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Introduction

Magnetic materials and magnetic anisotropy (which is responsible for
phenomena such as magnetic hysteresis and retaining of magnetization)
hold, since their first employment in a compass during the Han Dynasty
(206 BC – 220 AD) in China, an increasingly prominent role in the devel-
opment of technology. Magnetic materials have become so important that
they are indispensable in today’s life. Electric motors and generators, loud-
speakers and microphones, electromagnets, magnetic memories, magnetic
resonance imaging and medical applications: these represent only a short
list of everyday devices whose functioning is based on the employment of
materials. Their wide and ubiquitous use places magnetic materials at the
center of a vast market (the global market for magnetic materials is forecast
to reach 33 billion $ by the year 20181) and makes them the subject of
study whose aims are the improvement of the devices’ performances and the
design of new ones. At the same time magnetic materials attract also basic
research scientists since magnetism is still an open chapter and molecular
magnetism represents a good example of this fact.

The study and development of magnetic materials has traditionally
dealt with 3D and 2D structures involving inorganic elements belonging
mainly to transition metals or rare-earths in the shape of alloys or oxides.
The magnetism of molecules was initially studied in the magnetochemistry
field and considered an investigative way to discern chemical and electronic
properties of molecules. The discovery in 1993 by Sessoli et al.2,3 of the
presence of magnetic hysteresis in the Mn12ac molecular cluster paved the
way to molecular magnetism as a new interdisciplinary research field in
which chemists, physicists and material scientists collaborate to study and
synthesize molecules characterized by magnetic properties. From then on
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Introduction

Figure 1: a) Energetic profile of an exemplifying S “ 6 system in the double well
potential ´DS2

z at thermal equilibrium and b) in presence of an external magnetic field;
c) schematic representation of principal relaxation processes occurring after the magnetic
field is removed.

molecular magnetism spread unceasingly and new compounds showing
magnetic properties at molecular scale have been discovered.

These molecules, named single molecule magnets (SMM), are consti-
tuted by a core of one or more paramagnetic metal ions combined with
organic groups and present the peculiarity of exhibiting magnetic behaviors
typical of bulk magnets (such as magnetic hysteresis and the retaining
of magnetization state for a long time). Talking of single molecules such
behaviors are not due to long range interactions as happens in massive
magnets but are a direct expression of the quantum properties of the
molecules. As will be shown, a SMM can be described, in a first approxi-
mation, by the Hamiltonian H “ ´DS2

z where Sz is the z-component of
the total spin of the molecule and D a parameter describing the magnetic
anisotropy of the molecule. The result is a double well potential profile
where the lowest levels, Sz “ ˘S, have the same energy and are separated
by a barrier of height DS2 (see Figure 1). At thermal equilibrium the
population of the Sz “ ˘S levels is equal and no net magnetization is
shown by the system (Figure 1 a). When a magnetic field H is applied,
the Zeeman term HZ “ gµBH ¨ S must be considered in the Hamiltonian.
The presence of HZ modifies the energy levels arrangement, in particular
the ground state is represented by only one of the levels Sz “ ˘S resulting
in a magnetization of the system (Figure 1 b). Due to the presence of
the barrier DS2 removing the magnetic field does not suffice to restore
the thermal equilibrium in the absence of the field since molecules remain
confined in one of the two potential well presenting a remaining magne-
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Introduction

tization, also named remnant magnetization. In order to return to the
starting condition before the magnetic field application a coercive field is
required. The state of remnant magnetization in the absence of the field
represents a situation far from thermal equilibrium and relaxation processes
tending to restore the thermal levels’ population are present. One of them
is represented by phonon assisted thermal relaxation in which by coupling
to phonons molecules can change their values of Sz (Figure 1 c). The

relaxation rate is described by the Arrhenius law τ “ τ0e
DS2

kBT so in order
to obtain large relaxation times large S and anisotropy parameter D are
requested. Another relaxation mechanism involves tunneling processes from
one well to the other. This is due to the presence of a transverse anisotropy
term EpS2

x ´ S
2
yq which admixing |Szy states with opposite signs favors the

tunneling mechanism. So another requirement for long relaxation times is
a low transverse anisotropy.

Designing and synthesizing of SMMs with great spin values and large
uniaxial anisotropy is the principal target for chemists researching SMMs
with always better performances. Based on the first SMM discovered,
Mn12ac, in the first decade most of the efforts have been focused on high-
spin, strongly-coupled transition metal clusters. In 2003 Ishikawa et al.4

discovered SMM behaviors in lanthanide phthalocyanine sandwich com-
plexes, [LnPc2]

n (LnIII=Tb, Dy, Ho; H2Pc=phthalocyanine; n = -1, 0, +1)
opening the door to the research of single molecule magnets containing
single rare-earths ions.

In the meantime SMMs attracted the interest of other scientist making
molecular magnetism a crossroads for physicists and material scientists
other than chemists. The possibility of manipulating the orientation of
spin, the long relaxation times and molecular dimensions made SMMs
objects of studies concerning the creation of switchable, molecular-scale
devices that store or manipulate information.5–7 Their quantum coherence
properties brought to studies regarding a possible application in quantum
computing.8–10 Application of SMMs in spintronics devices11 exploiting the
possibility of manipulating spin-currents by means of interactions between
the SMMs spin and the carriers ones, together with studies on properties
of SMMs deposited on surfaces,12 are other hot topics where SMMs are
protagonists.
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Introduction

In this thesis are reported the results of studies conducted at LAboratory
for Molecular Magnetism (LA.M.M.) of the University of Firenze concerning
the characterization of magnetic anisotropy of magnetic molecules contain-
ing rare-earth ions together with the preliminary results of my work on
electric transport measurements on devices containing magnetic molecules.

This work is so organized: Chapter 1 contains a survey of magnetic
properties of single molecule magnets; in Chapter 2 are presented the
main experimental techniques used together with the mathematical model
followed to treat the data; Chapter 3 is dedicated to the exposition of results
obtained from the magnetic characterization of the series of complexes
formed by the ligand DOTA with the tripositive lanthanide ions of Tb, Dy,
Ho, Er, Tm, Yb while in Chapter 4 are discussed the studies conducted
on single crystals of the SMMs Cp*ErCOT. In Chapter 5 will be instead
presented the explorative results obtained from the electric transport studies
conducted on two different devices comprising magnetic molecules, the first
consisting of interdigitate electrodes functionalized with a network of gold
nanoparticles and a derivative of the Fe4 SMM, the second one represented
by a spin-valve device where a magnetic molecules layer is present.
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1 Elements of magnetic anisotropy
in SMMs

A system is said to possess magnetic anisotropy when its magnetic
properties depend on spatial direction in contrast to magnetic isotropic sys-
tems whose magnetic behavior is the same whatever direction is considered.
Single molecule magnets’ properties (such as the blocking of magnetiza-
tion) are ultimately ascribable to the presence of magnetic anisotropy in
the molecule and the study of a SMM often goes hand in hand with the
characterization of its magnetic anisotropy.

In this chapter a survey of the magnetic anisotropy properties of a SMM
considering, step by step, all the interactions involved in the investigated
processes will be presented.

As a starting point let us consider the isolated ion Hamiltonian Hion
which counts in turn a kinetic contribution and the electron-nucleus and
electron-electron Coulomb interactions:

Hion “ Hk `HN-e `He-e

“

N
ÿ

i“1

p2
i

2m
´

N
ÿ

i“1

Ze2

ri
`

1

2

ÿ

i‰j

e2

rij

(1.1)

where N is the number of electrons of the ion and Z its atomic number.
The first two terms describes the behavior of N not-interacting electrons
in the central potential of the nucleus and the eigenvalues are determined
by the sum of the single electron energies En,i which depend only on the
principal quantum number n.
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1. Elements of magnetic anisotropy in SMMs

The introduction of electron-electron interaction implies a dependence
of energy levels on orbital momentum. It is, at this point, convenient, given
li and si the orbital angular momentum and the spin operator of the ith
electron, to consider the total orbital angular momentum L “

řN
i“1 li and

the total spin angular momentum S “
řN
i“n si since they commute with

Hion. As a consequence it is possible to find eigenfunctions of Hion which
are also eigenfunctions of the operators L2, S2, Lz, Sz and one talks about
LS (or Russell-Saunders) coupling. Each energy level associated with a
couple LS (also called term) is usually denoted as 2S`1L with the capital
letters S, P,D, F, . . . corresponding to L “ 0, 1, 2, 3, . . . and 2S ` 1 giving
the spin multiplicity of the level. In order to determine the LS terms for a
given electronic configuration the rules for the addition of angular momenta
together with the Pauli exclusion principle must be used. It follows that
for all the filled subshells L “ S “ 0 and thus they are represented by the
term 1S.† This means that in order to determine the LS terms it suffices
to consider only the incomplete subshells. The ground state configuration
is instead defined by the Hund’s rules which state that: (i) for a given
configuration the term with the largest possible value of S has the lowest
energy; (ii) if more than one term present the same value of S the one with
the highest possible L value has the lowest energy.

The eigenstates of Hion, given its rotational symmetry, are not depend-
ing on Lz and Sz but each energy level, identified by the couple LS, is
p2L` 1qp2S ` 1q times degenerate with respect to Lz and Sz. This degen-
eracy can be lifted by several mechanisms, the principal ones are spin-orbit
interaction, crystal field and the presence of an external magnetic field.
Relative strengths of such interactions, which are strongly dependent on
molecule composition and structure, affect the theoretical approach to the
description of the system. If one interaction is predominant in comparison
to the others, usually, starting from the Hamiltonian (1.1), first its effects
are considered on energetic levels’ structure treating subsequently the other
interactions as perturbations. On the contrary, if the effects of two or more
interactions are comparable, the diagonalization of the complete Hamilto-

†In a filled subshell is present the maximum number 2p2l ` 1q of equivalent electrons
with the same n and l. Rules for addition of angular momenta and Pauli exclusion princi-
ple imply that ML “

ř

imli “ 0 (mli runs over all the possible values 0,˘1,˘2, . . . ,˘l)
and similarly MS “

ř

imsi “ 0.
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1.1. Spin-orbit interaction

nian is required to properly describe the system.

In the next sections spin-orbit coupling, interaction with magnetic fields
and crystal field interaction will be treated independently.

1.1 Spin-orbit interaction

Spin-orbit coupling originates from the electromagnetic interaction
between the electron spins and the magnetic field generated by the electrons
orbit around the nucleus. The Hamiltonian Hso describing such interaction
is given by:

Hso “ AL ¨ S (1.2)

with A a parameter depending on the considered atom. Introducing this
term in the Hamiltonian implies that the spin and orbital angular momenta
are combined together and L and S alone are no longer good quantum
numbers to describe the eigenstates of the system since Hion ` Hso is
not diagonal in the basis |L, S, Lz, Szy. It is instead diagonal in the basis
|J, L, S, Jzy, where J “ L` S is the total angular moment. We can in fact
write L ¨ S “ 1

2pJ
2 ´ L2 ´ S2q and the effect of spin-orbit interaction on

energy levels is given in the new basis by:
1

2
AxJ, L, S, Jz|J2 ´ L2 ´ S2|J, L, S, Jzy

“
1

2
ArJpJ ` 1q ´ LpL` 1q ´ SpS ` 1qs .

(1.3)

As a result p2L` 1qp2S ` 1q degeneracy is partially removed: now each
level is characterized by quantum number J which can assume all the values
|L´ S| ď J ď L` S. Using the Russell-Saunders notation the terms are
now indicated by 2S`1LJ while the ground state is J “ |L´ S| if less than
half of the subshell is occupied and J “ L` S otherwise.

1.2 Interaction with magnetic fields

Neglecting the small diamagnetic contribution, interaction with a mag-
netic field H is described by the Zeeman Hamiltonian:

HZ “ µBpL` g0Sq ¨H , (1.4)
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1. Elements of magnetic anisotropy in SMMs

where µB “ e ~
2mec

“ 9.274ˆ 10´21 erg{G indicates the Bohr magneton and
g0 « 2.0023 is the gyromagnetic ratio. The magnetic field contribution to
the energy is so given by:

∆En “ µBH ¨ xn|L` 2S|ny . (1.5)

Considering the basis |L, S, J, Jzy, the Wigner-Eckart theorem13 implies
that the matrix elements of pL ` 2Sq are proportional to those of J so
Equation (1.5) becomes:

∆En “ µBH ¨ xL, S, J, Jz|L` 2S|L, S, J, J 1zy
“ µBH ¨ gLxL, S, J, Jz|J|L, S, J, J 1zy

(1.6)

where the proportionality constant is the Landé factor

gL “
3

2
`
SpS ` 1q ´ LpL` 1q

2JpJ ` 1q
. (1.7)

Defining the quantization axis z parallel to H, Equation (1.6) implies
that the magnetic field removes the 2J ` 1 degeneracy of |L, S, J, Jzy states
splitting the Jz levels by an amount given by:

∆E “ gLµBHJz Jz “ ´J,´J ` 1, . . . J ´ 1, J . (1.8)

Consider now an ensemble of N atoms in a volume V , the thermody-
namic average values of its magnetization M and magnetic susceptibility χ
are respectively:14

M “ ´
N

V

BF

BH
(1.9)

χ “
BM

BH
“ ´

N

V

B2F

BH2
(1.10)

where F is the Helmholtz free energy defined by:

e´βF “
ÿ

n

e´βEn , β “
1

kBT
(1.11)

where the sum is considered over all the energetic levels En. If only the
lowest 2J ` 1 states are thermally populated with appreciable probability

8



1.2. Interaction with magnetic fields

Equation (1.11), taking into account Equation (1.8), can be written as:

e´βF “
J
ÿ

Jz“´J

e´βgLµBHJz

“
eβgLµBHpJ`1{2q ´ e´βgLµBHpJ`1{2q

eβgLµBH{2 ´ e´βgLµBH{2
.

(1.12)

The expression (1.9) for the magnetization gives:

M “ ´
N

V

BF

BH
“
N

V
gLµBJBJpβgLµBHq , (1.13)

where the Brillouin function BJpxq is defined by

BJpxq “
2J ` 1

2J
coth

ˆ

2J ` 1

2J
x

˙

´
1

2J
coth

ˆ

1

2J
x

˙

. (1.14)

It follows from Equations (1.13) and (1.14) that for kBT ! gLµBH
(i.e. for very low temperatures and/or high magnetic fields) BJ Ñ 1
and M “ N

V gLµBJ which corresponds to the saturation value for all
the moments aligned to the field. On the contrary, for kBT " gLµBH
BJpxq Ñ

J`1
3J x and:

M “
N

V
pgLµBq

2JpJ ` 1q

3kBT
H (1.15)

χ “
N

V
pgLµBq

2JpJ ` 1q

3kBT
“
C

T
. (1.16)

Equation (1.16) is known as Curie’s law and C is the Curie constant.

Before going on it is important to notice that until now no anisotropic
effects have been found. Indeed as long as the J multiplet remains de-
generate, Equations (1.6) and (1.8) are not dependent on the direction of
the applied magnetic field. Infact if the direction of the magnetic field is
changed from z Ñ z1 it is always possible with a rotation to define z1 as
quantization axis where |L, S, J, J 1zy are linear combinations of |L, S, J, Jzy.
This rotation, given the degeneracy of |L, S, J, Jzy levels, doesn’t affect the
system response to the magnetic field given by Equations (1.6) and (1.8).

In order to observe magnetic anisotropy it is thus necessary that de-
generacy is removed. This occurs when also crystal field interaction is
considered.

9



1. Elements of magnetic anisotropy in SMMs

1.3 Crystal field interaction

Thus far the magnetic properties of isolated ions have been discussed
but to describe the behavior of ions surrounded by other atoms, the effects
of the neighboring atoms have to be considered.

When an ion is embedded in a solid the surrounding charge distribution,
described by ρprq, produces an electric field which acts on its electronic
charge distribution ρ0prq. The crystal field Hamiltonian term Hcf accounts
for this interaction through:

Hcf “

ż

ρ0prqVcf prqd
3r (1.17)

where
Vcf prq “

ż

ρpr1q

|r´ r1|
d3r1 (1.18)

which, switching to polar coordinates r “ pr, θ, φq and r1 “ pr1, θ 1, φ 1q, can
be expanded in spherical harmonics Y q

k pθ, φq:

Vcf pr, θ, φq “
8
ÿ

k“0

k
ÿ

q“´k

Aqk r
k Y q

k pθ, φq (1.19)

with

Aqk “
4π

2k ` 1

ż

ρpr1qp´1qq Y ´qk pθ 1, φ 1q

r1k`1
d3r1 . (1.20)

Equation (1.19) can be read as arising from the interaction of the multipoles
rk Y q

k pθ, φq of the ion electrons with the appropriate components of the
electric field Aqk generated by the surrounding charges.

As shown by Stevens,15 by applying the Wigner-Eckart theorem it is
possible to express the crystal field interaction in terms of the angular
momentum operators through the Stevens operators OqkpJq and the crystal
field parameters Bq

k:

Hcf “
ÿ

k

k
ÿ

q“´k

Bq
kO

q
kpJq (1.21)

with k assuming only even values k ď 2l.16 Crystal field parameters can in
principle be calculated, yet since charge density on the surroundings of an

10



1.3. Crystal field interaction

ion is not easy to determine with the necessary accuracy more often Bq
k

are regarded as parameters to be determined from experiments. Stevens
operators instead can be found tabulated in several works.16–18

Thus starting from the Hamiltonian H “ Hion `Hso the ground state
is represented by a J multiplet composed of 2J`1 degenerate levels charac-
terized by the quantum number Jz†. These projections of J can be affected
differently by the crystal field, thereby removing the p2J ` 1q degeneracy
of the ground state.

Instead of using Equation (1.21) let us introduce the widely used ap-
proximation representing the crystal field interaction as quadratic form:17

Hcf “ J ¨D ¨ J , (1.22)

where D is a real, symmetric tensor thus it possesses three orthogonal
eigenvectors and Equation (1.22) can be written as:

Hcf “ DxxJ
2
x `DyyJ

2
y `DzzJ

2
z . (1.23)

Introducing the quantities D “ Dzz´
1
2Dxx´

1
2Dyy and E “ 1

2pDxx´Dyyq

it is possible to obtain from Equation (1.23):

Hcf “ DJ2
z ` EpJ

2
x ´ J2

yq

“ DJ2
z `

E

2
pJ2
` ` J2

´q
(1.24)

where J˘ “ Jx ˘ iJy are the ladder operators.

It is easy to show that crystal field representation given by Equa-
tion (1.24) represents an approximation of the one expressed in terms of
Stevens operators (1.21). Indeed considering only the second order terms
in Equation (1.21) (the first order k “ 0 term shifts all the levels by the

†In this case we’re considering the situation in which spin-orbit coupling is stronger
than crystal field interactions so Hcf acts on the eigenstates defined by Hion `Hso. On
the opposite if |Hcf| " |Hso| is more convenient first to consider crystal field interactions
acting on p2S ` 1qp2L` 1q-fold degenerate states of Hion and subsequently apply the
spin-orbit coupling.
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1. Elements of magnetic anisotropy in SMMs

same amount, therefore it may be omitted) O0
2 “ 3J2

z ´ JpJ ` 1q and
O2

2 “
1
2pJ

2
` ` J2

´q one obtains the Hamiltonian in Equations (1.24) where
D “ 3B0

2 and E “ B2
2 .

