers order.
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12 Prussian Blue analogue:
RbMn[Fe(CN)6] · H2O
In this chapter I will switch from the topic of ET salts to a Prussian blue analogue
RbMn[Fe(CN)6 ] · H2 O. First I will introduce briefly the literature on this compounds
then I will present the results of the ESR study.

12.1 introduction
Prussian Blue ( Fe7 (CN)18 · 14H2 O ) is used as a dye material since the early 18th century.
It has also been used as a treatment of poisoning, to speed up the excretion of radioactive
cesium or non-radioactive thallium.
The interest for physicist in the extensively studied Prussian Blue analogues[90, 91,
92], A(I)M(II)[N(III)(CN)6 ], where A=(Na, K, Rb, Cs); M=(Mn, Co, Cr); N= (Fe, Cr),
lies in a charge transfer transition between high temperature (HT) and low temperature
(LT) phases [91, 93, 94]. Besides a temperature change, the transition can be triggered by
illumination with visible light [95, 96], or X-rays [97] and also by application of pressure
[96]. The materials have potential technological applications like magneto-optic devices
based on photoinduced magnetism.
The temperature induced phase transition can be understood by the following picture
[98]. In these materials, the magnetic system has two different possible configurations
whith close lying total energy. The ground state is always determined by the minimum
of the free energy (G), which can be calculated from the enthalpy (H), the entropy (S)
and from the temperature (T) as G = H − T · S. Thus at low temperatures the enthalpy
is dominant while at higher temperatures the entropy takes over. If for one state the
enthalpy is lower while for the other the entropy then we expect a temperature induced
phase transition. This phase transition is first order and the hysteresis is large. The
reason is that the charge transfer transition is attached to a structural transition. The
structural transition cost elastic energy which builds an energy barrier between the
two states. The same picture also sheds light on the opto-magnetic behavior at low
temperatures. As the sample is irradiated with light some electrons are excited to the
higher energy state. Although in that state the free energy is not minimal the barrier
inhibits relaxation to the groundstate. Low temperature is crucial for a light induced
phase transition, because thermally excited relaxation must be negligible.
The compound I studied during my PhD is RbMn[Fe(CN)6 ] · H2 O [99]. The high
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Figure 12.1: Left: Structure of RbMn[Fe(CN)6 ] · H2 O, Rb+ ions and noncoordinated lattice water molecules are omitted for clarity [102]. Right: Structure of a
cubic Mn2+ cluster in RbMn[Fe(CN)6 ] · H2 O surrounding an Fe(CN)6 vacancy. The 6 Mn2+ ions of the cluster (darker) have 5 Fe first neighbors
unlike the Mn ions of the bulk that have 6 Fe first neighbours.

temperature structure of the crystal is shown in the left side of figure 12.1. The Rb+
ions and noncoordinated lattice water molecules are not shown in the diagram, and
C ≡ N ligands are represented by lines. In this material the HT phase is cubic (F4̄3m;
Z=4) with Mn2+ and Fe3+ ions in S=5/2 and S=1/2 spin states respectively. The LT Mn3+
(S=2), Fe2+ (S=0) phase has a tetragonal symmetry (I4̄m2; Z=2). The charge transfer
transformation is driven by a Jahn-Teller distortion of Mn3+ ions [91]. A schematic
diagram of the two phases is presented in figure 12.2, showing the split of electronic
orbitals while going through the phase transition.
The HT-LT transition has a broad thermal hysteresis with the LT→HT transition at
approximately 300 K and the HT→LT transition at about 175 K [90]. In the LT phase
the S=2 spins of the Mn3+ ions order ferromagnetically [100, 101] below TF =11 K.

