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“...0One Ring to rule them all, one Ring to find them, One Ring to
bring them all and in the darkness bind them.”



Contents

1 Introduction

1.1 Molecular Nanomagnets . . . . .. ... .. ... ... ....
1.2 Technological Applications . . . . . ... ... .........

1.3 Theoretical Framework

1.4 Theinvestigatedmolecules. . . . . . ... ... ... .....

2 Experimental Techniques

2.1 Nuclear Magnetic Resonance (NMR) . . . . . .. . ... ...
2.2 Muon Spin RelaxationSR). . . . . . ... ... ... ...

2.3 SQulD-magnetometry.

3 Regular closed ring: The caseof Crg
3.1 NMR as a probe of relaxation dynamics. . . . . . ... .. ..
3.2 Study of the relaxation dynamics®©fgring . . . ... .. ...
3.3 Spin dynamics in AF even open/closedrings. . . . . . .. ..

4 Breaking of thering: The case of CrgCd

5 Study of a six-membered Dy ring
5.1 Investigation of the static magnetism . . . ... ... ... ..

5.2 Study of spin dynamics

6 Conclusions

11
12
28
35

43
46
51
56

58

69
70
74

85



Chapter 1
| ntroduction

All the work that will be shown has been done within the frarogwof the FIRB
Project: "New challenges in molecular nanomagnetism: femin dynamics to
quantum information processing”. The present thesis has bwstly devoted to
the experimental investigation of the magnetic properdies spin dynamics of
different classes of antiferromagnetic (AF) moleculaganThe aim of this work
is to shed more light on the quantum behavior and the potepgications in fu-
ture technologies of these molecular rings. One of the nmygbrtant goals is to
reach a deep understanding of the relaxation dynamics @aular nanomagnets
(MNMSs), because this aspect is of paramount importanceerd#ésign of new
molecules acting as classical or quantum bits. In the ptetady we have ex-
ploited various techniques of investigations, such as éardilagnetic Resonance
(NMR), muon spin relaxation SR and SQUID magnetometry. Through these
techniques, the static and dynamic properties of thesemsgshave been studied.
The interpretation of the experimental results has beddaddy the Group of
Molecular Nanomagnetism of Proff. P. Santini, S. Carretich @.Amoretti at the
Department of Physics and Earth Science of the UniversiBaoma.

The core of this thesis is divided in five main chapters. Thst 6ne is an intro-
duction on MNMs and the second chapter gives an overview efe¢bhniques
adopted for the experimental study. The third chapter iotl/to the presen-
tation of the results and to the discussion on the first regiidsed ring with an
odd number of magnetic ion§rg. Chapter four presents results on the direct



observation of finite size effects in AF chains. Finally, ptea 5 is devoted to the
study of the six-membereldyg ring. The last section is dedicated to the general
conclusions.

Main results of thisThesis

> Magnetic properties and relaxation dynamics of the firstil@gCrg AF ring
have been investigated. This molecule represents a ppatatypractically
degenerate-frustrated homometallic ring of half-integ@ns. The relax-
ation ofCrg has been investigated by measuring the temperature and mag-
netic field dependence of the spin-lattice relaxation rgf® of 'H nuclei.
The comparison between the experimefNMR results and theory val-
idates a model including spin-phonon magnetoelastic cogplnd taking
into account the wipeout effect. The relaxation dynamicthf molecule
Is characterized by a single Arrhenius time only at very lemperatures,
whereas above 3 K several relevant relaxation rates emehggis the first
investigation of the relaxation dynamics of an odd-memdbé¥ie ring.

> The CrgCd AF rings are model systems for the study of the microscopic
magnetic behaviour of finite AF Heisenberg chains. In thpetpf system
the different magnetic behaviour depends the length andhempérity of
the chain (odd or even). In order to study the local spin diesson the
Cr sites, the>Cr-NMR spectra were collected at low temperature. The
major difficulty in the>3Cr-NMR measurements is due to the low natural
abundance and the low sensitivity of the probe. The expetiaheesults
confirm the theoretical predictions for the non-collineginsarrangement.
It was also possible to identify from which pair of Cr the obsel signal
came from.