Whatever the level structure is, it is anyway possible to state that if
J is integer eigenstates resulting after applying crystal field interaction
present no degeneracy while if J is half-integer levels are double degenerate.
This is a consequence of Kramers theorem19 and the pairs of degenerate
levels are called Kramers doublets.

As said before, including crystal field interactions brings to the onset
of magnetic anisotropy. As a consequence the magnetization is no more
isotropic and the response to applied magnetic fields is described by:

Mi “
ÿ

j

χijHj i, j “ x, y, z (1.25)

with χij the magnetic susceptibility tensor.

1.4 Blocking of magnetization and relaxation pro-
cesses

Magnetic anisotropy is at the origin of the blocking of magnetization
in SMMs which manifests as retaining of a magnetization state for a long
time.

Consider the crystal field term in Equation (1.24) in a situation of pure
axial symmetry (i.e. Dxx “ Dyy, D “ Dzz and E “ 0). Equation (1.24)
becomes:

Hcf “ DzzJ
2
z . (1.26)

The Hamiltonian in Equation (1.26) is diagonal in the |J, L, S, Jzy basis, the
eigenvectors are pure Jz states and J multiplet is split in states degenerate
in Jz. This gives rise to the double-well potential profile, typical of SMMs,
with the lowest energy levels the ones with the smallest |Jz| if D ą 0
and the ones with the greater |Jz| if D ă 0. The first case (D positive)
corresponds to easy-plane magnetic anisotropy while negative D describes
systems with easy-axis magnetic anisotropy.

12



1.4. Blocking of magnetization and relaxation processes

In an easy-axis situation the ground state is so defined by |J, Jzy and
|J,´Jzy lying on different wells. Suppose the system is prepared populating
only one of the two ground state levels (for example by applying a magnetic
field along z), given that Hamiltonian (1.26) possesses no out-of-diagonal
elements no admixing of levels are present so tunneling is inhibited and the
only way to relax and restore equilibrium is via thermal assisted processes
represented by spin-phonon coupling whose relaxation rate can be described
by the Arrhenius law:

τ “ τ0e
|D|J2

z {kBT . (1.27)

If E ‰ 0 the second term in Equation (1.24) removes further the degen-
eracy in Jz and at the same time admixes sates with different Jz values
so the eigenvectors are no more pure Jz states given that the Hamiltonian
now possesses also out-of-diagonal elements. One of the consequences of
having eigenstates constituted by admixing of Jz levels is the possibility
of tunneling between states belonging to one potential well, determined
by the D term, with states belonging to the other. This creates another
relaxation path efficient at low temperatures.

In general every contribution which breaks the ideal axial symmetry
can give rise to tunneling processes. This include for example transverse
magnetic fields. The magnetic fields acting on the ion energetic structure
can be external but, in order to adequately treat tunneling processes,
also internal magnetic fields can be relevant. These internal fields can be
originated by hyperfine interactions between the magnetic moment of the
nuclei and the electron spins as well as by dipole interactions between spins
of different molecules.

Equation (1.24) represents in many situations a good approximation
which allows a correct description of the anisotropy properties of SMMs.
Even so terms of order higher than second, which are neglected in Equa-
tion (1.24), also if small can hold an important role in tunneling processes.

In order to obtain an efficient SMM it is thus important that the
molecule possesses a double degenerate ground state presenting bistability,
a low transverse anisotropy to inhibit tunnel processes of relaxation and high
energy separation between the ground doublet and first excited multiplets
to make less efficient thermally assisted mechanisms.
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1. Elements of magnetic anisotropy in SMMs

Figure 1.1: a) Comparison of the radial distributions of 4f , 5s and 5p orbitals in
function of distance from nucleus in atomic units; b) qualitative representation of energy
levels in a rare-earth ion and their splitting as interaction are introduced: electron-
electron interactions (which provide an energy separation of the order of 104 cm´1),
spin-orbit coupling (energy separation ca. 103 cm´1) and crystal field interaction (energy
separation ca. 102 cm´1).

1.5 Magnetic properties of rare-earth trivalent ions

The magnetic anisotropy characterizations presented in this work mostly
concern magnetic molecules comprising trivalent ions belonging to the
rare-earths. This section provides a description, on the base of what
previously seen, of the magnetic properties of the lanthanide ions that will
be encountered in the next chapters.

The term rare-earths describes the chemical elements whose atomic
number ranges from 57 to 71. The complexes studied for this work involve
the tripositive ions TbIII, DyIII, HoIII, ErIII, TmIII and YmIII characterized
by the electronic configuration [Xe]4f n which means that the incomplete
subshell responsible for the magnetic properties is represented by the
orbitals 4f . As shown in Figure 1.1 a the 4f electrons are well embedded
within the atom and shielded by the 5s and 5p states from the surroundings.
As a consequence of the screening provided by the 5s and 5p electrons,
the extent of the crystal field interactions is smaller than the spin-orbit
coupling one as schematized in Figure 1.1 b. In such a situation first the
Hamiltonian Hion `Hso is considered and then the crystal field interaction
is added.
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1.5. Magnetic properties of rare-earth trivalent ions

TbIII DyIII HoIII ErIII TmIII YbIII

fn f 8 f 9 f 10 f 11 f 12 f 13
2S`1LJ

7F6
6H 15

2

5 I8
4 I 15

2

3H6
2F 7

2

gL
3
2

4
3

5
4

6
5

7
6

8
7

Table 1.1: 4f electronic configurations, LS ground state terms and gL values of
tripositive ions encountered in this work.

Figure 1.2: Charge density distributions for the trivalent rare-earth ions.

In Table 1.1 are reported the electronic configurations, the Russel-
Saunders terms and the Landé factors characterizing the ground state of
the Hamiltonian Hion ` Hso for the rare-earth ions considered while in
Figure 1.2 are illustrated their electric configurations.

Given the electrostatic nature of crystal field interactions, the charge
distribution of the 4f electrons plays a relevant role in defining the magnetic
anisotropy of the system. Starting from this consideration Rinehart and
Long20 proposed a qualitative method to determine the magnetic anisotropy
of a SMM based on the correlation between prolate/oblate distribution of ion
electron density and ligand geometry. This method predicts the presence of
an easy axis type anisotropy if ions presenting an oblate charge distribution
(such as TbIII, DyIII and HoIII) are embedded in an axially “sandwich” type
ligand geometry (i.e. the ligand electron density is concentrated above and
below the ion one); if instead the ion has a prolate charge distribution
(such as ErIII, TmIII and YmIII) an easy axis anisotropy is provided by an
equatorial geometry of the ligand (see Figure 1.3).

At the base of this model there is the requirement of a ligand with
axial geometry: as it will be shown, once this requirement is missed also a
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1. Elements of magnetic anisotropy in SMMs

Figure 1.3: Representation of low- and high-energy configurations of the 4f -orbital
electron density with respect to the crystal field environment for an oblate (left) and
prolate (right) electron density following Rinehart and Long. The green arrow represents
the orientation of the total orbital momentum J. For the oblate electron density, an
axial “sandwich”-type crystal field an easy-axis anisotropy is energetically favored. In the
prolate electron density case, the presence of an easy-axis is provided by an equatorial
electron configuration of the ligand. Image from Rinehart and Long paper.20

small deviation from the axial symmetry can produce relevant effects on
magnetic anisotropy.
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2 Methodology

The experimental techniques to measure the magnetization of a sample
can be divided into two great families: the inductive methods and the
force methods. The working principle of the first ones is based on the
variation of magnetic flux generated inside a coil by the sample which
induces an electromotive force whose analysis allows to determine the
magnetic moment of the sample. In magnetometers based on force method
the torque exerted on a magnetic material when immersed in a magnetic
field is instead exploited.

In this work methods belonging to both typologies have been used: a
superconducting quantum interference device (SQUID) magnetometer and
an AC susceptometer belonging to the inductive methods and a capacitive
cantilever able to measure the magnetic torque.

A description of the SQUID magnetometer used is given in section 2.1.
AC susceptometry is presented in section 2.2 while the horizontal rotator (a
particular sample-holder which allows to rotate samples inside the magne-
tometer in order to characterize their angular dependence of magnetization)
is described in section 2.3 along with the mathematical approach followed
to analyze data collected with the horizontal rotator. Section 2.4 is instead
dedicated to the description of the capacitive cantilever.

2.1 SQUID magnetometer

This section covers the description of the main components of a SQUID
magnetometer and its operating principles. Readers interested in specific
aspects can refer to specialized texts such as the book of Clarke and
Braginski.21
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2. Methodology

The heart of a SQUID magnetometer is constituted by a closed su-
perconducting loop with one or two Josephson junctions. Since two
of the peculiarities of superconductors are that (i) a magnetic flux en-
closed in a superconductive loop is quantized in unit of flux quantum
Φ0 “

h
2 e « 2.07ˆ 10´15 Wb (here h is Planck’s constant and e is the

electron charge) and (ii) the current flowing through Josephson junctions is
periodic in magnetic flux with period equal to Φ0, SQUID magnetometers
are very sensitive instruments capable of resolving changes in external
magnetic flux of the order of Φ0.

The magnetometer used for the magnetic measurements in this work
is a Quantum Design MPMS-XL5. This magnetometer allows to perform
measurements in a range of temperature spanning from 1.9 K to 400 K
and with applied magnetic fields up to ˘5 T. In Figure 2.1 is shown the
cryogenic probe comprising the principal components of the magnetometer:

• the sample space and temperature control;

• the superconducting magnet;

• the detection coils;

• the SQUID.

Since the SQUID and the magnet are superconductive elements, the
cryogenic probe is immersed in a liquid helium bath inside a dewar not
shown in Figure 2.1 along with the magnet power supply, the vacuum pump
and the computer used to manage the magnetometer.

2.1.1 The sample space and temperature control

The sample space (10 in Figure 2.1) is located inside three concentric
tubes (9, 13, 15). The two outer, separated by a sealed and evacuated
region and containing reflective superinsulation, prevent heat exchange
between the sample chamber and the helium bath. The inner tube is
the sample chamber tube and is separated from the others by the cooling
annulus (12). Two thermometers and one heater are situated at the
bottom of the sample chamber. Temperature control is obtained by heating
the sample chamber with the heater or cooling it with cold gas drawn

18



2.1. SQUID magnetometer

Figure 2.1: Cryogenic probe of MPMS XL QD. 1 Sample rod; 2 sample rotator;
3 sample transport; 4 probe; 5 helium level sensor; 6,18 superconductive solenoid;
7 flow impedance; 8 SQUID capsule; 9 sample chamber tube; 10 sample space; 11
iso-thermal sheet with heater; 12 annular cooling region; 13 inner vacuum jacket wall;
14 superinsulation; 15 outer vacuum jacket wall; 16 sample; 17 sensing coils.
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2. Methodology

into the cooling annulus from the helium bath through a needle valve.
Longitudinal copper wires along the length of the sample chamber assure
thermal uniformity. Feedback provided by the two thermometers allows
a fine control of temperature stabilization procedure and, at the same
time, gives readings of the temperature inside the sample space. With this
temperature control system the magnetometer can operate at temperatures
between 1.9 K and 400 K.

The sample is placed inside the sample chamber by means of a sample
rod (1) made of stainless steel in the upper part (because of its strength
and low thermal conductivity) and of a silicon copper alloy in the bottom
section (to minimize spurious magnetic signals caused by the sample rod).
To avoid the presence of air (oxygen is paramagnetic and could compromise
the correctness of measurements) or humidity which could condensate
inside the sample space due to the cryogenic temperature, a low pressure
atmosphere of helium boiled from the dewar has to be maintained inside
the sample tube. For this reason the upper side of the sample space is
sealed with a ball valve and the rod with the sample before entering inside
the magnetometer undergoes a purge procedure in an airlock where air is
substituted with gaseous helium.

2.1.2 The superconducting magnet

Samples inside the magnetometer are magnetized by a static magnetic
field generated by a superconducting solenoid composed of a niobium alloy
(6, 18) which can provide magnetic fields up to ˘5 T. Solenoidal geometry
makes sure that the sample located at the center of the magnet is subject
to an uniform field.

One of the features of the magnet is that it constitutes a closed su-
perconductive loop. This means that once it is charged with the desired
current it can operate maintaining a stable field without external current or
power supply. In order to keep it in a superconductive state the magnet is
located outside the outer jacket of the sample tube so it is always immersed
in liquid helium.

Changing the magnetic field corresponds to changing the current flowing
inside the magnet but in order to do so, the superconducting loop has to be
interrupted, through a switch. The switch is constituted by a small heater
wrapped around a segment of the magnet’s superconductive wire. When the
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2.1. SQUID magnetometer

heater is energized the segment of wire within the heater becomes normal
(no longer superconductive) opening in this way the closed superconducting
loop. At this stage a power supply attached to each side of the switch can
change the current inside the magnet. Once the new value of current is set
the heater is switched off, the superconductive loop is closed again and the
magnet can operate without the contribution of the power supply. During
this procedure a correct management of the current by the power supply
is of crucial importance. If the current supplied is considerably different
from that flowing in the magnet or higher than the critical value a magnet
quench can occur. When this happens a portion of the superconducting wire
becomes normal and, due to the Joule’s effect, generates heat that can cause
transition to the normal state in an other portion of the magnet giving rise
to a domino effect which can eventually bring the entire superconductive
wire to the normal state with damaging consequences for the magnet.

A quench can also occur if the helium level in the bath is too low so
that the magnet is no longer maintained under the superconductive critical
temperature. For this reason caring for regular helium refills is requested
to the operator.

2.1.3 The detection coils

Magnetic moment detection is entrusted to the detection coils placed
outside the sample tube at the center of the magnet (17). Its operating
principle is based on Faraday’s law which states that the induced electromo-
tive force (emf) in a closed circuit is equal to ´dΦ

dt where Φ is the magnetic
flux enclosed by the circuit. When the sample is moved (by means of a
stepping motor 3) through the coil the consequent variation of magnetic
flux induces a current inside the circuit proportional to the magnetization
of the sample.

The detection coils are made of a single superconducting wire wound in
a second order gradiometer geometry with a total length of approximately
3 cm consisting of a series of three sets of coils: the upper and bottom
sets of N rounds wound clockwise while the center set of 2N rounds
wound counterclockwise. The choice of such geometry makes it possible to
eliminate spurious contributions coming from fluctuation of the magnet:
since the field of the magnet is uniform the flux change in the outer rounds
is exactly balanced by the flux change in the middle ones. In this way only
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2. Methodology

Figure 2.2: Up: second order gradiometer coils scheme; down: induce emf as function
of sample position.

the flux changes coming from the moving of the sample inside the detection
coils are relevant for the measurement. A schematic view of a second order
gradiometer and of the induced emf in shown in Figure 2.2.

2.1.4 The SQUID

The magnetic moment of the sample is not directly determined by
measuring the current induced inside the detection coils. Detection coils
are instead inductively coupled to a rf-SQUID constituted by a supercon-
ductive loop with one Josephson junction (that is an interruption in the
superconducting loop which can be made with a thin isolating barrier, a
short section of a normal metal or a physical constriction in the loop).

The SQUID functioning is based on Josephson effect postulated by
Brian Josephson in 196222 and which earned him a Nobel Prize in Physics
in 1973. It consists in carriers tunneling between two superconductors (1
and 2) coupled by a weak link (the junction) which give rise to a current:23

I “ I0 sinpϑ2 ´ ϑ1q “ I0 sinpδq , (2.1)

where I0 is the critical current of the junction while δ “ ϑ2 ´ ϑ1 is the
difference of phases between the wave functions in superconductor 1 and 2
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2.1. SQUID magnetometer

Figure 2.3: Scheme of a single Josephson junction squid in a magnetic field B. Phase
difference in wave function from point 1 to 2 doesn’t depend on the choice of path a
(including the junction) or b.

respectively.†

In the presence of a magnetic field B the difference of phases can be
expressed as:

δ “ pϑ2 ´ ϑ1q ´
2e

~c

ż 2

1
A ¨ dl , (2.2)

with A the vector potential related to B by B “ ∇ˆA.
We consider now the SQUID scheme in Figure 2.3. Wave function inside

the superconductor presents in points 1 and 2 phases values independent
from the choice of path a or b, so:

δb ´
2e

~c

ż

b
A ¨ dl “ δa ´

2e

~c

ż

a
A ¨ dl` 2πm , (2.3)

from which it follows:

δ “ δb ´ δa “ ´
2e

~c

¿

A ¨ dl` 2πm

“ ´
2e

~c
Φ` 2πm “ ´

2πΦ

Φ0
` 2πm .

(2.4)

Substituting in (2.1) we obtain:

I “ ´I0 sin
´2πΦ

Φ0

¯

. (2.5)

†Superconductivity represents a macroscopic quantum phenomenon: all the carriers
(the Cooper pairs) are condensed in a single macrostate which can be described by a
single wave function ψ “ ?ρ exp piθq where ρ is the density of carriers.
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2. Methodology

Figure 2.4: Diagram of a rf-SQUID circuit.

Equation (2.5) states that, in the presence of a magnetic field B, a current
is induced inside the SQUID periodic in the total flux enclosed by the ring
Φ with period equal to Φ0.

In Figure 2.4 is shown a diagram of a rf-SQUID circuit. The SQUID
is inductively coupled to the sample coils by means of Lc which generates
a magnetic flux Φc inside the SQUID proportional to the signal coming
from the sample. So the total flux ΦT inside the SQUID is (here L is the
inductance of the SQUID ring):

ΦT “ Φc ` LI “ Φc ´ LI0 sinp2πΦT {Φ0q . (2.6)

Consider now the radio-frequency part of the device (which gives it the
name). SQUID is inductively coupled to a tank circuit LtCtRt through the
mutual inductance Mrf “ kpLLtq

1{2 and driven to its resonant frequency
ωrf “ pLtCtq

´1{2 by a current Irf sinpωrf tq supplied by a generator. Usually
ωrf varies in the radio-frequency domain from 20 MHz to 10 GHz.

Since the current It flowing through Lt is dependent on magnetic flux
in the SQUID through It “ ΦT {Mrf , the peak value of voltage Vt across
the tank circuit is:

Vt “ ωrfLt
ΦT

Mrf
. (2.7)

A pre-amplified reading of Vt constitutes the output of the rf-SQUID
that, given its dependence on the flux inside the SQUID in its turn periodic
in Φ0 (see Equation (2.6)), allows very sensitive measurements.
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2.2. AC susceptometry

Further and detailed information on rf-SQUID can be found in the
already cited book of Clarke21 or in the original article by Zimmerman.24

Being a superconducting element, SQUID needs cryogenic temperature
to operate regularly: for this reason it is placed outside the sample chamber
in the helium bath (8 in Figure 2.1). SQUID and couplings to sample
coils and rf circuit, given their high sensitivity to magnetic flux changes,
are also magnetically shielded from the superconductive magnet by a
superconducting shield.

