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Chapter 1

Introduction

1.1 Molecular spin clusters

Molecular spin clusters are ideal test bed for the study of nanoscale magnetic

phenomena. These systems are molecules of few nanometers, constituted by a

magnetic nucleus surrounded by organic chemical groups. The magnetic core is

typically constituted by transition metals, rare-earth ions or even organic radicals,

while the organic bridges comprise light elements like carbon, oxygen, hydrogen

and nitrogen. The deep level of control achieved by chemical synthesis allows to

produce collections of identical molecules embedded in crystalline structures and

aligned along specific crystallographic directions. Although the final product of

synthesis appears as macroscopic samples, i.e. bulk crystals or powders, generally,

the inter-molecular magnetic interactions are negligible with respect to those

within the molecule and we can assume these materials as statistical ensembles

of quantum systems. Therefore, solid state experimental techniques, like the

measurements of thermodynamic properties, reflect mainly ensemble properties

of the single molecule. The experimental conditions needed to reveal the quantum

behavior are easily achievable in laboratory: molecular spectra are well resolved

at liquid helium temperatures, while level crossings can be observed at few teslas

fields. All these reasons contributed to the success of molecular magnets in the

last 20 years.

Structural and physical features of molecular magnets can be tailored at syn-

thetic level and a huge variety of molecules can be produced. A first differentia-
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1. Introduction

tion that can be done among these systems is the dimensionality of the structure:

zero dimensional (0D), for isolated structure; one-dimensional (1D), for chains or

segments of spin; two-dimensional (2D), in case of matrix systems; and finally

three-dimensional (3D) structures. The molecules can be distinguished also for

the type of material: there are inorganic magnetic molecules, like polyoxomet-

alates (POM) [1–3]; metal-organic molecules; and finally only organic systems

in which the magnetic moment is carried by radicals [4, 5]. Finally and most

important the classification of molecular spin clusters can be based on their dif-

ferent magnetic properties: single-molecule magnets (SMM), photomagnetic and

spin-cross-over derivatives, ferromagnetic or antiferromagnetic chains and anti-

ferromagnetic rings.

SMM is a wide class of molecules with high spin. Among them, Mn12-acetate

has S = 10 and high anisotropy barrier [6–8], it is one of the first ones that has

been extensively studied and probably also the most popular. Together with Fe8,

for Mn12-ac key experimental results were obtained like: tunneling of magneti-

zation [9–13], the observation of quantum phase interference (Berry phase) [14]

and coherent quantum oscillations of spin between two energy minima [15].

In this thesis the attention is focused on another interesting subclass of mag-

netic molecules, that of antiferromagnetic (AF) spin rings. These, differently to

the SMM, are low spin systems and with lower dipolar interaction, that are ad-

vantages, as discussed later, for applications in quantum information processing.

The first AF rings synthesized were homometallic and based on trivalent metals.

As examples, there are rings based on Fe+3 (s = 5/2), like Fe6 [16,17], F10 [17,18],

Fe12 [19] and Fe18 [20]; those on Cr+3 (s = 3/2), like Cr8 [21–23] and Cr10 [24];

and finally based on V+3, like V8 and V10 [25].

1.1.1 Triangular spin clusters

Triangular spin molecular systems (trimers) with dominant AF coupling are par-

ticularly appealing since they show a rich Physics in spite of their simplicity. For

instance, they represent the simplest models to study spin frustration [26–36].

Indeed, for a triangle with three equal spins S, the dominant AF coupling gives

rise to doubly degenerate doublets whose degeneracy can be split by differences

in intra-molecular exchange coupling constants J [37–42]. More generally, the
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Molecular spin clusters

theoretical problem of three interacting spins Si can be solved in different ways,

allowing the direct comparison of exact theoretical predictions with the exper-

imental results. Thus, it is not surprising that in the last twenty years or so,

a plethora of molecular spin trimers have been synthesized and their chemical,

structural and magnetic properties have been widely investigated [43].

Recently AF spin triangles have attracted a renewed interest of physicists as

model systems in the context of Quantum Information Processing (QIP). AF spin

triangles have been indeed proposed as effective two-level systems for implemen-

tation of quantum gates [44]. The main advantage of spin triangles resides in their

low energy spectrum that allows a tunable effective inter-qubit coupling even in

presence of permanent microscopic interactions [45]. Another interesting issue

is the manipulation of spin states by electric fields. In this respect spin trian-

gles have shown special interplay between spin exchange, spin-orbit interaction,

and the chirality that make them particularly suitable for coupling with electric

field [46]. Synthesis and characterization of new molecular trimers thus provides

real cases to be discussed and eventually exploited in these new contexts.

1.1.2 Heterometallic AF spin rings

Even-membered AF rings have a fully compensated total spin. A recent approach

is the introduction of an extra spin, in order to break the compensation and

control the total spin of the AF wheels. This strategy was used for the Cr-based

cyclic systems to synthesize heterometallic molecular wheels in which one Cr ion

is substituted with a divalent transition metal M [47]. 1 If M =Ni+2 with s = 1

the spin balance gives an effective total S = 1/2 to the molecule; two examples

are Cr9Ni [48], obtained from Cr10, and Cr7Ni, obtained from Cr8.

Cr7Ni as qubit

The structure of Cr7Ni is depicted in Fig. 1.1; the 7 Cr+3 (s = 3/2) ions and the

extra Ni+2 (s = 1) are arranged in a symmetric octagonal planar structure, and

with the spins antiferromagnetically coupled. This molecule, synthesized in 2003

1Note here that the simple case of adding an equal spin to the wheel, obtaining thus an odd
number of equal spins, leads to frustration with a degenerate ground state.
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1. Introduction

Figure 1.1: a) Crystallographic structure of Cr7Ni obtained from X-ray diffraction; b) sketch
of the spin arrangement in the molecule.

by Dr. G. Timco and the group of Prof. R. E. P. Winpenny at Department of

Chemistry, University of Manchester [47], has been deeply investigated by specific

heat and torque [49] (reported in Fig. 1.2), nuclear magnetic resonance [21],

neutron scattering [50] and micro-SQUID magnetization at very low temperature

[51]. The experimental results were fitted by using a spin-Hamiltonian model [52]

and S = 1/2 ground state well separated from the first excited state (S = 3/2) was

found (see Fig. 1.3). Afterwards, Cr7Ni has been proposed as a molecular qubit,

suitable candidate for QIP [49, 53]. This proposal has been corroborated by the

very promising theoretical [54] and experimental [55] studies of coherence. The

time of coherence measured for the molecule is indeed about 3 µs at 2 K, several

order of magnitude longer than the time needed for spin manipulation. Finally,

successful grafting of isolated molecules on surfaces was recently achieved, with

only minor changes in the magnetic features of the bulk-material [56–59]. The

next step, in order to exploit Cr7Ni as qubit for QIP, is to acquire the capability

to establish and control magnetic interaction between two or more Cr7Ni rings

(qubits) without altering the properties of the single cluster.

6



Molecular spin clusters

Figure 1.2: Specific heat of Cr7Ni. (Inset) Torque magnetometry. Figure taken from Ref. [49].

Figure 1.3: Low-lying energy level pattern of Cr7Ni. Figure taken from Ref. [49].
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1. Introduction

1.1.3 Spin Hamiltonian description

Despite the complexity of the structure constituted by hundreds of atoms, in

molecular spin clusters the magnetic features depend only from the small num-

ber of magnetic ions and they can be described by a microscopic spin Hamil-

tonian model. In these systems the predominant interaction is the exchange

coupling, arising from electrostatic interaction between nearest neighbor metal

centers. This is described by the isotropic Heisenberg exchange Hamiltonian [60]:

Hex =
n−1∑

i

Jisi · si+1, (1.1)

where Ji > 0 is the AF exchange constant. The diagonalization of the Heisenberg

Hamiltonian [61–63] shows that the energy multiplets are typically structured in

three bands: the lowest one, named L−band, is a rotational band that follows

the Landè rule:

E(S) =
2J

n
S(S + 1). (1.2)

These excited states are characterized by the rotation of the oppositely oriented

total spins of each sublattice. The second group, named E−band, is generated

by higher energy excitations, which appear with one sublattice spin decreased by

one in analogy with spin waves. The third and last band is a quasi-continuum of

states [23,61,62].

In crystals of AF spin rings, the long-range interactions are negligible for the

most cases, because no super-exchange paths between the molecules are available,

and because inter-rings dipolar interactions are minimized by the small total spin

S. Magnetic anisotropy arises from crystal field and dipolar interactions; this

is smaller than isotropic interaction of Eq. 1.1, but finite. The Hamiltonian

corresponding to the crystal field is:

Hcf =
n∑
i

si ·Di · si =
n∑

i=1

di

[
s2

z,i − si(si + 1)/3
]
+

n∑
i

ei

[
s2

x,i − s2
y,i

]
, (1.3)

where Di is the crystal field anisotropy that can be expressed as the sum of the

axial and rhombic contributions (terms on the right side of the equation) and

z is the axis orthogonal to the ring plane. Due to the cyclic symmetry of spin

rings, the axial anisotropy constant (di) is always greater than the rhombic one
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Molecular spin clusters

(ei), and these systems can be considered in good approximation uniaxial [23].

The Hamiltonian corresponding to dipolar interaction reads:

Hdip =
n∑

i>j=1

si ·Di,j · si =
n∑

i>j=1

µ0µ
2
B

4πr3
i,j

(3(gisi · ri,j)(gjsj · ri,j)− (gisi · gjsj)) ,

(1.4)

where ri,j is the distance between the spins, gi is the gyromagnetic factor and µB

the Bohr magneton. If an external magnetic field H is present, also the Zeeman

interaction should be taken into account:

HZeeman = µB

n∑
i=1

giH · si. (1.5)

The general full Hamiltonian for AF molecular spin clusters therefore is the sum

of all the above contribution:

H = Hex +Hcf +Hdip +HZeeman (1.6)

The anisotropic part of H does not commute with the squared total spin operator

S2 thus it mixes subspaces corresponding to different values of the total spin

(S−mixing). However, the energy spectrum at H = 0 is well approximated by a

S−defined multiplets because the entity of the anisotropic interactions is small.

The pattern of energy levels can be calculated by the diagonalization of the

Hamiltonian Eq. 1.6. This is a demanding computational task, since the di-

mension of the matrix to diagonalize increases hugely with the spin number of

magnetic nuclei in the molecule, explicitly: (2s + 1)n for n nuclei with spin s.

An efficient solution scheme based on the irreducible tensor operator formalism

was developed in Ref. [64], its peculiarity is to maintain the simple total-spin

description even in presence of mixing between different multiplets.

Another important aspect is that as soon as the magnetic molecule increases

in nuclearity, many independent parameters of the spin-Hamiltonian need to be

determined and the possibility of gaining additional information from different

techniques became crucial. The use of a variable magnetic field, especially if large

field and low temperature are available, often provides the lacking information.

This is the case when the paramagnetic centers of the molecule are antiferromag-

netically coupled. The state with the largest spin is not necessarily the ground
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1. Introduction

one, but its energy decreases most rapidly by the Zeeman interaction with the

field. A crossing of energy levels can be induced by the field and reveals itself as

a sudden increase in the magnetization.

1.1.4 Linking the rings

A further challenge is to magnetically couple two (or few) complex molecular units

without perturbing the properties of the single ones. Supramolecular dimers of

SMMs were already reported by the Christou group in the early 1990s [65], the

magnetic coupling of the linked Mn4 cages through C–H· · ·Cl hydrogen bonds

were found much later in 2002 [66]. Although magnetic interaction is achieved,

change of the linker was not straightforward. Dimers of MnIII
4 can be obtained

by using diketonates, as shown by Aromı̀ and coworkers [67] but in this case

the features of the single units were perturbed. The controlled integration of

aromatic linkers with molecular magnetic building blocks would allow to realize

supramolecular systems with tailored (and tunable) intermolecular interactions.

One critical point in their use at synthetic level, is the risk of obtaining polymeric

networks with long-range magnetic order, as demonstrated in the work from

Yamashita and co-workers [68], where Mn4 single molecule magnets are linked

through dicyanamide N(CN)2 into a 3-dimensional polymer. Thank to the small

dipolar interaction, the Cr7Ni ring family offers an unique opportunity in this

respect.

The first attempt to link together Cr7Ni rings was realized in 2005 [69]; the

link was organo-metallic and it was attached to the Cr7Ni wheels via hydrogen-

bonds between F-bridges within the cage and terminal H–N groups within the

link (see Fig. 1.4(a)). Unfortunately, this type of connection between the rings is

not efficient for the inter-ring magnetic coupling [48], indeed it was shown that no

significant exchange of spin can be achieved through this link. Progresses were

achieved linking the rings via the external carboxylates at the Ni edge, where

appreciable spin density is found. The dimers represented in Figs. 1.4(b) and (c)

are examples of such structures where the magnetic coupling between the rings

is permanently established, respectively, by one or two copper ions in the link, as

reported in Ref. [70].

10



Molecular spin clusters

Figure 1.4: Crystallographic structures of the first Cr7Ni dimers synthesized. In a) the organo-
metallic link is connected to the centers of the wheels via hydrogen-bonds (taken from [69]);
in b) and c) the link is still organo-metallic but connected via the carboxylate bridge to the
Ni edge (taken from [70]). Moreover, in b) and c) the magnetic coupling can be permanently
switched on and off via a single Cu ion (s = 1/2) and a dimer of Cu ions (S = 0), respectively.
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1. Introduction

1.2 Entanglement between molecular spins

Entanglement is one of the most peculiar property of quantum mechanics. Given

a composite system, entanglement is established when the states of the parts are

so highly correlated each other that it is impossible to describe one quantum

component without the knowledge of the rest of the system2. Consequently, as

sketched in Fig. 1.5, having two entangled qubits, if we carry out an experiment

and we measure one of them, we have information about the state of the other

qubit. This property is a great resource for fields like quantum cryptography,

teleportation, information and computation [73].

The renewed interest for the exploitation of entanglement in quantum infor-

mation science has stimulated intensive research activity. Besides, the controlled

generation of entanglement among nanoscaled objects allows us to explore the

boundary between quantum and classical behavior. For photons [74] or cold

atoms, as well as for a few solid state systems [75], entanglement is largely inves-

tigated, both theoretically and experimentally trying to unveil both its qualitative

and quantitative aspects [71, 72].

For what concerns the entanglement in magnetic systems there is a large the-

oretical literature [76–83] but still very few experiments [84,85] and the latter are

referred to collections of spin systems. So the problem of measuring entangle-

ment in finite spin systems is still very open. Molecular spin clusters represent a

very interesting testing ground in this context. In fact, they represent complex

but finite systems whose structural and physical features can be tailored at the

synthetic level and whose properties can be predicted by microscopic, albeit de-

manding, models. Recent achievements in supramolecular chemistry, experiments

and modeling appear extremely encouraging in this field [70,86,87].

The route to measure entanglement between spins in supramolecular struc-

tures, such as dimers or oligomers, needs at least two prerequisites: (1) the recog-

nition of molecular building blocks with well-defined features and (2) the estab-

lishment of initial intermolecular magnetic coupling without perturbing the single

units. Two observations are important. The first is that different kinds of mag-

netic coupling between the units are compatible with the controlled generation of

2The entanglement is exhaustively reviewed in the two recent noteworthy works by Horodecki
et al. [71] and Amico et al. [72], see there for further details.
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Entanglement between molecular spins

Figure 1.5: Sketch of entanglement in the bipartite system constituted by the two maximally
entangled qubits ’Alice’ and ’Bob’. A measurement of the second qubit always gives results
depending on the state of the first.

entangled states. Dipolar interaction is long range and might be desirable if one

searches entanglement of a large collection of objects [84], but it is detrimental

to control entanglement between a few molecular units, since it tends to couple

molecules belonging to different oligomers. Therefore, local types of magnetic

interaction, such as exchange, that is predominant in the case of Cr7Ni dimers,

are preferable. Then, we have to notice that the existence of a magnetic coupling

between molecular spin clusters does not guarantee per se that these are in an

entangled state, but its form plays a crucial role in the controlled generation of

entanglement. Therefore, the high degree of flexibility with which such coupling

can be engineered through supramolecular chemistry represents a fundamental

resource.

Experimental detection and quantification of entanglement is a demanding

task [88]. Formally a state is entangled if its wavefunction cannot be factorized.

This definition is not helpful, because, in general, tell whether a state of n parties

is separable or not is an open problem. In theory, to reconstruct experimentally

the overall density matrix it is necessary to measure the correlations between the

observables of all the parties. This approach can be used if a small number of

particles are involved, as in the case of photons [74]. Conversely, for magnetic

bulk systems, i.e. ensemble of order of Avogadro’s number of spins, one may not

13



1. Introduction

refer to individual properties of every constituent of a solid sample or correla-

tion between them. Fortunately, an alternative and much simpler experimental

approach exists to certify if a certain state is entangled directly. This tools are

the so-called entanglement witnesses. An entanglement witness W is a Hermi-

tian operator which is able to detect entanglement in a state. The basic idea is

that the expectation value of the witness W for the state ρ under consideration

exceeds certain bounds only when ρ is entangled [71,72]. Recently, the magnetic

susceptibility was proposed as entanglement witness by Wiesniak et al. [89]. Mi-

croscopically, magnetic susceptibility is, in fact, a sum over all microscopic spin

correlation functions < si
z · sj

z > for the sites i and j [89]:

χz =
1

kBT
∆2(Mz) =

1

kBT
(< M2

z > − < Mz >2)

=
1

kBT

(
N∑

i,j=1

< si
zs

j
z > − <

N∑
i=1

si
z >

)
. (1.7)

The above expression is valid in the condition [H,H1] = 0, where H is the Hamil-

tonian of the system, and H1 the part of the Hamiltonian that describes the

interaction with magnetic field. Thus Eq. 1.7 is always valid for isotropic sys-

tems, but we can anticipate that also in case of systems with small anisotropy it

is demonstrated to be valid (see Chap. 7). Starting from Eq. 1.7, it can then be

demonstrated (for further details see Ref. [89]) that the system is entangled if:

χ̄ ≡ 1

3

(
χx

g2
x

+
χy

g2
y

+
χz

g2
z

)
. NAµ2

BS

kBT
(1.8)

where χx, χy and χz are the susceptibilities measured along three orthogonal

directions, gx, gy and gz are the corresponding gyromagnetic factors, NA is Avo-

gadro’s number, kB the Boltzmann constant, µB the Bohr magneton and finally S

is the spin of the systems taken into account. As visible from Eq. 1.8, the entan-

glement witness depends on the temperature T , meaning that the same system

can be entangled for certain temperature ranges and not entangled in others.

This is a direct consequence that the entanglement is a property of the state of

the system. Moreover, this enlightens the distinction between entanglement and

simple interaction that, being related to the Hamiltonian of the system, is instead

independent from the temperature.
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Quantum communication through
molecular AF spin ring

The limits of entanglement witness approach are essentially two: it gives only

a sufficient condition for entanglement and it is poor in quantitative information.

For the cases in which it is possible to know the eigenvalues of the Hamiltonian

a quantification of the entanglement can be done theoretically by the calcula-

tion of the concurrence (C) [71, 72, 88]. By definition [72] that concurrence is a

monotonous function of the entanglement of formation and it can assume values

comprised between zero and one, which represent the extreme situations of a not

entangled or maximally entangled state, respectively. A generalized analytic ex-

pression for the concurrence is hard to give, it should be calculated case by case

(see Chap. 7 for the case of two S = 1/2 spins).

1.3 Quantum communication through

molecular AF spin ring

Quantum communication through a spin chain has recently received theoretical

interest: in an ideal quantum computer based on spin qubits, spin chains have

been proposed as channels for short distance transmission of (quantum state) in-

formation [90,91]. In particular, Bose et al. [92] propose Heisenberg ferromagnetic

rings with twisted boundary conditions as busses for connecting a large number

of parties (spin 1/2) and address the fidelity of the quantum communication be-

tween any pairs of such parties. From the experimental side, several works show

the possibility to fabricate spin chains with tailored magnetic interactions. One of

the first attempts to create artificial spin segments by aligning atoms on a surface

was reported by Gambardella et al. [93,94]. Good examples of atomic structures

were recently engineered by the IBM group [95]: few magnetic Mn atoms were

aligned on a CuN surface, thus forming antiferromagnetic spin segments. Molec-

ular chemistry has proven to be a powerful approach synthesizing a wide range

of structures that can be produced in scalable units [96]. The finite size of a spin

chain leads to a discrete spectrum of excitations. Recently, spin waves has been

studied in detail in the case of molecular spin clusters [23,61–63] considering also

the effect of cyclic symmetry breakings [96] in the spectrum of the principal three

bands described in section 1.1.3. Thus, AF molecular spin rings can represent

examples of real systems where quantum communication can be applied.
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1. Introduction

The implementation of quantum state transfer with magnetic molecular clus-

ters requires the actuation of a specific protocol, that can essentially be schema-

tized in four steps [97]:

1. initialization of the system in a well defined quantum state;

2. at time t = 0 the first spin of the chain, s1, is switched by a rotation in the

Bloch sphere to the state |Ψ(0) >1;

3. the spin chain is left to evolve freely for a given time T

4. at time t = T , sn is found in the final state |Ψ(T ) >n.

If the communication channel is ideal the final state |Ψ(T ) >n transmitted to

the nth spin should coincide with |Ψ(0) >1. For real chain, the efficiency of

transmission of quantum state is limited and quantified by the fidelity, defined

as the overlap between |Ψ(T ) >n and |Ψ(0) >1.

The physical realization of the steps enumerated above implies some prerequi-

sites both in the experimental capabilities and in the properties of the molecules.