12.2 Samples
A powder and a single crystal sample, both grown by E.J.M. Vertelman (University
of Groningen, The Netherlands) were examined [90, 103]. Here I will give a short
description of the crystal growing method.
The powder sample I used is named sample EV0707 and its chemical composition is
Rb0.91 Mn[Fe(CN)6 ]0.97 · 1.53H2 O. The preparation method is the following. A solution
of 0.495 g MnCl2 · 4H2 O in 25 mL of H2 O was added to a mixed solution of 0.823 g
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Figure 12.2: Charge transfer process in RbMn[Fe(CN)6 ] · H2 O at the transition between
the high temparature cubic to the low temperature tetragonal phase. The
occupation of the d orbitals by electrons is also shown.

K3 [Fe(CN)6 ] and 3.023 g RbCl in 25 mL of H2 O. The addition speed was kept constant
at 6 mL · h−1 with a syringe pump (Sage Instruments, model 352). The solution was
stirred at a constant rate of 5.5 rps. The temperature of the combined solution was
kept constant at 318 K with a water bath. A brown powder precipitated which was
centrifuged and washed twice with distilled water of room temperature. The samples
were dried overnight in vacuum. Elemental analysis was performed at the analysis
facility of CNRS in Vernaison, France. Calculated for Rb0.91 Mn[Fe(CN)6 ]0.97 · 1.53H2 O:
Rb 21.26%, Mn 15.03%, Fe 14.80%, C 19.10%, N 22.27%, H 0.84%. Found: Rb 21.26%,
Mn 15.03%, Fe 14.80%, C 20.23%, N 22.63%, H 0.32%. Yield (based on Mn): 84%.
The single crystal I measured is named sample EV0712. To obtain single crystals of
RbMn[Fe(CN)6 ] · H2 O a 10 mL vial was placed in a 100 mL jar with screw cap. The jar
was filled with an aqueous solution of 0.5 M RbCl at room temperature. 2 mL of an
aqueous solution of 1 M MnCl2 · 4H2 O (cooled on ice) was injected at the bottom of the
vial and 2 mL of an aqueous solution of 1 M K3 Fe(CN)6 (cooled on ice) was injected
at the bottom of the large jar. The jar was closed with the screw cap and placed in a
water bath of 45◦ C for 2 days. After 2 days dark brown cubic crystals were formed.
These were filtrated, washed with water and 96% ethanol of room temperature, and
allowed to dry in air for 1 day. The results by the elemental analysis of the single crystals
of RbMn[Fe(CN)6 ] · H2 O: Calculated: RbMn[Fe(CN)6 ] · H2 O: C 19.46%, N 22.69%, H
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Figure 12.3: 9.4 GHz ESR line width (stars: heating, cubes: cooling) and ESR susceptibility times temperature (triangles) of RbMn[Fe(CN)6 ] · H2 Of powder sample
as a function of temperature. Inset: hysteresis of the line width at the
HT→LT transition.

0.54%. Found: C 19.41%, N 22.75%, H 0.59%. X-ray measurements on a single crystal
at 293 K showed the cubic crystal structure (F-43m), with the size of the unit cell:
| a |=10.521 Å. While in the tetragonal phase the size of the unit cell changes to:
| a |=7.29 Å, | c |=10.66 Å [102]

12.3 ESR of RbMn[Fe(CN)6] · H2 O
I performed a detailed ESR study of both powder and single crystal samples of the
Prussian Blue analogue RbMn[Fe(CN)6 ] · H2 O [99]. The experimental findings in powders are in good agreement with the study of Pregelj et al.[104]. The observed ESR line
corresponds to a defect site, while the ESR signal of the bulk was not found. We propose
that the defect ESR line arises from a Cubic cluster (denoted hereafter ”C-cluster”) of
Mn2+ ions surrounding the structural defect shown in the right side of figure 12.1. From
the mass of the measured sample, we can estimate the total intensity of the missing resonance. Using the known sensitivity of the ESR apparatus, we can set a lower limit of 1 T
to the linewidth of a resonance. The large linewidth signals short spin relaxation times.
The lack of a bulk ESR in the high temperature phase is surprising as the S=5/2 spin
Mn2+ and the S=1/2 Fe3+ ions are usually easily observed. We argue that an admixture
of the Mn3+ -Fe2+ state into the Mn2+ -Fe3+ state is the reason for the fast spin relaxation
in the HT phase. In both the powder and single crystal experiments the sample was
annealed at 320 K before thermal cycling experiments. This ensurde that the sample is
fully in the high spin state
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Figure 12.4: 222.4 GHz ESR spectra of RbMn[Fe(CN)6 ] · H2 O powder at 175 K. Inset: the
same spectrum zoomed around g=2. The flat, 10 times magnified baseline
and the superimposed simulated spectra show that a 1 T broad ESR with
the expected intensity would be easily detected in the 0-9 T field range.