2.2 AC susceptometry

A quantity often measured in order to characterize the magnetic behavior
of a sample is its magnetic susceptibility defined as:

χ “
BM

BH
. (2.8)

The magnetometer as described above allows to apply a constant mag-
netic field H and measure the magnetizationMpHq of the sample immersed
in it. This type of measurement is also known as DC magnetic measure-
ments and values for the susceptibility are determined as χ “ M

H . For low
values of applied magnetic field the two ways of obtain χ are equivalent
but in general M dependence on H is not linear and BM

BH ‰ M
H .

AC susceptometry is a technique able to perform more precise mea-
surements of χ closest to the definition given in Equation (2.8). In an AC
magnetic the measurement of the current inside the detection coil is not
induced by movement of the magnetized sample but by a time dependent
magnetic moment of the sample (maintained fixed inside the detection coil)
induced by an oscillating magnetic field. A coil, external to the detection
coil, driven by an alternating current generates a small oscillating field
whose amplitude usually doesn’t exceed 10Oe. The detection coil consists
instead of a pair of winding wound in opposite direction in a first-order
gradiometer geometry: in this way the current induced in absence of sample
is null. To avoid effects due to a non-perfect coils balance a two-step
measurement is usually performed: the sample is first measured in the
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2. Methodology

middle of the first winding and then in the middle of the second one. AC
option is provided in the instrument used by an AC driven coil coaxial to
the superconductive magnet, while the middle and the bottom winding of
DC detection coils serve as AC detection coils.

A major concern in the design of an induction coil susceptometer is the
parasitic capacitance present throughout the coil system, which limits the
frequency range of the AC-susceptometer. The inductance, resistance and
parasitic capacitance results in a resonant frequency that must be above
the highest measurement frequency. This implies, for a given AC-probe,
that the frequency range accessible is restricted (usually to four decades).

It is also possible to apply a static field H0 parallel to the oscillating
one so that the total field on the sample is:

H “ H0 `∆H “ H0 ` h cosωt (2.9)

where h is the amplitude of the oscillating field and ω its frequency. Sample
magnetization in function of the time dependent field ∆H can be expressed
as:

MpHq “MpH0 `∆Hq “MpH0q `
BM

BH
∆H

“MpH0q ` χ h cosωt .
(2.10)

Since H0 is static and the sample is still inside the coils it doesn’t
induce any signal in the detection coils and its only effect is to give access
to different parts of MpHq curve. The measured signal is instead due to
the oscillating component which, as shown in Equation (2.10), is directly
related to the susceptibility.

Besides allowing a precise measurement of susceptibility one of the ad-
vantages offered by AC susceptometry is the possibility of investigating the
dynamics of magnetization by varying the frequency ω. Due to absorption
processes depending on frequency, the magnetization of the sample may
lag behind the drive field so, thanks to the use of a lock-in detector, an AC
susceptibility measurement provides both the in-phase component χ 1 and
out-of-phase one χ 2 and susceptibility can be described as χ “ χ 1 ` i χ 2.
Using the model proposed by Cole and Cole25 (a generalization of the one
originally proposed by Casimir and Du Pré26) susceptibility dependence

26



2.2. AC susceptometry
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Figure 2.5: Plot of Equations (2.11) for χ 1 (solid line) and χ 2 (dashed line).

on frequency can be described by:

χpωq “ χ8 `
χ0 ´ χ8

1` pi ωτq1´α

χ 1pωq “ χ8 ` pχ0 ´ χ8q
1` pωτq1´α sinpπα{2q

1` 2pωτq1´α sinpπα{2q ` pωτq2´2α

χ 2pωq “ pχ0 ´ χ8q
pωτq1´α cospπα{2q

1` 2pωτq1´α sinpπα{2q ` pωτq2´2α
.

(2.11)

In Equations (2.11) τ is the relaxation time needed to restore the
thermodynamic equilibrium when the system is subjected to the excitation
due to the oscillating field. The parameter α takes into account the
situations in which instead of a single value of τ the relaxation process
is characterized by a distribution of relaxation times: the wider is the
relaxation times distribution the greater is α. The parameters χ0 and χ8
are related to the behavior in the low and high frequency limit: for low
values of the field frequency (i.e. ωτ ! 1) excitation is so slow that the
system can be considered in thermal equilibrium and in Equations (2.11)
χ “ χ0, so χ0 can be addressed as the isothermal susceptibility. In the
opposite limit of high frequency (i.e. ωτ " 1) excitation is so fast that the
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2. Methodology

system cannot exchange energy with the surroundings and χ “ χ8 (also
known as adiabatic susceptibility).

In Figure 2.5 are reported the frequency dependencies of Equations (2.11)
for χ 1 and χ 2. While χ 1 varies monotonically from χ0 (for ωτ Ñ 0) to
χ8 (ωτ Ñ8), χ 2 goes to zero at these extremes and presents a maximum
when ωτ “ 1.

From the analysis of AC susceptometry data it is possible to discern if
relaxation processes of magnetization are present (in the frequency range
accessible to the instrument) and in particular, from the maximum of χ 2,
estimate the relaxation time τ “ 1{ωmax related to these mechanisms.
The possibility of applying static magnetic fields and determining how
these affect the relaxation time allows further insight into magnetization
dynamic processes. Also characterization of the behavior of τ on varying
the temperature can reveal properties related to thermal assisted relaxation
mechanisms.

Concerning molecular magnetism AC susceptometry can provide hints
regarding the presence of SMM behaviors. Unlike classic paramagnetic
mediums, SMMs, due to the presence of an energy barrier, show in fact non
zero χ 2 in the absence of a static magnetic field. In simple paramagnets,
when no static field is applied, each spin is subject to the field of neighboring
spins. The application of the small oscillating field only means a precession
around a slightly different direction, so relaxation is only due to spin-spin
interactions whose relaxation times are of the order of 10´9 s. Given that the
typical maximum frequency of an AC susceptometer is ca. 100 kHz it follows
that spin-spin relaxation is so fast that only the isothermal susceptibility is
accessible and the measured χ 2 is equal to zero. The ground state of a spin
S in SMM is instead constituted, at low temperatures by two degenerate
levels, m “ ˘S, separated by a potential barrier. Neglecting tunneling
processes, which occur in a long time scale, relaxation occurs through
population of excited levels whose energy separation from the ground
state is greater than the spin-spin interaction which in practice become
ineffective. In this way slower relaxation processes, usually accessible to AC
scusceptometers, are favored leading to a non zero χ 2 also in zero static
field and it’s for this reason that a non-null χ 2 is often interpreted as a
proof of SMM behavior.
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2.3 Angular resolved magnetic measurements
with the horizontal rotator

When dealing with crystals the relation linking the magnetization M
of the sample to the applied magnetic field H is given by the general
expression:

Mi “
ÿ

j

χijHj , χ “

¨

˝

χxx χxy χxz
χxy χyy χyz
χxz χyz χzz

˛

‚ (2.12)

where the magnetic susceptibility tensor χ is a rank 2 tensor with six
independent elements whose element χij describes the relation between the
i magnetization component and the component of field along j.

It is possible to diagonalize the susceptibility tensor, that is to find a
new coordinate system in which:

Mi1 “ χi1i1Hi1 , χ “

¨

˝

χx1x1 0 0
0 χy1y1 0
0 0 χz1z1

˛

‚ . (2.13)

Three possibilities can occur:

• χx1x1 “ χy1y1 “ χz1z1 : the susceptibility tensor behaves like a scalar
and the medium is isotropous;

• χx1x1 “ χy1y1 ‰ χz1z1 : the medium is uniaxial. If χz1z1 ą χx1x1 , χy1y1

the direction along z1 is called easy axis of magnetization and x1y1 is
the hard plane of magnetization; on the contrary if χz1z1 ă χx1x1 , χy1y1

z1 is the hard axis of magnetization and x1y1 is the easy plane of
magnetization;

• χx1x1 ‰ χy1y1 ‰ χz1z1 : the medium is biaxial and the easy axis of
magnetization is determined by the highest component of the tensor.

By performing angular resolved magnetic measurement it is possible to
determine the components of χ in Equation (2.12). For this purpose, given
that the solenoid generating the magnetic field is vertically oriented, a
horizontal rotator has been employed, a particular sample holder described
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2. Methodology

in the next section. Procedures followed to diagonalize the susceptibility
tensor experimentally found and determine the principal direction are
illustrated in § 2.3.2

2.3.1 The horizontal rotator

The horizontal rotator is a particular sample rod conceived to allow
the rotation of the sample inside the magnetometer around an axis per-
pendicular to the magnetic field direction making it possible to collect
magnetic measurements varying the relative angle between the sample and
the magnetic field. These kind of experiments have demonstrated to be
a powerful tool to study and characterize samples presenting magnetic
anisotropy.27,28

Referring to the scheme shown in Figure 2.6 the horizontal rotator is
constituted by two coaxial rods, 1 and 3, the first and internal one is free
to rotate and driven by a stepper motor while the second is fixed on the
magnetometer by the clamp 4. The rods are made, like the magnetometer
sample rod, of stainless steel in the upper part and of a silicon copper alloy
in the bottom part. Entering of air inside the magnetometer chamber from
the interspace between the two rods is avoided by the seal 2. The motion
of the inner rod is transferred to the sample holder by means of a worm
screw which transforms the rotational motion in the translational motion of
the shuttle 5. One end of a Be1.8Cu98.1 wire 6 is connected to the shuttle,
the other to a spring 7 so that the wire is always in tension. The wire is
also threaded through a pulley 9 connected to the sample holder 8. In this
way the translational motion of the shuttle, making slide the wire inside
the pulley, is transformed into a rotational motion of the sample holder
orthogonal to the axis of the rod.

Measured samples are not directly arranged on the sample holder of
the horizontal rotator but first they are fixed with grease on a teflon cube
which successively is placed on the horizontal rotator sample holder. The
reason for such a choice is given by the procedure followed to determine the
susceptibility tensor which involves performing three orthogonal rotations.
Given that the biggest dimension of crystals analyzed doesn’t exceed 1 mm
and that it is not taken for granted at all that a crystal possesses three
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2. Methodology

orthogonal faces, the use of a cube has revealed as a good solution to easily
manipulate and rearrange the crystal on the sample holder.

The faces of the cube are also labeled defining a right-handed reference
frame so that the sample lies on the z-face. In this way three rotations
around the x, y and z cube axis allows the determination of the elements of
the susceptibility tensor (as shown in the next section) in the reference frame
of the cube. Results so obtained are not strictly related to the intrinsic
properties of the crystal but rather to the whole crystal-cube system, in
fact placing for example the crystal in different positions leads to different
values for the susceptibility tensor in the cube reference frame x, y, z. A
solution is given by expressing the susceptibility tensor elements in the
crystal cell reference frame which is an intrinsic characteristic of the crystal.
For this purpose an investigation based on single-crystal X - ray diffraction
(in our case performed by using a Xcalibur3 by Oxford Diffraction) makes it
possible (i) to determine the orthogonalized unit cell a, b1, c˚† of the crystal
mounted on the cube and (ii) to assign to each face of the cube its Miller’s
indexes h, k, l related to the crystal orthogonalized unit cell. Once these
parameters are known it is possible to express the χ elements collected in
the cube reference frame into a, b1, c˚ crystal reference frame.

2.3.2 Mathematical model for data processing

This section contains the mathematical approach followed to analyze
data coming from measurements with the horizontal rotator in order to
determine the components of the susceptibility tensor and its principal
directions. Data processing described here has been performed by a program
in C written for this purpose.

In Figure 2.7 is shown a schematic representation of how the cube
with the sample is placed on the horizontal rotator for each of the three
orthogonal rotations performed: RX, RY and RZ which correspond to a
configuration with rotation axis parallel to x, y and z cube axis respectively.
For each rotation the range between 0° and 270° has been scanned acquiring
a measurement of magnetization at each step of 5° obtaining in the end a

†Given an unit cell described by the lattice vectors a,b, c the orthogonalized unit
cell is defined leaving a unaltered, taking b1 orthogonal to a and lying in the ab-plane
while c˚ is chosen orthogonal to both a and b1.
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Figure 2.7: Schematic representation of the cube placement on the horizontal rotator
sample holder for the rotations around the x, y and z axis of the cube. The arrow
indicate the direction of the applied magnetic field H, while the sample lies on the z-face
of the cube.

set of N “ 3ˆ 55 “ 165 measurements of Mpθq with θ the angle between
the sample holder and the applied magnetic field H.

In order to find the relation linking the value of Mpθq to the suscep-
tibility tensor elements, let us consider that the magnetic field rotates
instead of the sample. This means that considering, for example, the RX
configuration H lies on the yz plane of the cube and can be represented by
H “ p0, H sinpθq, H cospθqq. From Equation (2.12) it follows that:

M “ χH “

¨

˝

χxx χxy χxz
χxy χyy χyz
χxz χyz χzz

˛

‚

¨

˝

0
H sinpθq
H cospθq

˛

‚

“ H

¨

˝

χxz cospθq ` χxy sinpθq
χyz cospθq ` χyy sinpθq
χzz cospθq ` χyz sinpθq

˛

‚ .

(2.14)

Since the magnetization measured by the magnetometer is its projection
along the magnetic field, the output value given by the instrument is:

Mmeas “M ¨
`

0, H sinpθq, H cospθq
˘

“ H
`

χzz cos2pθq ` χyy sin2pθq ` 2χyz sinpθq cospθq
˘

.
(2.15)
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2. Methodology

Repeating the same for all three configurations we get, in terms of
susceptibility measured:

RX: χzz cos2pθq ` χyy sin2pθq ` 2χyz sinpθq cospθq

RY: χzz cos2pθq ` χxx sin2pθq ` 2χxz sinpθq cospθq

RZ: χyy cos2pθq ` χxx sin2pθq ` 2χxy sinpθq cospθq

(2.16)

These are equations linear in χij which can be written as:

ypθq “
6
ÿ

k“1

pkXkpθq (2.17)

where ypθq is the susceptibility measured, pk indicates the elements of
susceptibility tensor and Xkpθq are functions of sinpθq and cospθq. The
parameters pk are obtained with the least square method by minimizing
the χ2 function:29

χ2 “

N
ÿ

i“1

ˆ

yi ´
ř6
k“i pkXkpθiq

σi

˙2

(2.18)

with σi the error associated to the yi measurement. Finding the minimum
of Equation (2.18) means solving the N-elements system comprising the
derivatives of χ2 respect to pk parameters:

N
ÿ

i“1

1

σi

„

yi ´
6
ÿ

j“1

pjXjpθiq



Xkpθiq “ 0 k “ 1, . . . , 6 (2.19)

which can be written as:30

pAT ¨Aq ¨ p “ AT ¨ b (2.20)

where p “ rχxx, χyy, χzz, χxy, χyz, χxzs is the vector containing the un-
known quantities to be determined while A and b are respectively a block
matrix and a vector defined as:

Aij “
Xjpθiq

σi
, bi “

yi
σi
. (2.21)
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2.4. Angular resolved magnetic measurements with capacitive torque meter

The solution of the linear system (2.20), obtained following the LU decom-
position method,30 returns the best estimation for the susceptibility tensor
elements while the error associated is given by the diagonal terms of the
covariance matrix C “ AT ¨A.

Once the matrix describing χ is known, its eigenvalues and the eigenvec-
tors represent respectively the principal values and directions of the system
under investigation. Functions in GNU Scientific Libraries gsl_math.h,
gsl_eigen.h and gsl_vector.h have been used to obtain the eigenvalues
and eigenvectors of χ while for the estimation of the errors they were
considered in the same way as perturbations and propagated at the first
order.

As stated in the previous section, it is necessary to express the principal
directions found in the unit cell reference frame to become properties
characterizing the crystal itself. Having indexed, with the use of the
X-ray diffractometer, the teflon cube faces with Miller’s indexes makes
it possible to know the reciprocal orientation of the x, y, z and a, b1, c˚

reference frames and so to construct the change of basis matrix T. This
matrix is characterized by having as column the basis vectors â, b̂1, ĉ˚

expressed in terms of x̂, ŷ, ẑ: T “
`

âpx̂, ŷ, ẑq, b̂1px̂, ŷ, ẑq, ĉ˚px̂, ŷ, ẑq
˘

.
Susceptibility tensor χ and its principal directions vi can be reported

in the orthogonalized crystal unit cell by:

χpa, b1, c˚q “ Tχpx, y, zqT´1

vipa, b
1, c˚q “ T ¨ vipx, y, zq , i “ 1, 2, 3 .

(2.22)

2.4 Angular resolved magnetic measurements with
capacitive torque meter

The methods described in the previous section belong to the family of
inductive methods. In this section instead a method will be described based
on the magnetic torque τ exerted on a magnetic sample when immersed in
a magnetic field H and described by the equation:

τ “MˆH . (2.23)
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Figure 2.8: Capacitive cantilever scheme.

The technique makes use of a capacitive torque meter whose schematic
representation is given in Figure 2.8. The working principle is based on
determining the magnetic torque exerted on the sample by a capacitance
variation measurement. A lower and an upper plates (the last being the
cantilever which serves also as sample holder), separated by a spacer of a
distance d “ 50µm, constitute the parallel plates of a capacitor. A very
low conductive copper plated epoxy slab acts as support for the system.
The double-armed design avoids transverse deflections of the cantilever in
order to measure only capacitance variations due to deflections around an
axis parallel to the plates surfaces.

Both the plates and the spacer are made of a CuBe alloy (Cu: 98%,
Be: 2%). The choice of CuBe alloy was made because it is a non-magnetic
material. Furthermore it has a wide operating temperature range which
enables it to retain its shape under high loads even at low temperatures.

The whole is mounted on a rod which allows the introduction of the
instrument in the center of a superconductive magnet inside a cryostat by
Oxford Instruments. The system can supply magnetic vertically oriented
magnetic fields up to ˘12 T and work in a range of temperatures from 1.5 K
to 1000 K. In addition a stepper motor can rotate the two-plate system in
order to perform measurements at specified angles between the magnetic
field and the torque magnetometer.

The capacitance measurements are accomplished by a high-sensitive ca-
pacitance bridge by Andeen-Hagerling AH2550A connected through wires
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2.4. Angular resolved magnetic measurements with capacitive torque meter

to the cantilever and the lower plate. The resolution of the bridge is
0.8 aF and it can measure capacitances up to 1.5 µF and measurements
are performed by applying a 1 kHz ac voltage between 0.3 mV and 15 V
(depending on the value of the capacitance measured) across the terminals
of the capacitor. Considering the lowest capacitance measurable equal to
0.1 fF (this value takes into account the effects of thermal noise and external
vibrations) the smallest torque measurable by the system is 10´11N m.