For example, given a molecular spin ring or chain, the initial pure state require-

ment is fulfilled if the molecule is in its well defined ground state. Thus it is

needed a molecule with ground state well separated (by ∆) with respect to the

first excited one and the possibility to work at a temperature lower than ∆. To

actuate the second step, it is necessary to be able to modify the state of the

first spin without perturbing the rest of the chain. This can be achieved if the

manipulation of s1 is on a timescale short as compared to the coupling between

the first spin and the rest of the chain. Referring to real systems, suitable can-

didates can then be heterometallic AF spin rings or chains where the extra spins

at the edges should have exchange constants J smaller respect those between

the elements within the channel. The last step requires the capability of locally

reading out the state of the nth spin. Some strategy of local probing were re-

cently developed exploiting chemical selectivity of experimental techniques such
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as NMR [21,22] and X-ray spectroscopy [98,99]. This again makes heterometallic

molecules suitable systems. However, these methods are probes of static prop-

erties; while, in order to probe the coherent dynamics, time resolution is also

required. Besides and most important, prerequisite to all the listed operations is

that the decoherence time of the molecule should be longer than the operation

time.

1.4 Theoretical Background on solid state

physical properties

In order to study the issues mentioned in the previous sections, the magnetic

features of molecular spin clusters were investigated by means of specific heat

and magnetization measurements. Hereafter the theoretical background of these

experimental techniques is reported.

1.4.1 Specific heat

The specific heat C of a given material represents the heat per unit mass (or mole)

necessary to increase by a degree the temperature of the material: it is defined

as the derivative of the internal energy U with respect to the temperature T :

C =
∂U

∂T
. (1.9)

From its definition it is clear that the specific heat can provide a great deal of

information over all the possible excitations: electronic, vibrational, magnetic,

nuclear, etc. [100–102] In the case of molecular magnets it is the result of several

contributions, but the predominant are given by the lattice vibrations Clatt and

the magnetic part Cmag [103–107].

Lattice Contribution

Molecular clusters typically contain a few hundreds of atoms that are in a per-

fectly embedded crystalline arrangement. From the classical theory, in a perfect

crystal containing N atoms per unit cell, the internal energy of the lattice is
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equivalent to the energy of a system of 3N independent harmonic oscillators.

The classical expression for the specific heat, due to Dulong and Petit and valid

only at high temperature, is C = 3NR, where R = 8.314 JK−1mol−1 is the gas

constant. This implies that for the hundreds of ions per cell molecule-based ma-

terials the lattice contribution at high temperatures saturate to the huge 3NR

value. Even at cryogenic temperatures Clatt is still substantial and, since it grows

very fast with the temperature, at ∼ 10 K the lattice contribution becomes al-

ready preponderant obscuring most of the features of the magnetic one, thereby

limiting the accuracy to which it can be determined.

To have a realistic expression for the temperature dependence of the specific

heat we need to refer to the quantum mechanics and to the concept of quantized

vibration modes (phonons), obtaining:

Clatt =
∂

∂T

∑

k,s

}ωs(k)

eβ}ωs(k) − 1
(1.10)

where }ωs(k) is the energy related to the s-th normal mode with wavevector k.

The details of the spectrum of the phonons can be quite complex due to the huge

number of independent vibration modes. More manageable approximations are

the models due to Einstein and Debye. The Debye model replaces all the branches

of the vibrational spectrum with three acoustic branches, giving the so called De-

bye contribution (CD). The Einstein model instead accounts for (3N − 3) optical

branches that are responsible for the corresponding Einstein contribution (CE).

Thus, the lattice specific heat turns to be: Clatt = CD + CE. Within molecular

magnets, the intra-cluster interactions between the ions are quite strong, while

the coupling between different clusters are much weaker (the molecular crystals

are formed through van der Waals bondings). Correspondingly, high- and low-

energy branches are both present in the phonon spectra of the isolated molecules,

giving rise to Einstein modes that can be broadened in energy by intermolecu-

lar interactions. The expressions for the Einstein and Debye contributions are

respectively:

CE

R
= 3r

(
TE

T

)2 exp
(

TE

T

)
[
exp

(
TE

T

)− 1
]2 (1.11)

where TE is the Einstein temperature such that εE = kBTE is the energy of the
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optical phonon mode, and

CD

R
= 9

(
T

ΘD

)3 ∫ ΘD/T

0

x4ex

(ex − 1)2
dx, (1.12)

where x = }ω/kBT and }ωD = }ckD = 2πkBΘD, is the Debye energy for which

the characteristic linear dispersion ωD = ckD of the acoustic branch is assumed,

with c the velocity of sound. For the temperature region T . ΘD/50, i.e. at con-

siderably lower temperatures than predicted by Debye approximation, Eq. 1.12

can be reduced to:
CD

R
= 234

(
T

ΘD

)3

. (1.13)

In practice in molecular materials there are significant deviation from the

conventional Debye C ∼ T 3 law. In the temperature range of 0.1 − 20 K the

typical behavior of the lattice contribution is Clatt ∝ T α with α ∼ 2.6−3 and ΘD

values range between 15 and 50 K. These ΘD values are much lower than what is

usually found for insulating solids or intermetallic compounds (ΘD = 150÷600 K

in these cases).

The temperature range of interest in the study of molecular magnets is T .
10 K. In this case, the lattice contribution is mainly due to the acoustic branches,

so to CD, but low energy optical vibration modes may contribute as well. To

estimate CD it is possible to use a phenomenological expression [106]:

CD

R
=

234rT 3

(ΘD + δT 2)3 (1.14)

where the parameter r is fixed by the system taken into account and equal to the

number of atoms per molecule; while ΘD and δ are determined by least square

fitting. This last expression will be used extensively for the analysis of the lattice

contribution of heat capacity in the result chapters.

Magnetic Contribution

The magnetic contribution arises from the eigenstates Ei of the magnetic part of

the Hamiltonian:

Cmag =
∂

∂T
〈Hmag〉. (1.15)
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Figure 1.6: Two-levels Schottky anomaly calculated in the case g0 = g1 = 1 for a fixed magnetic
field. The peak is maximum in correspondence of T ∼ T0/2

Assuming a canonical Boltzmann distribution describing the population of the

electronic levels, in the simplified case of a two-level system, we obtain for the

specific heat the well known Schottky anomaly expression [104]:

CS

R
=

g0

g1

(
T0

T

)2 exp
(

T0

T

)
[
1 + g0

g1
exp

(
T0

T

)]2 (1.16)

where g0 and g1 are the degeneracies of the ground and the first excited state,

respectively, and kBT0 is the energy gap between these states. If g0 = g1 = 1 the

Schottky anomaly has a characteristic maximum at T ∼ T0/2, so the energy gap

kBT0 can be immediately visualized by looking at the temperature at which the

anomaly exhibits its maximum, as visible in Fig. 1.6.

In the case of magnetic systems with many levels Ei the expression 1.16 can

be generalized as:

Cmag

R
= β2

∑
i E

2
i exp (−βEi)

∑
i exp (−βEi)− [

∑
i Ei exp (−βEi)]

2

[
∑

i exp (−βEi)]
(1.17)

where β = 1/kBT . This expression is commonly used to describe the magnetic

contribution in molecular magnets. For instance, if the distribution of the lowest

lying eigenstates is known by diagonalization of the Hamiltonian, Cmag can be
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easily calculated. Alternatively, one may introduce one or a few parameters

describing the magnetic system and fit the specific heat data to fix them.

For molecular spin clusters, Schottky anomalies can be due to energy gaps

between different multiplets (generally tens of Kelvin) or between the levels be-

longing to same multiplets (typically up to few K). The zero field splitting (ZFS)

within the multiplets of the ground state, as example, is manifested by a Schottky

anomaly in zero field curve and, from its fitting, information on the anisotropy

of the molecule can be obtained. Another example is the case of interacting

S = 1/2 molecules (reported in Chapters 6 and 7), here the presence of a Schot-

tky anomaly at zero field is an evidence of inter-clusters coupling and can give

an estimation of its intensity.

1.4.2 AC-DC Magnetometry

The magnetization of a material is defined as the magnetic momentum per unit

of volume. Using statistical mechanics, it is possible to demonstrate that, for a

multilevel system at the thermal equilibrium, the magnetization is given by [60]:

M = kBT
∂lnZ

∂H
(1.18)

with Z the partition function. For a paramagnetic system with total spin mo-

mentum S the partition function is:

Z =
∑S

ms=−S exp(mSgµBH/kBT ),

where µB = 0.671 JT−1 is the Bohr magneton, kB = 1.381 × 10−23 JK−1 the

Boltzmann constant and g is the g-factor. In this case, can be demonstrated that

the magnetization follows the Brillouin function:

M

NAµB

= gS

[
2S + 1

2S
coth

(
2S + 1

2S
x

)
− 1

2S
coth

(
1

2S
x

)]
(1.19)

where

x =
gµBSH

kBT
(1.20)
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The magnetic susceptibility is the response of a material to an applied magnetic

field and is defined as:

χ =
∂M

∂H
= kBT

1

Z

∂Z

∂H
(1.21)

In presence of a gradient of magnetic field, diamagnetic substances are sub-

jected to a force directed opposite to the gradient, while paramagnetic materi-

als are subjected to a force directed like the gradient. Consequently, from the

above expression, the susceptibility for diamagnetic materials is negative, while

for paramagnetic systems is positive. Furthermore, the paramagnetic suscep-

tibility is generally independent of temperature and field, while in the case of

paramagnetic systems using the Brillouin expression 1.19, Eq. 1.21 simplifies to

the Curie law:

χ =
Ng2µ2

B

3kBT
S(S + 1) =

C

T
(1.22)

The χ is field independent as long as one works at small fields and not too low

temperature, where the condition gµBH ¿ kBT is satisfied. It’s very common

to report the product χT to have directly the value of S and g for paramagnetic

materials or conversely to highlight deviations from the paramagnetic constant

value C. In the case of antiferromagnetic spin clusters the dominant con-

tribution of the Hamiltonian, as seen in the previous chapter, is the Heisenberg

term Hex =
∑

i JiSi · Si+1 and, for T above few degrees K, χT can be quantified

with:

χT =
NAg2µ2

B

3kB

∑
i Si(Si + 1)(2Si + 1)eε(Si)/kBT

Z
(1.23)

where the sum is over all the spin-multiplets eigenstates ε(Si) of the Heisenberg

exchange interaction Hex. A well known example is the Bleany-Bowers equation

[108] for two isotropically coupled s = 1/2 spins, like a dimer of Cu2+ for instance,

in this case the eigenstates correspond to total spin states S = 0 and S = 1 [26]

separated by J , thus the magnetic susceptibility reads:

χT =
2NAg2µ2

B

kB(3 + e−J/kBT )
. (1.24)

In this case the only adjustable parameters are J and g.

22



Theoretical Background on solid state
physical properties

An important parameter to calculate the magnetization M(H) is the magnetic

anisotropy that can be associate to the axial zero-field splitting parameter D and

have to be included considering the orientation respect to the magnetic field. A

rather precise estimation of D can be obtained also working on powder samples

by analyzing the field dependence of the magnetization at low temperature.

The measurement of the susceptibility can be performed by using the dc or ac

methods. For the measurement of static magnetic properties they give the same

outcome, namely Eq. 1.21. For time-dependent phenomena, the ac-susceptibility

has the useful feature to allow the measurement of both the real, or in-phase,

component χ′, and the imaginary, or out-of-phase, component χ′′ of the complex

susceptibility,

χ = χ′+ iχ′′. (1.25)

The magnetization resulting from an applied dc-field H0 plus an oscillating

field Hac = heiωt with frequency ω, is given by:

M = M0 + χhei(ωt+φ) (1.26)

where the equilibrium magnetization is indicated by M0 = χH0 and φ is the

dephasing between the excitation and the response of the system. Within the

linear response approximation [109], the approach of the magnetization M(t) to

M0 after a field change is characterized by exponential variation with time:

M = M0(1− e−t/τ ) (1.27)

where τ is the spin-lattice relaxation time.

In the Néel-Brown model, the relaxation time for superparamagnetic particles

with uniaxial anisotropy barrier Ea = KV , being K the anisotropy constant (of

magnetocrystalline or shape origin) and V the volume of the particle, follows the

Arrhenius law:

τ = τ0 exp

(
Ea

kBT

)
(1.28)

that is typical of thermal activated processes. For a superparamagnetic system

the factor τ0 typically ranges between 10−8 and 10−10 s. When the inter-particle

interactions are non-negligible, the Arrhenius law is no longer valid. A phe-

nomenological expression, the so called Vogel-Fulcher law, reads:

τ = τ0 exp

(
Ea

kB(T − T0)

)
(1.29)
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where T0 is a measure of the interaction strength among the nanoparticles.
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Chapter 2

Experimental methods and

theory of measurements

This Chapter is devoted to the experimental tools I have used during my PhD

work to carry out the measurements shown in the next part. The chapter is

organized as follows. In section 2.1 the low temperature set-up is presented, while

sections 2.2, 2.3 and 2.4 concern specific heat, ac-dc magnetometry and the Hall

probe magnetometry, respectively. For each technique, theory of measurements

and experimental details are reported. Finally, section 2.5 is devoted to the

development of a new set-up for Hall probe measurements under radio frequency

(RF) and laser excitation.

2.1 Low temperature set-up

In order to investigate the quantum behavior of molecular spin clusters, all the

measurements are performed at low temperature. The commercial cryogenics sys-

tem I have principally used is the Quantum Design Physical Properties Measure-

ments System (QD-PPMS). Another setup, made by Oxford Instruments (OI),

that I have developed for measurements under radio frequency electromagnetic

excitation, is described in section 2.5.

The QD-PPMS, sketched in Fig. 2.1, is an automated workstation that allows

to perform a variety of experiments requiring fine setting of the thermal control

in the temperature range 1.9−400 K. Using the 3He refrigerator the temperature
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Figure 2.1: Sketch of the Quantum Design PPMS cryogenic dewar with the 7T superconductive
magnet (right) and its controller (left).

Figure 2.2: Sketch of the calorimeter constituted by a platform with a heater and a thermometer.
The sample is supposed to be in excellent thermal contact with the calorimeter; the whole system
is thermalized with the thermal bath via the thermal conductance K1.

available goes down to 0.3 K. A superconducting coil allows to apply a magnetic

field up to ±7 T. All the specific heat, ac susceptibility and magnetization data

presented in the result part were obtained performing the experiments with QD-

PPMS system.

26



Specific heat and calorimetry

2.2 Specific heat and calorimetry

2.2.1 Theory of Measurement

To measure the specific heat it is necessary to read the response of the system

in terms of temperature changes after a controlled quantity of heat has been

supplied. The instrument apt to realize this kind of experiment is the calorimeter,

that essentially is constituted by a platform with an heater to provide the heat

Q(t) and a thermometer to read the temperature T (t). In principle, the simplest

way to perform a specific heat measurement was by decoupling the sample from

the surrounding. This type of experiment is however seriously affected by the

non-perfect adiabatic condition. The wires of the thermometer and of the heater,

as well as the sample holder, are responsible for the thermal leak. To obviate this

problem another method was proposed and developed by Bachmann in 1972 [110],

the relaxation method, where the thermal link of the sample with the thermal bath

is taken into account, as schematized in Fig. 2.2. A heat pulse is sent to the sample

and this results in a sudden temperature increase of the sample. Due to thermal

link with the thermostat the temperature goes back to the equilibrium value. The

relevant quantity is the total heat capacity measured Ctot = C+Cadd, being C the

heat capacity of the sample and Cadd, add stands for addenda, the heat capacity

of the calorimeter. The latter gives a small but finite contribution to Ctot and

its value is given by the sum of the heat capacity of the single components of

the calorimeter, Cadd = Cholder + Cheater + Ctherm, that in first approximation can

be assumed in excellent thermal contact. If the heat pulse gives a temperature

increase which is small compared to the sample temperature, the time dependence

energy balance of the system can thus be written:

∂Q(t)

∂t
= K1(T )(T1 − T0) + Ctot(T )

∂T1(t)

∂(t)
(2.1)

where the term on the left is the rate of heat dissipated by the heater, the first

term on the right is the heat flowing through the thermal conductance K1 from

the system to the thermal bath and the second term on the right is the heat

used for the temperature variation of the system (sample + addenda). T0 is the

fixed temperature of the thermal bath while T1(t) is the actual temperature of

the system (sample + addenda) that is time-dependent. Since K1(T ) and Ctot(T )
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Figure 2.3: Sketch of the calorimeter in more realistic situation where the sample is thermally
linked to the calorimeter via a second thermal conductance K2

are functions of T , the differential equation 2.1 is in general non-linear. It can be

nevertheless linearized assuming that Q(t) is small and it gives limited variations

of T1. In this case K1(T ) and Ctot(T ) can be expanded in power series of T and

limited to the lowest order.

Different solutions of Eq. 2.1 are possible with a convenient choice of the

thermal conductivity K1 and of the time dependence of the heat Q(t) [107]. A

particular solution is obtained when:

∂Q

∂t
= PΘ(t− t0) (2.2)

(step like heat signal starting at t = t0) and K1 is finite. The solution results

therefore:

T1 − T0 =
P

K1(T )
e
− t−t0

τ1 (2.3)

where τ1 = Ctot/K1 is the relaxation time. τ1 can be obtained fitting the expo-

nential relaxation of T1(t) afterwards the pulse Q(t), while K1 can be measured

directly, thus allowing to calculate Ctot.

Organic materials have often a bad thermal conductivity, so the approximation

of Eq. 2.1 is no longer valid. Fig. 2.3 displays a more realistic model of the

calorimeter stage, where a finite K2 is considered, that accounts both the physical
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link between sample and holder block, and the rate of internal equilibrium of the

sample; establishing an internal relaxation time τ2 = C/K2. The Eq. 2.1 should

be extended as [111]:

∂Q

∂t
= Cp

∂T

∂t
+ K2(Tp − T1) + K1(Tp − T0) (2.4)

0 = Cs
∂T1

∂t
+ K2(T1 − Tp) (2.5)

where Cp and Tp are the heat capacity and temperature of the platform. Cs and

T1 are the heat capacity and temperature of the sample. To get the solution

of Eq. 2.5, one may use curve fitting method (CFM). The procedure is rather

complicate, and one can find more detail in reference [112]. In the limit τ1 > τ2,

the temperature rise (or decay) following a heat pulse is essentially given by the

sum of two exponentials, when the constant heating power is on or off:

T = A1 exp (−t/τ1) + A2 exp (−t/τ2) + C (2.6)

The total specific heat can be analytically derived from the fit of the temper-

ature relaxation with good precision, typically 1 or few per cent [112,113]:

Ctot =
P

A1 + A2

(A1τ1 + A2τ2) (2.7)

where P is the constant heating power. The above Eq. 2.7 expresses the two-tau

relaxation method used by QD-PPMS for automatized heat capacity measure-

ments.

2.2.2 Experimental setup

The calorimeter used in QD PPMS is shown in Fig. 2.4: the platform hosts the

resistor-heater, that provides the heat pulse, and the thermometer, which mea-

sures the temperature displacement. In order to reduce the thermal conductivity

toward the thermal bath (the cryostat), the platform is suspended and held by

four thin wires and the sample chamber is evacuated to high vacuum (10−5 mBar).

The sensitivity of the calorimeter is of about 1 nJ K−1 at T = 2 K.

The value of K2 can be maximized by choosing flat samples with large base.

Measurements were performed on powders and single crystals. The former were
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Figure 2.4: (a) The QD-PPMS calorimeter. (b) The calorimeter holder hosts thermometer and
heater. The link to the thermal bath is realized by four wires. The measurement is performed
under high vacuum (10−5 Torr) to limit the conductivity toward the thermal bath.

Figure 2.5: (a) The Quantum Design 3He insert for the QD-PPMS cryostat. (b) Enlargement
of the bottom side.
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pressed (∼ 100 Bar/Φ = 5 mm) to create thin pellets. The sample was glued to

the calorimeter with Apiezon N grease.

The QD-PPMS achieves temperature down 0.3 K utilizing an additional 3He

refrigerator, sketched in Fig. 2.5. The closed-circulation system condenses 3He in

a reservoir linked to the specimen. Down to 0.5 K the reservoir is continuously

refilled, whereas the 3He gas must be completely condensed to achieve 0.3 K, so

the base-line temperature is kept no longer than one hour before re-cycling.

Units. Data acquired by the PPMS calorimeter are given in units of µJ K−1.

To obtain the molar heat capacity and then normalize the data to the molar gas

constant R this simple equation can be used:

C/R = C(µJ K−1)× molar mass(g mol−1)

sample mass(g)
× 10−6

R(J mol−1 K−1)
(2.8)

where R=8.314 J K−1 mol−1.

2.3 QD AC-DC Magnetometer

The magnetization and susceptibility measurements presented in this thesis work

were performed by means of QD-PPMS magnetometer (ACMS), that allows both

ac and dc measurements in the temperature range 1.9 − 400 K. As depicted in

Fig. 2.6, the magnetometer consists in a set of coils inserted in the main dc

superconducting magnet (0− 7 T).

dc-measurements are performed by means of the extraction method [111].

The magnetic field is applied by the dc-superconducting magnet and the sample

is moved by a servo motor through the two detection coils, thus inducing a voltage

signal proportional to the magnetic moment.

ac-susceptibility is measured providing an oscillating excitation field with fre-

quency in the range 1 Hz-10 kHz and typical amplitude 10 Oe. The excitation

field is provided by the ac-drive coil, the change in magnetic flux is detected po-

sitioning the sample into each of the two secondary coils. To reduce the interac-

tion with the environmental materials outside the measurements region (chamber

walls, magnet core etc.), a compensation coil is used to confine the excitation field

within the sample space. The compensation coil is counter wounded outside the
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Figure 2.6: (a) The QD-PPMS ac-dc magnetometer. (b) Section of the bottom part.
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drive coil and supplied with the same ac-current. It thus generates a magnetic

field opposite to the excitation one, which has the effect to downgrade the rank

of the field from dipolar to quadrupolar. Quantum Design ACMS set also em-

ploys special calibration coils to precisely remove phase shifts coming from the

detection apparatus and effectively separate sample signal from instrumentation

effects. The minimum detectable magnetic moment is of about 10−7 emu.