12.3.1 ESR in the powder samples
A single strong ESR line is observed in powdered samples at both 9.4 and 222.4 GHz
and at all temperatures between 4 K and 320 K. The intensity of the ESR line, which
is proportional to the spin susceptibility of the ESR active species, was measured at
ambient temperature in a powder sample at 9.4 GHz using CuSO4 · 5H2 O reference.
The ESR intensity of the powder sample corresponds to a concentration of only about
2.5% of Mn2+ ions. This is much less than expected for a resonance arising from one
S=5/2 Mn2+ paramagnetic ion per formula unit. A line with such a small intensity
cannot arise from the ESR of the bulk, only from defect sites. A similar result was
reported by Pregelj et al. [104].
The defects with isotropic ESR were observed in powders at both frequencies and
all temperatures. At ambient temperature at 222.4 GHz the measured ESR linewidth
is 1.8 mT while at 9.4 GHz it is 1.9 mT. Thus at room temperature the line width of
the defects (∆H) in the powder is independent of the Larmor frequency (νL ) within
experimental error. The temperature dependence of the linewidth at 9.4 GHz is shown
in figure 12.3. The linewidth measured under cooling is shown by black squares, while
the values under heating are represented by red stars. A weak effect of the HT-LT
transition was observed. The line is slightly narrower in the HT phase than in the LT
phase, and there is a small hysteresis in the line width between 175 and 300 K, which is
shown in the inset of figure 12.3. This indicates that the defects are only weakly coupled
to the bulk. The 9.4 GHz ESR line slightly narrows below 50 K. The linewidth increases
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rapidly as the sample is cooled below the ferromagnetic ordering temperature of the
bulk at TC =11 K. At 222.4 GHz the line starts to broaden well above TC already at 25 K,
i.e at a much higher temperature than in low magnetic field.
We determined the susceptibility (χ) of the powder by measuring the ESR intensity
at 9.4 GHz . By green triangles the susceptibility times temperature is plotted in the
same figure. χ · T is nearly constant above 50 K, it follows a Curie law, and is not
affected by the HT-LT transition. On the other hand, the spin crossover is clear in static
magnetization measurements of powders from the same batch. Thus we can conclude
that there is no spin crossover in the magnetic ions of the ESR active defect sites. Below
50 K the ESR magnetic spin susceptibility increases faster than predicted by the Curielaw and at 5 K it is several times larger than expected for a constant concentration of
free spins. Thus the defect is not a single isolated magnetic ion.
Although the linewidth of the powder sample is frequency independent, its g factor
has a curious frequency dependence, it varies from g=2.022 at νL =9.4 GHz to 2.0006 at
222.4 GHz.
We searched in vain for a broad line corresponding to the bulk of magnetic ions. We
did not find it at any temperatures at 9.4 GHz or at 222.4 GHz. In figure 12.4 a spectrum
taken at 222.4 GHz at 175 K is shown. In the spectrum only the KC60 reference line
and the strong, about 19 mT broad resonance arising from the 2.5% Mn defects is seen.
There is no sign of a broad resonance. The flat, 10 times magnified baseline is also
shown in the figure. Thus the ESR of the bulk is very broad. 1 T broad resonance with
the intensity of the bulk Mn2+ ions would have been easily detected, as prooved by the
1 T broad simulated spectra, with the expected intensity.