>~ The study of the magnetic properties and relaxation dynsumiiche first
rare-earth based ring are reported. The behaviour of ACeptibdity data
has been interpreted with the simplest conceivable modslLiming two
different relaxation processes in the phonon-inducedagian dynamics of
the molecule. AuSRLF-experiments as a function of the temperature have

2



1.1. MOLECULAR NANOMAGNETS 3

been carried out on the GPS spectrometer at the continuoas saurce
of the QuS facility of the Paul Scherrer Institute (PSI). The tempaa
dependent Longitudinal relaxation rat&) (was fitted by a distribution of
energy barriers. The results of the fit yield an average atitin energy
barrier around 250 K, compatible with the energy differebeéwveen the
Kramers doublet ground state and the first excited doublet.

1.1 Molecular Nanomagnets

Molecular nanomagnets are spin clusters whose topologyraghetic interac-
tions can be modulated at the level of the chemical synth&sisy are typically
formed by a small number of transition metal ions coupledh®y Heisenberg’s
exchange interactions. Each cluster is magnetically tiedl&om its neighbors
by organic ligands, making each unit not interacting witl tthers. Therefore,
we can investigate the magnetic properties of an isolatddeutar nanomagnet
by bulk measurements. The scientific interest on low-dinoerad magnetic sys-
tems has grown significantly during the last decadeg][ In particular, magnetic
molecules have become a very attractive model system fattioly of fondamen-
tal magnetic phenomena, such as the quantum tunneling afetiagtion {], the
level crossing and the microscopic magnetic interactidiim the applicative
point of view, molecular magnets are considered promisanmglates in the field
of the high-density information storage, quantum comparmednd quantum infor-
mation processing/| 5, 6, 2, 7], and for low temperature magnetic refrigeration
[1].

It is worth to pointing out that the synthesis of these systé&mot trivial. The
design of ring-shaped structures made of magnetic iongiigdaout via several
complex chemical routes, through the appropriate selectiohe correct organic
ligands.

The size of these systems is nanometric and this reflectseandynamics and
magnetic behavior, leading to a characteristic magnehaWer and spin dynam-
ics. The figurel.1l.1schematically shows the size effects of the magnetization
dynamics and the hysteresis loops, from multidomain magpatticles to molec-
ular clusters]].
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Figure 1.1.1: Hysteresis loops are typical examples of ratzgtion reversal via
nucleation, propagation, and annihilation of domain w@d), via uniform rota-
tion (middle), and quantum tunnelling (right)[

From the physical point of view, it is common to refer to thesaecules with
simplified formulas, highlighting the constituting metalsd omitting the organic
ligands, the latter being important from a chemical poinvieiv. The first ever
identified molecular magnets have beenfeg and theMni,. These clusters are
characterized by a high-spin ground state and an uniaxighet& anisotropy,
which creates an energy barrier for the reorientation ofntlagnetization. San-
gregorioet al. have shown that the characteristic time of relaxatiofref be-
comes temperature independent below T = 0.36 K, provingthigatelaxation of
the magnetization is due to the quantum tunneling acrosaritsatropy barrier
[8]. The jumps in the hysteresis cycleskdg (Figurel.1.1, graph on the right) for
specific values of the applied magnetic field correspondda@ttti-crossing fields,
involving states from different sides of the energy barri@kashi et al. §] show
that the strong spin decoherence is significantly suppddsgeolarizing the spin
bath inFeg single-molecule magnets.

In addition to single-molecule magnets there are diffefantilies of magnetic
molecules, like the triangle-shap&ys[10], the Mn [3x3] grid[L1] and the an-
tiferromagnetic rings17]. In particular, the latters are the main subject of this
thesis.
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Homometallic Antiferromagnetic (AF) ring-shaped systertosstitute an inter-
esting subgroup of molecular nanomagnets, with a finite rermabmagnetic ions
lying on an almost regular ring. Due to the finite-size efle&F rings possess

a discrete energy spectrum?]. The energies of the lowest-lying excited states
of each total spir5r can be approximately given by the so-called Landé rule:
E(Sr) = (ZWJ) Sr(Sr +1), where J is the antiferromagnetic exchange coupling
constant and N is the number of magnetic ions composing tige The appli-
cation of an external magnetic field lifts the magnetic degacy of each state,
resulting in successive ground-state level crossings.

AF rings can be divided in different categories, dependim¢ghe number of mag-
netic ions within the ring: even or odd, being these open asad. Open rings
can be obtained by the subsitution of a magnetic ion with aadimetic one and it

is possible to identify the system as a finite-size chainufad.1.2shows the two
different types of geometries. In particular, even-meratlekF rings are char-
acterized by a S=0 ground state (where S is the total spineofrtblecule) and
they can display the quantum tunneling of the Néel vectér [4], which is the
AF counterpart of the magnetization tunneling. These systeave been also ex-
ploited to investigate the nature of the elementary exoitatin finite AF systems
[14, 15).