Units. Data measured by the QD-PPMS acquisition software are given in

units of emu, whereas the molar susceptibility χ and magnetization M are usually

expressed as emu mol−1 and µB/f.u. respectively. The necessary transformations

are:

χ(emu mol−1) = χ(emu)× molar mass(g mol−1)

sample mass(g) · excitation field(Oe)
(2.9)

M(DC)(µB/f.u.) = M(emu)× molar mass(g mol−1)

sample mass(g) · µB · NA

(2.10)

where in c.g.s. units µB and NA are defined as 9.274×10−21 erg G−1 and 6.022×
1023 mol−1, respectively. The unit erg G−1 is equivalent to emu.

2.4 Hall micro-probe magnetometry

2.4.1 Working principle: the Hall effect

If a current is flowing through a conductor thin strip and a magnetic field is

applied perpendicular to the current direction, the trajectory of the carriers is

deflected by the Lorentz force. The result is the Hall effect [100, 114], i.e. the

appearance of a difference in the electric potential (known as Hall voltage VH) at

the extremes of the conductor transverse to the current. In a simple Drude model,

in stationary conditions the electrostatic field along ŷ is such that eEy = evxBz,

with the current flowing along x with drift velocity vx (see Fig. 2.7). The Hall

voltage is thus given by

VH = wEy = vxBz =
jxBz

ne
(2.11)
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Figure 2.7: Sketch of the Hall effect in a conductive slab, the current is flowing through the
material strip in the x-direction and a magnetic field B is applied along ẑ. The carries of
charge q and drift velocity v are deflected by the Lorentz force toward the negative y-direction,
generating the electrostatic potential Ey that prevents further accumulation and a potential
VH is found in the direction perpendicular to the current flux.

where w is the width of the conductor, jx the current density along x and n the

charge carriers density. Since j = I/wd (d is the thickness), as final relation we

obtained:

VH = RHIBz (2.12)

having defined the Hall coefficient RH as:

RH =
Ey

jxB
=

1

ned
(2.13)

The Hall voltage VH turns out to be proportional to the magnetic field and the

current, and inversely proportional to the carrier density n of the conductor.

Thus, the Hall effect can be used to determine n and the sign of charge carriers

in a material, that is related to the shape of the Fermi surface in the framework

of electronic band theory.

2.4.2 Hall devices

If RH is known by calibration, the Hall effect can also be used to measure the

magnetic flux density of the field. The simplest geometry to exploit the Hall

effect is a cross with the current channel perpendicular to the voltage channel,

this configuration is also known as the Hall cross. If a magnetic object is placed
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Figure 2.8: Sketch of the Hall probe devices and a typical sample mounting. The sample
is magnetized by the external field Bex and the flux of its stray field, proportional to the
magnetization, is measured by the Hall sensor.

near the active area of the probe, i.e. near the center of the cross where the two

channel intersect, then the Hall signal isproportional to the sum of the external

field Bex and the magnetic stray field coming from the sample and entering in the

active area. Considering the geometry of Fig. 2.8, it can be seen that this field

is related to the magnetization of the sample through geometrical factor. This

constitutes the basis of the Hall probe magnetometry.

It has been calculated [115] that the Hall response is determined simply by

the average of the magnetic field in the intersection between current and voltage

leads, even in the presence of an extremely inhomogeneous field. Thus, Hall

sensors are actually fluxmeters, as the case of SQUIDs magnetometers.

Sensitivity

The magnetic field sensitivity of a Hall sensor (usually indicated with Bmin)

expresses the minimum magnetic field, averaged in the whole active area, that

can be detected. It is defined as the ratio between the Hall signal VH = IRHB

and the electrical noise present in the measurement.

Bmin =

√
V 2

Johnson + IR2
noise

IRH

(2.14)

where the two major contributions to the voltage noise are considered:

• VJohnson =
√

4kBTRsf , where kBT , Rs and f are thermal energy, series

resistance of the device and the measurement bandwidth, respectively, is
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the so called intrinsic or thermal noise and arises from the resistance of the

voltage leads.

• IRnoise, is a resistive noise that manifests itself as telegraph noise in the time

trace of the Hall signal and has a 1/f − like component in the frequency

domains and it is probably due to fluctuations of the total resistance of the

device [116].

As it can be seen in Equation 2.14, the Johnson noise can be suppressed

increasing the value of the driving current I, but, above a certain value, the

resistivity noise becomes the dominant one. In addition, also self heating effects

(I2R) impose constraints on the value of I. It turns out that there is an optimal

value for the driving current (I0, material dependent) that minimize the noise.

Under this condition, Bmin can be related to the physical parameters of the sensor,

solving the equations that govern the behavior of the Hall effect [114, 117]. In

particular [118]

Bmin ∝ 1
√

nµw
√

d
(2.15)

being n and µ the density and mobility of charge carriers and w and d the width

and thickness of the probe. Generally speaking, the field sensitivity increases

with the mobility of the conductors, while it worsens scaling down the size of the

probe. This can be simply understood since smaller probes and material with

low carriers mobility usually have shown high resistance values, thus increasing

the sources of electrical noise.

Commercial high field resolution Hall probes are made of high mobility semi-

conductors. GaAs/AlGaAs has been widely employed for low temperature Hall

magnetometry [119–121] for its extremely high signal to noise ratio. This orig-

inated by the desirable combination of small density n and high mobility µ of

charge carriers. Until the lateral size of the probe is still in the micron range (in

certain cases even hundreds of nm) magnetic signal of the order of 10−6 T can be

easily detected, as reported in [116].
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Figure 2.9: 2DEG structure of the wafers grown by MBE in the TASC laboratory, in Trieste.
Starting from a commercial semi-insulating GaAs substrate, also a thick film of several microns
is epitaxially grown to achieve good structure quality.

Fabrication details

During my thesis work, I produced and used GaAs/AlGaAs heterostructure Hall

devices. The material, with a 2DEG below the surface, was grown by means of

molecular beam epitaxy (MBE) by Dr. G. Biasiol at TASC in Trieste. I then

fabricated the devices by optical lithography at NEST laboratory in Pisa, thank

to a collaboration with Prof. L. Sorba and under the supervision of Dr. D. Ercolani

and Dr. P. Pingue.

Figure 2.9 illustrates the profile of the wafers. At the interface between GaAs

and AlGaAs charge carriers are confined in a sheet of narrow thickness, showing

two-dimensional properties. Above this 2DEG there is an undoped Al0.3Ga0.7As

spacer layer, followed by silicon-doped Al0.3Ga0.7As, that acts as electron donor

for the electron gas. The spacer is needed to reduce impurity scattering and

hence it greatly improves the mobility. At top a GaAs cap is grown to prevent

Al oxidation.

The fabrication procedure of devices is made by two principal steps. The first

one is the photo-lithography and wet etching with H3PO4:H2O2:H2O solution

(in 3:1:50 ratio) to define the Hall bar shape (mesa) in the heterostructures.

A second step of lithography is then employed to put ohmic contacts to allow

electrical connections to the 2DEG. Contact pads are made by evaporation of Ni

(10 nm), GeAu (100 nm) and Au (100 nm) followed by thermal annealing at high
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2. Experimental methods and theory of measurements

Figure 2.10: Optical microscope picture of an Hall device fabricated as explained in the text.
The geometry of the probe allows to measure VH up to five zones at the same time or samples
with maximum length of about 900 µm .

temperature in a controlled nitrogen-washed atmosphere. During annealing Ge

atoms diffuse deep in the wafer creating an ohmic electrical path to the electron

gas. Figure 2.10 shows an optical microscope image of one final device realized,

all the magnetometry measurements reported in the following are performed by

using Hall probe of this type. In each device there is one principal (thicker)

channel for the current and, perpendicular to this, other 5 channels for the voltage

measurement situated at different distance, allowing experiments with sample till

∼900 µm length. The active zones (delimited by the intersection of the I with

V channels) have an area of about 20x80 µm2. Golden contacts have an area of

about 200x200 µm2. The 2DEG is situated at a depth of about 100 nm from the

surface. Charge n=2.2x1011 (dark) and n=5.3x1011 (light); mobility µ=2.7x105

(dark) and µ=8.4x105 (light).

Sample mounting and experimental details

In order to optimize all probe magnetometry technique, some tricky aspects have

to be taken into account, one of this is the sample mounting. Accurately position-

ing the sample in respect to the sensor is crucial indeed, to achieve good signal

38



Hall micro-probe magnetometry

coupling and hence perform sensitive measurements. The stray field originated by

the sample’s magnetization is maximum near the edge, and decrease rapidly with

the distance (1/r3 in the point dipole approximation). Thus the sample must be

placed as close as possible to the probe’s active area. A typical configuration is

seen in Figure 2.8. Standard cryogenic grease (apiezon N) can be employed to

glue the sample on the probe. Then the sample is moved to the desired position,

for example using a thin and soft wire that works like a micro-tip.

Particular care has to be taken to avoid damages to the 2DEG, since it is

quite near the surface: a simple scratch may be enough to irreversibly deteriorate

the probe behavior.

Usually, a chip of sizes ≈2x2 mm2 contains a small number (2-3) of almost

identical Hall probes. The whole chip is glued to the PPMS resistance sample

holder with silver paint, that assures good thermal contact. Shortcuts between

different probes do not occur, since the substrate is made by several hundreds of

microns of insulating GaAs. A Kulicke and Soffa Model 4123 Wedge Bonder [122]

is used to connect contact pads of the 2DEG probe to the ones in the sample

holder. Finally the sample holder is plug to the insert and placed in the PPMS

cryostat to perform measurements.

Hall probes can be mounted on different inserts in the PPMS liquid helium

cryostat: the standard Resistivity sample holder, the Horizontal Rotator probe

or the 3He system, this last with the advantage to achieve temperature down to

0.3 K. The measurements I present in the following are performed using an home-

made insert, realized by Dr. Andrea Candini during is Ph.D. [123,124], compatible

with the QD PPMS system. The improvement respect to the standard QD inserts

is the presence of two coaxial cables for high frequency radiation and an optical

fiber for laser. These allow to carry out Hall-probe magnetization experiments

under external excitation of radio frequency electromagnetic radiation or coherent

visible light.

The insert was designed to have the external field in the same plane of the

sensor, thus in the geometrical configuration showed in Fig. 2.8. In this way

the background signal is minimized (a small perpendicular component of the

external field is always present due to not perfect alignment); in addition, this

configuration avoid the occurrence of quantum effects at low temperature (T <
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2. Experimental methods and theory of measurements

Figure 2.11: Sketch of the sample mounting and contacts configuration. Two active zones are
measured at the same time: one with the sample and an empty one as reference to subtract the
background. The difference of voltage (V+ − V−) for each channel is obtained by a home-made
differential amplifier. Then the resulting signals are subtracted by the lock-in.

10 K) since the effective field sensed by the Hall probe is relatively small.

The Hall voltage is proportional to the magnetic flux density perpendicular

to the probe’s active area. Thus the measured signal is the sum of the stray field

proportional to the sample’s magnetization and the z-component of the external

field. To subtract this background contribution, also an empty reference probe

can be connected and signals of both sensors are measured simultaneously, as

depicted in Fig. 2.11. Since they belong to the same chip the two probes have

very similar parameters and after subtraction only the signal from the sample is

essentially left. Actually a small linear contribution may be still present, due to

inhomogeneity of the charge density in the whole wafer. This is however a small

error, typically of the order of 10−5 Ω/G.

Finally, two important observations about biasing and cooling. Typically,

the optimal value for biasing our probe was around 10µA for 3He temperatures,

while it can be slightly higher (around 20µA) for liquid helium temperatures up

to ≈ 100 K. Currents of the order of tens of µA are expected for probes with

sizes well above the micron scale.

Electron gas is a very sensitive element, and particular precaution have to

be taken to optimize the performances of Hall measurements. Thermal shocks
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Figure 2.12: Schematic diagram of the experimental setup for Hall probe measurements under
microwaves or laser excitation.

can seriously damage the probe; to avoid this problem, Hall devices have to be

cooled and warmed very slowly, i.e. at a rate not higher than 2 − 3 K/min and

with a low value of the bias current (i.e. I0 < 1µA). Exposing the sensor to

visible/infrared light at low temperature can help to recover best performances,

by releasing carriers trapped in defects and impurities. However, very unlikely

a Hall probe can maintain good characteristics after few (4-5) thermal cycles

and/or (2-3) sample mountings and it should be changed.

Measurements under radio frequency absorption

Magnetization measurements under resonant absorption are a great resource to

study quantum effect in molecular clusters, like, for instance, the tunnelling of

magnetization [8] and, more generally, it allows to have information concerning

41



2. Experimental methods and theory of measurements

the dynamics of the studied system using a stationary technique [125–127]. More-

over, with the present setup it remains open the possibility of further improve-

ments of the system also for magnetization dynamics measurement like electron

paramagnetic resonance [128–130].

The experimental configuration used for Hall probe magnetometry under ex-

ternal electromagnetic excitation is schematized in the diagram of Fig. 2.12. The

sample is mounted, as described in the previous section, on the insert and located

inside the QD-PPMS dewar, that controls both the temperature and the mag-

netic field. The probe is biased with an ac-signal coming from a voltage source

with a high resistance in series, to assure good stability. Frequency of the signal

is around 1 kHz and the amplitude is set to obtain I0 ∼ 10µA.

On the insert head, a home-made differential pre-amplifier is placed to amplify

the Hall signal with a gain equal to 100, and performing subtraction between the

two voltage leads. The system is built to measure up to four channels simul-

taneously. Two channels are connected as shown in Fig. 2.11; in this way, by

subtraction of the two signals, contribution coming from the sample is enhanced,

while background is minimized. These signals are then sent to a phase-locked

system (Stanford Research Systems SR830 Lock In Amplifier), triggered with the

voltage source, that also performs the final subtraction.

The external electromagnetic excitation is provided by Anritzu MG3692B

signal generator, with frequency up to 20 GHz and power up to 20 dBm. The

signal is transmitted through a coaxial cable that terminates straight directly to

the sample position. This cable is a very thin (0.5 mm shield diameter) LakeShore

CC-SR-10; furthermore, both the inner and outer conductors are made of stainless

steel. This makes it ideal for low-temperature applications, however electrical

losses are considerable, especially at frequency above few GHz.

Thank to the the presence of an optical fiber on the insert, also laser light can

be transmitted to the sample and with the same setup for RF (see Fig. 2.12) is

possible to perform Hall probe magnetometry under laser excitation. We have at

our disposal two Omicron solid state laser in the visible light, respectively of 635

and 375 nm wave length.

Data acquisition is made by a labview program, that collects the VH signal

emerging from the Lock-in (interfaced via a GPIB with the computer) and the
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Figure 2.13: Magnetization hysteresis loop of Mn12 crystals measured at with Hall probe devices
at T = 2.2 (blue) and 3 K (red). The curves are normalized to the value of saturation MS .

magnetic field produced by the QD-PPMS, communicating via an analogical out-

put channel.

Test measurements

To test the system I choose the well known single molecule magnet Mn12−acetate

[6, 7, 9]. This molecule is very suitable to check micro-Hall devices [131], indeed

having high spin S = 10, we expect a strong magnetic signal. A ∼ 100 µm-sized

single crystal of Mn12 (synthesized by the group of Prof. A. Caneschi, Firenze)

was glued on the top of a probe, orienting its long side (that corresponded to the

easy axis of magnetization of the Mn12-ac molecule) along the direction of the

magnetic field and aligning its short side to the edge of the active area.

Figure 2.13 shows the magnetization hysteresis loop measured with Hall probe,

without irradiating, at the temperatures of 2.2 and 3 K. The data are obtained

subtracting a linear residual contribution of the devices with slope 0.14 mV/T,

while the data are of the order of few mV, and normalizing to the saturation

value MS. The signal is very clean and the typical steps related to the quantum

tunneling of magnetization [8, 11, 12] are clearly visible. The width of the hys-
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Figure 2.14: (Upper panel) Magnetization for Mn12 crystals at T = 2.2 K before irradiating
(black) and while irradiating with continuum pulse of 0.7 (red), 1.3 (green) and 6 GHz (blue).
(Lower panel) Derivative respect to the field of curves reported in the upper panel to enlighten
the shift of the transition fields. For clarity only the data referring to decreasing field are
reported.
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teresis loops and the saturation magnetic field are in agreement with the values

expected from literature.

In the upper panel of Fig. 2.14 the magnetization curves at T = 2 K for

Mn12−ac while exciting the crystal with different frequencies, respectively of 0.7,

1.3 and 6 GHz are reported and compared with the curve without irradiation

(black). As effect of irradiation, a shift is visible in the tunneling fields corre-

sponding to the steps. This shift is enlightened by the derivative respect to the

field, reported in the lower panel of Fig. 2.14. These results are similar to those

reported in Ref. [132].

Concluding, the setup is working and can measure with good sensitivity mag-

netization of single crystals also under resonant absorption of radio frequency.

To investigate a large class of molecular systems we need to extend the temper-

ature range below 2.2 K, that is the limit of this setup. Indeed for an important

part of molecular cluster at 2.2 K also the excited states are already populated

and quantum phenomena like spin transition result hidden. In the next section I

present a new setup that can achieve lower temperatures.

2.5 Development of the new setup

During the last year I have invested a part of the my Ph.D. activity in the

installation of the new experimental equipment from Oxford Instrument (OI).

Differently from QD, described in section 2.1, the OI system is not completely

automated and the experiments should be realized and mounted by the users.

The presence of the coaxial cables allows to excite the sample by means of radio

frequency radiation (20 GHz∼1K, typical gap between energy level in molecular

spin rings). The presence of the triaxial magnet allows to change the orientation

of the field respectively to the sample without moving this last one.

I was directly involved in the arrangement, in the assemblage and in the

tests of the new instruments and in the realization of the setup for Hall probes

magnetometry experiments. Specifically, I have designed and realized the sample

holder and the electrical connections. Moreover, I have taken care of choice of the

type of coaxial cables to run experiments with microwaves resonant absorption.

Referring to Fig. 2.15, the OI system is essentially constituted by a liquid
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2. Experimental methods and theory of measurements

Figure 2.15: Oxford Instrument cryogenic setup: a) dewar with the triaxial magnet (9,1,1) T
inside; b) 3He cryostat Heliox-VL; c) magnets and 3He needle-valve controllers.

helium dewar with a triaxial (9, 1, 1) T magnet, a 3He cryostat Heliox-VL with

mounted microwave frequency coaxial cables, and the electronic controllers [133].

Heliox-VL

Heliox-VL is 3He refrigerator insert that works mounted in a bath of liquid helium

(4He) in a suitable cryostat. Figure 2.16 illustrates the structure and the principal

parts of Heliox-VL. At the top two experimental ports give line-of-sight access

through the insert from room temperature to the sample space. Just below, it

is situated a tank of about 2.5 liters with the charge of 3He gas at a pressure

of ≈ 2 bar. At the end of the sliding seal starts the Inner Vacuum Chamber

(IVC), sealed by a greased cone seal, where the elements crucial for the cooling

of the system are placed: the sorption pump, the 1 K plate and the 3He pot (see

Fig. 2.17(a)). The sample within the experiment is mounted on the base of the
3He pot (see Fig. 2.17(b)).

The 3He gas is free to circulate in the closed 3He line that crosses the whole
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Figure 2.16: Sketch of the 3He refrigerator Heliox-VL from Oxford Instruments. The principal
parts are labelled.
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insert, from the tank to the pot. In a separate line the liquid helium caught from

the dewar can circulate. This line starts from the head probe, where a pump is

mounted, crosses the sliding seal and IVC, where twists the 1 K plate and the

sorption pump and terminates with a capillary external to the IVC. A needle valve

(NV) regulates the opening of the capillary and thus the circulating quantity of

liquid helium.

When the sample has been mounted and the IVC is fitted, the sample chamber

is evacuated to a rough vacuum below 0.5 mbar (a rotary pump is sufficient) and a

small amount of exchange gas, about 10 cm3, is added to help the thermalization.

This gas will be automatically absorbed by the Carbon sorption pump when the

temperature goes below 30 K. At the same time, the 4He line should be flushed

(with NV completely open) and pumped (with NV closed) with helium gas few

times. Finally, flushing with NV slightly open (about 20%) the insert is ready to

be immersed in the liquid helium to initially cool the system.

Heliox-VL allows a temperature range from the base temperature (∼ 250 mK)

to room temperature, using two separate modes of operation. Briefly, for tem-

peratures above 1 K, the 3He pot is warmed directly by means of a heater and

monitoring the temperature by a Cernox sensor. Conversely, below the 1 K plate

temperature the refrigerator runs as a sorption pumped 3He insert. Initially the
3He sorb is maintained warm (approximately at 30 K) and 3He gas is free to

condense in the 1 K plate region and runs down to cool the 3He pot and sample.

The condensation takes about 20 minutes. After that, the heater on the sorb is

switched off and the sorb, while cooling, starts pumping the 3He gas. Reducing

the vapor pressure above the liquid 3He the temperature drops down to the base

temperature.

The temperatures of 1 K and 3He are controlled by an Oxford Instruments

Intelligent Temperature Controller ITC503 (Fig. 2.15(c)). Further experimental

details are available in Ref. [133].

The magnet

The magnet is placed at the base of the liquid helium dewar (Fig. 2.15(a)) and

consists of three coaxial solenoids wound using multi-filamentary superconduct-

ing wire and disposed in way to have three magnetic fields along the orthogonal
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directions x, y and z. These are controlled by three separate Intelligent Su-

perconducting Magnet Power Supply (IPS-120-10), represented in Fig. 2.15(c).

Switching on separately the superconducting magnets, the maximum magnetic

field is 9 T along z and 1 T along x and y. Conversely, if the partial fields are

switched at the same time, the total field can stay inside a cone generated by a

vector with 9 T amplitude precessing around the z axis with an angle of 2◦; or

in a sphere with center in the origin and 1 T radius. After the first cooling, the

maximum sweep rate for each solenoid is 1 T/min.