When the sample mounted on the instrument is placed inside a magnetic
field the cantilever deflects from its rest position due the magnetic torque τ .
The extent of the deflection is mainly determined by the equilibrium between
the magnetic and cantilever elastic torques. If linear elastic response is valid
(i.e. the deflection is small)† the elastic torque acting on the cantilever,
characterized by an elastic constant kel and length l, can be expressed by:

τel “ kellpd´ d0q “ kellδ , (2.24)

where δ “ d´d0 represents the deflection from rest position d0. Considering
now the cantilever as a parallel plate capacitor with capacitance C0 at rest,
the variation ∆C due to the cantilever deflection is given by:

C0 “
εA

d0
ùñ ∆C “

εA

d2
0

δ “
C0

d0
δ . (2.25)

Substituting in Equation (2.24) and considering the equilibrium between
magnetic and elastic torque:

τ “ kell
d0

C0
∆C “ K∆C . (2.26)

From Equation (2.26) it follows that, in the linear response limit, the
torque acting on the cantilever and the variation of capacitance caused
by it are linearly related through the constant K which only depends
on the characteristics of the cantilever. This means that, given the high
sensitivity of the bridge used, from a measurement of capacitance difference
the magnetic torque exerted on the sample can be directly known with
high accuracy.

†For CuBe the response is no longer linear at induced pressures of around 800MPa.31

In our magnetic torque measurements the equivalent pressure induced due to the magnetic
torque may go up to 100Pa in an upper limit.
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Figure 2.9: Schematic representation of lab reference frame (X,Y, Z) and the cantilever
one (x, y, z).

2.4.1 Magnetic anisotropy measurements with capacitive
torque meter

The experimental set up used allows the rotation of the cantilever along
an axis orthogonal to the applied magnetic field making it possible to collect
measurements of the magnetic torque in function of the field-cantilever angle.
Identifying the rotation axis with the Y axis of the laboratory reference
frame and the magnetic field direction with the Z axis (see Figure 2.9) one
obtains the configuration illustrated in Figure 2.9 where x, y, z describe the
cantilever reference frame rotating along the y ” Y axis.

The geometry of the instrument allows the measurement of only the y
component of magnetic torque thus, recalling Equation (2.23), the quantity
measured, in the cantilever reference frame, is given by:

τy “MzHx ´MxHz , (2.27)

that, if the field is weak enough to consider the magnetization in linear
relationship with the field, can be written as:

τy “ χzHzHx ´ χxHxHz “ H2 sin θ cos θpχz ´ χxq . (2.28)

Supposing the x and y axis directed along two principal directions of
magnetic anisotropy it’s possible to compare the previous expression for the
torque with the one obtained from magnetic measurements with horizontal
rotator which in this situation becomes (see Section 2.3.2):

M “ Hpχz cos2 θ ` χx sin2 θq . (2.29)
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2.4. Angular resolved magnetic measurements with capacitive torque meter
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Figure 2.10: Simulations of angular resolved magnetic measurements (red lines)
with capacitive cantilever (a and c) and with horizontal rotator (b and d) for two
orthogonal Ising-type contributions (individually represented by green and blue lines) in
two different regimes: a) and b) linear relationship between M and H (βgµBH “ 0.1
and Equation (2.28) used); c) and d) non-linear magnetization response to the field
(βgµBH “ 5 and Equations (2.27) (1.13) considered).

In the presence of magnetic isotropy in the plane xz (i.e. χx “ χz) a
torque measurement gives a result equal to zero for all the angles while the
magnetization measured with the horizontal rotator is a constant value equal
to 2Hχxz. If the system presents instead a magnetic anisotropy in the xz
plane, the principal axis direction in torque measurements is easily located
at the angles at which the torque crosses the zero; in angular dependent
magnetization measurements determination of principal direction is not in
general so straightforward as seen in Section 2.3.2.

Consider another situation (similar in certain aspects to the one that will
be encountered in Chapter 4): two orthogonal Ising-type (χx “ 0,χz “ χ)
molecules characterized by a spin value 1{2. The measured quantities come
from the sum of the two contributions shifted by 90°. In the linear response
regime the two techniques of measurement provide respectively:

τ “H2χ sin θ cos θ ´H2χ cos θ sin θ “ 0

M “ Hχ cos2 θ `Hχ sin2 θ “ Hχ
(2.30)

With both methods a constant angular independent quantity is measured
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2. Methodology

(see Figure 2.10 a and b) so the system descriptions are equivalent. If
in the presence of higher βgµBH, so that M can be considered no more
linearly related to H and saturation effects of magnetization are present, the
situation is the one shown in the simulation in Figure 2.10 c and d obtained
from Equation (2.27) where M is given by the Brillouin function (1.13)
and a value βgµBH “ 5 has been considered.

Unlike the previous regime the individual angular dependent torque
curves of the two contributions (Figure 2.10 c) show a strong asymmetry,
with a steep variation when the field crosses the hard directions.

To give a qualitative description, referring to Equation (2.27), one
can notice that even a slight deviation of the field orientation from the
hard (x) direction projects a small component along the easy axis (z)
able to induce a significant magnetization. This makes the first term of
Equation (2.27) quite large and consequently a strong torque is observed.
The same does not occur when the field is close to the easy axis (z) because
the resulting small component of the field along the hard direction has
little effect on the hard component of the magnetization. A more gradual
increase of the torque is thus observed around the easy axis. Also for the
magnetization measurements (Figure 2.10 d) high βgµBH values imply
deviation from Equation (2.30) and additional features become visible in
the angular dependence. These, however, are superimposed to a strong
isotropic signal, whereas torque measurements, as already noticed, are
insensitive to isotropic magnetization.

Moreover a small misalignment of the crystal, resulting in rotating
not along a principal axis (a situation more common in real experiments),
has no significant effect in torque measurements, but can induce a strong
spurious modulation of the signal in angular-resolved magnetometry making
more difficult the analysis of magnetic anisotropy contributions.

On the other hand in the absence of an external magnetic field the
torque is null. This means that torque magnetometry is not a suitable
method to study and measure remnant magnetization for example in a
magnetic hysteresis loop.
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3 The LnDOTA series

In this chapter are presented the results obtained from the magnetic
studies conducted on complexes Na[LnDOTA(H2O)] ¨ 4H2O (1) where
DOTA4– is the anion of the 1,4,7,10-tetraazacyclododecane-N,N',N'',N'''-
tetraacetic acid32 and Ln indicates ions of TbIII, DyIII, HoIII, ErIII, TmIII

and YbIII.
As shown in Figure 3.1 the Ln ion is in an idealized capped square

antiprismatic environment formed by four oxygen atoms of carboxylate
groups and four nitrogen atoms arranged at the corner of two parallel
squares and the oxygen atom of a water molecule as capping. The direction
identified by the Ln and the oxygen of the water molecule Ow defines a
pseudo four-fold symmetry axis.

Only three of the four carboxylate groups are coordinated to the Na+

ions which themselves are coordinated to two symmetry-related complexes.
In addition, the water molecule coordinated to the Ln ion forms hydrogen
bonds with oxygen atoms coordinated to the Na+ ions. These factors limit
the tetragonal symmetry only to the first coordination sphere. The complex
crystallizes in the triclinic P1 space group with all the molecules oriented
along the same direction (but with opposite sense due to the presence of
an inversion center as point group element).

Until 2011 complexes of DOTA and lanthanide ions were studied par-
ticularly for their relevance as contrast agents in MRI33 and for their lumi-
nescent properties.34 They made their entrance in the field of molecular
magnetism in 2011 with the article of Car et al.35 where the first substan-
tial characterization of low temperature magnetic behavior of DyDOTA
polycrystalline sample was reported demonstrating the SMM nature of the
DyDOTA. The presence was also observed of two competing relaxation
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3. The LnDOTA series

Figure 3.1: Structure of Na[LnDOTA(H2O)]. On the left two views of the molecule:
a) along the pseudo four-fold symmetry axis, b) orthogonal to Ln´Ow bond direction.
On the right is shown the molecule packing in the unit cell. Color code: Ln green; O
red; N blue; Na yellow; C gray. Hydrogen atoms are not shown for clarity.

processes strongly affected by the presence of an applied static magnetic
field: in the absence of a magnetic field a temperature-independent under-
barrier mechanism is present while when a weak magnetic field is applied
a thermally assisted mechanism is activated with an effective barrier of
ca. 60 K and an increase of six orders of magnitude in the relaxation time
at 1.8 K, compared to the zero-field one.

Subsequently during my master’s degree thesis I studied the magnetic
anisotropy of DyDOTA single crystals with angular resolved characteri-
zation of magnetization.36 Thanks to the collinearity shown by all the
molecules in the crystal it was possible to determine the principal axis
of magnetization of the DyDOTA molecule. Results obtained revealed
that the principal axis of magnetization isn’t directed along the pseudo-
symmetry axis of the molecule (represented by the Ln´Ow bond) but
orthogonally to it. Moreover from ab initio calculations it followed that
the direction of easy axis in the plane orthogonal to the Ln´Ow bond is
influenced by the position of the hydrogen atoms belonging to the apical
water molecule. This study revealed how interactions between the DyIII

ion with the surrounding ligand play a fundamental role on the definition
of magnetic anisotropy of the molecules.
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a (Å) b (Å) c (Å) α (°) β (°) γ (°)

Tb 8.806 9.138 15.66 82.76 85.40 80.57
Dy 8.719 9.079 15.637 82.962 85.824 81.637
Er 8.719 9.076 15.544 83.33 85.91 82.01
Yb 8.755 9.063 15.634 82.33 85.92 82.33

Table 3.1: Crystallographic unit cell parameters for the Tb, Dy, Er and Yb derivatives
determined by single crystal diffraction.

Figure 3.2: X-ray powder diffraction profiles of Ho, Tm and Dy compounds.
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3. The LnDOTA series

In the light of these results and taking advantage of the fact that
complexes (1) with several LnIII ions are isostructural and stable,32 also
complexes with TbIII, HoIII, ErIII, TmIII and YbIII (which, among the
lanthanide series, possess the higher J ground state) have been synthesized,
following the reported procedure,37,38 in order to reveal how magnetic
anisotropy can be affected by metal-ligand interaction.

Crystals sufficiently big (i.e. with the largest dimension of the order of
ca. 1 mm) to be employed in single-crystal magnetic characterization were
obtained for Tb, Er and Yb derivatives. Single crystal X-ray diffractometry
(see Table 3.1 for the cell parameters) confirmed that the compounds are
isostructural. Regarding Ho and Tm derivatives their X-ray powder diffrac-
tion profile showed to be superimposable to the Dy one (see Figure 3.2).

Data concerning Dy derivative shown in this Chapter come form my
precedent work on DyDOTA single crystals unless otherwise specified.

3.1 Static magnetic measurements

Polycrystalline powder samples, pressed in pellets to avoid reorientation
in the field of the microcrystals, of all derivatives have been prepared to
study their static magnetic behavior.

In Figure 3.3 are reported the temperature dependence of χT obtained.
Data in the range 150 K to 300 K have been fitted using the Curie-Weiss
law:

χ “
C

T ´Θ
ùñ χT “

C

1´ Θ
T

(3.1)

where C is the same Curie constant as in Equation (1.16) and Θ is the
Weiss constant. Equation (3.1) represents a correction to the Curie law
(Equation (1.16)), coming from taking into account possible interactions
between magnetic moments which reveal themselves at temperatures under
Θ where the theory predicts spontaneous magnetization of the system of
ferromagnetic nature if 1´ Θ

T ă 1 or antiferromagnetic if 1´ Θ
T ą 1.39

Results obtained are shown in Table 3.2. Values found for Curie con-
stants are in agreement with the ones expected for tripositive lanthanides
ions characterized by the gL and J listed in Table 1.1. The minus sign in
front of critical temperatures Θ suggests the presence of antiferromagnetic
interaction. However in the presence of orbitally degenerate states the
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3.1. Static magnetic measurements

Element Cth Cexp Θexp
pemu K mol´1q pemu K mol´1q pKq

Tb 11.82 11.79p1q ´4.8p4q
Ho 14.07 14.85p2q ´10.5p3q
Er 11.48 11.56p1q ´13.2p2q
Tm 7.15 7.46p1q ´24.0p5q
Yb 2.57 2.314p2q ´39.2p3q

Table 3.2: Theoretical values of Curie’s constant compared to the experimental ones
obtained from the fits of χT vs. T measurements (see Figure 3.3). In the third column
are reported the values of Curie’s temperature Θ.

decrease of χT observed on lowering the temperature is due to the depop-
ulation of the levels belonging to the ground J multiplet split by crystal
field.

Magnetization measured in function of a static external magnetic field
have been collected at two different temperatures: 2 K and 5 K. In Figure
3.4 are reported the values of magnetization as a function of the reduced
variable µBH{kBT . Except for the Yb derivative, measurements collected at
the two different temperatures are not superimposable in all the µBH{kBT
range.

From Equation (1.13) and (1.14) it follows that the trend of M with
respect to µBH{kBT is determined by gL and J values of ground multiplet.
This means that, if no other state except the ground J multiplet is populated,
MpµBH{kBT q at different temperatures are superimposable. As shown in
section 1.3 the presence of the crystal field interaction splits the J multiplets;
Brillouin equation (1.13) can however still be used considering an effective
value Jeff, determined by the multiplicity of the crystal field multiplet,
and the related geff. The non-superimposability of magnetization curves
of Tb, Ho, Er, Tm can be explained by a small energy separation of the
first excited crystal field levels so that they can be populated passing from
2 K to 5 K altering the values of Jeff and geff. Magnetization curves of Yb
suggest on the contrary a greater energy separation between the two first
crystal field levels so that at both temperatures only the ground one can be
considered populated and Jeff and geff remain the same as MpµBH{kBT q.
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3. The LnDOTA series

Figure 3.3: Temperature dependence of the χT product for Tb, Ho, Er, Tm and Yb
polycrystalline powder samples. The Dy data are from the article of Car et al.35 Red
dots data were taken with H “ 1kOe while black ones with H “ 10kOe. The blue line
represents the fit considering the Curie-Weiss law in the range from 150K to 300K. The
results of the fits are reported in Table 3.2.
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3.1. Static magnetic measurements

Figure 3.4: Magnetization dependence on reduced variable µBH{kBT for Tb, Ho, Er,
Tm and Yb polycrystalline powder samples. Blue dots data have been measured at 2K
while red ones at 5K.
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Tb
x̂ “ ´0.336706 â´ 0.934607 b̂1 ´ 0.114625 ĉ˚

ŷ “ ´0.947290 â` 0.286213 b̂1 ` 0.143958 ĉ˚

ẑ “ 0.103404 â´ 0.159987 b̂1 ´ 0.981688 ĉ˚

Dy
x̂ “ ´0.06734 â´ 0.99764 b̂1 ` 0.01363 ĉ˚

ŷ “ ´0.99733 â` 0.05933 b̂1 ´ 0.04266 ĉ˚

ẑ “ 0.03680 â´ 0.02717 b̂1 ´ 0.99895 ĉ˚

Er
x̂ “ 0.032731 â` 0.999463 b̂1 ` 0.001610 ĉ˚

ŷ “ 0.992334 â´ 0.123014 b̂1 ` 0.011849 ĉ˚

ẑ “ 0.008839 â´ 0.034773 b̂1 ` 0.999356 ĉ˚

Yb
x̂ “ ´0.002633 â´ 0.111998 b̂1 ´ 0.993705 ĉ˚

ŷ “ ´0.128189 â´ 0.988734 b̂1 ` 0.077279 ĉ˚

ẑ “ ´0.995755 â` 0.091381 b̂1 ´ 0.011055 ĉ˚

Table 3.3: Unit vectors normal to x, y and z faces of the cube expressed in the
orthogonalized unit cell reference frame a, b1, c˚ after indexing by single-crystal X-ray
diffraction for all the crystals studied.

3.2 Angular resolved magnetic measurements

Angular resolved magnetic measurements with horizontal rotator have
been performed on the single crystal samples of Tb, Er and Yb derivatives,
described at the beginning of the chapter, following the procedure reported
in section 2.3. Thus, after having fixed the crystal, using grease, on the
z face of a labeled teflon cube, the x, y and z faces of the cube have been
indexed (making use of a single-crystal X - ray diffractometer) assigning to
each of them its Miller’s indexes h, k, l related to the crystal orthogonalized
unit cell (see Table 3.3). The samples have been measured, with the
horizontal rotator, rotating along three orthogonal axes corresponding to
the normal to the x, y and z faces of the teflon cube.

In Figure 3.5 are shown the experimental data of the three rotations per-
formed at T “ 2K together with a comparison of single rotations performed
at 2K and 10K. The calculated values obtained from Equations 2.16 using
the suceptibility tensor elements fitted according to the method described
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3.2. Angular resolved magnetic measurements

Figure 3.5: On the left: angular dependence of magnetic susceptibility measured
at T “ 2K and H “ 1kOe for the rotation along the x, y, and z axes of the cube
reference frame relating to Tb, Dy, Er and Yb single crystal samples. The solid line
represents the calculated values according to Equations (2.16). On the right: comparison
of measurements collected at T “ 2K and T “ 10K with H “ 1kOe.
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in section 2.3.2 are also reported. The shapes of rotation curves reveal the
presence of strong magnetic anisotropy for all compounds. Temperature
dependence of angular resolved magnetic measurements shows no apprecia-
ble changes in position of maxima and minima for Dy, Er and Yb samples.
Between data collected at T “ 2K and 10K for the Tb sample a shift of
about 10° of the position of maxima and minima is instead present. The
change of magnetic anisotropy represented by this shift can be addressed,
also in this case, to a small energy separation between the ground crystal
field level and the first excited ones: heating up the system from 2 K to
10 K implies a depopulation of the lowest levels with a consequent variation
of magnetic anisotropy and a related change in angular dependence of the
magnetic susceptibility.

The extracted elements of the susceptibility tensor, obtained from
the analysis of the angular dependence data, allowed the determination
of its principal components according to the diagonalization procedure
described in section 2.3.2. Knowing the relative displacement of the x, y, z
reference frame in respect to the a, b1, c˚ one, it was possible to express
the components of the susceptibility tensor together with its principal
components into the orthogonalized unit cell reference frame (values are
summarized in Table 3.4). Results obtained show that all systems have an
easy axis of magnetization with strong rhombic anisotropy.