12.3.2 ESR in single crystals
The resonance of the bulk was not found in single crystals either, only ESR of defect
sites were observed. Unlike in powders, in single crystals two types of ESR active
defects appear: resonances with isotropic and anisotropic g factors. At 222.4 GHz, in
a single crystal, between 7.6 and 8.5 T, only an isotropic line was observed at g=2.0006
with a line width similar to the line of the powder spectra (figure 12.5). In the 9.4 GHz,
ambient temperature single crystal ESR spectra three resonances were clearly resolved
with different line widths and resonance fields, as shown in figure 12.5. In the ESR
experiments I have rotated the single crystals to distinguish between isotropic and
anisotropic lines (not shown). The anisotropic defects have a complicated behavior,
which is not understood. The 9.4 GHz spectra at three temperatures are shown in
figure 12.6. The line positions and widths are strongly temperature dependent. At
temperatures below 110 K, the most intensive line is at about g=2.079 . These anisotropic
low symmetry defects in the single crystal were only observed at 9.4 GHz.
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Figure 12.5: ESR spectra of a RbMn[Fe(CN)6 ] · H2 O single crystal and powder at
222.4 GHz (left) and at 9.4 GHz (right) at ambient temperature. For the single crystal spectra the magnetic field is along a principle crystallographic
axis. The weak 9.4 GHz single crystal ESR lines, indicated by arrows, are
superimposed on a broad instrumental background.

12.4 Discussion
First I will discuss the ESR of the defect sites above 50 K (subsection 12.4.1) then I switch
to the low temperature behavior (subsection 12.4.2) and later I will examine the reason
for the absence of the ESR of the bulk (subsection 12.4.3).

12.4.1 ESR active defects
The g-factor of the ESR observed in powders is isotropic, otherwise the line would
broaden at high frequencies. In the same defects the crystal field (zero field splitting)
is small, otherwise the low frequency line would broaden. It is natural to assign this
isotropic line to a defect with cubic symmetry. The anisotropic ESR lines in single
crystals at low frequency arise from defects with lower symmetry, but the structure of
these are unknown.
We propose that the isotropic g-factor line is the ESR of C-clusters (figure 12.1) with
a simple configuration of 6 weakly interacting Mn2+ ions on the cube surrounding a
defect. A larger cubic cluster with many more ions cannot be entirely ruled out. H2 O
molecules attached to Mn ions fill the Fe(CN)6 vacancy and in this environment the
Mn2+ state is stabilized at all temperatures. Such Fe(CN)6 vacancies have been reported
by Vertelman et al. [102].
The ESR of the defects is almost unaffected by the HT-LT phase transition, thus the
C-clusters have only a very little magnetic interaction with the surrounding lattice.
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Figure 12.6: ESR spectra of a PB single crystal at 9.4 GHz measured in cooling. Magnetic
field is along the same undetermined direction at the different temperatures.
The vertical line corresponds to the position of the 9.4 GHz ESR in a powder
sample (g=2.022. )