Mounting the experiment

For the Hall probe magnetometry, I have realized a removable sample holder in

copper that is screwed to the copper rod supplied by OI and mounted at the base

of 3He pot (see Fig. 2.17(b)). The material of copper was chosen for its good

thermal conductivity, indeed, to cool efficiently, it is crucial to have the sample

well thermally anchored to 3He pot.

The sample holder’s geometry was designed to allow the use of the commercial

QD 3He puck for resistivity. This indeed has 8 golden pressure connectors spaced

equally to the 8 QD puck pins, soldered via the two component Stycast 2850

FT by Emerson & Cuming with high thermal conductivity. In this way the Hall

probes and the sample can be firstly mounted and bonded on the QD puck, as

usual, and successively the QD puck can be fitted on the sample holder connected

to the insert. Exploiting the 8 connections is possible to bond at the same time

two simple Hall cross or up to three active zones for the same Hall probe.

On the back of the sample holder an hollow houses a 4-wires Ge thermometer

to control the sample temperature. To have a good thermal contact the ther-

mometer is fixed using apiezon N grease. In Fig. 2.18 the calibration of the

thermometer obtained using the 3He QD resistivity option is reported. In the

upper panel is shown the resistivity of the thermometer versus temperature with

zero field; while in the lower panel the magnetoresistence of the thermometer

with the field for few temperatures is plotted.

Electrical connections are assured by 4 wires for the thermometer plus other

8 twisted cryogenic wires (Lake Shore WQT-36-25) for the Hall probe (soldered

to the 8 golden connectors of the sample holder). These wires are soldered to a
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Figure 2.17: Picture of the open IVC a) between the 1 K plate and the 3He Pot and b) at the
sample holder extremity with the Hall probes and samples mounted. The principal elements
are indicated.
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12 pins Microdot MCE golden connector thus constituting a first removable part

(see Fig. 2.17(b)). From the MCE connector another stretch of 12 twisted wires

passes through the cavity of the copper rod and finish to a 25-chinch connector

provided by OI and situated on the top of the 3He pot, this is the second and last

removable part. Finally, from the chinch the wires arrived to a 24-way Fischer

connector on the head of the insert.

In one line of sight port are mounted two Micro-Coax UT-85B-SS coaxial

cables (at 20 GHz 6.94 dB/m insertion loss and 21.3 W power) that arrive just

above the 3He pot, terminating with SMA connectors adapted at 50 Ω. To these,

other thinner coaxial cables Micro-Coax UT-34-SS-SS, with a lower heat power (at

20 GHz 7.52 dB/m insertion loss and 1.1 W power), can be screwed via the SMA

connectors and transmit the electromagnetic excitation to the sample position.

Moreover 4 standard flexible cables for high frequency are available.

The scheme of experimental setup is similar to those represented in Fig. 2.12

but with the OI system in the place of QD-PPMS. Data acquisition is made by

the default labview program supplied by Oxford Instruments, and adapted for

our setup.

Figure 2.19 presents preliminary results of Hall magnetometry performed with

the new setup. The measurements were performed on Cr8Cd single crystal at

temperature T ∼ 0.5 K and with the field along z. The signal is very clean and

the steps expect from literature [134] are clearly visible. This demonstrates the

operativity of Hall probe magnetometry with our new setup.
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Figure 2.19: Preliminary results of Hall magnetometry with Oxford Instrument setup on Cr8Cd
single crystal at T = 0.5 K.
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Chapter 3

Closed spin rings: CrxCu2 family.

Here a family of novel ring shaped molecular magnets CrxCu2 is considered.

These molecules are real systems of finite spin chains with two ’extra-spins’;

they are indeed constituted by two identical antiferromagnetic chromium chains,

of variable length, connected by two copper ions. The magnetic properties of

these molecules are extensively investigated by susceptibility, magnetization and

heat capacity experiments to characterize the systems and to find the effects

of topology on the spin ground state. For the most ’manageable’ molecules an

effective model is proposed in order to quantify the microscopic parameters and

to obtain the low-lying energy level pattern. Finally, an alternative model by

spin-Hamiltonian diagonalization approach is reported for the smallest system.

The chapter is organized as follows. Firstly, in section 3.1 the structures and

the chemical synthesis details for the various derivatives, produced by Dr. G. Timco

within the group of Prof. R. E. P. Winpenny, are presented. In the successive

3.2 section I report the magnetic characterization by thermodynamic properties

experiments performed at the Low Temperature Lab in Modena together with

Dr. Alberto Ghirri. Lastly, in the subsection 3.2.1, the theoretical effective model

and the spin-Hamiltonian one, made by Dr. Alberto Bianchi in Parma, are re-

ported.
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Figure 3.1: Crystallographic structure of (a) Cr8Cu2, (b) Cr10Cu2, (c) Cr12Cu2 and (d) Cr14Cu4

collected by X-ray diffraction. Colors: Cr: green, Cu: orange, F: yellow, O: red, C: black, N:
blue. Hydrogen atoms and terminal Carbons in the pivalates groups are omitted for clarity.
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3.1 Structures and synthesis details

The family investigated, namely CrxCu2, is formed by four molecular rings each

constituted by two twin chromium Cr3+ (s = 3/2) chains -of variable length-

linked by two copper Cu2+ (s = 1/2) ions. Their chemical formulas are:

[HBz]2[Cr8Cu2F14(O2CCMe3)16(Bz)2], (Cr8Cu2 in short),

[(C8H17)2NH2]2[Cr10Cu2F14(O2CCMe3)22], (Cr10Cu2 in short),

[(Me2CH)2NH(C2H5)]2[Cr12Cu2F16(O2CCMe3)26], (Cr12Cu2 in short),

and

[CuC8H20N4]2[Cr14Cu2F22(O2CCMe3)28], (Cr14Cu2Cu2 in short),

The derivatives were prepared by Dr. G. Timco within the group of Prof. R. E. P.

Winpenny, at School of Chemistry in Manchester. The chemical synthesis of

Cr8Cu2 is described in Ref. [135] (compound 5).

Cr10Cu2 was obtained similarly to compound 1c in Ref. [135], by using the

dioctylamine instead of the diethylamine. X-ray quality crystals were obtained

by crystallization of the compound from a Et2O/acetone mixture. The yield is

27%, the elemental analysis calculated(%) for C142H270Cr10Cu2F14N2O44 is: Cr

14.35, Cu 3.51, C 47.08, H 7.51, N 0.77; while was found: Cr 14.69, Cu 3.50, C

46.81, H 7.72, N 0.74.

The molecule Cr12Cu2 was obtained similarly to compound 2 in Ref. [135],

by using the N,N-Diisopropylethylamine instead of the Diisopropylamine and the

heating was at 140◦C for 8h. X-ray quality crystals were obtained by crystalliza-

tion of the compound from toluene. In this case the yield is 30%, the elemental

analysis calculated(%) for C146H274Cr12Cu2F16N2O52 reads: Cr 15.82, Cu 3.22, C
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44.45, H 7.00, N 0.71; while was measured: Cr 15.72, Cu 3.23, C 44.55, H 7.07,

N 0.69.

Finally, Cr14Cu2Cu2 was obtained similarly to compound 2 reported in Ref. [136],

by using the copper carbonate instead of the nickel carbonate and the recrystal-

lization was from hot acetone. The yield is 0.3%, the calculated elemental analysis

(%) for C156H292Cr14Cu4F22N8O56 reports: Cr 15.91, Cu 5.55, C 40.94, H 6.43,

N 2.45; experimentally was found: Cr 15.37, Cu 5.26, C 39.97, H 6.68, N 2.33.

Figure 3.1 shows the crystallographic structures of the CrxCu2 systems, re-

solved by Dr. R. Pritchard and Dr. R. Hayes in Manchester. In Cr8Cu2 each

Cu–Cr edge is bridged by a fluoride and a pivalate, moreover each Cr adjacent to

the copper sites have terminal fluorides attached to them. In all the other cases

(Cr10Cu2, Cr12Cu2, Cr14Cu2Cu2) the copper centers are bridged to two adjacent

chromium ions differently: to one through one fluoride and two pivalates, and

to the second through only one fluoride and one pivalate. Moreover, in the case

of Cr14Cu2Cu2 two extra copper ions are weakly anchored by cyclen group. The

Cr–Cr edges are bridged by one fluoride and two carboxylates in Cr8Cu2, and

by one fluoride and two pivalates in all the other derivatives. As result in all

the systems antiferromagnetic exchange coupling between neighboring chromium

spin centers is achieved. Concluding, Cr8Cu2, Cr10Cu2, Cr12Cu2 and Cr14Cu2Cu2

can be regarded as couples antiferromagnetic chains, of four, five, six and seven

chromium ions respectively, connected to two copper ions at the edges.

3.2 Magnetic characterization

Figure 3.2 shows the ac susceptibility for all the CrxCu2 derivatives. The curves

rise with the temperature and are progressively higher with the increasing dimen-

sion of the ring, i. e. the χT curve of Cr10Cu2 is above that of Cr8Cu2 and so on;

as expected for increasing number of paramagnetic non interacting spins. At low

temperature the susceptibilities for Cr8Cu2 (taken from Ref. [135]) and Cr12Cu2

converge to the same value, explicitly 1 emu K mol−1 (dashed line), as expected

for a S0 = 1 ground state. In the case of Cr10Cu2, the susceptibility at low T

goes toward zero consistently with a S0 = 0 ground state, as predicted by theo-

retical calculation at very low temperature reported in Ref. [137]. Finally, χT for
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Figure 3.2: ac susceptibility product χT vs T measured for Cr8Cu2 (black) [135], Cr10Cu2

(red), Cr12Cu2 (blue) and Cr14Cu2Cu2 (green). At low temperature Cr8Cu2 and Cr12Cu2 tend
to saturate to the value 1 emu K mol−1 (dashed line), as expected for a S = 1 spin. Black solid
line is the result of spin-Hamiltonian calculations for Cr8Cu2, as described in the text.
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Figure 3.3: Magnetization measured at T = 2.2 K for Cr8Cu2 (black) [135], Cr10Cu2 (red),
Cr12Cu2 (blue) and Cr14Cu2Cu2 (green). The lines are guidelines for the eyes.

Cr14Cu2Cu2 is ∼ 2.30 emu K mol−1 at 2.2 K, but it does not saturate, indicating

that at this temperature the low-lying excited states are already populated.

These results are supported by the dc magnetization measurements, plotted

in Fig. 3.3 for all the derivatives at T = 2.2 K. In the case of Cr8Cu2 [135]

indeed, M(H) tends to saturate at the value of 2 µB (dashed line) pointing to

S0 = 1 state, despite at the highest fields the curve is still growing and 2 µB is

surmounted. This indicates that for fields above ∼ 6 T the gap between excited

and ground states is reduced and comparable to the experimental temperature,

consequently excited states are contributing to the magnetization. This behavior

is more accentuated in Cr12Cu2 where a clear change of M(H) is visible with a flex

at about 5 T. We can deduce that in this case the excited states are closer to the

ground one than in Cr8Cu2. For Cr10Cu2 and Cr14Cu2Cu2, finally, magnetization

curves continuously increase with field, confirming the susceptibility result that

low-lying excited levels are already populated at 2.2 K.

The temperature dependence of the specific heat, C(T ), for different ap-

plied magnetic fields between 0 and 7 T is shown in Fig. 3.4 for the various

compounds of CrxCu2 family. The curves are normalized to the gas constant
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Figure 3.4: Specific heat C(H, T )-vs-T measured for a) Cr8Cu2, b) Cr10Cu2, c) Cr12Cu2 and
d) Cr14Cu4 powder sample at different fixed applied field H. For Cr8Cu2 and Cr12Cu2 results
of calculations (solid lines), explained in the text, and magnetic and lattice partial contribution
to the specific heat with zero applied field (dotted and dashed dotted lines) are also reported.
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3. Closed spin rings: CrxCu2 family.

R = 8.314 J/mol K. As common characteristic, data obtained at different mag-

netic fields overlap almost to each other at temperature . 5 K. This is due to

similar lattice contribution that overwhelms the magnetic term. Conversely, for

lower temperature the features of magnetic specific heat become visible, enlighten-

ing the differences between the systems. As previously observed in susceptibility

and magnetization measurements, also in the specific heat a defined separation

between the behavior of Cr8Cu2 and Cr12Cu2 (having even number of Cr ions in

each chain) from one side, and Cr10Cu2 and Cr14Cu2Cu2 (with odd number of Cr

centers) from the other, is evident. For the former compounds the specific heat

at H = 0 shows two Schottky anomalies that can be attributed to the zero-field

splitting of the ground state multiplet (energy gap ∆zfs <1 K) and to the energy

gap between the ground and the exited states (∆ '10 K). Conversely for Cr10Cu2

and Cr14Cu2Cu2 these two Schottky anomalies are peaked at higher temperatures

and are due to the contribution of excited states, thus to be analyzed knowing the

eigenstates of the Hamiltonian. The latter is quite hard to diagonalize, cause the

large number of magnetic centers (a theoretical study of Cr10Cu2 is reported in

Ref. [137], where quantum Monte Carlo method is used to bypass this problem).

In the next section I focus on Cr8Cu2 and Cr12Cu2 to obtain more quantitative

information comparing the specific heat data with theoretical expressions for

lattice and magnetic contributions.

3.2.1 Theoretical Models

As first step, for both Cr8Cu2 and Cr12Cu2 rings I considered an effective model

taking into account only the three expected lowest-lying multiplets S = 1, S = 0

and S = 2 and by using as expression for the energy levels:

εj(H) = ε(Si) + D

(
M2

j −
1

3
Si(Si + 1)

)
+ gµBMjH (3.1)

where at the eigenvalues ε(Si) of the Heisenberg exchange hamiltonian, in order,

the effect of the axial crystal field anisotropy and the Zeeman effect due to external

magnetic field H are summed. Furthermore, in order to better reproduce the

behavior of the zero-field data, for the ground state also the rhombic splitting, due

to the slightly squeezed shape of the wheels (see Fig. 3.1), was taken into account.
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Table 3.1: Fit parameters.

r ΘD(K) δ(K−1) D/kB(K) E/kB(K)

Cr8Cu2 376 138 0.5 -0.36±0.07 0.17±0.03

Cr12Cu2 504 136 0.55 -0.9±0.2 0.20±0.07

The analytical expressions for the exact eigenvalues of the multiplet S0 = 1,

in function of D and E, axial and rhombic anisotropy constants, reported by

Boc̃a [138], then result: (ε0, ε1, ε2) = (+D/3+(E2+(gµBH)2)1/2,−2D/3, +D/3−
(E2 + (gµBH)2)1/2) for M(S0) = −1, 0, +1 respectively. The fitting curves are

displayed by the solid lines in Figs. 3.4(a) and (c). The best fit is obtained

by using the set of parameters reported in Table 3.1, in both cases g = 2 was

used. The lattice parameters ΘD and δ are obtained by least-square fitting of the

specific heat in the temperature range 5− 15 K, while r is the number of atoms

per unit cell, known by the structure formula. The other parameters are obtained

in order to have a good accordance between theoretical curves and experimental

data for all magnetic fields. The patterns of the resulting low-lying energy levels

are reported in Fig. 3.5. As expected from magnetization results, the excite

multiplet S = 2 for Cr12Cu2 is few K closer to the ground state S0 = 1 than for

Cr8Cu2 molecule.

For Cr8Cu2 system the exact diagonalization of the spin-Hamiltonian has

been performed by Dr. A. Bianchi in Parma. To obtain the S0 = 1 ground state,

corresponding to a ferromagnetic alignment of the two Cu ions, as illustrated in

Fig.3.6(a), it is necessary to assume three different values of exchange constants:

one for the antiferromagnetic interaction between adjacent Cr, JCr−Cr, one for

antiferromagnetic coupling between the Cu and one adjacent Cr, J
(1)
Cr−Cu, and

finally one for ferromagnetic interaction between Cu and the other adjacent Cr,

J
(2)
Cr−Cu. These parameters were already used in Refs. [135,137] for the description

of Cr8Cu2 and Cr10Cu2, respectively, but the values were found by fitting only the

susceptibility and magnetization, thus having poor information on the anisotropy

that can be refined by using also heat capacity measurements. The system can
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Table 3.1 for (a) Cr8Cu2 and (b) Cr12Cu2.
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Figure 3.6: a) Sketch of the interaction between the magnetic centers and spin arrangement
in Cr8Cu2 needed to explain the S0 = 1 ground state. b) Energy spectrum of Cr8Cu2 versus
total spin quantum number S obtained through the diagonalization of only the Heisenberg
spin-Hamiltonian and taking into account three different exchange constants, whose values are
reported (Dr. A. Bianchi). The blue line delimited the states considered for the theoretical
calculations.
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be described by the spin Hamiltonian:

H = Hex +Han +HZeeman (3.2)

=
10∑
i=1

Jisi · si+1

+
∑
i,j

Jan−ax (2Sz,i · Sz,j − Sx,i · Sx,j − Sy,i · Sy,j)

+ µBg

10∑
i=1

H · si

where the first term on the right side is the isotropic Heisenberg coupling, the

second accounts for the anisotropic exchange interaction between Cr and Cu ions,

and the last is the Zeeman interaction with external magnetic field. As first step

of analysis, only the Heisenberg part of the Hamiltonian was diagonalized by

using as exchange values those found in Ref. [135] for Cr8Cu2: JCr−Cr=15.1 K,

J
(1)
Cr−Cu = 55.5 K and J

(2)
Cr−Cu = −10.1 K. The result is illustrated in the energy

spectrum versus total quantum spin S in Fig. 3.6(b), where the rotational Landé

band is clearly visible. Successively, also the anisotropic interaction and Zeeman
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terms were included in the diagonalization. Since the temperature is very low,

only the multiplets delimited by the blue line in Fig. 3.6(b) were considered in

the calculation. Fitting the heat capacity, see solid lines in Fig. 3.7, the best pa-

rameter values for the isotropic exchange constants and the anisotropic one were

found, giving: JCr−Cr=14.6 K, J
(1)
Cr−Cu = 53.8 K, J

(2)
Cr−Cu = −9.8 K and Jan.ax=-

1.2 K. With these values also the susceptibility was successfully reproduced (solid

line in Fig. 3.2).
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3. Closed spin rings: CrxCu2 family.

Discussion

In this chapter the magnetic properties of CrxCu2 were investigated by suscepti-

bility, magnetization and heat capacity measurements. From all the experiments

emerged a clear-cut separation between Cr8Cu2 and Cr12Cu2, with S0 = 1 ground

state, from one side and Cr10Cu2 (S0 = 0)and Cr14Cu2Cu2 (S0 still not clear) from

the other. The latter have antiferromagnetic Cr chains with an even number of

chromium centers, meaning that only the copper ions (s = 1/2) contribute to

the total spin, therefore, from the value of the ground state, we can suppose

that their spins are arranged in parallel. Conversely, in the cases of Cr10Cu2 and

Cr14Cu2Cu2, that have an odd number of chromium ions in the chains, also the

chromium spins contribute to the total spin S of the molecules. In conclusion, the

magnetic characterization of the CrxCu2 systems has evidenced the dependence

of the ground state by the topology of the chromium chains.

For the ’even-chromium-chain’ molecules the axial and rhombic anisotropy

were estimated by means of an effective model through the analysis of the zero-

field-splitting in the specific heat. Moreover, complementary information on the

three exchange constants J between the metal centers was obtained by means of

spin-Hamiltonian diagonalization approach for the smaller Cr8Cu2.

The chemical bridging between the magnetic center is very similar for all the

derivatives. This allows to extend the anisotropy and exchange constants param-

eters found for the simplest system Cr8Cu2 to the others that are more complex

to characterize, since the huge increasing of the dimension of matrix to diagonal-

ize. In particular this can be very helpful in the case of the biggest derivative,

Cr14Cu2Cu2. This is potentially the most interesting among the CrxCu2 family

for further investigation for quantum communication exploitation, thank to the

presence of the two extra-copper ions, external to the rings and thus more weakly

coupled with respect to the chains. More specifically, further experiments by

means of chemical selectivity technique, like X-ray spectroscopy, can be thought

to probe locally the magnetization at the Cu edges and to investigate how the

state of one Cu changes when perturbing the other, communicating via the chro-

mium chains. Of course, the realization of such kind of experiment can not be

immediate at the state of art. Demanding capabilities are necessary like the abil-

ity to initialize the system, to modify the state of the first spin in a timescale that
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is short as compared to the coupling between first spin and the rest of the chain

(not to perturb the rest of the system) and finally to read out the information

on the second spin, locally, but also time resolved to probe the coherent dynam-

ics. However, the characterization here reported identifies Cr14Cu2Cu2 as suitable

system, moreover it provides the limits requested by a possible experiment. As

example, in this case, since at 2 K temperature excited states are already pop-

ulated, for the initialization temperatures lower than 2 K are needed. For what

concerns the operation time to excite the Cu ion, an upper limit is given by the

biggest J exchange constant between the spins of the chain: 9.8 K corresponding

to ∼ 10 ps, if assumed equal to that of Cr8Cu2.
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Chapter 4

Open spin rings: Cr6InNi and

Cr7InNi

In this Chapter, the characterization of two heterometallic molecular derivatives,

namely, Cr6InNi and Cr7InNi, which are odd- and even-membered spin cyclic

systems magnetically broken by In3+ (s = 0) ion, is reported. Analysis of low-

temperature specific heat, susceptibility, and magnetization allows to determine

the microscopic parameters of the spin Hamiltonian and the pattern of the spin

excitations. It turns out that exchange coupling and anisotropy constants in

Cr6InNi and Cr7InNi are quite close to those in the parent Cr7Ni-piv ring.

Based on these grounds, x-ray magnetic circular dichroism (XMCD) mea-

surements were performed to separately investigate local symmetries, electronic

configuration, orbital, and spin magnetic moments of the magnetic ions [139–142].