Since all the compounds crystallize in the triclinic group, which means
that all the molecules are oriented along the same direction, it has been
possible to express the orientation of principal components of χ with respect
to the single molecules. The orientations of the easy axis of magnetization
of the molecules measured at T “ 2K are reported in Figure 3.6 as pink
rods together with the angle they form with the the Ln´Ow bond (which
points to the axial direction of the capped square antiprism described by the
first coordination sphere). Results obtained show that for Tb and Dy the
displacement of the easy axis of magnetization is almost perpendicular to
the molecule axial direction (the angles formed with the Ln´Ow direction
are respectively 85° and 84° for Tb and Dy); on the contrary Er and Yb
compounds present the easy axis of magnetization almost parallel to the
Ln´Ow bond (6° and 12° respectively). The experimental error of the
procedure is evaluated not to exceed 10°. These results compared with
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3.2. Angular resolved magnetic measurements

χ elements Pricipal components of χ

pemu{molq

Tb

χaa “ 3.893p18q
χ1 “ 0.493p5q

χb’b’ “ 2.508p3q
χc*c* “ 6.116p6q

χ2 “ 1.595p2q
χab’ “ 1.482p7q

χb’c* “ 2.2960p16q
χ3 “ 10.43p2q

χac* “ 4.273p11q

Dy

χaa “ 7.221p25q
χ1 “ 0.601p17q

χb’b’ “ 2.131p19q
χc*c* “ 7.625p25q

χ2 “ 1.227p25q
χab’ “ ´2.934p25q
χb’c* “ ´2.567p25q

χ3 “ 15.145p25q
χac* “ 6.554p19q

Er

χaa “ 3.9571p22q
χ1 “ 1.223p23q

χb’b’ “ 1.514p5q
χc*c* “ 2.669p8q

χ2 “ 1.721p8q
χab’ “ 0.094p5q
χb’c* “ 0.234p14q

χ3 “ 3.1955p12q
χac* “ ´1.768p3q

Yb

χaa “ 0.9009p4q
χ1 “ 0.345p3q

χb’b’ “ 0.3788p14q
χc*c* “ 0.5292p14q

χ2 “ 0.3928p10q
χab’ “ 0.1667p8q

χb’c* “ ´0.1099p16q
χ3 “ 1.0715p10q

χac* “ ´0.3255p5q

Table 3.4: Magnetic susceptibility tensor elements in the orthogonalized unit cell
reference frame and principal components of χ obtained from fitting procedure described
in section 2.3.
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3. The LnDOTA series
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3.2. Angular resolved magnetic measurements

Figure 3.7: Magnetization dependence on reduced variable µBH{kBT for Tb, Dy and
Er single crystals oriented so that their easy axis of magnetization were aligned to the
applied magnetic field. Measurements have been performed at different temperatures as
specified by the color scale.

the density distribution of the 4f electrons (the ones involved in magnetic
properties of the rare-earth elements) reveal the importance of interactions
between the charge distribution of lanthanide ion and the ligand one that
for the DOTA can be thought like a sandwich type consisting of the four
carboxylate groups and four nitrogen atoms surrounding the central ion.

Once the direction of easy axis of magnetization was determined, Tb
and Er single crystals (whose magnetic signal was strong enough) were
opportunely oriented in order to measure the magnetization along the
easy axis direction. The field dependence of the magnetization at different
temperatures is reported in Figure 3.7 together with the Dy one. Data were
fitted with the Brillouin function (1.13) assuming only the ground doublet
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3. The LnDOTA series

populated and describing the system with a geff and Jeff “ 1
2 . For Dy sample

data collected at 2, 5, 10K in function of reduced variable µBH{kBT are well
superimposable and as result the fit returned a value geff “ 16.20p5q. On
the contrary, measurements on Tb and Er derivatives revealed a nonperfect
superposition when plotted versus the reduced variable µBH{kBT (again
ascribable to small energy separation of ground multiplet from excited ones).
Anyhow, the analysis with the Brillouin function considering Jeff “ 1{2
provided a best fit for geff “ 14.2 and 7.8 for Tb and Er, respectively.

3.3 Comparison with theoretical ab initio model

Magnetic properties of the entire series studied have also been inves-
tigated by ab initio calculations which consist of the numerical solution
of the Hamiltonian of the system. This part of the work was conducted
in collaboration with Dr. Javier Luzon from Centro Universitario de la
Defensa and Instituto de Ciencia de Materiales in Zaragoza (Spain) and not
by me personally. The results obtained are here presented for comparison
with experimental data given also the importance assumed by the ab initio
model in describing energetic configurations of molecules.

The method followed is based on the CASSCF/CASPT2-RASSI-SO
approach as implemented in the MOLCAS 7.4 code40 developed by Lund
University. This method is particularly advantageous when dealing with
systems presenting molecular ground states which are quasi-degenerate
with low lying excited states (a situation where Hartree and DFT method
are not adequate) and have been demonstrated to be a precious tool to
rationalize the magnetic behavior of lanthanide-based molecular clusters
and chains.41–48

As the starting point a Complete Active Space Self Consitent Field
(CASSCF) calculation which determines the Configuration State Functions
(CSF) is considered. The latter consists of a combination of Slater deter-
minants which, given N valence electrons in M orbitals, considers all the
combinations in order to present a given total spin of the system. At this
step, neither electron correlations nor spin-orbit coupling are still not taken
into account but the CSF determined by the CASSCF method serves as
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3.3. Comparison with theoretical ab initio model

g1 g2 g3

Tb 0.5 2.1 12.7
Dy 0.005 0.04 19.5
Ho 1.3 3.3 6.2
Er 1.8 2.8 10.9
Tm 0.95 1.02 12.02
Yb 0.1 1.0 6.8

(a)

Ground-state multiplet energy levels (cm´1)

Tb 0 1.6 25.4 29.8 115.6 144.0
(singlets) 159.9 213.7 245.9 314.4 323.9 379.9

384.4

Dy 0 74.9 117.3 178.3 247.5 297.0
(doublets) 348.5 430.3

Ho 0 4.8 29.9 44.1 87.5 145.8
(singlets) 155.6 172.2 185.5 192.9 214.0 227.5

253.6 273.4 290.5 303.8 309.2

Er 0 19.8 63.2 77.1 163.2 228.8
(doublets) 317.5 427.0

Tm 0 4.6 99.0 105.3 143.0 173.0
(singlets) 206.6 225.5 260.6 307.5 325.5 384.2

384.7

Yb 0 197.2 379.3 416.2
(doublets)

(b)

Table 3.5: Gyromagnetic factors along the main anisotropy axes considering
Jeff “ 1{2 (a) and energy level structure of the ground 2S`1LJ multiplet
from the ab initio calculations (b).
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3. The LnDOTA series

a basis set on which to consider further interactions. This is done by the
CASPT2 method for calculating the dynamic electron correlation and after
applying the RASSI-SO method for spin-orbit coupling.

The cluster model employed in the model consists of LnDOTA(H2O),
the three neighbor Na+ ions and H3C´CO2 molecules replacing the molecu-
lar fragments ´NCH2´CO2 from neighbor DOTA molecules. In addition, 4
Na+ ions in the position of the Ln ions close to the previous ´NCH2´CO2
molecular fragments were added to the molecular cluster in order to correctly
account for both the short-range electrostatic interaction of LnDOTA(H2O)
molecule with the neighbor ions and molecules and the Madelung potential,
due to the long range electrostatic interactions, produced by the rest of the
crystal in the region of the LnDOTA(H2O) molecule.

The calculations allowed to obtain the energies of the lowest multiplet-
levels together with the determination of the g tensor and its principal
components. Results obtained are reported in Table 3.5 while in Figure 3.6
the easy axis of magnetization directions calculated for the molecules are
drawn as blue rods.

In Figure 3.6 is evident a gradual rotation of the easy axis from orthog-
onal towards parallel to the Ln´Ow bond (see the angle values in blue) on
increasing the number of 4f electrons. Moreover the agreement between
calculated and observed anisotropy is good except for Er, for which the
easy axis is calculated in an intermediate position while experimentally
it lies along the Ln´Ow bond. This is ascribable to the fact that Er is
the only derivative showing, in the ab initio calculations, a large influence
of the dynamic electronic correlation correction (CASPT2).49 This fact
makes the accurate determination of the direction of the easy anisotropy
axis more complex.

As far as Tb is concerned, the separation between the first excited
state and the ground state resulted being 1.6 cm´1, which could justify the
change in the magnetic anisotropy on increasing the temperature from 2 K
to 10 K.50

3.4 Luminescence measurements

Several rare-earth ions and particularly Tb are characterized by intense
fluorescence.51 Moreover complexes with DOTA ligand present good emis-
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3.4. Luminescence measurements

Figure 3.8: Luminescence spectrum in the region involving the 5D4 Ñ
7 F6 transition

of a polycrystalline powder sample of Tb excited at 380nm at room temperature (dotted
line) and at 77K (solid line). The calculated energy levels of the 7F6 multiplet are
represented by gray bars. Inset: full emission spectra in the 450 nm to 680 nm range.

sion efficiency.34 For these reasons to further check the validity of ab initio
calculations luminescence experiments have been performed on a poly-
crystalline sample of TbDOTA. Since the laboratory at LA.M.M., where
this thesis work has been conducted, are not equipped for luminescence
characterization the sample has been sent to INSA laboratory of Rennes
where luminescence measurements have been performed.

The experimental set-up used consists of a Fluorolog III spectrofluo-
rimeter by Horiba-JobinYvon equipped with a F-3018 integrating sphere
whose task is collect the emitted photons, independently from their emis-
sion direction, and collect them to the input of a photomultiplier. The
operating temperature range spans from room temperature to 77K thanks
to a dedicated N2 optical dewar. The excitation is instead provided by a
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3. The LnDOTA series

Xe lamp.
The wavelength λ “ 380nm has been chosen for excitation being the wave-
length at which the excitation spectra collected showed the maximum of
intensity and luminescence spectra were recorded at room temperature and
at 77K.

Spectra obtained showed well resolved multiline emissions attributed
to 5D4 Ñ

7F6 (20 500 cm´1), 5D4 Ñ
7F5 (18 500 cm´1), 5D4 Ñ

7F4

(17 000 cm´1) and 5D4 Ñ
7F3 (16000cm´1) transitions (see inset in Figure

3.8). Focusing on transitions involving the ground multiplet 7F6 (shown in
Figure 3.8) it reveals a structured profile. Temperature dependence of the
spectra suggests that the intense peak at 20530cm´1 indicates the transi-
tion involving the ground level and the lowest level of excited multiplet 5D4,
while all the features present at higher energies are hot transitions, that is,
coming from excited levels of the 5D4 multiplet. Comparing the spectrum
with the calculated energy levels from ab initio calculation (represented as
gray bars in Figure 3.8) the overall separation of the 7F6 manifold results
well reproduced.

3.5 AC susceptibility measurements

Given the easy axis anisotropy of the entire series, magnetization dy-
namics has been measured by AC susceptometry. Values of χ 1 and χ 2

have been measured at fixed temperatures and in different static magnetic
fields for all the samples as a function of the frequency of the AC field. In
static zero field all compounds did not reveal a significant out of phase
component of the susceptibility. The samples showed a different behavior
when a static magnetic field was applied: while Tb, Ho, and Tm continue
to present no appreciable χ 2 values (see Figure 3.9) Er and Yb presented
well-resolved maxima after the application of the field. The profiles of χ 1

and χ 2 for Er and Yb derivatives are shown in Figure 3.10 together with
the Dy ones for comparison. In particular Dy presents a non-zero χ 2 also in
the absence of a static magnetic field which is considered as a fingerprint of
a SMM behavior. The rise of imaginary components of χ at high frequency
is instead due to the presence of a second relaxation process.35,36

The frequency dependence of the ac susceptibility of Er and Yb, mea-
sured under the application of a static field of 1kOe has been collected at
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3.5. AC susceptibility measurements

Figure 3.9: Frequency dependence of the real and imaginary components of the
magnetic susceptibility of Tb (T “ 2K), Ho (T “ 2K) and Tm (T “ 2K), in different
applied static magnetic fields (see color scale in inset).

different temperatures (see Figure 3.11 where are also shown the measure-
ments on Dy derivative measured in a static field of 900Oe) and analyzed
using the Cole-Cole formula (2.11). The extracted relaxation times are
plotted as a function of the inverse of temperature in a semi-logarithmic plot
in Figure 3.12. Both Er and Yb derivatives exhibit an exponential increase
of τ on decreasing temperature for the higher investigated temperatures,
followed by a gradual leveling of the relaxation time on approaching the
lowest investigated temperature. Data following the exponential behav-
ior at higher temperatures have been analyzed with the Arrhenius law
τ “ τ0e

∆{kBT and the extracted values for the parameters are ∆ “ 39p2qK
and τ0 “ 2.5p8q ˆ 10´8 s for Er and ∆ “ 29p2qK and τ0 “ 4p1q ˆ 10´7 s
for Yb. Given that the exponential behavior is present only in a small
temperature range, to get a better estimation the data were reproduced
assuming that the relaxation rate is given by an Arrhenius-like contribu-
tion, dominating at high temperature, plus an alternative mechanism, the
efficiency of which is considered dependent on Tn. The best fit curves in
Figure 3.12 were obtained with ∆ “ 49p1qK and 35p2qK with n “ 2.5p1q

59



3. The LnDOTA series

Figure 3.10: Frequency dependence of the real and imaginary components of the
magnetic susceptibility of Er (T “ 1 8K), Yb (T “ 1 8K) and Dy (T “ 1 9K), in different
applied static magnetic fields (see color scale in inset).
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3.5. AC susceptibility measurements

Figure 3.11: Frequency dependence of the imaginary components of the magnetic
susceptibility of Er (H “ 1kOe), Yb (H “ 1kOe) and Dy (H “ 900Oe), at different
temperatures (see color scale in inset).

and 1.2p1q for Er and Yb, respectively.

The field-induced slow magnetization dynamics of the ErIII and YbIII

derivatives is quite common among lanthanide complexes. What is more
striking here is the absence of any slow dynamics in the other three deriva-
tives. In fact, despite the different shape of the distribution of the electron
density, all derivatives present an easy axis of magnetic anisotropy and
thus experience a barrier for the reversal of the magnetization. But while
for DyIII, ErIII and YbIII, whose ground J value is half-integer, Kramers
theorem assures a double-degenerate ground state the same is not true
for TbIII, HoIII and TmIII. Double-degenerate ground states for integer J
would requires infact a pure axial anisotropy but the presence of transverse
anisotropy terms (see Table 3.4) reveals that this is not our case. As a
consequence the ground multiplet is split by transverse anisotropy in non-
degenerate states and states on opposite sides of the barrier are strongly
admixed favoring tunnel relaxation processes. The oscillatory behavior
observed along the series can thus be ascribed to the number of 4f electrons.
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3. The LnDOTA series

Figure 3.12: Dependence of the relaxation time τ on inverse of temperature T for
Er and Yb derivatives in static field 1000Oe. The solid lines correspond to the best fit
assuming a combination of exponential and power law dependence on T of the relaxation
rate.

Spin parity effects on the tunneling efficiency have been observed in polynu-
clear 3d clusters52 and in an isostructural series of single-ion SMMs.53 On
the other hand, in series of bis-phthalocyaninate complexes, where indeed
is present a greater axial symmetry, the TbIII and DyIII derivatives show a
similar behavior, although with different activation energy.4

In a work of 2011, Rinehart and Long20 proposed a qualitative method
to determine the magnetic anisotropy of a SMM based on the correlation
between prolate/oblate distribution of electron density and ligand geometry.
In particular for the DOTA4– ligand, whose negative charges lie very close
to the equatorial plane of the complex (Ln ion is only at 0.72 Å from the
plane formed by the oxygen donor atoms), this model predicts an easy
axis anisotropy along the axial direction in the case of prolate ions (such
as ErIII and YbIII) while for oblate ions (like TbIII, DyIII and to a lesser
extent HoIII) the axial direction should be a hard one and the equatorial
plane should correspond to an easy plane of magnetization without any
barrier for the reversal of the magnetization.

Results obtained from the study on LnDOTA series partially confirmed
this model which worked only for ErDOTA and YbDOTA but failed to

62



3.5. AC susceptibility measurements

predict the magnetic behavior of TbDOTA, DyDOTA and HoDOTA. What
found reveals that easy axis anisotropy is ubiquitous in the late lanthanide
series of DOTA complexes but this feature is far from being a sufficient
condition to observe slow magnetization dynamics. The uniaxial magnetic
anisotropy is, in fact, not correlated with the pseudo-symmetry of the
first coordination sphere. In such a situation transverse components of
the crystal field play a crucial role and promote efficient under-barrier
mechanisms of relaxation, in particular for integer spin states.
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4 The Cp*ErCOT SMM

Angular resolved magnetic measurements performed with the horizontal
rotator have demonstrated to be a valid tool to study magnetic anisotropy
and, in particular, for compounds which crystallize in the triclinic system,
such as the LnDOTA, allows the determination of magnetic anisotropy of
the single molecule. Triclinic crystals, however, represent less than one third
of the reported lanthanide complexes. In general magnetic measurements
performed with the horizontal rotator provide the sum of all molecular
contributions which, except in the triclinic case, are not oriented along the
same directions. As a consequence, apart from the magnetic anisotropy of
the sample as a whole, not much information regarding the anisotropy of the
single molecule can be deduced without the support of other measurements.
This is the situation encountered in studying the SMM Cp*ErCOT in the
single crystal form, where, as will be shown, accompanying the horizontal
rotator measurements with the study of dynamics of magnetization we
were able to extrapolate important information concerning the molecular
magnetic anisotropy notwithstanding the system crystallizing in the or-
thorhombic system.

Cp*ErCOT indicates an organometallic complex in which Cp* is the
pentamethylcyclopentadiene anion (C5Me –

5 ) and COT is the cyclooctate-
traene dianion (C8H

2–
8 ). Cp*ErCOT is of great appeal for fundamental

studies on hybrid nanostructures that are of interest for molecular spintron-
ics because it is soluble in most organic solvents and can be evaporated in
an inert atmosphere or under high vacuum. A first evidence of its SMM
behavior was reported in a work of 2011 conducted on microcrystalline sam-
ples by Jiang et al.54 where DC and AC magnetic measurements revealed
the presence of two thermally activated magnetic relaxation processes with
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4. The Cp*ErCOT SMM

Figure 4.1: Structure of the Cp*ErCOT molecule (on the left) and its molecule packing
in the unit cell (on the right). In pale blue is shown the mirror plane. Carbon atoms are
represented in orange while in pink are represented the erbium atoms. Hydrogen atoms
are not depicted for clarity.

energy barrier equal to 197K and 323K, respectively, together with the
opening of a butterfly shaped magnetic hysteresis below 5K. The presence
of two thermally activated magnetic relaxation processes was attributed by
the authors to the presence of two stable conformers with different COT
conformations in the crystal. The complex crystallizes in the orthorhombic
space group Pnma with two families of almost perpendicular molecules
related by a binary axis parallel to b and characterized by the presence of
a mirror plane parallel to the ac plane (see Figure 4.1).

The choice of two aromatic rings sandwiching a rare-earth ion to con-
struct a SMM was dictated by the intent of obtaining a higher local uniaxial
symmetry due to the delocalized π electrons which can be approximated
into a ring of the electron cloud. Notwithstanding this the two aromatic
rings are tilted by 8°, so it is not possible to geometrically define a molecular
axis. The presence of this bending angle destroys the local axial symmetry
and the consequent presence of transverse anisotropy is one of the causes
of the observed tunneling relaxation processes.54,55
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4.1. Angular resolved magnetic measurements with horizontal rotator

4.1 Angular resolved magnetic measurements with
horizontal rotator

The angular dependence of the susceptibility was measured with the
horizontal rotator following the procedure described in chapter 2.3. As
Cp*ErCOT is only stable under an inert atmosphere a great attention was
paid during the manipulation of the sample to avoid exposure to air. The
entire sample preparation was carried out in a glovebox where, in order to
isolate the crystal from atmosphere, the crystal was embedded in Apiezon
N grease on the face of a millimetric teflon cube. After that, the crystal and
the cube’s faces were subjected to the indexing procedure under nitrogen
gas flux. The installation on the horizontal rotator was also carried out
under nitrogen flux.

In the procedure of angular resolved magnetic measurements with hori-
zontal rotator described in chapter 2.3 and applied in the measurements on
LnDOTA, three orthogonal rotations were performed. For the Cp*ErCOT
complex, given the presence of the symmetry plane only two rotations are
relevant.