O

A

Figure 1.1.2: Even closed ring and Even open ring.

There are two main differences between an even closed anetarpen ring:

1. The excitation energy depends on the positibna closed ring, each spin
is coupled to the two nearest-neighbors by the antiferravaag exchange
parameters (J). In order to flip one of these spins an exaitainergy equal
to 2J is necessary. In the case of an open ring, the excitatierygy depends
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on the position of the spin: in case of an edges position,e&haired exci-
tation energy is just J, being the spin coupled to only one apibne side
[16].

2. The distribution of the spin momenh a closed ring we can expect a uni-
form distribution when a magnetic ground state is inducedbglying a
suitable field, since the excitation energy does not depantth® position
of the spin. In the case of an open ring, the spins at the edgddvie
polarized more easily than the others, so we have a redistibof spin
moments with a staggered spin structuré, [L6].

The distribution of the magnetic moments also depends wétkechain is odd or
evene.g. CrCd andCrgCd[17, 18. In literature there are already results about
this and part of this thesis concerns these aspects (setechap

1.2 Technological Applications

As mentioned above, the interest in MNMs is double and it eomg both funda-
mental studies and technological applications. The eged#echnological appli-
cations include:

> Combining the advantages of the molecular scale with thpests of bulk
magnetic materials, MNMs have been considered promisingnmaés for
the high-density information storagé]| due to their slow relaxation of the
magnetizationq]. In Dyg (see chapteb) the toroidal magnetic moment
is a key property that can be useful in this field. In fact, theensitivity
to homogeneous magnetic fields’], makes these systems more protected
against the action of a external fields, respect to the sgjegtion eigen-
states of a true spin S = 1/2(]]. Moreover, qubits designed on this basis
can be packed much more densely than spin qubits, becauseatireetic
field produced by a toroidal moment decays much faster thafigld of a
magnetic dipole.

> Molecular nanomagnets have been proposed as candidatesoiesqubits
[21, 22, 23, 24, 25, 26], the basic unit for quantum information process-

6



1.3. THEORETICAL FRAMEWORK 7

ing. In particular, theCrzNi rings behave as effective spin-1/2 systems
at low temperature and show rather long decoherence timesddition
these rings can be linked together in order to realize suplesular clus-
ters, whose coupling can be tuned by properly choosing tikeidibetween
the ringsP7, 28, 21, 29, 26, 30, 31]. These supramolecular systems are
envisaged candidtes for the implementations of two-quiminfgum gates.

>~ Recently a new scheme to perform quantum information psmgsbased
on a hybrid spin-photon qubit encoding, has been propdsgd [

> MNMSs can also be considered promising materials formobacspintron-
ics, thanks to their large axial anisotropy and their tuaabhgnetic features
[33, 34, 35, 36).

>~ In some systems a large magnetocaloric effect is observiedvaemper-
ature, making MNMs promising materials for the magneticigefration.
[37, 38, 39, 4(]

1.3 Theoretical Framework

Each molecular nanomagnet can be described by a microsgpiddamiltonian
(SH):

H=3 3jS-§ +ng§<i>oz(§>+z§-0u S+ Gis xS +HeBYy o8 (13.)
1 I K(q J] 1] |

where the terms in sequence are: the isotropic Heisenbelmage (the leading
term); the local zero-field splitting terms, expressed l@tith O'a(éi) Stevens op-
erator and thcb'a(i) CF parameters; the dipolar anisotropic exchange intenasti
the antisymmetric exchange and the Zeeman term.The SH lismmis based on
the assumption that each magnetic ion in the molecule capgyesented by an
effective spins and it allows to express all the contributions to the enerfghe

system in terms of spin operators onlyl]. In the case ofl electrons we have
k=2,4[AZ. All the terms in the SH can be rewritten in terms of Irredhlei

Tensor Operators, in order to that simplify the calculabbthe Hamiltonian ma-
trix elements on the total-spin basis. The parameters cteizing the different
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contributions to the SH can be directly obtained from altiergalculations{ 3] or
determined through the comparison with the experimental. da

Theoretical analysis of the relaxation dynamics

One of the most important aspects in the physics of magnatiecules is the
understanding and characterization of the relaxation sr@sms of molecular
observables. It is important to understand these phenomananly for funda-
mental reasons, but also from the point of view of the teabgichl applications.
In fact, decoherence and relaxation phenomena are the oiagtacle to the de-
velopment of technologies based on these systeéms!]. The decoherence of
the time-evolution of the molecular observables, such asblecule magneti-
zation, is due to the interactions of the electronic spirth wie other degrees of
freedom, like nuclear spins or phonons, which often beheean heat bath/[].