As result, it is shown how the spin of Ni2+ can be used as a marker to probe the

local magnetization of spin segments by directly comparing the sign and the in-

tensity of the dichroic signal measured in the three derivatives. This will allow,

for instance, to test effects at the edges and eventually to read out information

in specific positions of the spin segment.

The chapter is organized as follows: in 4.1, the chemical synthesis and struc-

tural characterization of the derivatives are reported, afterwards 4.2 is devoted

to the analysis of susceptibility, magnetization and specific heat measurements;

while in Appendix A.1 spectroscopic data and their analysis are reported. This

work is interdisciplinary and realized by the collaboration of chemists and exper-
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4. Open spin rings: Cr6InNi and Cr7InNi

Figure 4.1: X-ray diffraction structures of a) Cr6InNi and b) Cr7InNi. Colors: Cr, green; Ni,
light blue; In, gray, F, yellow; O, red; C, black; N, blue. Hydrogens are omitted for simplicity.

imental and theoretical physicists. In this framework, I dealt in the experimental

characterization by low temperature specific heat together with Dr. A. Ghirri,

while the susceptibility and magnetization were performed by Dr. Floriana Tuna

at the Lewis Magnetism Laboratory in Manchester. The samples were synthesized

by Dr. Gregory Timco within the group of Prof. Richard P. Winpenny at School

of Chemistry in Manchester. The X-ray absorption spectroscopy experiments

were carried out by Dr. Valdis Corradini, Dr. Roberto Biagi and Prof. Umberto

del Pennino at the ID8 beamline of the European Synchrotron Radiation Facility

(ESRF) in Grenoble. Finally, the theoretical calculations were done by Dr. Ste-

fano Carretta, Dr. Paolo Santini and Prof. Giuseppe Amoretti at University of

Parma.

4.1 Synthesis and structural characterization

The two compounds presented in this chapter and named in short Cr6InNi and

Cr7InNi have, respectively, the chemical formulas:

[H2NR2][Cr6InNiF8(O2CCMe3)16],

with R=C3H7, and

[H2NR2][Cr7InNiF9(O2CCMe3)18],
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with R=isC3H7. The samples were prepared by Dr. Grigore Timco and Prof.

Richard Winpenny at School of Chemistry, University of Manchester. Full details

of the synthesis are reported in Refs. [98,143], while the crystallographic data for

the structures -excluding structure factors- have been deposited with the Cam-

bridge Crystallographic Data Centre as supplementary Publication Nos. CCDC

-705752 and -705753.

Crystallographic structures of Cr6InNi and Cr7InNi are shown in Fig. 4.1.

Metals are placed at the vertex sites of regular octagon and nonagon, having a

side length of 3.4 Å. Their chemical bridging occurs by means of one fluoride

bridge and two 1,3-bridging pivalates either for Cr6InNi or for Cr7InNi. The

local symmetry of each chromium, indium, or nickel is represented by an octa-

hedron with six apical atoms: four O and two F atoms, equidistant from the

metal ion (1.97±0.03 Å), which lies in a slightly distorted octahedral (Oh) en-

vironment. Due to the incomplete equivalence between F and O, the symmetry

of the coordination around each ion is formally C2. However, the very similar

bond lengths and angles around the magnetic ion leads to an almost perfect

equivalence between F and O, which allows the assumption of a nearly pure Oh

symmetry even for what concerns the charge and spin densities as evidenced by

density-functional theory calculations [144]. The similarity in the metal-F-metal

and O-C-O angles, which, respectively, range between 124◦-126◦ and 120◦-123◦

for Cr6InNi and between 124◦-130◦ and 118◦-123◦ for Cr7InNi, indicates compa-

rable nearest-neighbor exchange coupling in both clusters. Due to the synthetic

procedure that has been followed which introduces Ni2+ and In3+ in the same

starting compound, their positions will be one after the other in the final cyclic

structure and this implies that s(Ni2+)=1 is at the edge of the spin segment. This

is consistent with crystallographic refinements.

4.2 Thermodynamic properties

To magnetically characterize the two derivatives, in Figs. 4.2 and 4.3 the ac-

susceptibility and magnetization are reported. The experiments were carried out

at the Lewis Magnetism Laboratory in Manchester by Dr. F. Tuna by means of

a superconducting quantum interference device magnetometer (Quantum Design
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MPMS-7T). Susceptibility data were collected by applying a fixed field of 0.1 T.

In Fig. 4.2 the temperature (T ) dependence of the molar susceptibility χ is plotted

as χT vs T for both the Cr6InNi and Cr7InNi compounds. For comparison the

χT vs T curve of Cr7Ni-piv taken from Ref. [47] is also plotted in this figure.

In the temperature range of 20 − 300 K the three derivatives display a similar

behavior. At room temperature the χT values are close to those expected for

uncoupled paramagnetic ions: χT (300 K) = 12.5 emu K mol−1 for Cr7Ni-piv and

Cr7InNi and χT (300 K) = 11.4 emu K mol−1 for Cr6InNi. Below 10 K the χT vs

T curves of Cr6InNi and Cr7InNi have a different behavior (see inset of Fig. 4.2):

for the former χT saturates at 1.1 emu K mol−1, suggesting a ground state with

total spin S = 1. Conversely, for the latter, χT progressively decreases getting

close to the value attained for Cr7Ni-piv at 2 K. This suggests ground-state spin

S = 1/2 with excited states closely spaced in energy for Cr7InNi.

Figure 4.3 shows the magnetization (M) as a function of the applied magnetic

field (H) for Cr6InNi and Cr7InNi. At 2 K, a different behavior for the two

derivatives is well visible: for Cr6InNi, the M(H) curve is close to a simple

Brillouin function saturating at about 2.1 µB, confirming the S = 1 ground state

indicated by the susceptibility, whereas for Cr7InNi the M(H) curve shows a

continuous increase with the field H.

In Fig. 4.4 the temperature dependence of specific heat C(T,H) taken at dif-

ferent values of fixed magnetic field H is plotted for Cr6InNi [panel (a)] and for

Cr7InNi [panel (b)]. For both the derivatives, at high temperature the lattice

contribution dominates, while for T <7 K, features of the magnetic contribution

become clearly visible. For Cr6InNi, the latter indeed displays two distinct Schot-

tky anomalies in zero field: a first one in the few K range is related to the energy

gap ∆ex ' 15 K between the ground and the lowest-lying excited multiplets and

a second one, peaked below 1 K, evidences the zero-field splitting of the ground

state (∆zfs ' 1 K). For Cr7InNi, the Schottky anomaly due to the intermultiplet

separation (∆ex) is found with a broad maximum at low temperatures (' 3 K),

thus indicating that the energy spacing between the lowest multiplets is smaller

than in Cr6InNi.

To have more quantitative information the measured data are compared with

the simulated ones, obtained by using a spin-Hamiltonian model. The specific
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4. Open spin rings: Cr6InNi and Cr7InNi

Figure 4.4: Specific Heat C(H,T ) measured in Cr6InNi (upper panel), and Cr7InNi (lower
panel) microcrystalline thin pellets. The curves are measured at different magnetic fields and
normalized to the gas constant R. Solid lines are calculated using Eq. (4.1), while dot and
dashed lines represent the zero field splitting, the lattice and the extra contributions described
in the text.
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spin Hamiltonian that has already reproduced the magnetic behavior of parent

compounds [49] reads

H =
N−1∑
i=1

Jisi · si+1 +
8∑

i=1

di [s
2
z,i − si(si + 1)/3] + µB

8∑
i=1

H · gi · si, (4.1)

with N as the number of magnetic ions. Here, the first term accounts for the domi-

nant exchange interaction between nearest-neighboring ions (Hex); the second and

third terms describe the interaction with the local (axial) crystal field (Hcf ) and

the Zeeman coupling (HZ) to applied magnetic field, respectively. The eigenval-

ues are obtained by directly diagonalizing the dominant part of the Hamiltonian,

namely, H0 ≡ Hex + µBgCrH · S. The effect of the additional terms (H1) are in-

cluded within first-order perturbation theory, being H1 = Hcf +(gNi−gCr)H ·sN .

Since the two molecular systems considered here are closely related to the unbro-

ken Cr7Ni-piv rings, for the physical parameters that enter in the spin Hamilto-

nian the same values were adopted: JCr−Cr/kB = 17.0 K, JCr−Ni/kB = 19.6 K,

dCr/kB = −0.36 K, dNi/kB = −7 K, gCr = 1.98, and gNi = 2.2 [50]. The

presence of a nonmagnetic ion In3+, however, modifies from the magnetic point

of view the topology of the molecule, making it an open, rather than a cyclic

structure.

The theoretical simulations of specific heat, susceptibility and magnetization

(solid lines in Fig. 4.4, 4.2 and 4.3) are respectively obtained by substituting

the eigenvalues of Eq. (4.1) in the expressions: (1.17), (1.23) and (1.18). The

calculations were averaged on the relative orientation of magnetic field and easy

axis direction in order to reproduce the random orientation of the molecules in

the powder sample. For the specific-heat plots (Fig. 4.4), Clatt has been estimated

by using Eq. (1.14) together with r = 295, ΘD = 175 K, and δ = 0.55 K−1 for

Cr6InNi and r = 329, ΘD = 168 K, and δ = 0.32 K−1 for Cr7InNi. The agreement

with the experimental data is remarkably good even by using for both Cr6InNi and

Cr7InNi the same values of the exchange and the anisotropy constants reported

in Ref. [50] for Cr7Ni-piv (see above). This clearly demonstrates the capability of

selectively introducing local changes in the chemical composition and topology of

a given molecule, without altering the remaining interactions within the molecule.

The resulting patterns of the lowest-lying energy levels are plotted in Fig. 4.5 as a

function of the magnetic field. For Cr6InNi the ground state (S = 1) is separated

79



4. Open spin rings: Cr6InNi and Cr7InNi

Figure 4.5: Low-lying energy levels E(H) of Cr6InNi and Cr7InNi calculated by diagonalization
of the spin-Hamiltonian as reported in the text (by Dr. Stefano Carretta). In the calculations
the magnetic field is perpendicular to the plane of the ring.
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Thermodynamic properties

by an energy gap of 13.4 K from the first excited state (S = 0). The overlying

multiplets are found with barycenter at 19.0 K (S = 2) and 24.0 K (S = 1). For

Cr7InNi, the energy gaps between the ground state (S = 1/2) and the barycenters

of the first excited (S = 3/2) and second-excited (S = 1/2) multiplets are at 9.5

and 22.2 K, respectively. The specific-heat curves at H = 0 and 1 T of Cr7InNi

are reproduced by adding an extra background Cextra at temperatures below few

K. With reference to panel (b) of Fig. 4.4, the measured C/R (markers) is found

close to 0.1 at 1 K while the model calculations (dashes) display a progressive

decrease in C(H = 0) vs T for T < 2 K, as expected for the ground doublet.

We note, however, that the maximum of Cextra is only C/R ≈ 0.1 at 1 K, which

is almost one order of magnitude smaller than what expected for any Schottky

anomaly involving the whole sample. Therefore it is reasonable to conclude that

this background anomaly of the C vs T curves is due to a small fraction (few

percent) of impurity (damaged rings, isolated monomers, etc.) in this sample.
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Conclusions

I carried out calorimetry measurements on two new molecular derivatives, namely,

Cr6InNi and Cr7InNi, which are good examples of even- and odd-membered anti-

ferromagnetic spin segments with a Ni2+ spin at one edge. Specific heat, suscep-

tibility and magnetization measurements allow us to determine the microscopic

parameters of the spin Hamiltonian and the pattern of the spin excitations of the

molecules. It turns out that the ground state are S =1 for Cr6InNi and S =1/2 for

Cr7InNi. Moreover, the exchange coupling and the anisotropy constants in both

the derivatives are quite close to those in the well known Cr7Ni-piv molecule.

These results are at the base of further investigation on the local magnetiza-

tion, through XMCD spectroscopy, of the Cr3+ and Ni2+ metal ions compared

with Cr7Ni-piv molecular rings. Spectroscopic results, reported in Appendix A.1,

show that the dichroic signal taken at the Ni L2,3 edges is particularly sensitive

to the topology or nuclearity of the cyclic system, evidencing that, in magneti-

cally broken rings, the spin of nickel tends to be aligned along the magnetic-field

direction. Simulations performed within a spin-Hamiltonian model and using the

same microscopic parameters estimated for the Cr7Ni-piv closed ring are in good

agreement with all the above measurements. This clearly demonstrates the ca-

pability of introducing selective changes in the spin-chain topology or nuclearity

without affecting the remaining interactions.
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Chapter 5

Chromium-based triangles

In this chapter the homometallic Chromium-based triangle Cr3 is firstly presented

in 5.1. In the successive section 5.2, the case of Cr2Cu, heterometallic and thus

magnetically isosceles triangle, is investigated. My contribution to this work

concerns the experimental characterization, performed together with Dr. Andrea

Candini, by low temperature susceptibility, magnetization and specific heat, as

well as collection and discussion of all results. The samples were synthesized by

Dr. Gregory Timco within the group of Prof. Richard P. Winpenny at School

of Chemistry in Manchester. The X-ray absorption spectroscopy experiments,

reported in Appendix for Cr2Cu molecules, were performed at the ID8 beamline

of the European Synchrotron Radiation Facility (ESRF) in Grenoble (France) by

Dr. Valdis Corradini, Dr. Roberto Biagi and Prof. Umberto del Pennino. Finally,

the theoretical calculations were done by Dr. Stefano Carretta, Dr. Elena Garlatti,

Dr. Paolo Santini and Prof. Giuseppe Amoretti at University of Parma.

5.1 Cr3

The first trimer I present is the homometallic:

[Cr3O(O2CC6H5)6(C5H10NH)3]ClO4,

Cr3 in short; whose chemical synthesis is reported in Ref. [150]. In Fig. 5.1(a) the

crystallographic structure of Cr3 is shown. The metallic ions are placed at the ver-

texes of an equilateral triangle with side length 3.314 Å, as shown in Fig. 5.1(b).
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5. Chromium-based triangles

Figure 5.1: a), b) X-ray diffraction structure of Cr3. Colors: Cr, green; N, light blue; C, black;
O, red. Hydrogens are omitted for simplicity. In b), in order to enlighten the geometry of Cr3,
the structure a) is magnified around the magnetic ions and measurements of Cr-Cr distances
in Å are reported.

The structure of the whole molecule is highly symmetric: there is a central Oxy-

gen, a pyridine group attached to each Cr and for each couple of adjacent metal

centers two carboxylates provide both the chemical bridging and the antiferro-

magnetic (AF) superexchange coupling. Thus the local symmetry of each Cr is

represented by a slightly distorted octahedron with five Oxygens and one Nitro-

gen. The four in plane O are equidistant from the metal ion (1.97±0.04 Å) while

along the out of plane direction the octahedron results asymmetrically stretched

with the distance between the Cr and the O equal to 1.91 ± 0.04 Å; finally the

Cr-N distance is 2.16± 0.04 Å.

5.1.1 Magnetic characterization

Figure 5.2 shows the ac-susceptibility of the Cr3 compound plotted as the product

χT vs T . Below ∼ 10 K, it saturates at 0.375 emu K/mol, i.e. the value expected

from the Curie’s law for a paramagnet with spin S =1/2. Since the saturation

happens at a relatively high temperature, we expect that the energy ground

state is well separated from the excited levels. This is suggested also by the

magnetization M vs H shown in Fig. 5.3, where a simple Brillouin-like curve is
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Figure 5.2: (Markers) Temperature dependence of susceptibility χT measured for Cr3 micro-
crystalline sample. Solid lines: (red) is the result of calculations assuming J = 31.3 K; (green)
value expected for a S = 1/2 paramagnet following Curie’s law. Data were measured with an
ac field of 10 Oe and at the frequency of 90 Hz on powders sample.
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Figure 5.3: (Open circles) dc-magnetization vs magnetic field M(B, T ) measured at different
temperatures for the Cr3 system. (Solid lines) theoretical calculations obtained by diagonalizing
the microscopic Hamiltonian discussed in the text assuming only one exchange constant, J =
31.3 K.
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5. Chromium-based triangles

observed: the saturation value at 2 K is 1 µB in agreement with the hypothesis

that only the S = 1/2 level is populated. In order to have a quantitative analysis,

the system can be modeled assuming an antiferromagnetic Heisenberg interaction

between adjacent magnetic ions of the type H = JSiSj and a Zeeman energy

term, present when the external field H is switched on. If J is the same for

all the couples (equilateral triangle), the lowest energy level will be a (doubly)

degenerate S = 1/2 state [26]. Taking into account also the excited multiplets

by exact diagonalization of the Hamiltonian and assuming J = 31.3 K, both

susceptibility and magnetization data are well reproduced (solid lines in Figs. 5.2

and 5.3). However, the low temperature specific heat data in Fig. 5.4 exhibit a

pronounced Schottky anomaly at around 0.6 K in zero field curve. Since such

peaks are related to gaps between low energy levels, it turns out that the ground

state is made of two doublets split by ∼ 1 K. An explanation can be found in the

magnetically frustrated triangular structure of Cr3. Due to frustration indeed, we

may expect that the equilateral trimer undergoes an isosceles distortion (likely

at low temperature) to reach a more stable configuration, where two different

interactions are present: one between the ions at the basis (labelled J) and one

between the atoms at the basis and the one at the vertex of the triangle (labelled

J ′). This lifts the degeneracy by an amount equal to ∆ = J−J ′ [26]. Considering

as effective model only the two ground state doublets (see the central inset of

Fig. 5.4), the evolution of the Schottky anomaly with the external field in the

specific heat is well simulated (solid lines in Fig. 5.4) assuming the second coupling

constant J ′ = 29.7 K, and thus giving an energy split ∆ = 1.6 K.

Finally, regarding the specific heat data shown in Figure 5.4, it should be

said that the discrepancies between the theoretical and the experimental curves

in zero field are caused by the broadening of the Schottky peak in the latter.

Such feature, that can not be simply ascribed to a wrong estimation of any

microscopic parameters, is likely originated by the presence of different types of

molecular isomers inside the macroscopic measured samples.

86



Cr3

1 10
0.1

1

10

0 1 2 3 4 5 6 7

-4

-2

0

2

4

J' J'

J

C

A

 

Sp
ec

ifi
c 

H
ea

t C
/R

Temperature T(K)

 0T
 0.5T
 1T
 3T
 5T
 7T

 lattice

J - J' = B

 

 

En
er

gy
 (K

)

Field (T)

=1.6K

Figure 5.4: Specific heat normalized to gas constant R measured for Cr3 for several magnetic
fields. Solid lines represent result of the calculations explained in the text. (Inset at right
bottom) Energy levels of the doubly S = 1/2 ground state as a function of magnetic field and
calculated assuming two different exchange constants between the vertexes of Cr3 triangle as
schematized in the central inset.

87



5. Chromium-based triangles

Figure 5.5: a) X-ray diffraction structures of Cr2Cu. Colors: Cr, green; N, light blue; C, black;
O, red; Cu, orange; Br, brown. Hydrogens are omitted for simplicity. b) magnification of a)
with measurements of Cr-Cr and Cr-Cu distances measured in Å.

5.2 Cr2Cu

If a Chromium ion (s = 3/2) is substituted by another 3d metal, we obtain an

heterometallic trimer with intrinsically two J constants, regardless of the actual

geometrical structure. Here the case where a vertex of the Cr triangle is sub-

stituted by one copper (s = 1/2) is reported. Low temperature susceptibility,

magnetization and specific heat experiments have been performed. These allow

to determine the microscopic parameters of the spin hamiltonian that was diag-

onalized exactly. The final aim of this work, is to use heterometallic trimers to

probe the local magnetic features within spin clusters by X-rays Magnetic Cir-

cular Dichroism (XMCD), analogously to what done for the case of Cr6InNi and

Cr7InNi (see the previous chapter). XMCD spectra, reported in Appendix A.2,

were used to separately investigate local symmetries, electronic configuration,

orbital, and spin magnetic moments of the magnetic ions. Information on the

magnetization obtained by XMCD have been compared with microscopic spin

hamiltonian derived from bulk measurements.
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5.2.1 Structure

Microcrystalline samples of:

[Cr2CuO(O2CCBr3)6(C4H8O)3],

Cr2Cu in short, were prepared as reported in [99] and references therein. Crystal-

lographic structure of Cr2Cu is shown in Fig. 5.5(a) and (b). The metallic ions are

placed at the vertexes of isosceles triangle being 3.273 Å the base side length (Cr-

Cr distance) and 3.277(6) Å the other sides (Cr1,2-Cu distance), as enlightened by

Fig. 5.5(b). Their chemical bridging occurs by means of the central Oxygen and

two 1,3-bridging pivalates that provide antiferromagnetic (AF) superexchange

coupling between metal centers. The local symmetry of each Chromium or Cop-

per, is represented by an octahedron with six apical O atoms. Each Cr is in a

slightly distorted octahedral environment, with the six O equidistant from the

metal ion (1.97 ± 0.1 Å). On the contrary, the CuO6 octahedron is stretched

along the c-axis by Jahn-Teller effect (D4h), with four in-plane O equidistant

from the metal ion (1.95 ± 0.04 Å) and the two out of plane more distant

(2.24 ± 0.04 Å). However, the very similar bond lengths and angles around the

Cr3+ and Cu2+ ion leads the assumption of a nearly pure Oh symmetry even for

what concerns charge and spin densities. Supplementary crystallographic data for

this compound are contained in the CCDC-792732 and CCDC-792733 that can

be consulted free of charge from The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data request/cif.

5.2.2 Thermodynamic characterization

The magnetic features of Cr2Cu clusters have been fully characterized by means

of bulk measurements at low temperature: ac susceptibility, magnetization and

specific heat. All the experiments were carried out on microcrystalline samples.