Following the symmetry showed by the system we tried to perform
two rotations: one parallel to the b crystallographic axis and the other
orthogonal to it. The strong sensitivity of the compound to air did not
allow us to take the time to perfectly align the crystal to perform rotations
along the crystallographic axes and the rotation named hereafter Rot1
was performed along a vector ω1 nearly perpendicular to b, while Rot2
was performed by rotating along a vector ω2 almost collinear to b. In
Figure 4.2 are reported the planes spanned by Rot1 and Rot2 in the unit
cell reference.

The magnetic moment measured by rotating the crystal in the magnetic
field is the the sum of two different contributions that come from the two
families of symmetry-related but magnetically non-equivalent molecules.
In Figure 4.3 a is reported the angular dependence of the magnetic sus-
ceptibility at T “ 10K with a static magnetic field H “ 1kOe for the two
rotations. The Rot1 data provide evidence that the system possesses a
large magnetic anisotropy. By projecting the anisotropy of the magnetic
susceptibility on the crystal structure (Figure 4.3 b), it is possible to notice
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4. The Cp*ErCOT SMM

Figure 4.2: Views of the planes spanned by Rot1 and Rot2 along the rotation axis,
ω1 and ω2, directions whose definition in terms of direction cosines in the cell frame is
reported.

that the minimum of the susceptibility is observed when the magnetic
field is applied in the equatorial plane (i.e. the plane of the cyclic ligands)
of both families of symmetry-related molecules. The maximum instead
corresponds to the case in which the magnetic field is approximately along
the pseudosymmetry axis of only one family and perpendicular to the other.
So the first information that is possible to extract from this rotation is that
at least one direction in the equatorial plane of the sandwich structure is a
hard axis of magnetization.

Rot2 shows a completely different behavior given that the susceptibility
presents much less anisotropy. During this rotation the applied magnetic
field roughly scans the ac plane, which corresponds to the symmetry plane
of both families of molecules (Figure 4.3 c). This means that two principal
directions of each molecular anisotropy tensor were therefore probed in the
rotation and, given the different orientation of the two molecular families,
the fact the magnetic susceptibility tensors of the two families are related
by a glide plane orthogonal to c has to be taken into account.

In analyzing the lack of strong anisotropy in Rot2 two limiting cases
can be considered: the first one corresponds to a situation in which the
molecules possess an easy-plane anisotropy in the ac plane and the small
anisotropy observed is due to the non perfect alignment of ω2 with b axis.
In the second case the molecules would possess an ideal easy-axis magnetic
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Figure 4.3: a) Angular dependence of the magnetic susceptibility at 10K and 1kOe
static field for the rotations Rot1 (red dots) and Rot2 (blue dots). b) Polar plot of
the measured magnetic susceptibility superimposed over the crystal packing for Rot1.
c) Polar plot of the measured magnetic susceptibility superimposed over the crystal
packing for Rot2. Me groups on the Cp* rings are omitted for clarity.
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Figure 4.4: Result of the fit (red line) of Rot2 data collected at T “ 10K and
H “ 1kOe using Equation (4.1). Blue and green lines represent the single contributions
coming from the two molecular families. Fitting procedure returned the parameter
values χIs “ 1.69p1q emu{mol and φ “ 94.65p5q°.

anisotropy and the measured magnetic susceptibility is the result of the
sum of two Ising contributions coming from the two molecular families.
This situation is described by

χmeas “ χIsrcos2pθ1q ` cos2pθ2qs “ χIsrcos2pθ1q ` cos2pθ1 ` φqs (4.1)

where χIs describe the Ising-type susceptibility of the molecules, θ1 and θ2

the angles formed by the applied magnetic field with the two molecular
families and φ the angle between their easy-axis direction. In particular if
the two families were exactly orthogonal to each-other cos2pθ1q ` cos2pθ1`

π{2q “ cos2pθ1q ` sin2pθ1q “ 1 and χmeas “ χIs showing an isotropic
behavior. The small anisotropy observed would be in this case the result of
a tilting angle between the two families near but not exactly equal to 90°.
In Figure 4.4 the result of the best fit of Rot2 data using Equation (4.1) is
shown. The value φ “ 94.65p5q° obtained from the fit is consistent with the
crystallographic data of the samples where, considering the axis connecting
the centroids of the aromatic rings, the angle found is 95.4°.

Even if the latter hypothesis is the most consistent with the quasi-axial
symmetry of the complex and its magnetic bistability, any intermediate
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Figure 4.5: Angular dependence of magnetic susceptibility at different temperatures
in the range 2´ 10K for Rot1 (a) and Rot2 (b).

situations between the two limiting cases illustrated above could provide a
consistent description to the observed behavior.

4.2 Study of dynamics of magnetization

The only sure information obtained thus far from magnetic measure-
ments with the horizontal rotator comes from Rot1 and it is that at least
one direction in the equatorial plane of the molecule is a hard axis of
magnetization.

To obtain information independently from any a priori assumption,
measurements at lower temperatures were carried out. Whereas the angular
dependence of the magnetization does not exhibit any particular feature
by cooling the temperature in Rot1 (Figure 4.5 a), Rot2 measurements
reveal the appearance of a third maximum below 5K (Figure 4.5 b).

As already shown by Gao and co-workers,54,55 below 5K the opening
of the magnetization hysteresis loops occurs in Cp*ErCOT, which indeed
coincides with the temperature range where the presence of the third peak
is observed in Rot2. Looking for a correlation between the opening of
hysteresis loops and the appearance of the third maximum, the hysteresis
curves were measured at 5, 4 and 2K orienting the sample at the angular
position that corresponds to the maxima of susceptibility in order to
record as much signal as possible. Opening of the hysteresis below 5K
was observed for all the three investigated angular positions. The cycles
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Figure 4.6: Hysteresis loop measured at T “ 5, 4 and 2K in correspondence of the
maxima in measurements with the horizontal rotator, respectively at θ “ 8.5, 33 and
37.5°.

showed a butterfly shape, which is a signature of the presence of efficient
zero-field quantum tunnelling. In Figure 4.6 are reported data referring to
the first maximum for the three temperatures investigated (T “ 5, 4 and
2K) measured respectively at θ “ 8.5, 33 and 37.5°.

These measurements seem to correlate the appearance of the third
maximum in the angular dependence of the susceptibility with the opening
of the hysteresis cycle. During the rotations the magnetic field was kept
constant at H “ 1kOe so only its projection along the molecular axis varied.
The presence of a hysteresis-related behavior excludes the hypothesis that
the ac plane is an easy-plane of magnetization since in this situation
every direction of the magnetic field would be equivalent being the plane
magnetically isotropic. The only explanation to the correlation observed
between opening of the hysteretic cycles and angular dependence of the
magnetic susceptibility is the presence of a molecular magnetic easy-axis in
the probed crystallographic plane. During rotation the projection of the
magnetic field along the easy-axis changes, which is equivalent to keeping
the molecule still and varying the field. When measuring below 5K if the
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Figure 4.7: Fit (red and pink lines) of the experimental angular dependence of the
magnetic susceptibility measured with short (•) and long (◦) time delays. The two
deconvoluted contributions are shown in blue and green as dashed and solid curves for
equilibrium and out of equilibrium, respectively.

field is changed too fast (i.e. the rotation is too fast), being in a slow
relaxation regime, the magnetization of each molecule does not reach the
equilibrium instantaneously but tends to remain blocked, decaying too
slowly to the equilibrium value compared to the characteristic time of the
experiment. As a consequence the susceptibility of the crystal deviates
from the cos2pθq behavior and averaging of the contributions of the two
families of symmetry-related molecules, which characterizes the smooth
behavior at T “ 10K, is therefore lost in the hysteretic regime.

To confirm this hypothesis a third rotation, Rot3, scanning ac plane
was repeated on a new crystal (this time the rotation axis ω3 “ 0.001728a`
0.999571b ´ 0.029253c deviated from the b axis by only 2°) performing
measurements with two different timescales. The first consisted in applying
between two successive angular positions the shortest delay allowed by our
experimental setup (« 50s) to measure the system as far as possible from
equilibrium. In the second case a delay equal to 2300s was introduced
between each step of the rotation and the data acquisition to let the
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4. The Cp*ErCOT SMM

system relax to equilibrium. The results obtained at T “ 4K (Figure 4.7)
fully support this conjecture. The measurements performed with the long
delay (empty circles in Figure 4.7) do not show the three-peak profile that
characterizes the system out of equilibrium (black dots) but present a
behavior similar to the one obtained above 5K, when hysteresis effects are
not present.

Data collected with a long delay were therefore fitted using Equa-
tion (4.1) (pink line in Figure 4.7) by summing up the two square cosine
functions (dashed green and cyan lines) of two easy-axis magnetic centres
obtaining an amplitude of χIs “ 5.160p4q emu{mol and a separation be-
tween the easy-axis equal to 94.60p6q°. The so determined contribution
at the equilibrium has been used as starting point to simulate the out-of-
equilibrium data obtained with the shortest delay assuming an exponential
decay. The behavior of the magnetization Mpθ, tq at angle θ with magnetic
field and time t, was fitted point-by-point by using the exponential relation:

Mpθ, iq “Meqpθ, iq `∆Mie
´

σi
τpHq (4.2)

in which Meq is the value of magnetization at equilibrium (obtained for
each θ from the long-delay measurements), σi is the time elapsed between
i - th measurement and the subsequent (i+1)-th during which the system
tends toward equilibrium (assuming that the time of the rotations between
two positions is negligible); ∆Mi is the measure of how far from equilibrium
the system is at every change of field and τpHq is the relaxation time. A
better agreement was obtained by assuming that τpHq depends on the
variation of the magnetic field according to an increase or decrease through
a linear relationship composed of a magnetic-field-independent component
(tau0) and by a term linearly dependent on the projection of H along the
easy axis according to:

τ “ τ0 `AH cospθq (4.3)

The difference between increasing and decreasing field situations is expressed
through the A constant, which in the best-fit simulation assumes two
values: Ainc “ 0.210p5q s{Oe and Adec “ 0.140p5q s{Oe, for increasing and
decreasing field projection, respectively, whereas τ0 “ 105p5q s. The result
is shown in Figure 4.7 as a red line representing the sum of the two out-of-
equilibrium contributions (solid cyan and green lines) obtained with the
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4.2. Study of dynamics of magnetization

Figure 4.8: Polar plot of the two contributions (same color code as above) and of
their sum (black line) superimposed over the crystal cell content view along ω3 direction.
Projected over the molecules are also reported the two possible molecular anisotropies
characterized by the easy-axis directed along the pseudo-symmetry molecular axis (solid
lines) or orthogonal to them (dashed lines).

best-fit parameters mentioned above. Positive A values reflect the slowing
down of the magnetic relaxation when a weak magnetic field is applied due
to suppression of the tunnel mechanism. Different values observed upon
decreasing or increasing the longitudinal component of the magnetic field
during the rotation is not unexpected, since the initial magnetization state
of the material affects also the tunneling mechanism by modifying the local
magnetic field.56–58

Analysis of angular dependence of magnetic susceptibility together with
the study of dynamics of the magnetization allowed to deconvolute the
contributions of each family of strongly anisotropic molecules starting from
a quasi-isotropic behavior of the crystal at thermodynamic equilibrium. It
was shown indeed that a reasonable simulation of the out-of-equilibrium
anisotropy can only be achieved if two almost orthogonal Ising-like con-
tributions are present, but it is not possible to associate unambiguously
each contribution to one particular family of symmetry-related molecules.
As illustrated in Figure 4.8 results obtained allowed to determine the two
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4. The Cp*ErCOT SMM

Experimental structure at 120K DFT-optimized structure
Conformer 1 Conformer 2 Conformer 1 Conformer 2

gx 0.00062 0.00057 0.00000 0.00002
gy 0.00086 0.00085 0.00005 0.00002
gz 17.947 17.939 17.945 17.944

∆Epcm´1q 84.8 115.9 134.9 135.2

Table 4.1: Principal components of geff tensor of the ground Kramers doublet (con-
sidering an effective Jeff “ 1{2) and the energetic separation between it and the first
excited level for the two conformers of Cp*ErCOT as obtained from ab initio calculations
considered the experimental structure at 120K and the DFT-optimized structure.

Ising-like contributions giving rise to average magnetic anisotropy measured
but it is not possible to assert if they correspond to a molecular easy-axis
directed along the pseudo-symmetry axis of the molecule (solid lines in
Figure 4.8) or orthogonally to it (dashed lines).

4.3 Comparison with ab initio calculations

In order to unambiguously assign the magnetic anisotropy to the
Cp*ErCOT molecule ab initio calculations have been performed in collabo-
ration with Prof. Chibotaru’s group at Katholieke Universiteit of Leuven
in Belgium.

Similarly to what was done in the LnDOTA experiments the method
followed is based on the relativistic self-consistent field CASSCF-RASSI-
SO/SINGLE_ANISO as implemented in the MOLCAS 7.8 code where in
this case to the configuration state functions, determined by the CASSCF
method and considered as basis functions, has been applied the RASSI-SO
method for taking into account the spin-orbit coupling. After spin-orbit
interaction is included the procedures in SINGLE_ANISO allows to treat
nonperturbatively temperature- and field- dependent magnetic properties,
Zeeman interaction together with zero-field splitting.

Ab initio calculations have been performed considering the structure
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4.3. Comparison with ab initio calculations

a

c

b

a) b)

Figure 4.9: a) Easy-axis of magnetization of molecule Cp*ErCOT as calculated from
ab initio methods. b) Molecular magnetic anisotropy in the plane orthogonal to ω3 axis
obtained from ab initio calculations (solid lines) compared to the one obtained from
experimental data fitting (dashed lines).

of the Cp*ErCOT determined at 120K taking into account the presence
of the two conformers (COT ligand is disordered over two positions with
equal populations). On the basis of these geometries calculations revealed
that the ground Kramers doublet is expected to be strongly axial, with
transverse effective g factors gx, gy ă 10´3, and gz approaching the value
of 18 expected for the ground doublet of a pure Ising J “ 15{2 state with
gJ “ 6{5 (see Table 4.1). Calculations also showed that the easy axis,
corresponding to gz orientation, lies perpendicularly to the average of the
planes of the two rings of COT and Cp* ligands as shown in Figure 4.9 a).

The comparison of the calculated angular plot of the dependence of
the susceptibility on the plane scanned by Rot3 (averaged over the two
conformers) with the ones used to reproduce the experimental susceptibility
of the crystal is reported in Figure 4.9 b) showing an excellent agreement.

The calculated energy gaps with the first excited Kramers doublet on
the two conformers 84.8 and 115.9 cm´1 (Table 4.1), are lower than the
activation energies, 137 and 224 cm´1 obtained from AC susceptibility data
by Gao and co-workers.54 One reason for the observed discrepancy could be
addressed to the fact that the experimental geometry used at 120K might
not represent the low-temperature geometry accurately enough.

It was for this reason that an optimization of the geometry of the
two conformers was tried with the Density Functional Theory (DFT)

77



4. The Cp*ErCOT SMM

Figure 4.10: Crystal packing and orientation of the molecules in the plane scanned by
torque magnetometry at two different angles. The magnetic field is applied along the Z
axis of laboratory reference frame.

without taking into account the intermolecular interactions. By using these
optimized geometries the principal direction of magnetic anisotropy of the
ground Kramers doublets remain practically unchanged with respect to
previous calculations. However, the first excitation energy is now obtained
at 135 cm´1 for both the conformers, which closely matches the lower
activation energy found experimentally.

These results confirm the reliability of ab initio calculations in describing
the magnetic anisotropy of lanthanide-based compounds together with the
importance of flanking results coming from experimental measurements
with theoretical predictions in order to better comprise molecular magnetic
properties.

4.4 Angular resolved magnetic measurements with
capacitive cantilever

Torque magnetometry being insensitive to isotropic magnetic contri-
butions is the ideal tool to analyze the magnetic behavior showed by the
Cp*ErCOT on crystallographic plane ac where the two almost orthogonal
and strongly anisotropic molecular contributions give rise to an average low
anisotropic magnetization. A new crystal has been for this reason prepared,
and once indexed, it was fixed with Apiezon N grease on the cantilever
so that the Y rotation axis of the cantilever and the b crystallographic
axis were coincident (the misalignment was estimated to be 1.5°) while
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Figure 4.11: a) Angular dependence of the magnetic torque measured at T “ 10K
and different applied magnetic fields. The lines correspond to the fit obtained using
two effective J “ 1{2 (Ising limit) contributions separated by an angle of 94.65° (see
Section 4.1). b) Result of the fit (red line) for the magnetic torque measurements at
T “ 10K and H “ 2T together with the two individual contributions (green and blue
lines).

the a axis resulted to be 41° from the normal to the cantilever plate (see
Figure 4.10).

Data were collected at variable temperature (in the range from 10 K
to 150 K) and magnetic field (from 1 T to 6 T). At any investigated tem-
perature the rotation was also performed in zero field to evaluate the
contribution arising from the deflection of the cantilever owing to its own
mass and that of the sample. This spurious contribution can be easily
identified because it is characterized by a 360° periodicity.

In Figure 4.11 a) are reported the angular resolved magnetic torque
measurements at T “ 10K for different applied magnetic fields. At all
the fields the torque profiles cross the zero at θ “ 41° and 131° when the
magnetic field is applied along the a and c axis which means that these
directions correspond to the principal directions of the magnetic anisotropy
of the crystal as a whole. This result is in agreement with what was
found by angular resolved magnetization measurements (see Figure 4.8)
and is not surprising given the crystal symmetry presenting a glide plane
perpendicular to c axis.

Increasing the magnetic field from 1 T to 2 T, beyond an increase in
intensity of the torque signal, a modification of the shape observed is
evident. As described in Section 2.4.1 this is a signature of the presence of
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4. The Cp*ErCOT SMM

saturation effects (which become more relevant as the field increases) coming
from two axial anisotropic contributions. But unlike the exemplifying
model described in Section 2.4.1 the torque signal presents oscillations
with different amplitude due to the non-perfect orthogonality of the two
contributions.

Collected data have been fitted (continuous lines in Figure 4.11 a
considering two Jeff “ 1{2 Ising contributions separated by the previously
found angle ψ “ 94.65° (see Section 4.1) whose magnetization was given
by the Brillouin equation (1.13). As free parameters were chosen geff and a
scale factor to account for the incertitude on the mass of the sample and
on the elastic constant of the cantilever. In Figure 4.11 b is shown what
was obtained from the fit procedure for the data collected at T “ 10K and
H “ 2T together with the single contributions due to the two symmetry
related molecular families. This result confirms the hypothesis of two strong
axial contributions obtained from magnetization measurements. Referring
to Figures 4.10 and 4.11 b, at θ “ 0°, where one molecular family is aligned
to the magnetic field and the other is almost orthogonal to it, a zero (or
almost) torque is observed for both contributions but with a different slope,
which means that the easy direction of one contribution (the less steep one)
and the hard one of the other (the steeper one) are observed. The same
behavior is observed, with inverted roles, each 90°.