In particular, the dynamics of the AF rings are characteriag a relatively fast
phonon-induced relaxation. For this reason, one of thetieebniques to probe
such dynamics is the nuclear magnetic resonance (NMR).

These irreversible relaxation dynamics can be theoréticalestigated with the
formalism of the rate (master) equations of the density imalore details can
be found in referencelf]. The secular approximation allows to decouple the time
evolution of the diagonal elements of the density mapixt) = psst), from that
of the off-diagonal elements(t), with s+ t. In a frequency-domain picture, this
corresponds to a clear separation of the inelastic (IE) hadjtasielastic (QE)
spectral contributions. Only the latters are detected byRNWAC-susceptibility.
On these bases, the populations of the molecular eigess&atelve through the
master equations:

Ps(t) = ZWstpt(t)v

whereWg; is the element of the rate matrix, which represents the foibtyaper
unit time that a transition between the eigenstédgtesnd |s) is induced by the
interaction with the heat bati §]. The precise form of the rate matrix depends
on the details of the spin-phonon interaction mechanismre Hi¢ is assumed
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that each ion experiences a spherically symmetric maglastiecoupling, due
to crystal fields modulations induced by phonons, which asedbed by a Debye
model. The rate matrix can be calculated in the first-ordeiupeation theory:

N N
W= B3 S S (810guaals) 1) (S10qels) 1 (1:3:2)
|7]:1 O1,02=X.Y,2

with n(x) = (eBﬁX— 1) - , Dt = (Esi%Et) the OF are quadrupolar operators. In
this simplified spin-phonon modey,is the unique free parameter and describes
the spin-phonon coupling strengthwill be estimated from the comparison with
NMR or xac experimental data/[].

The study of the dynamical correlation functions of the flattons of the molec-
ular observables, such as the molecular magnetizalis@EM=5_; s), allows

to better understand the relaxation dynamics of MNMs. Frdimearetical point

of view, the Fourier transform of the correlation functicemcbe expressed as a
sum of Lorentzians:

Ai(T,B)

2 1.3.3
A2(T,B) + w?’ ( )

So(w,T,B) = iA()\i,T, B)
i=
where Ai(T,B) = 1/TEQE) are the eigenvalues of the rate matvik and corre-
spond to the characteristic rates of relaxation &4, T,B) are the frequency
weights of the magnetization autocorrelation function.e Bum of the weights
is proportional to the product of the magnetic susceptibédnd the temperature:
Si—1nAA, T,B) O XT.

1.4 Theinvestigated molecules

In the research area of molecular magnetism, the AF ringsrdes prominent
place, as also demonstrated by the high number of publitato this subject
(e.q.[16, 47,48, 49, 50, 51)).

In Chapter 3 the study of the spin dynamics of the first regel@mple &Crg
molecule, an AF ring with an odd number of magnetic ionsCgaH16CrgFgO36[57]),

9



1.4. THE INVESTIGATED MOLECULES 10

is reported. Chapter 4 is devoted to the observation of tlte Size effects in the
open even chains. Here we analyze ¥f@r-NMR spectra on the even-open ring
CrgCd [53] and compare them with the results obtained for the open oglth-m
bered ring, theCr;Cd . Chapter 5 is dedicated to the discussion of the magnetic
properties and the spin dynamics of the first sythesized Rari based ring, the
Dyg[54]. The ground state of thByg is characterized by a toroidal moment exist-
ing in the absence of a total magnetic momei].[ The measurements presented
in this thesis were made on powder samples in the ca€egadndDyg, or on an
oriented single crystals in the caseQgCd andCrgZn. The molecular structures

of the rings are displayed in figufe4.1

| Formula | Abbreviation| Chapter|
CooH162Cr9F9036 Crg 3
[H2NtBuisPH[CrgCdy(O,CCMe;) 13| CrgCd 4
[Dy(Htea) (NO3)]6 - 8BMeOH Dye 5

Figure 1.4.1: Starting from left to righ€rgCd, Crg andDyg molecular ring. The
figure Dyg is taken from the article of L.Ungup[]].

10



Chapter 2
Experimental Techniques

The experimental study of the magnetic properties of AFgwgs performed by
means of Nuclear Magnetic Resonance, SQuID magnetometiMaion Spin
Relaxation SR). In this chapter an overview of the techniques adoptedd an
the informations they provide on the systems investigaticdbe presented. Fig-
ure2.0.1shows the different time-window explored by several experital tech-
niques.