The ac-susceptibility χ(T ), obtained by applying an oscillating field of 10 Oe at

frequencies 90 Hz frequency, is reported in Fig. 5.6. Qualitatively, it is possible to

notice that the susceptibility starts to saturate at 10 K suggesting that the ground

state is relatively well separated from the excited levels. Below ∼ 10 K the χT

vs T curve approaches the value of 1.74 emu K mol−1 pointing to a spin S = 3/2
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Figure 5.6: ac-susceptibility χT vs T (empty black circles), the red solid line is the best fit
curve calculated from the diagonalization of Eq. 5.1 as described in the text.

ground state of the molecule in zero magnetic field. In Figure 5.7 magnetization

M(H) curves measured by using extraction method and static magnetic fields up

to 7 Tesla are shown. At 2.2 K the magnetization data tends to saturate to 3 µB,

confirming the presence of an S = 3/2 ground state. The temperature dependence

of the specific heat C(T ) at different applied magnetic fields is shown in Fig. 5.8.

The C(T ) curve at zero field exhibits a pronounced Schottky anomaly due to

splitting of the ground state. This anomaly has maximum at around 0.4 K that,

in a simple two level Schottky model, gives an energy gap between two equally

degenerated multiplets of about 1 K.

For a more quantitative analysis, each Cr2Cu magnetic molecule can be de-

scribed by the following microscopic spin Hamiltonian:

H =
∑
i,j

Ji,j
−→
S i · −→S j + µB

−→
H ·

∑
i

gi
−→
S i +

Dex

∑
i=1,2

(2Si,zS3,z − Si,xS3,x − Si,yS3,y) (5.1)

where site 3 corresponds to the Cu+2 ion. The first term in Eq. 5.1 is the isotropic

Heisenberg exchange coupling, the second term is the Zeeman interaction and
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the last one describes the axial contribution to the Cr-Cu anisotropic exchange

coupling. Non-axial anisotropy contributions are neglected because they are not

needed to reproduce experimental data. It was checked that axial crystal-field

interactions at Cr sites produce very small effects on the energy levels of Cr2Cu.

The Hamiltonian has been exactly diagonalized and all the states have been

included in the calculations of the observables. Two distinct isotropic exchange

parameters Ji,j were assumed, one describing Cr-Cr interaction and one the Cr-

Cu coupling. These parameters have been determined by fitting the temperature-

dependence of the magnetic susceptibility (see Fig. 5.6), yielding JCr−Cr = 89 K

and JCr−Cu = 446 K. As far as gyromagnetic factors are concerned, gCr = 1.98

and gCu = 2.25 have been used. The first one is the typical value of Cr3+ and the

second one is determined from XMCD (see Appendix A.2). The large difference

between the two exchange constants removes magnetic frustration and leads to

a S = 3/2 ground quartet separated by about 40 K from excited states. In

the lack of anisotropy the spin wavefunctions corresponding to this quartet are

|S1,2 = 2, S = 3/2,M >, where
−→
S 1,2 =

−→
S 1+

−→
S 2 and M is the total spin projection

quantum number. In Fig. 5.9 the low-lying energy level pattern is plotted. The

energy levels are obtained from the diagonalization of Eq. 5.1 and with an external

magnetic field oriented at Θ = 0◦ and Θ = 90◦ respect to the ẑ axis. The

model is characterized by an S = 3/2 ground multiplet separated by about 40 K

from excited states. The low-temperature anomaly in the zero-field specific heat

implies a splitting of the ground multiplet into two doublets (as magnified in the

inset of Fig. 5.9), due to magnetic anisotropy. The temperature and magnetic field

dependence of the specific heat can be well reproduced by assuming D = 0.7 K

(see solid lines in Fig. 5.8). Finally, the calculated temperature and magnetic-

field dependence of the powder-averaged magnetization (solid lines in Figure 5.7)

is in very good agreement with experimental results.
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Figure 5.9: Energy levels scheme resulting from the theoretical modelling described in the text
and calculated for Θ = 0◦. Energy is plotted as E − E0, being E0 the energy of the ground
state. (Inset) magnification of the ground state energy levels calculated for Θ = 90◦
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Conclusions

In this chapter I have extensively studied the magnetic properties of two new

molecular Cr-based spin trimers, namely Cr3 and Cr2Cu. I characterized both

the derivatives by low temperature susceptibility, magnetization and heat capac-

ity measurements and this allowed to extract the essential parameters of their

microscopic spin Hamiltonians. It turns out that in Cr3, the degeneracy of the

S = 1/2 ground state due to spin frustration is removed by a distortion of the

triangle leading to two doublets separated by about 1 K. The system is well de-

scribed by the two exchange constants J = 31.3 K and J ′ = 39.7 K that take

into account the structural distortion of the equilateral trimer. In the case of

Cr2Cu, that is intrinsically isosceles, the ground state turns out to be a S = 3/2

multiplet, split in two doublets with ∼1 K zero field splitting, and well separated

(∼ 40 K) from the first excited state S = 5/2. To describe this system the ex-

change constant referred to the Cr-Cr base side is 89 K, very different to that of

446 K relative to the Cr-Cu sides. In the case of Cr2Cu, spin hamiltonian calcu-

lations, based on fitting susceptibility, magnetization and specific heat allow to

analyze further X-ray circular dichroism measurements, performed to study the

local properties of the different metal ions. From the analysis of spectroscopic

data, reported in Appendix A.2, a detailed description of the oxidation states and

the local symmetries was obtained. Finally, the separate contributions of Cu and

Cr to the total magnetic moment of Cr2Cu were analyzed. It was found that, in

presence of an applied magnetic field, the projection of the Cu spin is opposite to

that of Cr. This is a local property that reflects the ground state of the molecule

and it is evident only at low temperature.

All the experimental techniques and theoretical description reported have con-

tributed together to a sophisticated level of description of the physical state.

Overall, these results show a deep control of the magnetic features of molecular

trimers that may constitute the basis to more sophisticated experiments.
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Chapter 6

Magnetic coupling in

supramolecular Cr7Ni spin

systems

In this chapter the study of magnetic coupling between novel Cr7Ni rings deriva-

tives tailored by supramolecular chemistry is presented. In detail, the work is or-

ganized as follows. Section 6.1 is devoted to a complete magnetic characterization

of new type of purple-Cr7Ni, that constitutes the brick for the novel supramolec-

ular derivatives. The characterization is supported by means of low temperature

thermodynamic properties and spin Hamiltonian calculations. In the successive

section 6.2, the magnetic coupling in supramolecular structures consisting of more

than two Cr7Ni weakly coupled antiferromagnetic rings is discussed. In 6.3 the

attention is focus on mixed linked derivatives, constituted by different Cr7M units

in the purple and green derivative. Finally, in section 6.4 a systematic investiga-

tion of inter-ring interaction on dimers formed by identical units but with different

linkers is carried out by means of experimental characterization. The results are

in agreement with Density Fluctuation Theory (DFT) calculations, reported in

Appendix B for completeness, that, in addiction, explain the mechanism behind

the transmission of spin information through the chemical linkers.

My contribution to this work concerns the thermodynamic characterization of

all the derivatives by low temperature specific heat, ac-susceptibility in the tem-

perature range 2 − 300 K and dc-magnetization by means of 7T-PPMS system.
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6. Magnetic coupling in supramolecular Cr7Ni spin systems

Figure 6.1: Crystalographic structures of a) green-Cr7Ni and b) purple-Cr7Ni. Colors: Cr,
green(a), purple(b); Ni, purple(a), green(b); F, yellow; O, red; C, black; N, blue. Hydrogens
are omitted for simplicity.

The chemical synthesis of the samples was carried out by Dr. Gregory Timco and

coworkers of the group of Prof. Winpenny in Manchester. Micro-SQUID mag-

netization was performed in Grenoble by Dr. Andrea Candini and Dr. Wolfgang

Wernsdorfer. Spin-hamiltonian calculations were carried out by Dr. Stefano Car-

retta in Parma. Finally, spin density analysis on the purple-Cr7Ni dimers was

effected by Dr. Valerio Bellini in Modena.

6.1 Purple-Cr7Ni ring

In 2008 a new derivative of Cr7Ni, hereafter called purple-Cr7Ni, was synthesized

[154]. As visible in Fig. 6.1, in the new molecule, with respect to the original green-

Cr7Ni ring derivative [47], five bridging fluorides are substituted by alkoxides.

The replacement of fluoride with alkoxide within the coordination sphere of the

majority of Cr+3 ions causes a change in color of the crystals from dark green to

purple, from this the names. This also affects the magnetic levels of each ring,

as shown in the characterization below. Besides, and most importantly, thank

to the presence of a terminal ligand, purple-Cr7Ni offers an ideal opportunity to

link the rings anchoring directly onto the Ni sites organic linkers with or without
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Figure 6.2: ac-susceptibility χT vs T of purple-Cr7Ni rings (squares). Solid line represents
theoretical simulation obtained from the microscopic spin Hamiltonian Eq. 6.1, described in
the text, with a single average exchange constant J/kB = 22.9 K. Inset: Magnification at low
temperatures. The measurement was performed in Manchester by Dr. F. Tuna by means of a
commercial SQUID in the 2 K < T < 300 K temperature range.

metal ions. Finally, exploiting faster chemical reaction at Ni site, it is possible to

systematically change the aromatic linker thus tuning the degree of conjugation.

In Fig. 6.2 the temperature-dependence of susceptibility χ for single purple-

Cr7Ni ring is reported. Results are plotted as χT vs T . At low temperature

the curve saturates and, as visible from the inset, at 2 K reaches the value of

0.3 emu K/mol, in agreement with the behavior of an effective S = 1/2, as found

for the green derivative.

The low-temperature specific heat (C) at different applied magnetic fields

(H) is shown in Fig. 6.3. The specific heat measurements are performed on

pressed microcrystals by using the two-tau method; data are normalized to the

gas constant R. The C(T ; H = 0) curve shows a dominant lattice contribution

at high temperature, while the magnetic term is characterized by a Schottky

anomaly at around 4 K, mainly due to the doublet-quadruplet energy difference;

no evidence of a zero field splitting appears below 1 K. The appearance, for

H 6= 0, of a well defined Schottky anomaly at low temperature and its dependence
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Figure 6.3: Heat capacity normalized to the gas constant R of purple-Cr7Ni. (Solid lines) are
theoretical results obtained diagonalizing Eq. 6.1 (Dr. S. Carretta).

on the magnetic field essentially reflects the removal of the Kramers degeneracy

in the ground-state doublet and the lowering in energy of the S = 3/2 multiplet.

These C(T, H) curves are very similar to those measured for the green-Cr7Ni rings,

reported in Ref. [49]. The small differences between the specific heat of the two

derivatives can be explained by different values of ion-ion exchange interaction

and anisotropy in the rings. As matter of fact these variations are evident at zero

field and at the highest field where the different gaps between multiplets become

more significant.

To have a more quantitative analysis, the experimental data can be theoret-

ically interpreted by a microscopic spin-Hamiltonian approach. In fact, despite

the complexity of the molecular system, the magnetic behavior of the ring can be

described by [23,50]:

H =
8∑

i=1

Jsi · si+1 +
8∑

i=1

di [s
2
z,i − si(si + 1)/3]

+
8∑

i<j=1

Dij[2sz,isz,j − sx,isx,j − sy,isy,j] + µB

8∑
i=1

H · gi · si, (6.1)
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where z is the ring axis, site 8 corresponds to the Ni2+ (s = 1) ion and sites 1-7 to

Cr3+ (s = 3/2). The four terms in H account for the isotropic exchange, the axial

contributions to the crystal-field and the intracluster dipole-dipole, and for the

Zeeman interactions, respectively. The values of the crystal-field parameters are

assumed to coincide with those of the green-Cr7Ni compound [52]: dCr = −0.35 K

and dNi = −4 K. The dipolar coefficients Dij have been calculated in the point-

dipole approximation, while the gyromagnetic tensor components of the Cr ions

are: g1−7
xx = g1−7

yy = g1−7
zz = 1.98. The average exchange parameter (considering

only one J for all the ring) is determined by simultaneously fitting C(T, H) and

χ(T ) obtaining the value J/kB = 22.9 K, about 34% greater than the green-Cr7Ni

exchange constant JCr−Cr/kB = 17 K (in that case a different exchange constant

to describe the Ni-Cr interaction was used), indicating a stronger antiferromag-

netic coupling between the ions in the purple-Cr7Ni ring. This leads to a splitting

∆ = 19 K between the S = 1/2 ground doublet and the first S = 3/2 excited

quadruplet. The result of simulations for susceptibility and specific heat, per-

formed by Dr. S. Carretta in Parma, are the solid lines reported in Figs. 6.2 and

6.3, respectively. For the lattice parameters we used the set of values provided by

the best fit of Eq.(1.14): ΘD = (147±10) K, λ= (0.48±0.03) K−1. Finally, the

analysis of the EPR data measured in Manchester (reported in the next chapter

in Fig. 7.7) allows a precise estimate of the gyromagnetic tensor components.

The single purple-Cr7Ni ring spectrum is characteristic of a ground state dou-

blet, with lines sharper than those measured in green-Cr7Ni; this might be due

to the F-substitution, that reduces the hyperfine-induced decoherence [55]. The

effective values for the g tensor of the ground doublet are: ḡxx = ḡyy = 1.84

and ḡzz = 1.78. These can be reproduced by assuming a slightly anisotropic Ni

gyromagnetic tensor (gNi
xx = gNi

yy = 2.19, gNi
zz = 2.24). In calculating all the above

quantities, a spherical average has been performed to account for the random

orientation of the molecules in the powder sample.
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6. Magnetic coupling in supramolecular Cr7Ni spin systems

6.2 Supramolecular systems (Cr7Ni)n with n > 2

Purple derivatives

In Fig. 6.4 are depicted the structures of some purple-Cr7Ni linked rings, showing

the capability to vary the type or length of the linker and the number of units to

link. In particular, in Fig. 6.4(c) a ’trimer’ of purple-(Cr7Ni) cluster is depicted.

This has the chemical formula:

[Cr7NiF3(Etglu)(O2CtBu)15]3, shortly (Cr7Ni)3,

with 2,4,6-Tri(4-pyridyl)-1,3,5-triazine as organic linker; while the simplest tetramer,

represented in Fig. 6.4(d), is

[Cr7NiF3(O2CCMe3)15(C8H14NO5)]4, (Cr7Ni)4 in short,

with 5,10,15,20-Tetra(4−pyridyl)porphyrin linker. This last can be synthesized

adding to the linker a central Cu (Fig. 6.4(e)) or a Zn (not shown), named in

short (Cr7Ni)4Cu and (Cr7Ni)4Zn, respectively.

Figure 6.5 shows the specific heat for all these derivatives. The curves are com-

pared with the signal of the single purple-Cr7Ni (solid lines) multiplied by three

in the case of the ’trimer’ (panel (a)) and by four in the case of the ’tetramers’

(panels (b)-(d)). Moreover, for (Cr7Ni)4Cu, also the contribution of the copper

with S = 1/2 was summed. Looking at the in-field curves, the features are very

similar for each derivative and the data overlap with those referring to the single

rings. This confirms that the magnetic features of the single ring are preserved.

For the zero-field specific heat curves only slight differences can be noted with

respect to the single ring behavior. In particular, for (Cr7Ni)4Cu an upturn below

0.5 K is visible, but it is difficult, since the high number of rings involved, to asso-

ciate quantitatively to an inter-ring interaction. Also the EPR spectra measured

in Manchester (not shown here) are quite broaden thus it is not possible to distin-

guish inter-ring interactions. This induces to think that, in view of the number

of bonds and the length of the linkers, the magnetic coupling, is too weak to be

detected at the current temperatures. In spite of this the purple-(Cr7Ni)n remain

intriguing system that should be investigated more deeply and they demonstrate

the capability achieved by chemists to control and to engineer supramolecular

structures also with more than two molecular units.
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Figure 6.4: Crystallographic structures of some linked purple-Cr7Ni rings. In a) is depicted a
trimer, while in b) and c) four rings are bridged respectively with organic and metallo-organic
linker.
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Figure 6.5: Specific heat as function of the temperature for: a) (Cr7Ni)3, b) (Cr7Ni)4, c)
(Cr7Ni)4Cu and d) (Cr7Ni)4Zn. For each system the curves are compared with the signal of
the single purple-Cr7Ni ring (solid lines) multiplied by three for a) and by four for the others.
In the case of c) also the contribution of Cu with S = 1/2 was summed for comparison.
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Figure 6.6: Crystallographic structures of green-Cr7Ni infinite chain in which Cr7Ni rings are
alternate to dimers of Cu ions.

Green-(Cr7Ni)Cu2 chain

In the case of green-Cr7Ni derivative an infinite chain was recently synthesized,

its chemical formula is:

[{(C3H7)2NH2Cr7NiF8(O2CCMe3)14(O2CC5H4N)2}{Cu2(O2CCMe3)4}]n,

shortly named (Cr7Ni)Cu2 chain.

The structure, shown in Fig. 6.6, is constituted by the alternation of one

green-Cr7Ni ring and one dimer of Cu ions, thus representing the iteration of the

finite linked system presented in the introductive chapter, in Fig. 1.4(c). For the

finite dimer, the magnetic interaction was demonstrated [70] to be permanently

switched off by the copper ions that are antiferromagnetically arranged giving

S = 0. We can then expect a similar result also for the infinite chain.

In the upper panel of Figure 6.7 the ac-susceptibility product χT versus T

for the (Cr7Ni)Cu2 chain is reported. Data are compared with those of the single

green-Cr7Ni, taken from Ref. [47], showing similar behavior and saturation value

at 2.2 K (see the inset) and indicating S = 1/2 ground state. This confirms

that the chain, from the magnetic point of view, behaves as a collection of non-

interacting Cr7Ni rings. Magnetization curve of the chain at T = 2.2 K, plotted

in the lower panel of Fig. 6.7, rises with field similarly to that of the single ring

(red circles) [47] up to 3.5 T. For higher fields data referred to single ring start

to bend, while those relative to the chain continue to rise approximately with

the same rate, indicating that the excited levels of the chain are closer (and thus

more populated at 2.2 K and high fields) with respect to those of the single ring.
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6. Magnetic coupling in supramolecular Cr7Ni spin systems

Figure 6.9: Structure of purple-(Cr7M)/green-(Cr7M ′) dimers deduced by X-ray diffraction
experiment. Color: M , blue; Cr, purple/green; O, red; C, black; F, yellow; N, light blue. To
make a clearer picture pivalate groups are truncated, while Hydrogens are omitted.

In Figure 6.8(a) the specific heat of the (Cr7Ni)Cu2 chain for several magnetic

field is shown. The in-field curves are very similar to the specific heat of the single

Cr7Ni at the corresponding fields; while in the case of zero field a plateau is present

for temperatures below ∼ 1 K (see Fig. 6.8(b)). This behavior is different also

to specific heat curve at zero field of the (Cr7Ni)Cu2 dimer [70], reported in the

lower panel of the same figure, that abruptly goes toward zero for T < 1 K.

The plateau is an indication of weak coupling between different molecular spin

clusters. However, EPR spectra do not show any visible interaction, so further

work is needed to clarify if and how rings are connected.

6.3 Purple-(Cr7M)/Green-(Cr7M
′) dimers

Very recently, Cr7M antiferromagnetic rings were synthesized in the purple and

green variations, analogously to Cr7Ni molecules, substituting to the Ni ion other

3d metals M with +2 oxidation state (like Mn and Zn). This opens up the

possibility to produce novel mixed structures, linking together purple-Cr7M and

green-Cr7M
′ clusters. The dimer shown in Fig. 6.9 is an example with a pyridine

group as linker and with the general chemical formula:

{[Cr7MF3(O2CCMe3)15(C8H14NO5)] [(C3H7)2NH2]
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[Cr7M
′F8(O2CCMe3)15(O2CC5H4N)]}

In the following are discussed some representative cases of such dimer having:

• purple-Cr7Ni/green-Cr7Ni;

• purple-Cr7Ni/green-Cr7Mn and purple-Cr7Mn/green-Cr7Ni;

• purple-Cr7Zn/green-Cr7Ni.

The specific heat of the first molecule, purple-(Cr7Ni)/green-(Cr7Ni), is shown

in Fig. 6.10. In the top panel of the figure, data are compared with the sum of

the specific heat measured for the purple-Cr7Ni and green-Cr7Ni single rings. The

in-field curves are almost superimposed, denoting that also in this dimer, analo-

gously to the supramolecular purple derivatives shown previously, the features of

the single rings are preserved. Conversely, zero field curves are clearly divergent

for temperatures below about 1 K. The upturn in the zero-field specific heat is

produced by the Schottky anomaly due to the gap between singlet and triplet

state, thus demonstrating that there is an interaction between the two effective

S = 1/2 spin rings.

To have a quantitative analysis we consider an effective model as sketched in

the inset of Fig. 6.10(b) where we take into account only the singlet and triplet

state that are separated by the energy gap ∆. Moreover, a small anisotropy

can be included which causes the energy splitting ∆an in the triplet state. The

simulation, solid lines plotted in Fig. 6.10(b), is in good agreement with the

experimental data taking as best fit values ∆ = 0.15 K and ∆an = 0.07 K.

A different situation occurs when in one ring a Mn (s = 5/2) ion is substituted

to the Ni (s = 1). In this case indeed, also the ground state spin of the modified

ring is changing from S = 1/2 to S = 1 [50, 155]. The resulting specific heat

is shown in Fig. 6.11 considering both the cases where Mn is substituted in the

green (upper panel) or in the purple (lower panel) ring. In Fig. 6.11(a) the

specific heat of the dimer is compared with the sum of the specific heats of the

single purple-Cr7Ni and green-Cr7Mn (solid lines). Data referred to the single

rings are completely superimposed to those of the dimer both for the curves in

field than for (C, H = 0). Thus, it is possible to say that the moieties in the dimer

are integer but if there is some interaction this is too weak to be appreciated at
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Figure 6.10: (Empty markers) specific heat for purple-(Cr7Ni)/green-(Cr7Ni) dimer taken on
polycrystalline sample and normalized to the gas constant R. In a) the curves are directly
compared with the sum of the experimental specific heats of purple-Cr7Ni and green-Cr7Ni
single rings at the corresponding magnetic fields (full markers). In b) the specific heat is
simulated (solid lines) considering for the interacting rings the low-lying energy levels depicted
in the inset and depending by the two parameters ∆ and ∆an.
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Figure 6.11: Specific heat for a) purple-(Cr7Ni)/green-(Cr7Mn) and b) purple-(Cr7Mn)/green-
(Cr7Ni) dimers normalized to the gas constant R and for several magnetic field values. In a)
solid lines represent the sum of the measured specific heats of purple-(Cr7Ni) and green-(Cr7Mn)
single rings.
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Figure 6.12: Specific heat for purple-(Cr7Zn)/green-(Cr7Ni) dimers normalized to the gas con-
stant R and for several magnetic field values.

our lowest temperature (∼ 0.3 K). Moreover, in this case also the closer excited

states contribute to the broad Schottky anomaly, thus making more difficult to

recognize an interaction.