The advantage in using torque magnetometry, given its insensitivity
to isotropic contributions, is evident comparing the results obtained at
10K with magnetization measurements. For temperatures higher than 5K,
where no hysteretic behavior is present, magnetization data did not allow
to discern if the two contributions showed an easy-plane or an easy-axis
magnetic anisotropy and the ambiguity was removed only after analysis of
magnetization dynamics at lower temperatures. Magnetic torque measure-
ments instead revealed the axial anisotropy of the two molecular families
at temperatures where no hysteresis opening is present and without resort
to dynamics studies.

In Figure 4.12 are reported the magnetic torque measurements at
different temperatures in the range from 20 K to 150 K. In this case on
increasing the temperature the saturation effects decrease and the shape
become more sinusoidal-like. Also this data have been fitted using the same
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4.4. Angular resolved magnetic measurements with capacitive cantilever

Figure 4.12: Angular dependence of the magnetic torque measured in the temperature
range 20K to 150K at 2T (filled symbols) and 4T (empty symbols). The lines correspond
to the fit obtained using the spin Hamiltonian in Equation (4.4).

model described above and the obtained geff are reported in Figure 4.13 as
a function of temperature and for different magnetic fields. The progressive
decrease of geff for T higher than 60K indicates a depopulation for these
temperatures of the ground doublet J “ 15{2 in favor of higher levels
thermally populated. This result is in accordance with the energy separation
found from ab initio calculations.

The experimental data collected have also been analyzed by using a
spin Hamiltonian describing the effects of the crystal field on the J “ 15{2
multiplet. To avoid overparametrization problems a unique set of crystal
field parameters have been used, notwithstanding the presence of two
conformers. This appears justified by the results obtained from ab initio
calculations which showed only small differences between the energies of
the two conformers. Also if even small deviations from a perfect axial
symmetry can produce non-negligible contributions, given the small tilt
angle between the organic rings that act as ligands, transverse terms have
been neglected at first approximation as well as the sixth-order terms since
it was found that they didn’t significantly improve the simulation. The
calculations were so carried out by using the spin Hamiltonian:

H “ gLµBJ ¨H`B0
2O

0
2 `B

0
4O

0
4 . (4.4)
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Figure 4.13: Temperature dependence of geff values obtained from magnetic torque
data fit at different fields. In the inset the energy levels diagram scheme from spin
Hamiltonian

The experimental data were successfully reproduced (solid lines in Fig-
ure 4.12) notwithstanding the approximations made. The best fit param-
eters were: B0

2 “ ´1.3p1q cm´1 and B0
4 “ ´3p1q ˆ 10´3 cm´1. The tilt

angle between the easy axis of the two families of molecules was also fitted
and the resulting value (95p1q°) agrees with previous estimations. The
calculated energy levels of the ground J manifold obtained with these
parameters (see inset in Figure 4.13) provide an estimate of the energy
separation between the ground and the first excited doublet of 118 cm´1

which is in good agreement with those obtained from ab initio calculations.

In order to extract information regarding magnetic bistability from
torque measurements, hysteresis loops at a fixed temperature and angular
position have been recorded, varying the sweeping rate of the applied
magnetic field, as reported in Figure 4.14. Irreversibility is clearly observed
at 5K and the dynamic origin of the hysteresis is well evidenced by the
differences upon changing the sweeping rate.

As stated in Section 2.4.1 the magnetic torque always vanishes at
zero applied field and torque magnetometry is, therefore, unable to detect
remnant magnetization. However, information if a remnant magnetization
is present or not can be the same extracted from hysteresis loops with
torque magnetometry. If the system presents no remnant magnetization
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4.4. Angular resolved magnetic measurements with capacitive cantilever

Figure 4.14: Temperature dependence of geff values obtained from magnetic torque
data fit at different fields. In the inset the energy levels diagram scheme from spin
Hamiltonian

when the magnetic field crosses the zero changing sign the same does
the magnetization so the sign of magnetic torque τ “ M ˆ H remains
unchanged. On the opposite situation, when the magnetic field crosses the
zero, the magnetization still presents its remnant value and only H changes
sign involving a change in sign of the measured torque.

In the hysteresis loop showed in Figure 4.14 the torque has the same sign
over the entire loop, thus indicating that this system presents no remnant
magnetization, and is actually characterized by a butterfly hysteresis cycle
as observed by standard magnetometry.
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5 Electric transport measurements
on spintronics devices containing
magnetic molecules

In this chapter the explorative results of the electric transport charac-
terization of devices comprising magnetic molecules will be presented. This
kind of study falls within the field of spintronics and more in general of
molecular electronics.

The term spintronics is the blend of the words “spin” and “electronics”.
As suggested by the word itself, it concerns the study of spin polarized
electric currents and can be thought as the union of electronics (which
only deals with the electric charge of carriers) with magnetism allowing
in this way to exploit the fact that electric currents consist of spin-up
and spin-down carriers which in general interact differently with magnetic
materials.

The first spintronics effect reported can be traced back to the John-
son and Silsbee work59 in 1985 on injection of spin-polarized currents
though probably the most known (and surely one of the most exploited
in technology) is the giant magneto resistance (GMR) effect. It was dis-
covered independently by the groups of Fert60 and Grünberg61 in 1988
in layered magnetic thin-film structures composed of alternating layers
of ferromagnetic and nonmagnetic layers. When the magnetic moments
of the ferromagnetic layers are parallel, the spin-dependent scattering of
the carriers is minimized, and the structure presents its lowest resistance.
When the ferromagnetic layers’ magnetic moments are antiparallel, the
spin-dependent scattering of the carriers is maximized, and the device has
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containing magnetic molecules

Figure 5.1: a) Schematic representation of the density of electronic states for a normal
and a ferromagnetic metal; b) spin-polarized transport from a ferromagnetic metal,
through a normal metal, into a second ferromagnetic metal for aligned magnetic moments
and c) antiparallel magnetic moments.

its highest resistance. The physical principle governing this phenomena is
sketched in Figure 5.1 where a structure constituted of one nonmagnetic
layer between two magnetic layers is considered. In a ferromagnetic mate-
rial, unlike of what happens in nonmagnetic one, the spin populations at
the Fermi energy present an imbalance due to the shift in energy between
the spin-up and spin-down density of states (which is also the source of
the net magnetization of the material) as illustrated in Figure 5.1 a. The
different values of density of state at the Fermi level for the two spin
populations is at the origin of the spin-polarized current outgoing from the
first ferromagnetic layer and at the same time is the source of the different
values of resistance measured in respect of the different magnetization state
of the two magnetic layers. When the magnetization of the ferromagnetic
layers are parallel (Figure 5.1 b) the spin-polarized carriers coming from the
source layer find in the second ferromagnetic layer available energy levels
and the resistance measured is low. On the opposite situation (Figure 5.1
c) the spin states corresponding to the spin polarization of the current are
filled, no available energy levels are present at the Fermi levels and the
resistance measured is thus higher. Devices like the one just described are
also known as spin-valves and are adopted as magnetization detectors in
actual hard disks reading heads.

After these discoveries the researches concerning spintronics grew con-
siderably given also the high technological impact that spans from more
efficient data storage to energy saving.
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5.1. Electric transport measurements on functionalized gold nanoparticles
network systems

In this panorama the possibility of exploiting the magnetic properties at
molecular scale offered by SMMs and magnetic molecules in general did not
go unobserved5,6,62 and several studies concerning spintronics properties
of structures containing magnetic molecules have been conducted11,63–67

revealing to be also an alternative to the traditional magnetometry mea-
surements in studying the magnetic anisotropy of SMMs.68

In the following sections the first results obtained from electric transport
measurements on devices containing magnetic molecules and SMMs are
reported. Two different kind of structures have been studied: the first,
made in collaboration with the group of Dr. Giuseppe Maruccio from the
Università del Salento in Lecce, consists of a network of gold nanoparticles
and functionalized Fe4 SMMs obtained by layer-by-layer deposition on
interdigitated electrodes. The second device, developed in collaboration
with the group of Dr. Valentin A. Dediu from ISNM-CNR of Bologna, is
instead an organic spin-valve (OSV) whose behavior has been analyzed in
two different configuration: one comprising an evaporated multilayer of
Fe4 SMMs the other with a monolayer of chemisorbed nitronyl nitroxide
radicals (NNR).

5.1 Electric transport measurements on function-
alized gold nanoparticles network systems

Reported spintronics experiments involving SMMs mostly concern the
study and characterization of electric transport through a single molecule
junction62 making use of nanojunctions,63,66,69 scanning tunneling micro-
scopes70 or grafting the SMM on graphene or carbon nanotubes.11,64

Though fascinating results were obtained with experiments on single
molecule junctions the major drawback of these kind of techniques is repre-
sented by the variability in the bonding geometry at the contacts. This,
coupled with thermal fluctuations, induces a variability in the transport
features affecting the reproducibility of the measurements.

For this reason in the experiments described here a different approach
was chosen aiming at an ensemble of magnetic molecules acting together
where the behavior of the system is determined by the average behavior of
all the molecules involved.
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containing magnetic molecules

Figure 5.2: Schematic representation of the interdigitated electrodes.

The first typology of device studied consists of two interdigitated elec-
trodes connected by a network of gold nanoparticles (AuNPs) opportunely
functionalized (see Figure 5.2). The effects on the current flowing through
the device on varying the molecules linking the AuNPs and the number of
deposited layers has been studied.

Interdigitated electrodes are substantially made of a noncunductive sub-
strate on which two faced comb electrodes are deposited. Their utilization
covers a wide range of applications which include microwave integrated
circuits,71,72 optical and surface acoustic wave devices,73 thin-film acous-
tic–electronic transducers and tunable devices,74 humidity75,76 and chemical
sensors,77,78 just to mention a few.

The electrodes used consisted of a pair of 25 fingers (width 5 µm) sepa-
rated by a 5 µm gap and were fabricated by standard photolithography and
lift-off techniques by the group of Prof. Giuseppe Maruccio. In particular
the image reversal photoresist AZ5214 and a Karl Suss MJB3 mask aligner
were employed. The substrate chosen consisted of Si with a 5 µm thick
SiO2 capping layer. In order to facilitate the adhesion of the gold electrodes
on the substrate a 6 nm thick Cr layer was thermally evaporated before
proceeding with the 60 nm thick Au layer deposition.

To implement the hybrid devices, the Si/SiO2 substrate between the
electrodes was first silanized using 3-Mercaptopropyl-trimetoxy silane in
order to expose a free thiol termination useful for subsequently attaching
the active layers.79

88



5.1. Electric transport measurements on functionalized gold nanoparticles
network systems

Figure 5.3: a) Fe4thioctic molecule. The arrows depict the antiferromagnetic spin
configuration of the S “ 5 ground state. Color code: Fe green; C gray; O red; S yellow;
hydrogen atoms are omitted for clarity. b) Chemical structure of 1, 9 nonanedithiol. c)
Chemical structure of adamantane thioctic ester.

The next step was the layer-by-layer growth of the active film by the
subsequent deposition of gold nanoparticles and functionalized molecules
of Fe4thioctic ([Fe4(L)2(dpm)6] with H3L representing 7-(acetylthio)-2,2-
bis(hydroxymethyl)heptan-1-ol and Hdpm representing dipivaloylmethane)
a derivative of the Fe4 SMM functionalized with two 1,2dithiolane termi-
nated arms specifically designed for binding on gold (Figure 5.3 a). Every
layer deposition was obtained by dipping the devices first in a solution
in dichloromethane of AuNPs (2.2ˆ 1013 particle/mL) then in a 3mM
solution in dichloromethane of Fe4thioctic. The geometry of these interdig-
itated electrodes presents the advantage of a high facing surface in a small
dimension device allowing thus the presence of a greater number of links
with functionalized AuNPs in respect to other electrode geometries of the
same dimensions.

The Fe4thioctic molecule belongs to the Fe4 SMMs family where four
high spin FeIII ions (S “ 5{2) are arranged in a centered triangular topology
(see Figure 5.3 a). Antiferromagnetic interactions between the central and
peripheral spins, mediated by the bridging oxygen atoms of the tripodal
ligands, lead to a ground state with total spin S “ 5. These molecules have
demonstrated to be SMMs characterized by an uniaxial magnetic anisotropy
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containing magnetic molecules

(D{kB « ´0.6K) directed along the normal to the plane defined by the
four metal ions giving rise to a potential barrier ∆E « 15K.80 Moreover
Perfetti et al.81 showed the effective creation of a network between AuNPs
and the Fe4thioctic molecules with the persistence of SMM behavior in this
new hybrid nanostructure.

In order to prove the contribution to conductance arising from Fe4 other
than from NP, a comparison making use of a 3mM solution of dithiols
(1, 9 nonanedithiol, Figure 5.3 b) in place of Fe4 SMMs was performed.
Indeed dithiols can bind simultaneously two NPs thus a direct comparison
with multilayer structures containing Fe4 allows to extract the SMMs
contribution.

Devices with the active molecular layer obtained by using a 3mM so-
lution of adamantane thioctic esters (ADM, Figure 5.3 c) have also been
studied. ADM molecules are characterized by having only one arm able to
bind gold, so when NPs are functionalized with this derivative no connec-
tions between them occur. In this way comparing the behavior of ADM
functionalized devices with the others it is possible to determine the contri-
bution to the electric transport provided by molecular links between AuNPs.

The electrical characterization was performed on about 100 junctions
functionalized as described above. The measurements were performed using
a programmable DC voltage source Yokogawa 7651 reading the electric
current through the interdigitated electrodes with a a HP34410 digital
multimeter. Given the low values of current in play a low-noise current
preamplifier (SR570) was also employed. Experiments were carried out in
the voltage range of ´200 mV to 200 mV. At room temperature, a probe
station was used while low temperature measurements were carried out
within a Variable Temperature Insert (VTI) system and a cryostat by
Cryogenic.

In Figure 5.4 are reported the I-V curves at room temperature for two
devices functionalized with Fe4thioctic SMMs obtained at different steps of
functionalization. For all the devices characterized with Fe4thioctic, only a
few junctions exhibited current values around few nA at 200mV similar to
the ones shown in Figure 5.4 a while, in the remaining devices, the average
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network systems

Figure 5.4: I-V characteristics at room temperature of one of the devices showing
high a) and low current values b). In the inset of a) conductance of functionalized
interdigitated electrodes on varying the number of functionalization steps is reported.

current was about 10pA at 200mV, like the one reported in Figure 5.4 b.
In all cases almost linear I-V characteristics were observed.

Data collected reveal an increase in the current with the number of
cycles of functionalization (see inset in Figure 5.4 a): in the junctions with
high current, after 9 steps of functionalization, resistance decreased from an
average value of 400GΩ (1 layer) to 0.1 GΩ (9 layers) while in the majority
of junctions with low current the decrease was in average from 400GΩ
(1 layer) to 50GΩ (9 layers).

Both the increase in the current with the number of functionalization
steps and the variation in current measured can be explained using a
percolative model. Indeed, at each step, nanoparticles or molecules get
attached to the silane or to the open ends of the previously immobilized
film. As a result, the number of particles attached to the substrate increases
with the number of deposited layers as well as the probability of obtaining
a complete conducting channel. On the other hand, depending on the
number of such conducting channels connecting source and drain electrodes
within each junction, the current may differ from device to device.

The I-V characteristics at room temperature concerning the interdig-
itated electrodes functionalized with dithiols and ADM molecules are
reported in Figure 5.5. Data regarding dithiols (Figure 5.5 a) present
resistance values lower than the ones observed in devices functionalized
with Fe4thioctic. Moreover no important differences are found in increas-
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Figure 5.5: I-V characteristics at room temperature for devices functionalized with
dithiols a) and ADM b).

ing the functionalization steps. Concerning the conductance properties of
AuNPs\dithiols systems, Ogawa82 reported in the case of AuNPs function-
alized with 1,10-decanedithiols, a negligible current at low voltages while
a Schottky type increase in current was observed at voltages higher than
4V. Since measurements in devices containing dithiols were performed
for comparative purpose, low voltages until 200mV were applied and the
results are compatible with the previous work of Ogawa.

Making reference to Figure 5.5, once functionalized with ADMmolecules,
the devices showed a decrease in the intensity of current measured. This is
in accordance with the properties of the ADM molecule which possesses
only one arm able to bind with AuNPs avoiding in this way the formation of
molecular links between AuNPs and as a consequence making the creation
of conducting channels more difficult.

In the case of interdigitated electrodes functionalized with Fe4thioctic
temperature-dependent measurements were also carried out recording I-V
characteristics at 1 5K, 50K, 100K and 150K. As shown in Figure 5.6, the
current at a specific voltage was found to decrease significantly with the
temperature suggesting the presence of a thermally assisted process at the
origin of electric transport through the device. The temperature trend of
current can be described by the relation:

IpT q “ I0 exp´
ε

kBT
ñ ln IpT q “ ´

ε

kBT
` c (5.1)
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Figure 5.6: a) I-V characteristics for a Fe4thioctic functionalized device at different
temperatures; b) logarithm of the current at 50mV. The red line represent the result of
the fit obtained from equation 5.1.

ε being the activation energy for electric transport. In Figure 5.6 b the
logarithm of the current at 50mV is plotted as a function of 1{kBT . A
linear fit using equation 5.1 (whose result is shown as a red line in Figure 5.6
b) gave an estimation for the activation energy value of 21p2qmeV.

These preliminary results show that Fe4thioctic\AuNPs structures ob-
tained by layer-by-layer growth present a measurable electric response
related to the number of functionalization steps and describable with a
percolative model. Temperature behavior of I-V characteristics revealed
the presence of thermally activated processes at the basis of the electric
transport with an activation energy of 21meV. Moreover at room temper-
ature the electric conductivity of Fe4thioctic functionalized devices was
observed to be higher than in devices functionalized with dithiols and ADM
molecules.

In order to exploit possible features in electric transport depending on
magnetic properties of the SMM Fe4thioctic, experiments in the presence
of magnetic fields are planned. On the other hand given the low con-
ductivity observed at low temperatures, experiments with different device
architectures are under investigation.
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5.2 Organic spin-valve devices containing magnetic
molecules

One of the limitations presented by the spin-valve model illustrated
at the beginning of the chapter is represented by the intermediate non
magnetic metal. In order to work properly the spin-polarized injected
current must retain, as much as possible, its spin polarization value until
it arrives to the second ferromagnetic layer. In passing through the non
magnetic layers, carriers are subjected to spin relaxation processes towards
the thermal equilibrium which for a non magnetic material corresponds to
equal spin populations. This relaxation processes are mainly due to spin-
orbit and hyperfine interactions and are characterized by two quantities:
the spin-relaxation time, τs, (i.e. the average time that an electron spin
takes before changing its original direction) and the spin-relaxation length,
ls (i.e. the average distance traveled by a spin before changing direction).

Organic semiconductors (OSC), widely used in commercial hybrid light-
emitting diodes with organic emitters (OLEDs), present weak spin-orbit
interactions assuring values for τs ranging from 10´6 s to 10´3 s83,84 which
widely exceed the spin-relaxation times present in inorganic materials
(10´9 s to 10´12 s).