This isolation is surprising, especially because the interaction between the Mn atoms
within the cluster is not negligible. It is not known how this isolation is realized. The
structure of the C-cluster if FIG. 12.1 explains qualitatively the main characteristics
of the observed ESR, and defects of this kind have been observed [102]. The main
characteristics of the ESR mentioned in the previous sections: i.) the isotropy of the g
factor, ii.) the nonlinear variation of the line position with frequency, iii) the temperature
and frequency dependence of the line width, iv.) the temperature dependence of the
magnetic susceptibility of the ESR active sites.
I first discuss i.) and ii.) which follow from the particular structure of the defect,
while iii.) and iv.) discussed in subsection 12.4.2. are linked to the superparamagnetism
below 50 K.
The C-cluster as a whole is cubic, but individual Mn2+ ions are not in a cubic environment since one of their six first Fe neighbors is missing. If Mn2+ ions in the C-cluster were
isolated from each other then the crystal field (fine structure) and g factor anisotropy
would render their ESR lines strongly anisotropic. As there are 3 different Mn2+ which
are not connected by inversion symmetry a magnetic field in a general orientation would
split the ESR of C-clusters of a single crystal into 3 Mn2+ lines with different g-factors
and a fine structure (and a hyperfine structure) of several lines. In the powder, the ESR
of noninteracting Mn ions would be broad and frequency dependent. A presence of
coupling between Mn2+ ions within the C-clusters explains the observed isotropy. An
isotropic exchange interaction between Mn ions, mediated by Fe, narrows the g factor
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anisotropy, ∆g/g · νL , and the fine structure splitting, νD . A small exchange energy, J, is
sufficient to merge all lines of a single cluster into a single isotropic line. J > ∆g/g · hνL
and J > hνD , are the conditions for this type of exchange narrowing [105]. At high
frequencies (compared to νD ) and high temperatures (kB T > hνL ) the crystal field (or
”zero field splitting”) does not shift the line. On the other hand, at low ESR frequencies,
where νL and νD are comparable, the crystal field shifts the average line position even
if the spectrum is narrowed by exchange. In second order, the fine structure shift is of
the order of ν2D /νL . The observed apparent g-shift from 2.0006 at 222.4 GHz to 2.022 at
9.4 GHz corresponds to a fine structure splitting of |νD |/γ = 0.07 T if the shift is from
the -1/2→1/2 transition of Mn2+ ions. The shifts of other transitions are of similar order.
This shift can be understood in the following picture. The crystal field at the cluster
Mn sites changes the 222.4 GHz spectra at low temperatures where kB T < hνL . At high
temperatures the thermal population of Zeeman levels are not very different, thus ESR
fine structure transitions have comparable intensities. However, at low temperatures
the thermal energy (kB T) is smaller than the Zeeman energy and the higher Zeeman
energy states are depopulated. In this case only fine structure transitions between
the lower Zeeman energy states contribute to the spectrum. As a result the exchange
narrowed line shifts towards the fine structure transition between the lowest lying states
[55]. We have observed this shift at 222.4 GHz where 5hνL ≈40 K is the energy of the
highest Zeeman level. The resonance field of the RbMn[Fe(CN)6 ] · H2 O powder at 25 K
is down shifted 0.03 T compared to its ambient temperature value. As expected, this
shift at 25 K and 222.4 GHz is of the order of |νD |/γ = 0.07 T estimated from the low
frequency data. From the sign of the shift we conclude that νD < 0. The complicated
structure of single crystal 9.4 GHz spectra at room temperature maybe the result of the
crystal field and g-factor anisotropies in non cubic clusters.
As explained in subsection 12.4.3, spin relaxation of bulk magnetic ions in the HT state
is extremely fast and is without doubt even faster in the LT state. Nevertheless, the HT
to LT transition changes the line width of the C-clusters by only 2 mT (FIG. 12.3), thus
C-clusters are well isolated from the bulk. A significant coupling between C-clusters
and the bulk would result in a fast spin relaxation and a large ESR line broadening.
As expected for isolated C-clusters with no phase transition; the ESR intensity is also
unchanged at the HT→LT transition.

12.4.2 Superparamagnetism
Above 50 K the spin susceptibility of defects is to a good approximation Curie like, but
below 50 K the ESR intensity increases faster than 1/T. This increase might be due superparamagnetism at low temperatures where a ferromagnetic exchange between Mn
ions in clusters is significant. In this subsection I assume again that defects sites corresponding to the isotropic ESR lines are the C-clusters (FIG. 12.1). Other configurations
with a larger cluster size cannot be ruled out, but for definitiveness I use this model.
In C-clusters 6 S=5/2 Mn2+ ions are coupled through 12 S=1/2 Fe3+ ions. This cluster