The last case presented is when a Zn (s = 0) replaces the Ni in the purple

ring, thus giving an effective S = 3/2 [50] cluster. The specific heat for this dimer

is shown in Fig. 6.12. Analogously to the previous case, also here the zero-field

curve presents an evident flat trend for temperatures below about 1 K. This is

probably due to the already populated excited states.

Note: in these days the missing specific heat measurements for the single

purple-Cr7Mn and purple-Cr7Zn rings will be performed and completed with com-

plementary techniques. After that it will be possible to discuss if in these deriva-

tives a inter-ring magnetic interaction is present or not.
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Changing the linker in purple-(Cr7Ni)2 dimers

Figure 6.13: Sketch of the four dimers of Cr7Ni rings that differ only for the organic linkers: bipy,
bipyet, bipytz and bdmp. The atoms of the linkers (N, blue; C, gray; H, white) and the metal
ions in the rings (Ni, yellow; Cr, green) have been highlighted. The inter-rings through-space
Ni-Ni distance measurements (d) are also given for each dimer.

6.4 Changing the linker in purple-(Cr7Ni)2 dimers

In order to understand the mechanism of magnetic inter-ring interaction and how

it depends from the linker, i. e. how the propagation of spin information at the

supra-molecular (nanometer) scale works, four purple-Cr7Ni dimers that differ

each other only for the heteroaromatic linker between the rings were systemati-

cally investigated.
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6. Magnetic coupling in supramolecular Cr7Ni spin systems

6.4.1 Experimental characterization

The purple-(Cr7Ni)2 dimers taken into account are sketched in Fig. 6.13. The

different linkers, highlighted in the picture, are respectively:

L == 4, 4′ − bipyridyl (bipy, in short),

trans− 1, 2− bipyridylethene (bipyet),

bipyridyltetrazine (bipytz) and

bidimethylpyrazolyl (bdmp).

These are only four representative derivatives of a larger family of dimers, which

can be synthesized. The structures of the individual rings do not vary between

the derivatives, and in each case the nitrogen from a di-imine is coordinated to

nickel, giving the nickel a 2F, 3O, 1N coordination sphere. Chemical synthesis

and structure information of these molecules are reported in Refs. [154,156].

In order to check the magnetic properties of the single rings upon the dimer

formation, ac-susceptibility and specific heat measurements have been carried out.

The product χT per ring is reported in [156]. The room temperature value, below

that expected for seven Cr+3 ions and a single Ni+2 site, is consistent with the

weak anti-ferromagnetic exchange within the rings. At lower temperatures, χT

falls, again consistently with anti-ferromagnetic intra-ring exchange. Fitting the

variable temperature susceptibility behaviour with a Hamiltonian only involving

intra-ring interactions, gives an average exchange interaction of J/kB = 22.9 K.

To fit the magnetic susceptibility there is no need to allow for the differing bridg-

ing by fluoride and alkoxide groups within the ring. This value is completely

consistent with the one obtained studying crystals of single purple rings.

In Fig. 6.14 the low temperature specific heat C(T ) for the four derivatives

(colored markers) taken in presence of an external fixed 1 T magnetic field is

reported. Data, relative to microcrystalline samples, are plotted as a function

of temperature (T ) and normalized to the gas constant R. The specific heat

of the dimers has been compared with the one multiplied by two of the single

purple-Cr7Ni ring (black triangles) that constitutes each dimer. The theoretical

calculations for the magnetic contribution to the specific heat of the single ring at

H = 1 T are also reported (dashed line). The curves of the four compounds over-

lap with each other almost perfectly, reproducing the behavior of the single ring
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Figure 6.15: Micro-SQUID magnetization M(H) vs magnetic field for: bipy (black), bipyet

(red), bipytz (blue), bdmp (green). The experiments were performed at T = 40 mK, using
a fast field sweeping rate of dH/dt = 0.28 T/s. Data are normalized to the saturation value
MS . (Inset) Magnification of M(H) between H = ±0.1 T. For simplicity only decreasing field
data are plotted. For bipy and bipyet two knees are clearly visible, evidencing the inter-rings
coupling. The transitions between low and high spin states occur in correspondence of the
crossing fields ±0.05 T for −bipy and ±0.04 T, for bipyet. For bipytz and bdmp similar features
are not visible, indicating that the interaction between the rings is weaker than 100 mK. In the
next chapter, systematic studies of micro-SQUID magnetization loops for the single ring and
for the bipy dimer are reported.

specific heat at moderate field (1 T). This demonstrates that the pattern of the

lowest lying states of the single Cr7Ni rings are preserved also in the supramolec-

ular systems. In particular the presence of well defined Schottky anomaly at 1 T

shows that energy split between the S = 1/2 ground state and the first excited

S = 3/2 state is conserved with no relevance to inter-molecular interaction that

should be in energy scale below 1 K. A detailed and more quantitative study of

the bipy dimer properties is reported in Chap. 7.

To reveal the presence of inter-rings interaction, micro-SQUID magnetization

measurements at 40 mK were performed by Dr. W. Wernsdorfer. The result-

ing magnetization curves, normalized to the saturation value MS, are plotted in
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Fig. 6.15 for all the derivatives. In Fig. 6.15, in order to enlighten the transi-

tion between the singlet and triplet states, the magnetization cycle is magnified

between H = ±0.1 T (inset of Fig. 6.15). For simplicity only the part of the

hysteresis loop with decreasing field is reported. If the S = 0 state is the ground

state in zero-field, it should be possible to see a spin-state crossing by increasing

the field, with one component of the paramagnetic S = 1 state falling in energy

as the field increases (visible as an inflection point of the magnetization curve).

The crossing point in the magnetization, i.e. the gap between inflection points,

can then be related to the energy gap between the S = 0 and S = 1 states. From

the inset in Fig. 6.15 is clear that the level crossings occur at H = ±0.05 T for

bipy and at H = ±0.04 T for bipyet. For the other two compounds (bipytz and

bdmp), the magnetic coupling is too small, and no inflection points are visible in

the magnetization curves, as evident in the inset plots where we have zoomed in

a small field region around zero field. These results are fully consistent with EPR

data (reported in [156]), and we can thus conclude that in compounds bipytz and

bdmp the interaction energy of the two rings must be weaker than 100 mK.
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Conclusions

The problem of establishing magnetic coupling between single units is very inter-

esting. In this chapter the large family of linked Cr7Ni rings was experimentally

investigated by principally low temperature thermodynamic measurements.

Firstly, the new type of purple-Cr7Ni which constitute the building block of

the supramolecular structures was presented. By fitting complementary measure-

ments of susceptibility, magnetization, EPR and specific heat, the spin Hamilto-

nian parameters were fully characterized.

Systems with more than two linked moieties demonstrate, above all the others,

the refined capability achieved in engineering the coordinated structures without

perturbing the properties of the single units. In these cases, however, the inter-

ring magnetic interaction results weaker and harder to detect.

To have more quantitative information on the inter-ring coupling, a systematic

investigation on four purple-(Cr7Ni)2 dimers that differ only for the heteroaro-

matic linker between the clusters was performed. The study was carried out by

means of low temperature specific heat, micro-SQUID magnetization and EPR

measurements. For each system the measurements were compared with those of

the composing single rings. As result, a different level of conjugation between the

rings is found tuned by the linkers. Moreover, from all the experiments, bipyridyl

results to be the linker that allows the stronger interaction. These results are con-

firmed by DFT calculations (reported in Appendix B) that, in addition, explains

how the spin information can propagate through the heteroaromatic linkers. As

result, the crucial factors for an efficient transmission of the interaction are prin-

cipally two: the length of the linker (the number of bond the spin density has

to pass through) and, less intuitive, the shape of heteroaromatic rings constitut-

ing the linker. A good shape is the hexagonal one that allows a constructive

interaction of the spin density.

From the analysis of purple-(Cr7M)/green-(Cr7M
′) dimers, purple-(Cr7Ni)/

green-(Cr7Ni) dimer results a very promising linked system. Zero-field specific

heat, supported by an effective model, reveals an inter-ring coupling of about

0.15 K, stronger than in the other dimers. This is in agreement with the ’guide-

lines’ previously found by DFT calculations. The linker between the rings is

indeed only a pyridine group where spin density can interfere constructively and
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passing through a smaller number of bonds than in the bipyridyl linker previously

analyzed. For this reason, we can expect for these dimer even a stronger magnetic

interaction between the rings than in the bipyridyl case. Besides and most im-

portant, in this case the two molecular units are different, same S = 1/2 ground

state but with different energy level patterns (so excitable separately). Thus,

purple-(Cr7Ni)/green-(Cr7Ni) dimer can be suitable for further experiments to

selectively excite the state of only one unit.
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Chapter 7

Spin entanglement between two

Cr7Ni molecular clusters

In the previous Chapter purple-Cr7Ni was characterized in detail and identified

as our ideal building block with well defined effective S = 1/2 spin. The capa-

bility of engineering weak magnetic coupling between the rings, preserving the

magnetic features of the single units, has been demonstrated. Finally, from the

systematic analysis of the magnetic coupling in purple-Cr7Ni dimers, bipy linker

results the one that can afford the strongest coupling. Here, the attention is fo-

cused on the (Cr7Ni)2-bipy derivative, shown in Fig. 7.1, to investigate if quantum

entanglement between the molecular rings is established.

The study is divided in two parts. Firstly, in section 7.1, the complete ex-

perimental characterization of the dimer compound is presented, reporting the

microscopic model and the results of fits that allow to use a two-qubit picture

for the system. Then, in section 7.2 the entanglement is experimentally demon-

strated by using low temperature susceptibility as entanglement witness. Results

are in agreement with the theoretical quantification by means of concurrence

calculation, reported in Appendix C.

My contribution to this work concerns the experimental magnetic character-

ization by means of specific heat. Micro-SQUID magnetization was performed

in Grenoble by Dr. Andrea Candini and Dr. Wolfang Wernsdorfer, while EPR

spectra were measured in Manchester by Dr. Floriana Tuna. For the theoretical

simulations: the spin Hamiltonian diagonalization was made by Dr. Stefano Car-
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7. Spin entanglement between two Cr7Ni molecular clusters

Figure 7.1: Structure of (Cr7Ni)2-bipy as determined by x-ray diffraction. Colors: Cr, purple;
Ni, green; F, yellow; O, red; C, black; N, blue. Hydrogens are omitted and pivalate groups are
truncated for simplicity.

retta in Parma while the concurrence calculations were carried out by Dr. Filippo

Troiani in Modena.

7.1 Magnetic characterization

In section 6.4 of the previous chapter specific heat and low temperature magneti-

zation were reported as qualitative proofs, respectively, of purple-Cr7Ni integrity

in dimer compounds and of inter-rings coupling. Here the characterization is

deepened and completed giving further exhaustive details and quantitative anal-

ysis using a spin-Hamiltonian approach to fit the experimental results.

In Fig. 7.2 the specific heat of (Cr7Ni)2-bipy is shown for several values of

magnetic field. The behavior of all the in-field curves is essentially the same than

the curves measured for the single ring (see Fig. 6.3) at the corresponding fields,

as seen for 1 T specific heat presented in section 6.4. In the case of zero magnetic

field, this is no longer true. As enlightened in Fig. 7.3, for both the single ring and

the dimer, a Schottky anomaly around 4 K, due to the energy gap (∆) between

the ground and excited states, is present. Conversely, at low temperature the

shape of the curves is different for the two derivatives. For the purple-Cr7Ni,

the specific heat goes to zero, while for (Cr7Ni)2-bipy there is an upturn below

120



Magnetic characterization

1 10

0.01

0.1

1

10
 S

pe
ci

fic
 H

ea
t C

/R

0T
0.5T
1T
3T
5T
7T

 

 Temperature T (K)

Figure 7.2: Low-temperature specific heat C, normalized to the gas-constant R for (Cr7Ni)2-bipy

dimers. Symbols and solid lines correspond to experimental data and theoretical simulations,
respectively, for different values of the applied magnetic field.

0.5 K due to the energy splitting of levels (∆0) in the ground state multiplet. To

have a quantitative analysis, the lattice and magnetic contribution were estimated

by fitting C(T, H) for (Cr7Ni)2-bipy at different values of the applied magnetic

field H by means of Eqs. (1.14) and (1.17) respectively. The resulting separate

contributions are reported in Fig. 7.3. The lattice parameters provided by best

fit are the following set of values: ΘD = (153± 10) K, λ = (0.59± 0.03) K−1.

Low-temperature magnetization measurements M , obtained by micro-SQUID

on a single crystal, allow to further characterize the inter-ring interaction. In

Figs. 7.4 and 7.5, respectively, the systematic investigations of magnetization

loops M(H) of the single purple-Cr7Ni ring and the (Cr7Ni)2-bipy dimer are

reported. Measurements were carried out on monocrystalline sample at T =

40 mK and for different sweeping rates, dH/dt. For each derivative, the M(T, H)

curves presented in the upper panels show the butterfly behavior, typical of the

phonon-bottleneck regime, that becomes clearer as the sweeping rate increases

(which allows to keep the temperature of the spin bath even lower than that

of the cryostat). Zooming the magnetization curves M(H) (lower panels), it
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Figure 7.3: Specific heat vs temperature at zero magnetic field for a) single purple-Cr7Ni ring
and b) dimer (Cr7Ni)2-bipy. Theoretical lattice (dotted line) and magnetic (dot-dashed line)
contributions are reported. ∆ is the main energy splitting between the ground doublet and the
first excited quadruplet, while ∆0 is the energy splitting arising from the inter-rings coupling.
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Magnetic characterization

Figure 7.4: Experimental magnetization loops M(T, H) of the purple-Cr7Ni. a) Data taken at
T=40 mK on single crystal sample for different sweeping rates. b) Magnification of (a). Inset:
Derivative of magnetization dM/dH vs H for a sweeping rate dH/dt = 0.28 T/s.
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7. Spin entanglement between two Cr7Ni molecular clusters

Figure 7.5: Experimental magnetization loops M(T, H) taken for (Cr7Ni)2-bipy dimer single
crystal sample. a) Data taken at T=40 mK and different sweeping rates of the magnetic field.
b) Magnification of (a). Inset: dM/dH vs H curve taken for dH/dt=0.28 T/s.
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Figure 7.6: dc-susceptibility obtained as derivative of magnetization dM/dH for small value
of H and measured at very low sweeping rate dH/dt = 0.004 T s−1. Solid line represents the
simulation calculated from spin Hamiltonian diagonalization.

is possible to observe that the (Cr7Ni)2-bipy dimer presents additional feeble

knees at H = ±0.05 T. These are clearer in the derivative of magnetization for

dH/dt = 0.28 T/s, the faster sweeping rate available, as shown in the insets.

These knees are not present in the single purple-Cr7Ni ring and they indicate a

crossing between low and high spin states of the dimer as H is swept from zero

to finite values.

From the magnetization data is possible to obtain the dc susceptibility, de-

fined as χ = dM/dH for small values of H, and measured with sweeping rates

that are small enough to keep the system at the thermal equilibrium with the

cryostat (dH/dt = 0.004 Ts−1). The susceptibility so obtained is depicted in

Fig. 7.6, where the absolute value of χ, reported in emu mol−1 K units, was

normalized by using as reference high temperature χ measured on powders. The

downwards curvature of χT below 0.2 K demonstrates the presence of a weak

antiferromagnetic coupling between the two rings.

The inter-ring coupling is confirmed also by Electron Paramagnetic Resonance

(EPR) data reported in Fig. 7.7. Additional structures appear in the EPR spec-
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Figure 7.7: Simulated Q-band EPR spectra of purple-Cr7Ni and (Cr7Ni)2-bipy dimer (solid
black lines), obtained within the microscopic spin-Hamiltonian approach (see text). The exper-
imental data (colored lines), taken from [154], have been obtained at T=5 K.

trum of (Cr7Ni)2-bipy dimer with respect to the single ring case, clearly showing

interactions between the two molecular rings and mainly involving the ground

doublets of the two rings. The microscopic intermolecular coupling between the

two rings in the (Cr7Ni)2-bipy dimer can be described by the isotropic Heisenberg

term involving the Ni ions

HAB = J ′SA
Ni · SB

Ni,

used also to fit DFT calculations (see Appendix B).

In order to calculate the low-energy (E) properties of the dimer, the coupling

Hamiltonian HAB can be represented on the product basis |iA, jB〉, being |iα〉 the

single-ring eigenstates of H in Eq. 6.1. Since J ′ ¿ J , the low-E eigenstates are

well approximated by truncating the product basis to include only the four lowest-

lying multiplets of the rings. The resulting simulations are compared with the

experimental results: specific heat (Fig. 7.2), dc-susceptibility (Fig. 7.6) and EPR

(Fig. 7.7) data of (Cr7Ni)2-bipy are well reproduced by assuming J ′/kB = 0.16 K.

The sign of J ′ is fixed by the low-T decrease of the dc-susceptibility (Fig. 7.6). At

0.05 T our model also predicts a ground state crossing involving one of the triplet
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states (Fig. C.1(b)), in excellent agreement with low-temperature magnetization

data (Fig. 7.5).

7.2 Measurement of the entanglement

The quantitative agreement between the microscopic spin-Hamiltonian approach

and the whole set of experimental data, based on the use of only four free pa-

rameters (J , J ′, gNi
xx = gNi

yy , and gNi
zz ), demonstrates a detailed understanding of

the intra- and inter-ring interactions and allows the derivation for the dimer of

a two-qubit picture. Within such picture, it is possible to discuss the experi-

mental demonstration, through magnetic susceptibility, of entanglement between

the two rings, and its theoretical quantification through concurrence. In fact, for

T ¿ J/kB [49], each Cr7Ni ring can be regarded as an effective 1/2 spin, and the

effect of intermolecular coupling can be described by projecting HAB onto the

low-energy subspace S = {|iA, jB〉}, with iA, jB = 1, 2. The resulting effective

Hamiltonian, expressed as a function of the total spins of the two rings, reads:

Heff
0 = JAB SA · SB + DAB (2SA

z SB
z − SA

x SB
x − SA

y SB
y ), (7.1)

where JAB ' 0.4J ′ and DAB ' 0.1J ′. Here, the second contribution is due to

anisotropic crystal-field and intramolecular dipolar interactions. In the presence

of a magnetic field, the Hamiltonian of the coupled effective spins SA = SB = 1/2

thus reads: Heff = Heff
0 +Heff

1 with Heff
1 = µB

∑
α=A,B H · ḡ · Sα.

For a system of exchange-coupled spins, as discussed in the introductive Chap-

ter (see section 1.2), we can use the absolute value of the magnetic susceptibility,

averaged over three orthogonal directions, as entanglement witness [89]. As re-

sult, the density matrix ρ of the two effective spins Sα is non-factorizable if:

∑

β

χβ/ḡ2
β < NAµ2

B/kBT, (7.2)

where β = x′, y′, z′ are the three axes and the threshold refers to an Avogadro’s

number of dimers. Figure 7.8 shows the temperature dependence of the measured

(triangles) and simulated (solid lines) dc-susceptibility components for the ring

dimer derived by the micro-SQUID magnetization on single crystals and scaled
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Figure 7.8: dc-susceptibility measured for (Cr7Ni)2-bipy single crystals with magnetic field
oriented parallel (blue triangles) and perpendicular (red triangles) to the largest surface of
the crystal. Data are scaled to the value of corresponding g-tensor component. (Solid lines)
theoretical calculations. Average (χ⊥/ḡ2

⊥+2χ‖/ḡ2
‖)T/3 (black circles) is compared with the

threshold for a mole of dimer NAµ2
B/3kB to find the temperature condition for entanglement

(shaded area).
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to the squared of the correspondent g tensor component. χ⊥ (red) is the com-

ponent perpendicular to the largest surface of the crystal; this direction forms

on average an angle of 16◦ with the z axis, perpendicular to the rings plane. χ‖
refers to the directions parallel to the crystal plane; rotation of magnetic field

within this plane does not evidence changes in the magnetic response. The aver-

age (χ⊥/ḡ2
⊥+2χ‖/ḡ2

‖)T/3 (circles) is compared with the threshold for a mole of

dimers, NAµ2
B/3kB, in order to identify the temperature range where the two rings

are entangled (shaded area). As visible from the plot in Fig. 7.8, for T . 50 mK,

the inequality 7.2 is fulfilled, thus providing a direct experimental evidence of

entanglement between the two Cr7Ni rings. This result is in agreement with con-

currence calculation, reported for completeness in Appendix C, that in addition

gives also a quantification of the entanglement and its dependence from magnetic

field.