The first reported spintronics effect in an organic device is dated 2002
by Dediu et al.85 where a layer of the organic molecules sexithiophene
(already known for its OSC properties86,87) acted as conducting channel
in a horizontal geometry between two ferromagnetic electrodes made of
manganite La0.7Sr0.3MnO3 (LSMO). This device showed a sizable resistance
dependence on magnetic field (magnetoresistance) up to room temperature
explained as a consequence of the conservation of the spin polarization of
the injected carriers.

5.2.1 Description of the vertical geometry OSV studied

For this work the OSVs with vertical geometry illustrated in Figure 5.7
have been studied. The multilayer structure is the same as that of the
OSV described by Dediu et al.88 with the addition of a layer of magnetic
molecules in order to determine how the spin-valve behavior can be affected
by their presence.
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5.2. Organic spin-valve devices containing magnetic molecules

Figure 5.7: Schematic representation of the organic spin-valve device and its layered
structure (not in scale): over the NGO substrate is present a 40 nm LSMO followed by
the magnetic molecules layer (a molecular monolayer for the device comprising the NNR
while a 10 nm film for the spin-valves containing the Fe4Ph). A 150 nm thick layer of
OSC Gaq3 is deposited over the molecular one and capped with a Co electrode (35 nm
height). A 2 nm Al2O3 tunnel barrier is interposed between the OSC and Co layers.

• LSMO layer
Making reference to Figure 5.7 the first layer of the structure is consti-

tuted by an LSMO epitaxial thin film (thickness 40 nm) grown on NdGaO3
(110) by Channel Spark Ablation provided by the group of Dr. V. A.
Dediu.89

The choice of LSMO has been made for its high percentage of spin-
polarized carriers which for temperatures below T ! Tc « 320´ 330K can
reach values near 100%:90 in this condition LSMO easily accepts carriers
with spin parallel to the average spin polarization and offers a colossal
resistance to the carriers with opposite spin polarization91 making this
material a good choice as spin-polarized carriers injector/detector.

Before proceeding with the subsequent layers deposition, the LSMO
film has been widely characterized making use of Low Energy Ion Scat-
tering measurements (LEIS) and angular-resolved x-ray photoemission
spectroscopy (AR-XPS). The characterization of the LSMO layer as well as
the NNR layer described in the following have been mainly conducted by
Lorenzo Poggini and are part of his PhD thesis.92 The importance of such
characterization lies in the fact that the interface between the inorganic
and organic phases can strongly affect the spin injection processes.93–97 Not
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containing magnetic molecules

Figure 5.8: Chemical structure of the functionalized ethyl phosphonate NNR used for
the molecular monolayer.

less important, the chemical composition and stoichiometry of the LSMO
surface directly influence the choice of molecules that can be grafted and
the best procedure to do this.

Results obtained indeed showed different concentration ratios La/Sr
between the topmost layer and the bulk value having on the surface a
higher concentration value of Sr as already found in previous studies.98–101

The second layer of the spin-valve device is constituted by the magnetic
molecules layer. Two different configurations have been considered exploit-
ing two different molecules: the organic radical Nitronyl Nitroxide Radical
(NNR) in the first and the Fe4Ph SMM in the second.

• NNR layer
Among the organic radicals (i.e. molecules with at least one unpaired

electron) NNRs are characterized by a good chemical stability. Due to the
presence of an unpaired electron, essentially localized in a NO group (see
Figure 5.8), NNRs can serve as an additional spin layer at the interface
between a spin injecting electrode and a OSC layer. These molecules result
particularly interesting since they feature long-range magnetic order102 at
low temperature and it has been theoretically and experimentally demon-
strated that partial ordering of the molecules can be achieved also at the
nanoscale.103,104
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5.2. Organic spin-valve devices containing magnetic molecules

Figure 5.9: View of the structure of the Fe4Ph along the the normal to the plane
defined by the four FeIII ions. Color code: Fe green; C gray; O red; hydrogen atoms are
omitted for clarity.

A self-assembled monolayer procedure has been followed to obtain the
molecular monolayer. In order to chemically graft the NNRs molecules on
the LSMO surface they have been previously functionalized to obtain an
ethyl phosphonate NNR system (2-(diethyl 4-methylbenzylphosphonate)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide) represented in Figure 5.8.
The deposition of the monolayer on the LSMO surface and the effective pres-
ence of a chemical bond between NNRs molecules and the surface have been
obtained by incubating the molecules in a 3mM in dichloromethane/methanol
3:1 and then confirmed by ToF-SIMS analysis.92

• Fe4 layer
In the second configuration a molecular layer (thickness 10 nm) of

Fe4Ph ([Fe4(L)2(dpm)6] where Hdpm is dipivaloylmethane and H3L is the
ligand 2-hydroxymethyl-2-phenylpropane-1,3-diol, see Figure 5.9) has been
deposited by thermal sublimation on the LSMO surface.

Furthermore Fe4 SMMs demonstrated that they can retain their mag-
netic properties once chemisorbed as monolayers on a gold substrate12,105

as well as once thermally sublimated on both nonconductive106,107 and
conductive substrates.108
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containing magnetic molecules

Figure 5.10: Chemical structure of Gaq3 molecule.

• OSC layer and Co electrode
After functionalization of the LSMO surface a 150 nm thick layer of

Gaq3 (tris(8-hydroxyquinoline) gallium) has been grown by organic molec-
ular beam deposition. This layer constitutes the OSC component of the
spin-valve where the Gaq3 is a molecule already studied for its light emission
properties.109,110

Two different magnetic electrodes characterized by different values of
coercive fields are required in order to observe the spin-valve effect modifying
selectively the magnetization value of the single electrode. For this reason
the outer ferromagnetic electrode is constituted by a 35 nm rf sputtered Co
layer.

An additional layer of Al2O3 (thickness 2 nm), grown by pulsed plasma
deposition, is interposed between the Co and Gaq3 layers to avoid interdif-
fusion of the metal inside the OSC. This could give rise to a not well-defined
interface together with the possible creation of short-circuits between the
two ferromagnetic layers.

5.2.2 Electric transport measurements on OSVs

In order to perform measurements at low temperature and in the
presence of an external magnetic field a Physical Properties Measurement
System (PPMS) by Quantum Design has been used. The PPMS provides
indeed the possibility to collect measurements in a range of temperatures
from 1.9 K to 350 K, being equipped with a pumped 4He cryostat, and to
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5.2. Organic spin-valve devices containing magnetic molecules

Figure 5.11: Sample-holder used for electric transport measurements with one of the
devices measured mounted on it.

apply magnetic fields up to ˘9T supplied by a superconductive magnet. It
also offers the possibility of performing electric measurements by using a
removable sample holder provided with electric connections. The sample-
holder is constituted by an oxygen-free high-conductivity copper puck that
maintains high thermal uniformity. In order to prevent oxidation the puck is
gold-plated. To facilitate the connection of the samples, a custom designed
printed circuit board (PCB) has been created and soldered to the electric
connection of the sample-holder. In Figure 5.11 is shown a photograph
of the sample-holder with one of the devices measured. Each device is
constituted of a substrate (10 mmˆ5 mm) on which three OSVs are present
and is connected to the PCB by means of gold wires and silver-paint.

Being the PPMS an instrument designed mainly to perform magnetic
measurements, the provided electric transport measurements option did
not reveal to be the best solution for measurements on OSVs. For this
reason a source-meter unit (SMU, Keithley 2601A) has been interfaced
with the PPMS. The SMU can operate as a current source, measuring the
current (max. resolution 1 pA, depending on measuring range) or as a
current source, measuring the voltage (max. resolution 1 µV, depending on
measuring range) in both 2- and 4-wire sensing mode. The SMU has also
been connected to the computer managing the PPMS in parallel with the
PPMS itself through a GPIB cable. In this way it is possible to manage at
the same time both temperture and magnetic field (provided by PPMS)
and electric measurements with the SMU. This required specific Visual
Basic routines to remotely control the instruments allowing to perform
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containing magnetic molecules

Figure 5.12: Sample-holder used for electric transport measurements with one of the
devices measured mounted on it.

automatically several experiments by writing customized sequences of
measurements.

In Figure 5.12 are reported the I-V curves collected at different tem-
peratures for two OSV devices containing respectively the NNR molecular
monolayer and the Fe4Ph layer. The data show an almost linear dependence
of current-voltage relationship which let us exclude the presence of high
interface barriers for both the devices. Also the temperature dependence
confirms metallic-like behavior. The small asymmetry present between
positive and negative voltages can be explained by the device asymmetry.

Beside I-V characterization, resistance measurements in dependence of
an external magnetic field have been performed at different temperatures
in a range from 2.5 K to 300 K. The magnetic field was directed parallel to
the device surface, while the electric measurements were collected in 2-wire
sensing mode maintaining a fixed electric potential difference VCo´VLSMO “

100 mV between the LSMO and Co. Being VLSMO ă VCo the LSMO
electrode acts as electron spin-polarized injector.

In Figure 5.13 one magnetoresistance measurement is reported obtained
at 3 K on an OSV with NNR. From these data a spin-valve effect is evident
even though with an opposite behavior respect to the spin-valve described at
the beginning of this chapter. Indeed this system presents a high resistance
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5.2. Organic spin-valve devices containing magnetic molecules

Figure 5.13: Resistance measurements in dependence of an external magnetic field at
3K for an OSV containing NNR molecular monolayer. A schematic representation of
the magnetic moments of the electrodes of the device is given in correspondence of the
maxima and minima values of resistance.

value when both the magnetic moments of the electrodes are aligned with
the magnetic field. This inverse effect is qualitatively in line with the
behaviour found in similar OSC-based spinvalves without the NNR layer.
Once the magnetic field reaches the value of the LSMO coercive field, the
device in an antiparallel configuration of the magnetic moments of the
electrodes presents the lowest resistance value. On continuing to decrease
the field, once both the magnetic moments are again aligned to the external
field, the resistance of the device returns again to its highest value. The
switch from one resistance state to the other does not appear to occur at
a specific field but rather a smooth transition is observed. This behavior
can be ascribed to interface effects at the borders of layers. As will be
shown, changing the magnetic molecules’ layer indeed affects the shape of
the magnetoresistance curves.

In order to quantify this behavior, being RÒ and RÖrespectively the
resistances of the device when the magnetic moments of the electrodes are
parallel and antiparallel, we define the magnetoresistance (in percentage)
as:

MR “
RÒ ´RÖ

RÒ

ˆ 100 . (5.2)
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Figure 5.14: Resistance measurements in dependence of an external magnetic field at
different temperatures for OSV containing NNR molecular monolayer (left) and Fe4Ph
layer (right).

102



5.2. Organic spin-valve devices containing magnetic molecules

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

1 2 0 0

1 4 0 0

1 6 0 0

1 8 0 0

R
0 (Ω

)

T  ( K )

N N R  O S V

0

2

4

6

8

M
R

 (%
)

0 5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0
2

4

6

8

1 0

1 2

1 4

1 6

R
0 (k

Ω
)

T  ( K )

F e 4 P h  O S V

0

2

4

6

8

1 0

1 2

1 4

1 6

M
R

 (%
)

Figure 5.15: Temperature dependence of R0 (in black) and MR (in red) of an OSV
comprising the NNR monolayer (on the left) and one with the Fe4Ph layer (on the right).

In Figure 5.14 are shown the magnetoresistance data collected at room
temperature, 50K, 10K and 5K for both the OSVs containing the NNR and
Fe4Ph layer together with the related MR values, while in Figure 5.15 the
temperature dependence of MR and of the resistances in zero magnetic field
R0 are reported for both device typologies. The decrease of R0 with the
temperature confirms the metal-like behavior of the heterostructures studied.
On the contrary, in all the samples studied, the appearance of significant
magnetoresistance effects occurred at temperatures lower than 270´ 250K.
At the same time MR increased on lowering the temperature reaching
values as high as 8% and 15% at T ă 10K for the devices comprising NNR
and Fe4Ph respectively. These results are in accordance with the reported
temperature dependence of spin-polarization in LSMO films111 which let
us infer that temperature dependence of MR in OSVs devices studied is
governed by the manganite electrode.

All the devices studied present the inverse spin-valve effect outlined
before. The opposite behavior in spin-valve effect observed is common to
other reported OSV devices88,112–114 but the origin of such an effect is still
under debate. Indeed both Co and LSMO are majority-spin injector,83

which should imply a lower resistance for a parallel configuration. Unlike
what happens in metals, electric transport in OSC materials is not related
to the presence of conduction and valence bands but rather to hopping
processes between molecular orbitals. In particular the situation at the
interfaces between metals and organic materials plays a fundamental role in
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Figure 5.16: Comparison of magnetoresistance measurements at 100K of OSVs com-
prising a) NNR molecular monolayer , c) Fe4Ph layer and b) without magnetic molecules
layer. Dashed line individuate the magnetic filed at which the OSVs devices switch to
the high resistance state.

OSVs devices where effects like broadening of molecular orbitals or energy
levels shifts must be taken into account. One of the proposed solutions88

tries to explain the inversion of the magnetoresistance by assuming that the
transport of the majority-spin carriers is occurring by hopping processes
through molecular orbitals lying above the Fermi levels of the electrodes
where the density of state is higher for the minority-spin for both Co and
LSMO. This situation together with spin relaxation processes in OSC
would explain the observed magnetoresistance behavior in LSMO\OSC\Co
heterostructures.The question is however still unsolved and the exact un-
derstanding of what happens in a metal/organic interface remains a puzzle.

The experiments performed, although preliminary, demonstrate anyway
the presence of a spin-valve effect in OSVs devices comprising magnetic
molecules and, to our knowledge, this represents the first reported case. A
comparison with an OSV without magnetic molecules’ layer is reported
in Figure 5.16 for measurements collected at 100K. The presence of a
magnetic molecules’ layer interposed between the LSMO electrode and the
OSC layer seems to affect the magnetoresistance field dependence shape
in particular concerning the value of magnetic field required to restore
the high resistance state which, as already stated, is indeed related to the
change of the magnetization at the interface with LSMO. In particular,
making reference to Figure 5.16, in the device without magnetic molecules
layer the magnetization at the LSMO/Gaq3 is switched at magnetic field
H « 1000Oe; on changing the interface by adding the magnetic molecules
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5.2. Organic spin-valve devices containing magnetic molecules

layer the magnetic field required increases going to « 1800Oe for the Fe4Ph-
OSVs and « 2500Oe for the NNR-OSVs. These results represent a further
confirmation of how important the interfaces are in the transport properties
of organic based devices.

Also if additional measurements are required in order to obtain a better
statistics in the results, from the experiments conducted the use of magnetic
molecules’ layers demonstrated to be promising in both the development of
new OSVs’ heterostructures and a better comprehension of the processes
at the interfaces related with the magnetization of LSMO electrodes and
carriers spin-injection.

Further experiments are planned involving both the variation of pa-
rameters such as the height of the molecular layer and the use of different
magnetic molecules. It is important to stress that Fe4Ph and NNR molecules
are both paramagnetic in the range of temperature investigated: different
electric transport behaviors could be revealed if the experiments would be
performed in the presence of a magnetic hysteresis of the molecular layer
itself. Moreover the study of the effects on transport properties due to
electric fields through the OSVs in search of possible varistor or memristor
properties also represents a research field still to be explored.
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Conclusions

In this work the results obtained from experiments on different systems
comprising magnetic molecules and SMMs were presented. The experiments
performed made use of several techniques and methods spanning from the
characterization of the magnetic anisotropy of the molecules to the electric
transport properties of spintronics devices.

The importance of an appropriate understanding of the magnetic
anisotropy driving mechanisms turns out to be essential to confirm syn-
thetic strategies for new and better performing SMMs as well as to develop
heterostructures with the desired magnetic properties in the light of a
possible technological application.

Results obtained from experiments on SMMs single crystals stress the
importance of physical-chemical studies in understanding the mechanisms
that lie behind the magnetic anisotropy of such molecules. Angular re-
solved magnetic measurements with the horizontal rotator proved to be a
powerful tool in characterizing samples presenting a magnetic anisotropy.
In particular, the experiments conducted on the series of DOTA complexes
with the late lanthanide ions confirmed the capability of this method in
determining the magnetic anisotropy of the single molecules when in the
presence of compounds crystallizing in the triclinic system or, in general,
when a unique orientation of the molecules is present in the crystals. It was
thus possible to characterize the magnetic susceptibility tensor of the entire
series, giving an insight of how the crystal field interactions can affect the
magnetic anisotropy of a system and confirming that a rational combination
of the geometry of the ligand with the electron charge distribution of the
4fn ions can be exploited to control the magnetic anisotropy.

Crystal field interactions in rare-earth based SMMs are often treated as
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perturbations and theoretical models and calculations often failed in a cor-
rect description of these systems due to an over-parametrization requested
or to over-simplifications of the problem. In this sense the results obtained
demonstrate the importance of angular resolved magnetometry in providing
the necessary data to test the validity of the different theoretical approaches.

In characterizing the Cp*ErCOT single crystals it was shown that, also
if in the presence of a compound crystallizing in a non-triclinic system
with more than one molecular orientation in the crystalline lattice, an
appropriate experimental planning can lead to relevant results. Indeed
the right choice of the rotational axis, on the basis of the system symme-
tries, the use of two different angular resolved magnetometer techniques
together with the study of the dynamics of the magnetization allowed to
discern the presence of a magnetic easy-axis anisotropy in the molecules
out from an almost isotropic behavior. On the other hand for a univocal
assignment of the molecular anisotropy theoretical calculations were needed.

Both experiments conducted on magnetic molecules’ single crystals are
good representatives of the complexity lying in the characterization of such
molecules and underline the necessity of flanking experimental results with
theoretical ones in order to obtain a correct description of the magnetic
properties of the system.

Having in mind the final but ambitious goal of exploiting the magnetic
bistability of SMMs at the single molecule level, magnetometry does not
present the necessary senistivity. We have therefore explored an alternative
route based on the characterization of the electric transport through a thin
layer of molecules embedded in a multilayer architecture.

Although preliminary, the results obtained with experiments on spin-
tronics devices comprising magnetic molecules revealed to be promising.

Concerning the gold nanoparticles’ systems functionalized with Fe4
SMMs a measurable electric response, ascribable to thermally activated
processes, was recorded at room temperature related to the presence of
the SMMs and depending on the number of functionalization steps. The
characterization of this system still lacks measurements in the presence
of magnetic fields which could reveal possible effects in electric transport
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coming from the magnetic properties of Fe4. The conductivity at low
temperatures appears however too low to perform this type of experiment
and other architectures are under investigation.

Effects induced by an external magnetic field were instead observed for
the first time, to the best of our knowledge, in the organic based spin-valve
devices where a molecule magnetic layer is present. The two typologies
of devices studied, one containing a Fe4 molecular layer and the second
a monolayer of magnetic molecules NNR, showed both spin-valve effect.
Interestingly, the molecular spins do not seem to act as scattering centers
suppressing the spin polarization of the current flowing through the organic
semiconductor. This opens the perspective of using magnetic molecules as
an active layer in spin valve devices. The effects of interfaces between the
different layers of these heterostructured devices seem to play a relevant role
but a convincing description of how the electric transport works in these
systems is still not present and we hope that by tuning the properties of
the magnetic molecules at the interface we can gain a deeper understanding
of how organic spintronics devices work.
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