Macroscopic
At (Sec) :in-easu:em;rts

l Relaxation times
in nanomagnets

10 3 | Tunneling period in Fey
Master-equation

irreversible dynamics

107

Decoherence - ,

107 Nuclear Zeeman splittings NMR

-}

10 Molecular qubit
gating times

; 10°'°

Schroedinger-equation EPR
reversible dynamics Inelastic neutron

sealtenng
107! | Anisotropic interactions

Optical
L |71 | Isolropic exchange meas

Figure 2.0.1: Time window of the different experimentalteigjues.

The dynamics of the AF rings are characterized by a relatifasdt phonon-

11



2.1. NUCLEAR MAGNETIC RESONANCE(NMR) 12

induced relaxation, thus the best technique to probe suchrdigs is the nuclear
magnetic resonance (NMR). The selectivity of this techaigllows the use of dif-
ferent nuclei as a probe, in addition to the standard measants on the proton.
For instance, the NMR spectra ®Cr have been collected to study the distribu-
tion of local local magnetic moments on t8egCd ring (see chapter 3). The aim
of this chapter is to recall the basic aspects of Nuclear MagiResonance, the
muon spin resonanc@ R, and the SQuID Magnetometry.

2.1 Nuclear Magnetic Resonance (NMR)

The NMR spectroscopy is a powerful microscopic tool to itigege the electronic
spin ensamble in both its static properties (the expectatdues of the moments)
and its dynamical ones (the spin fluctuations). The formerti@ced by the dis-
tribution of the static magnetic fields at the nucleus, i@ fresonance spectrum,
while the spin dynamics is probed by the relaxation of thelearcmagnetiza-
tion, in particular, the spin-lattice relaxation. The slasl principle underlying
NMR is the Larmor precession of nuclear spins at a Larmouieegyw._ = yH)qc,
whereH,q is the local static field at the nuclues (the external field phe internal
one, due to the electron-nucleus interaction), and themggigmetic ratig/is a con-
stant of the nuclear species. Alternatively (and to mogteets, equivalentlyoc
may be viewed as inducing an energy splitttil§ = hwy. between adjacent nu-
clear Zeeman levels,, = mha_. Typically, c_is in the radiofrequency (rf) range.
If an alternate magnetic field oscillating @t~ «_is also applied, it then gives
rise to the resonant excitation of the nuclear Zeeman transj thanks to the
Am+1 selection rule or, according to the classical descriptiom coherent col-
lective precession of the whole nuclear spin ensamble, @warthe sensitivity
enhancement inherent to a resonant method, the precessaomet nuclear mo-
ment is detectable despite its very small magnitude (as aoedgdo the electronic
one). The resonant character of the rf excitation is alsed|to the spectral se-
lectivity of this technique. Spins excited off-resonanathér nuclear species and
electronic moments), in fact, do not produce any measusagiel.

Several nuclei with spih # 0 may be employed as nuclear probes. Among these,
the nuclei of the magnetic ions are in principle the probehaice, as they are

12



2.1. NUCLEAR MAGNETIC RESONANCE(NMR) 13

coupled to the on-site electronic moment by the hyperfineraction (see be-
low). Very often, however, such an on-site hyperfine cougp({mranging from tens
tesla in transition metals to hundreds tesla in rare earshexceedingly large,
leading to over-relaxed NMR signals and/or, in the case & earths, to reso-
nance frequencies in the microwave range, hence outsideuthexperimental
frequency band. Therefore all our measurements have beeedcan the ligand
protons, with the sole exception #1Cr NMR in CrgCd which turned out to be a
favourable casetH is one the best nuclei in terms of sensitivity (100% natyrall
abundant and high) and it is coupled to the neighbouring ions by a weaker inter-
action, essentially dipolar in origin, which better fitsardur experimental time
window and frequency range. The drawback of protons is hewieir ihnomo-
geneous coupling, due to the presence of several ineqotwites in the crystal
with different distances from the ions. Such an inhomoggrgpically gives rise
to non-exponential decay or recovey laws for the nuclearnatization, due to
distributions in the nuclear relaxation time constaftsT,, which complicates
the subsequent data analysis.