95

12 Prussian Blue analogue: RbMn[Fe(CN)6 ] · H2 O
has a common exchange narrowed resonance of all magnetic ions since the g-factor is
about 2 for both Mn2+ and Fe3+ ions. An indirect Mn - Mn exchange coupling through
magnetic Fe3+ ions is always ferromagnetic, independent of the sign of the Mn-Fe exchange. At low temperatures the total spin of six Mn2+ ions is S=15 and the spin of the
full cluster is between SC =21, and SC =9 for ferromagnetic and antiferromagnetic Mn-Fe
coupling respectively. Thus at low temperatures, the magnetic moment of the cluster
is large and the susceptibility increases with decreasing temperature much faster than
for non-interacting ions. At much higher temperatures than J the susceptibility is about
that of free Mn2+ ions. A Mn-Mn exchange interaction within the cluster of the order of
J=10 K (and a much weaker interaction with the bulk) explains the ESR susceptibility.
The ferromagnetic transition of the bulk at TF =11 K does not affect significantly
the 9 GHz ESR intensity of C-clusters, which continuously increases to the lowest
measurement temperature of 5 K. On the other hand, below 11 K the 9 GHz ESR line
width increases abruptly. This is well explained by ferromagnetic transition of the bulk
at 11 K and no ferromagnetic ordering of the superparamagnetic clusters. The cluster
ESR line broadening of 14 mT below the ferromagnetic transition of the bulk arises
either from long range dipolar interactions, i.e. inhomogeneous demagnetizing fields
or a small exchange coupling to the bulk. At 222.4 GHz the ESR is centered at 8 T and
demagnetizing fields have a measurable contribution to the line width below 25 K. In
this high field, demagnetizing fields of the paramagnetic material are significant and
the ferromagnetic transition is smeared and shifted to higher temperatures.

12.4.3 Absence of ESR of the bulk
In this subsection I will examine the reason for not observing the ESR of the bulk
material. In general, the spin relaxation rate must be less than νL to observe ESR. In the
low spin Fe2+ -Mn3+ state the lack of a spin resonance is not surprising, because Fe2+ is
not magnetic and Mn3+ has an S=2 spin for which orbital effects are important. Phonons
modulate the crystal field and the fast spin relaxation broadens the ESR of Mn3+ ions
beyond observability. On the other hand, the lack of bulk ESR above the spin crossover
is not easily explained. Crystals with Mn2+ (S=5/2) and Fe3+ (S=1/2) ions usually have
narrow ESR lines with giromagnetic factors near g=2. The fine splitting from crystal
fields is relatively small for the half filled 3d5 shell of Mn2+ . There is no zero field
splitting for S=1/2 Fe3+ ions either, the ESR of this ion is not strongly anisotropic and
has been frequently observed in solids. Moreover, crystal field anisotropy (fine structure
splitting) and the dipolar interaction are ineffective in magnetically dense systems. In
PBA the exchange interaction between Mn and Fe ions is larger than dipolar and single
ion crystal field energies and the ESR is exchange narrowed i.e. one expects a narrow
common Mn2+ and Fe3+ ESR resonance in the bulk.
We set a lower limit of 1 T for the ESR of the bulk, which at least two orders of
magnitude broader than the ESR of the Mn2+ defect clusters in the same system. At
a Larmor frequency of 9.4 GHz, a larger than 1 T line width means that the life time
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broadening is more than the resonance field and there is no ESR of the bulk at all.
A small admixture of the S=2 Mn3+ and S=0 Fe2+ states into the pure S=5/2 Mn2+
and S=1/2 Fe3+ states in the HT phase is the most probable explanation for this rapid
spin lattice relaxation. Charge fluctuations persisting above the LT - HT transition
induce a rapid spin relaxation and consequently a very broad or non-existent ESR.
This admixture was also seen by X-ray Photoemission Spectroscopy (XPS) and Raman
spectroscopy [92].