As final consideration, it should be noted that in the present case, the coupling

between the effective spins Sα includes an anisotropic contribution (DAB 6= 0),

due to which the condition [Heff
0 ,Heff

1 ] = 0 is only fulfilled for H ‖ ẑ. This

might in principle result in a difference between the magnetic susceptibility and

the entanglement witness [89]. However, for small enough values of DAB/JAB, the

difference between the susceptibility and the entanglement witness is negligible

with respect to the threshold, as the case presented here (see Fig. 7.9).
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Figure 7.9: Difference between the susceptibility of the two spins with finite DAB and the same
quantity with DAB=0. The dimer that is presented here corresponds to the case JAB/DAB = 4
(blue curve), where the difference between the susceptibility and the entanglement witness is
negligible, with respect to the threshold, which in these units is χth = 1. The quantities refer
to one pair of rings.
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Conclusions

In summary, magnetic coupling between molecular cluster in the purple-(Cr7Ni)2-

bipy dimer was experimentally characterized in detail by heat capacity, micro-

SQUID magnetization and EPR. In particular, intra- and inter-ring interactions

are modeled through a microscopic spin- Hamiltonian approach that reproduces

all the experimental data quantitatively and legitimates the use of an effective

two-qubit picture. Moreover, spin entanglement between the rings is experimen-

tally demonstrated using magnetic susceptibility below 50 mK as entanglement

witness. Besides, based on a microscopic modelling of the dimer, the ring-ring

entanglement was quantified by calculating the concurrence (see Appendix C)

and obtaining finite values for an experimentally accessible range of physical pa-

rameters.
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Chapter 8

Conclusions

The aim of this thesis work was to explore different issues of quantum mechanics

in several antiferromagnetic molecular spin clusters by using standard thermo-

dynamic measurements and by developing a new experimental setup for Hall

micro-probe magnetometry.

Entanglement is an intriguing property of quantum systems that is essential

for the implementation of quantum information processing. AF Cr7Ni spin rings

were recognized as possible qubits for quantum computation [49, 54]. Further-

more, promising results were predicted for tripartite system consisting of two

Cr7Ni rings and a Cu ion, for which maximally entangled states can be generated

in times much shorter than the expected decoherence time [70]. In this context,

important results have been achieved during my thesis work on a new family of

linked Cr7Ni rings (Chapters 6 and 7). Magnetic coupling, although not suffi-

cient, is a crucial prerequisite for the establishment of spin entanglement. In this

work its tailoring by supramolecular chemistry was demonstrated. Systematic

study of molecular Cr7Ni dimers with different heteroaromatic linkers has al-

lowed to investigate in-depth how the coupling is tuned by the linkers. Moreover,

the mechanism behind the transmission of spin information through the chemical

linkers was rationalized by DFT calculations [87,156]. In the case of one of these

dimers, Cr7Ni-bipy, the entanglement between the molecular units was experi-

mentally demonstrated by using the susceptibility as entanglement witness and

theoretically quantified by the calculation of concurrence [86]. This is the first,

and till now also unique, result of direct measurement of entanglement in finite
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molecular spin systems. Finally, it represents a step forward for the realization

of quantum computation in molecular qubits.

Another topic treated during my Ph.D. work is the identification of local

probes, i.e. experimental techniques that may locally probe the magnetization

within a spin systems. This will allow, for instance, to test effects at the edges

and eventually to read out information in specific positions of a spin segment. For

this purpose, the combination of chemically selective techniques and heteronuclear

spin systems can be a good approach. Nuclear magnetic resonance, for instance,

has been already used to probe the local spin moment distribution in molecular

Cr7Cd rings [21]. Following this idea, in this thesis work a strategy for probing

the local magnetization by means of X-ray Magnetic Circular Dichroism (XMCD)

is reported. This is applied to the heterometallic AF Cr6InNi and Cr7InNi spin

rings (Chapter 4), using the spin of Ni2+ as a marker to probe the local magne-

tization [98]. The results of the magnetic characterization I performed allowed

to understand the properties of these systems and to have a comparison with

the total magnetic moment obtained from XMCD spectra by using sum rules.

Afterwards, the same technique was used also for the heterometallic spin trimer

Cr2Cu (Chapter 5), in this case using the ’extra’ Cu ion [99]. The AF Cr2Cu

trimer have an additional advantage with respect to Cr6InNi and Cr7InNi rings:

the gap energy between its ground state and the first excited is more than 40 K,

much lower than the operational temperature for XMCD experiments (∼ 10 K),

thus, populating only the ground state, it is easier to interpret the magnetization

in terms of moment of spin.

One dimensional infinite chains of Heisenberg interacting spins are textbook

examples to study spin waves. An interesting issue is to investigate the effects of

the finite size and topology in the spin excitations. Molecular spin clusters offer

unique opportunity in this respect, due to the capability to control the length and

the spin values of the chain at synthetic level. In Cr6InNi and Cr7InNi rings the

presence of non magnetic In ion creates a break in the cyclic spin chain within

the rings, that makes them good examples of spin segments. The topological and

size effects were studied using as comparative system the unbroken Cr7Ni-piv.

Another family suitable for this type of investigation is that of CrxCu2 wheels.

The extensive magnetic characterization that has been performed (Chapter 3)

136



allowed to find the ground states of the systems. It turns out a dependence of

the total spin value on the number of Cr ions within the ring, giving different

results for the even and the odd membered chains. Finally, these derivatives are

proposed for further investigation on local detection of magnetization at the edges

of the spin chains and to study spin state transmission along the chains, in order

to implement possible application in the field of quantum communication.

For the characterization of static and dynamic properties of molecular spin

clusters the countercheck of theory with experimental results is fundamental. One

problem to determine the magnetization of molecule with low spin is the require-

ment of high sensitivity to detect the tiny signals together with the necessity to

work at very low temperatures to populate only the ground state. The develop-

ment of new high-duty experiments is thus very important. Part of my work was

dedicated to the development of a new experimental setup for high sensitivity Hall

magnetometry measurements combined with resonant absorption of microwaves

(Chapter 2). I have successfully produced GaAs/AlGaAs heterostructures Hall

probe devices by optical lithography process. Test measurements on Mn12 single

crystals show the typical steps in the hysteresis loop due to quantum tunneling of

magnetization and their shift in presence of resonant absorption of GHz radiation.

This demonstrates that both the lithographed devices and the whole setup work.

The experiments were performed with a pre-existing setup that can achieve a base

temperature of 1.8 K. Afterwards the Hall probe magnetometers were mounted

in the new 3He cryostat for which the electrical and detection setup was entirely

realized. The operativity of the technique with the new setup has been tested by

preliminary measurements on Cr8Cd at the base temperature of 0.5 K. The work

is still in progress and we intend to verify also the functionality in presence of GHz

radiation. Finally, we plan to further improve the system implementing it also

for magnetization dynamics measurement like electron paramagnetic resonance.
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Appendix A

Probing edge magnetization:

X-ray Magnetic Circular

Dichroism

A.1 Cr6InNi and Cr7InNi

The structure of Cr6InNi and Cr7InNi, i. e. magnetically broken wheels of chro-

mium with an extra Ni ion at the edge, makes these systems good test-beds to

develop an experimental method to read out the magnetic excitations of a finite

spin chain (chromium ions) using a local probe (the Ni ion). A powerful tech-

nique in this context is the X-ray absorption spectroscopy (XAS) that, thanks

to its chemical selectivity, allows to separately investigate local symmetries, elec-

tronic configuration, orbital, and spin magnetic moments of the magnetic ions.

By means of XAS (here not reported for brevity), we demonstrated in Ref. [98]

the equivalence of oxidation states and chemical environment for the Cr3+ and

Ni2+ ions in Cr6InNi, Cr7InNi and a similar sample of Cr7Ni-piv closed ring. In

order to discuss the possibility to use the Ni ion as local probe of magnetiza-

tion, X-Ray Magnetic Circular Dichroism (XMCD) experiments on thick films

of the two considered derivatives compared with the results obtained for Cr7Ni-

piv [142] are reported. Measurements were performed by Dr. Valdis Corradini,

Dr. Roberto Biagi and Prof. Umberto del Pennino at the ID8 beamline of the Eu-

ropean Synchrotron Radiation Facility (ESRF) in Grenoble (France). For further
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Figure A.1: XMCD spectra taken at the Cr-L2,3 (left) and Ni-L2,3 (right) edges at the tem-
perature of 10 K and applied field H = 5 T, compared with theoretical XMCD (TT multiplet
program) calculated for Cr3+ and Ni2+ in Oh symmetry (10Dq = 2.1 eV).

experimental details see Ref. [98] and references therein.

Figure A.1 shows the XMCD spectra taken at Cr (left panel) and Ni (right

panel) L2,3 edges at T = 10 K and with H = 5 T external field for the Cr6InNi,

Cr7InNi, and Cr7Ni-piv. At bottom of panels calculations of the L2,3 edges absorp-

tion for the Ni2+ and Cr3+ using the ligand-field multiplet model implemented by

Thole [145, 146] is plotted (where 10Dq is a crystal-field parameter). The inten-

sity of dichroic signal provides information on the local magnetic moments while

the sign carries information on the nature of the exchange interactions [139,147].

The intensities of Cr L2,3 dichroic signals are comparable for the three specimens

and the sign is the same (Fig. A.1). In particular, the negative signal at the Cr L3

edge and the positive one at the L2 edge show that, in the range of temperature

and field that we have considered, the total Cr magnetic moment points parallel

to H in each system. Conversely, the dichroic signal taken at the Ni L2,3 edges

changes significantly (intensity and sign) from case to case. For magnetically

broken Cr6InNi and Cr7InNi rings, a negative XMCD peak at the L3 edge and a

positive one at the L2 edge show that the Ni2+ magnetic moment is parallel to
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Figure A.2: Magnetic moment-vs-field curves extrapolated from the XMCD spectra. Data
related to the same derivative are arranged in columns, where the rows show respectively
the partial contribution of chromium, nickel and their sum. Solid lines represent results of
theoretical simulations.
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H. On the contrary, for cyclic Cr7Ni-piv rings the magnetic moment of Ni lies

antiparallel to H [142]. Interpretation is not straightforward since the magne-

tization of a specific site is determined by the state of the whole spin segment

and, at 10 K, different low-lying states are significantly populated (see Fig. 4.5).

Yet, the sign of Ni spin is determined by a competition between the Heisenberg

antiferromagnetic coupling with the neighbor spins and the Zeeman interaction.

In Cr7Ni-piv closed ring, spins are arranged in a staggered configuration and the

magnetization at the Ni site turns out to be opposite to the average magnetiza-

tion at Cr sites at 10 K [142]. Due to the presence of In3+, which breaks the

Heisenberg exchange coupling, we expect that the behavior of the magnetic mo-

ment of nickel is dominated by the Zeeman term in both Cr6InNi and Cr7InNi,

and the sign of magnetization at the Ni site turns out to be the same as the

total magnetization of Cr, i.e., parallel to the applied magnetic field. This fact

qualitatively proves that Ni is sensitive to the spin arrangement along the ring or

segment.

Quantitative information on the Cr3+ and Ni2+ spin and orbital magnetic

moments can be obtained by using the XMCD sum rules [148, 149]. In Fig. A.2

it is shown the mean value of the spin and orbital magnetic moments < m >=<

mo + ms > vs magnetic field for T = 10 and 15 K, calculated from XMCD data

by the procedure reported in Ref. [98]. For Cr3+ data derived from the dichroic

signal reflect the mean value of the magnetic moments over the six or seven sites of

the segment, as expected the curves look similar for the three derivatives because

the local information is washed out. Conversely, < m >Ni, calculated from the

dichroic signal of Ni2+, shows remarkable differences from one cluster to another

(central panels). According to Fig. A.1, the magnetic moment of Ni has negative

slope in cyclic Cr7Ni-piv rings and positive slope in magnetically Cr6InNi and

Cr7InNi rings. Furthermore, the bigger size for Cr6InNi with respect to Cr7InNi at

10 K shows how the magnetic moment of Ni is sensitive to the topology of the spin

segment. The solid lines in Fig. A.2 represent quantitative description derived

from the spin-Hamiltonian calculations considering 100 eigenstates, weighted by

the Boltzmann factors. The calculated curves, obtained without applying any

fitting procedure, are in good agreement with experimental curves derived by

XMCD data.
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A.2 Cr2Cu

Here, X-ray absorption spectra (XAS) and X-ray magnetic circular dichroism

(XMCD) measurements on thick films (powders) of Cr2Cu are reported. The

experiments were performed at 15 K and with 5 T external magnetic field. Further

experimental details can be found in Ref. [99]. The local symmetries of chromium

and copper in Cr2Cu can be obtained by comparing their L2,3 XAS and XMCD

spectra with those of different known oxides. In particular, in the left panels of

Fig. A.3, the Cr L2,3 XAS and XMCD spectra are compared with the Cr2O3 XAS

and the Cr0.07Al1.93O3 XMCD, presenting the same eight similar features in the

profile. This is a direct fingerprint of the presence of Cr3+ in an Oh environment.

Analogously, in the right top panel of Fig. A.3, the Cu L2,3 XAS is compared with

the CuO signal, showing the same single sharp peak, which indicate the presence

of Cu2+. Since CuO compound is not dichroic, for the XMCD signal a direct

comparison is instead not possible.

Information on the nature of the intramolecular exchange interactions can

be extracted by studying the sign of dichroic signal. Indeed, as an external

magnetic field is applied, we expect an interplay between the antiferromagnetic

coupling between nearest neighboring ions -favoring a magnetic moment staggered

configuration at low temperature- and the Zeeman interaction, tending to align all

magnetic moments along the field direction. The Cr2Cu XMCD spectra, reported

in Fig. A.3, provides information on this interplay. The negative dichroic signal

at the Cr-L3 edge and the positive one at the L2 edge (L3(-) and L2(+) in short)

implies that the total magnetic moment of Cr ions is parallel to H. This occurs

for all the monitored temperatures (T ) and external magnetic fields (H). The

opposite behavior (i.e. L3(+), L2(-)) has been observed for Cu (see Fig. A.3, right

bottom panel), implying that the Cu total magnetic moment is antiparallel to Cr

at 15 K. Quantitative information on the Cr and Cu spin and orbital magnetic

moments can be obtained by using XMCD sum rules [148, 149]. The upper and

central panels of Fig. A.4 display the separate contributions of Cr and Cu to

the total magnetic moment of the Cr2Cu, determined by the sum rules, as a

function of µBH at 15 and 25 K. For chromium ion the calculation is carried

out with (open symbols) and without (filled symbols) considering the dipolar

term Tz (see Ref. [99] for the details). Results are in good agreement with the
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Figure A.3: (Left panels) The Cr L2,3 XAS and XMCD spectra for Cr2Cu, taken at 15 K and
5 T, compared with those of Cr2O3 [151]. (Right panels) The Cu L2,3 XAS and XMCD spectra
for Cr2Cu compared with those of Cu2O [152], CuO [152] and LaCuO3 [153].

144



Cr2Cu

Figure A.4: Magnetic moment vs field curves extrapolated from the XMCD spectra of Cr2Cu at
15 and 25 K. The panels from the top to the bottom show respectively the partial contribution
of chromium, copper and their sum. For copper the results which include Tz (open symbols)
can be compared with the results without Tz (filled symbols). Solid lines represent the spin-
Hamiltonian calculations, while lines and symbols in the lower panel are the bulk magnetization
measured on polycrystalline sample at 10 and 20 K of Fig. 5.7.
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spin-Hamiltonian calculations (continuous lines). Finally, in the bottom panel

the Cr2Cu total magnetic moments derived by the sum rules are compared with

bulk like magnetization of Fig. 5.7.
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Appendix B

Propagation of spin information:

Density Functional Theory

calculations

In order to deepen the understanding on the mechanism behind magnetic interac-

tions through heteroaromatic bridges in purple-(Cr7Ni)2 dimers and account for

the observed experimental behavior, density-functional theory (DFT) analysis on

these systems are reported. Calculations were performed by Dr. Valerio Bellini

by means of the NWChem quantum chemistry package [157] and by taking into

account the full systems (rings+bridge), for further details see Ref. [156].

In Figure B.1 the spin-polarized electron density iso-surfaces for a very low

iso-value (= ±0.0005 electrons/a.u.3) is plotted and zoomed onto the relevant

Ni-linker-Ni coupling region. Looking at Fig. B.1, in all the linkers, following the

bond paths, we can observe an alternation of spin polarization when moving from

one atom to the next. Moreover, from the shape of the isosurfaces it is possible

to deduce that this polarization involves primarily orbitals with π character.

Polarization of σ orbitals in the linkers, although present on the N atoms bound

to Ni, fades away within few bonds, and vanishes altogether for inner C atoms.

In the case of bipy dimer (see Fig. B.1(a)), the spin density from the Ni site

splits and propagates along the two branches of the hexagonal group following

the spin alternation rule. At the C atom that closes the hexagon of the pyridine

there is constructive interference thank to the equal paths that the spin density
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Figure B.1: Spin polarization density plots for: a) bipyridyl, b) bipyridylethene, c)
bipyridyltetrazine and d) bidimethylpyrazolyl, for isovalues of + (cyan) and – (red)
0.0005 electrons/a.u.3

148



has passed through. Thus, the spin information in the bipy dimer can achieve

the inner part of the link and the magnetic interaction between the rings is

appreciable.

For the bipyet and bipytz linkers, see Figs. B.1(b) and (c) respectively, that

are based on hexagonal groups too, it enters into play the larger number of bonds

that such interaction should travel through. Delocalization of π system orbitals

becomes less and less efficient as the number of bonds increases, so that only a

small fraction of spin-polarization survives in the two facing C atoms in the center

of the linkers (π spin polarization interaction becomes visible only for isovalues 5

times smaller than the one used in Fig. B.1, i.e. = 0.0001 electrons/a.u.3).

Finally, in the case of the bdmp linker, depicted in Fig. B.1(d), moving from

the Ni atoms to the inner C atoms, there are two different possible paths on the

two sides of the five-membered rings, through N–C or through N–N–C, composed

respectively by two and three bonds. Because of the spin alternation rule, spin

frustration is present in the inner C atoms, and destructive interference between

the two paths leads to a very low spin-polarization of the orbitals in the inner

region of the bdmp, despite the fact that the two Ni centers are closer to each

other (see the Ni-Ni distances reported in Fig. 6.13).

Spin-density analysis is in good agreement with EPR [156] and the micro-

SQUID magnetization experiments, supporting that among the linkers analyzed

(sketched in Fig. 6.13) inter-ring magnetic interaction is largest via the bipyridyl

linker. In order to provide further support, total energy calculations of projected

broken-symmetry Ising spin configurations were performed, and mapped onto the

microscopic spin Hamiltonian:

HAB = J ′SA
Ni · SB

Ni (B.1)

where J ′ is the isotropic exchange between the Ni spin moments, and SA
Ni and SB

Ni

are the spin moments of the two Ni ions (SA
Ni = SB

Ni = 1) of the two rings labeled A

and B. J ′ is then given by 1/4 of the total energy difference between the singlet and

triplet states of the Cr7Ni2 dimer, and positive values are relative to a preferred

antiferromagnetic coupling between the rings, i.e. a singlet spin ground state. The

calculated J ′ values are 10, 0.5, 4 and 2 µeV for bipy, bipyet, bipytz and bdmp

respectively. Exchange interaction is therefore found to be largest in bipyridyl-

linked dimers, in agreement with the experimental observations. Moreover, I
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anticipate that the complete spin Hamiltonian approach, reported in the next

chapter, will give an exchange constant J ′ = 0.16 K; much greater than the value

found by DFT. We also note that the coupling in compound bipyet is predicted to

be much less than the one of compound bipy, while experimentally these values

are rather close to each other. These, however, are tiny interactions, which are

near the numerical precision of the DFT method.
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Appendix C

Entanglement quantification:

Concurrence calculation

A quantitative, though indirect, estimate of entanglement is provided by the con-

currence (C) [72], whose value ranges from 0 for factorizable states to 1 for max-

imally entangled ones. The equilibrium density matrix of the dimer ρAB
eq , in the

case H ‖ ẑ, is a statistical mixture of the eigenstates |S, M〉, each weighted by its

Boltzmann factor PS,M . The resulting expression for the concurrence is C(ρAB
eq ) =

max{ |P1,0 − P0,0| − 2(P1,1 P1,−1)
1/2 , 0 }, if max{P1,0, P0,0} > (P1,1 P1,−1)

1/2, and

C(ρAB
eq ) = 0 otherwise. In the range where the concurrence is finite, its depen-

dence on T and on the physical parameters in Heff is given by the following

expression:

C(ρAB
eq ) =

1− e
−JAB

kBT

(
e

DAB
kBT + 2e

− DAB
2kBT

)

1 + e
−JAB

kBT

[
e

DAB
kBT + 2e

− DAB
2kBT cosh

(
ḡzzµBB

kBT

)] .

The resulting concurrence is plotted in Fig. C.1(a) as function of temperature

and magnetic field. For H = 0, the dimer is maximally (hardly) entangled if

the temperature is much smaller than (comparable to) the singlet-triplet split-

ting E1,0 − E0,0 = JAB − DAB. The transition from entangled to factorizable

states corresponds to T ' 50 mK, in agreement with that estimated through

the entanglement witness. At vanishing temperature, the concurrence under-

goes an abrupt transition from C = 1 to C = 0 as the value of the magnetic
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C. Entanglement quantification: Concurrence calculation

Figure C.1: (a) Concurrence of the (Cr7Ni)2 dimer at equilibrium at temperature T in the
presence of an external magnetic field H (along z). Panels in the right-hand side show the
low-energy spectrum of the dimer, derived from the microscopic spin Hamiltonian, for H ‖ x̂
(b) and H ‖ ẑ(c)

field exceeds Hc = (JAB + DAB/2)/µB ḡzz, where, a crossing takes place between

|S = 0,M = 0〉 and |S = 1,M = 1〉 [Fig. C.1(c)]. Altogether, the two rings are

entangled in the temperature range ḡzzµB(H − Hc) . kBT . JAB − DAB, that

includes experimental conditions reported in the manuscript.
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sità degli Studi di Perugia”, Perugia, Italy. The-

sis Title: ’Studio dei modi collettivi nell’acqua

di idratazione della Ribonucleasi tramite spettro-

scopia Brillouin di neutroni’. Mark: 110/110.

The measurements were carried out at the high

flux reactor of Institute Laue-Langevin (ILL),

Grenoble, France.

October 2005: ’Laurea Triennale’ degree in Physics at ”Univer-
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