Bloch Equations and pulsed NMR

The time evolution of the nuclear spin ensamble is cladgidascribed by a set
of phenomenological equations for the net nuclear maggiétiz, first proposed
by F. Bloch. The Bloch equations for the free spin evolutioa (n the absence
of a driving rf field) are written as

U= V(M x o)+ Mot (1) 11
dMxy YEVET) Mo—Mxy (2.1.1)
a = Y(M X Ho)xy+ == (2)

The first terms on the right hand side corresponds to the eahelassical preces-
sion of the nuclear spins in the static fighd= Ho2 The the other terms account
for the irreversible processes (relaxations) by which ftstesn recover thermody-
namic equilibrium My y = 0,M; = Mg = xnHo, Wherex is the nuclear suscepti-
bility) and are introduced itad hoc”. TheT; andT, phenomenological constants
are, respectively, the spin-lattice (or longitudinal) &imel spin-spin (or transverse)

13



2.1. NUCLEAR MAGNETIC RESONANCE(NMR) 14

relaxation time. The need for two distinct relaxation tinegustified both ex-
perimentally and by physical arguments, as the two relargtrocesses are in
principle rather different. The longitudinal relaxatiamyolving a variation in the
populations of the nuclear Zeeman levels, implies in faetrgy exchanges with
the thermal bath made by the surrounding electrons (thedattSuch a thermal
exchange, on the contrary, is not necessarily involvedertridmsverse relaxation,
consisting in the dephasing of the precessing spins relagieach other (the mi-
croscopic theory of nuclear relaxations shows howeverttteatelaxations of the
populations also produce a so-callgdlike term in the spin-spin relaxation: see
below).

An applied rf field exciting the magnetic resonance can bewaued for, whithout
genarality loss, in the form of a circularly polarized mapméeld Hyt) = Hy (coswtz+
sinwty). When this rotating rf field is added tdo in eq. 2.1.1 it gives rise to
a set of coupled differential equations with time-dependeefficients. How-
ever, such equations are transformed into time-indepératess by expressing
H and M with respect to a reference frame rotating at a frequancyamely
X = coswtX + sinwty, ¥ = —sinwtX + coswty, Z = Z with respect to labora-
tory. With this transform, the time evolution of the nuclegin ensamble, ne-
glecting relaxations, is equivalent to the precessionraiastatic effective field
Heff = HiX + (Ho— w/y)2. The corresponding Bloch equations in the rotating
frame, including relaxation phenomena, are then written as

G = (YHo— w)My — X (1b)
G = —(YHo— @)My+ yHiM, — ¥ (2b) (2.12)
% = —yHiMy — (M%lMO) (3b)

With the modern pulsed NMR technique, the nuclear magresrzaector is al-
tered from its equilibrium value by intense rf pulsé$ = 0), followed by the
free evolution of the spin systerll{ = 0). The rf pulses are usually short enough
so that relaxions are negligible over their duration. If thdield is resonant
(w = yHp), the response to a pulse is the precession around a sfatit\ef field

(in the rotating frameH1X by a nutation anglé = yH,1, whereT is the pulse
duration. Thus, by suitably tuning the pulse intensityandt, one can obtain a

14



2.1. NUCLEAR MAGNETIC RESONANCE(NMR) 15

so-called 90 pulse @ = 11/2) tilting the magnetization in the transversgplane;
a 180 pulse @ = m) which inverts the nuclear magnetization; and so-on.
According to eq2.1.2the evolution ofMy in the rotating frame is an exponential
decay

Myy(t) = Myy(0)e
corresponding to a decaying free-induction (FID) signédkdid by the pick-
up coil wound around the sample. The time consinappearing in2.1.2T,,
however, comprises both static contributions (arisingifiedistribution of static
fields) and dynamic ones. Nonetheless, the dephasing liy fetéds isreversible
and it can be canceled out by a second rf pulse (ideally, a @@@8e for optimum
efficiency) which refocuses the spins. As a result, a spio egipears after a delay
t equal to the time separation between the two pulses. Thesidi, time, solely
due to irreversible phenomena, is then measured by vatyamgl measuring the
echo amplitude as a function of it. According to 24.2the longitudinal mag-
netization tends to equilibrium by an exponential law withharacteristic time
T1,

Mg(t) = [Mo-i- (Mz(0) —Mp) e T

The evolution ofM,(t) is probed by NMR along the following route. First, the
longitudinal polarizationM; is prepared out of thermodynamic equilibrium by
a suitable pulse sequence which “heats” the spin ensamliie.pileparation is
then followed by a free evolution of the spin system, durifgaohl it exchanges
energy with the thermal bath and “cools down”. FinalW;(t) is detected by
a one- or two-pulse sequence, producing a free-pecessiarspin-echo signal
whose amplitudes are proportional to the longitudinal poédion prior to the
detection sequence. The most common way of preparing tHeamnsgpins out of
equilibrium is saturating the Zeeman transition, wheneentlethod is referred to
as saturation recovery. A saturation recovery sequent®isrsin Figure2.1.50f
section2.1