12.5 Conclusion
ESR of the bulk was not found in RbMn[Fe(CN)6 ] · H2 O because of the large line broadening caused by fast spin relaxation. The electronic configuration at high temperatures
is not a pure configuration of Mn2+ and Fe3+ ions but has an admixture of Mn3+ and
Fe2+ states of the low temperature phase, thus the spin relaxation time becomes fast.
ESR active defect sites of lower and higher symmetry were detected. Single crystals of
RbMn[Fe(CN)6 ] · H2 O contain ESR active defects both with cubic and lower symmetry.
The low symmetry defects are not observed at high frequency and in powders. The
isotropic defect ESR is assigned to a cubic C-cluster of Mn2+ ions around Fe(CN)6
vacancies, which interacts very weakly with the bulk. At low temperatures the Cclusters are superparamagnetic but they do not order at the TF =11 K ferromagnetic
transition of the bulk.
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Finally I summarize the main results of the PhD thesis
1. I developed a conduction electron spin resonance (CESR) based method to measure the interlayer spin hopping rate in quasi two dimensional crystals containing
two crystallographically different layers in a unit cell. I have shown that in the
temperature range of 50 K to 300 K spin transport is extremely two dimensional
in κ-BEDT-TTF2 Cu[N(CN)2 ]X, X=Cl, Br (abbreviated κ-ET2 -X) crystals. The frequency of interlayer spin hopping is as low as ∼2×108 Hz for both compounds.
Spins diffuse within one layer for several nanoseconds to the distance of a few
tenth of a micrometer [79].
2. I mapped the interlayer spin hopping rate throughout the pressure-temperature
phase diagram of κ-ET2 -Cl. I found that the high temperature interlayer hopping
rate correlates with the nature of the ground state. For κ-ET2 -Cl the interlayer
hopping is slow at ambient temperature and decreases further as the Mott transition to the insulating ground state is approached. On the contrary, under pressure
and in the Br compound the interlayer hopping rate increases rapidly as the low
temperature superconducting state is approached [77].
3. I measured and interpreted the angular dependence of the antiferromagnetic
resonance (AFMR) modes of κ-ET2 -Cl. I observed all four resonance modes
predicted by theory in several magnetic field orientations. The isotropic exchange,
the Dzyaloshinskii–Moriya antisymmetric and the weak interlayer interaction
constants were determined from simulating the resonance modes. The ratio of
intra- and interlayer interaction energies is as large as 105 -106 [21].
4. I observed antiferromagnetic fluctuations in κ-ET2 -Cl above the Néel temperature.
I showed that the fluctuations are due to the Dzyaloshinskii-Moriya interaction,
they are two dimensional and independent in adjacent layers. Fluctuations lie in
the plane perpendicular to the Dzyaloshinskii–Moriya vector and increase with
increasing external field. Contrary to earlier suggestions, the Néel temperature of
the three dimensional magnetic order is unchanged by the magnetic field.
5. I studied by ESR the Prussian Blue analogue RbMn[Fe(CN)6 ] · H2 O that displays
a possibly technologically important charge transfer transition. I observed superparamagnetic clusters related to defects. The clusters are weakly coupled to

99

13 Main results
the bulk. The ESR of the bulk was not found at any temperatures which is explained by a rapid spin relaxation. We suggested that even at high temperatures
the dominant Mn2+ -Fe3+ ionic state contains an admixture of the low temperature
Mn3+ -Fe2+ state [99].
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Br), Phys. Rev. B. 84, 075124 (2011)
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List of Abbreviations
1/T1

Inverse spin lattice relaxation time

D

Dzyaloshinskii-Moriya vector

ν⊥

interlayer spin hopping rate

BEDT − TTF Bis(ethylenedithio)tetrathiafulvalene
ESR

Electron Spin Resonance

ET

Bis(ethylenedithio)tetrathiafulvalene

PBA

Prussian Blue analogue

AFMR antiferromagnetic resonance
BME Budapest University of Technology and Economics
CESR conduction electron spin resonance
DM

Dzyaloshinskii-Moriya

DMFT dynamical mean field theory
EPFL École Polytechnique Fédérale De Lausanne
NMR Nuclear magnetic resonance
VTI

variable temperature inset
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