15



2.1. NUCLEAR MAGNETIC RESONANCE(NMR) 16

Nuclear Hamiltonian

A general form of the nuclear Hamiltonian that accounts fbthe interactions
acting on the nuclei is:

A =Hz+Hpn_n+Hn_e+Hera, (2.1.3)

where the first term is the Zeeman interaction, the secontrepresents the clas-
sical nuclear dipolar interaction, the third term desaithee hyperfine interaction
between the nuclear magnetic moment and the electronicetiagnoments, and
the last one is the quadrupolar interaction. This last teiltimat be considered for
the®>3Cr — NMR since quadrupole interactions are smaller compared tmetiag
ones. The hyperfine field at the nucleus due to the electrams gain be derived
by means of the classical expression of the magnetic dipuleraction:

Ho (Ije'ljn 3(Ije‘r_>(ljn'r_)) :

Hiyperfine= — +
hyperfine ATT r3 5

where U, = ynﬁl_is the nuclear magnetic momente = ynﬁS_is the electronic
magnetic moment, andis the distance between the two magnetic moments. If
we consider only the Zeeman and the hyperfine interactior#miltonian2.1.3

becomes:
X7Y7Z — X7Y7Z N

A= RS S _Zl/sﬁ"IT<S_:i>j

The first term is the Zeeman term interaction between theshaald the external
magnetic field and the second term accounts for the hyperfteeaiction. In fact,

the hyperfine tensoﬂl&ij describes the interaction between the nuclear spin and the
jth electronic moment along th&-axis, < S >1 is the thermal average in the of
thei-component of thg!" electronic spin (where= x,y,z). The coupling constant

for the direct hyperfine interaction, between a nucleus anelectron described

by the wavefunctiony is given by:

2 1
= ggllBYnﬁ<r—3> . (2.1.4)
U]
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The above expression can not be usedsfdypeelectronic wavefunctions, due
to the non-zero probability of finding the electron at the laac positionr=0.
To overcome this limitation. Fermi renormalized the pragedleading to the
following expression for the direct contact hyperfine canst

8
As = Z0He oyl Y(0) 2, (2.1.5)

where|t,u(0)|§ is the normalized probability of finding aelectron at the nucleus.
The previous expressions are used to calculate the hypégidet the®>Cr nu-
clear site, being the electronic configuration for the chitom[Cr3*] = [Ar]3d®.
The equatior.1.4is averaged over all thed3electronic functions, obtaining a
non-zero value, while equatioh1.5yields zero for the @ functions. The 8
wavefunctions of the core electrons are polarized by thel8ctrons. This spin
polarization effect results in a large hyperfine contactfighmed “core polar-
ization field” to be added to the smaller contribution fronuatjon2.1.4 The
magnetic 8 electrons couple antiferromagnetically to the cosel@ctrons, while
the core polarization at tl8Cr nucleus, due to a single unpairedi@ectron, has
been theoretically estimated to b&p = -12.5T /ug .

For a general review of the hyperfine interactions in magmetterials we refer
the reader to the seminal paper by Freeman and Watson, if5Rgf.

Microscopic theory of the nuclear relaxations

The 1/T; is a powerful probe of the electronic relaxation times in ecolar nano-
magnets, since the fluctuations of the hyperfine dipolar,fidle: to the thermal
fluctuations of the electronic spins, are the cause of tlegersible relaxation of
the nuclear spins. The relaxation of a non-interactingmiéas of nuclei in an ex-
ternal static magnetic field, coupled to the perturbativettiating field produced
by the electronic spins can be described by the Redfield@ryhe6], which is
related to the treatment of the relaxation discussed by ¥/zexs and Blocltb[].
Following this theory, the fluctuating field is different feach nuclear site and it

17



2.1. NUCLEAR MAGNETIC RESONANCE(NMR) 18

can be written as:

H = Hext+ Hhypedt) = —Vnﬁ(Hext|z+ Hhyper(t) - I) ’

whereHey; is the external magnetic field amthype(t) is the fluctuating hyperfine
field:

i i i
o5(t) =s(t)—(s)
where N is the number of magnetic ions andheir distance from the proton.
The Redfield theory yields to exponential time decays of tregitudinal and

transverse nuclear magnetization, with characteristesreespectively given by
[59]:

Ti = V& [Kex( L) + kyy()]
1

1 1

T on + yPkz2(0)

wherekqq (9= X, Y, 3 is the Fourier transform of the correlation functionHf, per
and can be calculated in terms of the Fourier transform ofttbes correlation
functions of the electronic spin operators. Known the pas# of the magnetic
ions and that of nuclei in the molecule, the above mentione@ions become:

1 ,
== cd lS (@) +Sqq(—@ (2.1.6)
T ij—Z,quZx,y,z ! %qS?( ) %‘*S?( )

1 1 ¢

===t Kl S, (0 (2.1.7)

T2 Tl i,j:Z,N q,q’Zx,y,z N %qsch( )

Where S are the Fourier transforms of the correlation fonstrelated to the dif-
ferent components of the spin operators of each magnets; @rand K are the
geometrical coefficients of the hyperfine dipolar inter@ctietween the magnetic
ions and the nuclei which only depend on their relative pogi[59). The trans-
verse relaxation rate/I, contains also a temperature-independent contribution
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originating from the nuclear dipole-dipole interaction @mgy protons. At high
temperatures, the electronic contribution t6rdin Eq. 2.1.7is small and only
the nuclear dipole-dipole contribution survives. Thus we take as a measure of
the nuclear dipole-dipole contribution the experimengdilie of 1/ T, at high tem-
peratures (above 50 K). The figufel.1schematically represents what happens
during a NMR experiment, where we are measuring the temyerdependence
of 1/T;. If we consider a system with a thermally activated dynaraied with
only one dominating characteristic rate of relaxatiora peak in the AT; is ob-
served at the same temperature at which the Larmor frequetergects the rate
7. For this reason the spin-lattice relaxation rate indiyegtobes the electronic
relaxation dynamic. In fact, by comparing experimentabdaith the calculated
1/T; curve and by fitting the peak position, it is possible to deiae the spin-
phonon coupling strengtly(.3) , the only free parameter of our theoretical model
for the electronic relaxation dynamics, which fixes the @reocy-window of the
dynamics. It is worth to stress that some molecules may bectexized by a re-
laxation dynamics with more than one dominating rate ofxatian, even at low
temperatureqO](more details will be shown in chaptar2).

3
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- 20r
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Figure 2.1.1: Thermally activated dynamics: when the Larfreguency matches
the electronic rate of relaxation, a peak ifili is observed.
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Experimentally, the AT; curves as a function of the temperature was con-
structed point by point. For each temperature Th&vas measured by saturation
recovery (shown the figur2.1.5in section2.1) and fitted by a multi-exponential
function.

Wipeout effect

NMR measurements in magnetic materials are often affegtéadopartial or total
loss of the signal intensity at certain temperatures, Wsteflierred to as wipeout.
In general, the signal may be lost either due to the onsetrgéland inhomo-
geneous static internal fields at the nuclei, shifting tre®nance outside the ob-
served spectral window or broadening it so much that theaigiis below noise
level; or to exceedingly fast dynamic spin-spin relaxagiomhe latter is actually
the case of proton NMR in of MNMs, where the lai§g? relaxation rates reflect
slowly fluctuating degrees of freedom in the electronic syistem, to whichH
nuclei are coupled. The wipeout from dynamic relaxationgiated to the dead
time of the NMR receiver following the transmission of a rfige} which poses
a cutoff to the measurable signals. Transverse nuclear etagtion components
with T relaxation times much shorter than the dead time decay it&fore their
NMR signal can be observed. The dead time of the receivermdispi@ turn on
the Q factor and the resonance frequencyf the LC circuit in the NMR probe-
head, which takes a time of the order of several= Q/v to discharge the high
voltage of the rf pulses. Sind@ typically increases on cooling, while it exhibits
a minor on frequency, the dead time is longer (hence,Ttheutoff severer) at
low frequency and low temperature. Experimentally, the benof protondN(T)
probed by the NMR signal is obtained by the initial transeemsiclear magne-
tization Myy(0) times the nuclear Boltzmann factgg ! O T : N(T) = My, (0)T.
Myy(0) is estimated by the extrapolating at zero time the transvasslear magne-
tization M)'j'y(t), proportional to the integrated NMR spectrum, against et
decay curveMyy(t) of the spin-echo amplitude vs. the delg2 between the two
rf pulses in art/2 — /2 (or /2 — 1) echo sequence. If the relaxationMfy(t)
is single-exponential and its time constapis above the cutoffiN(T) is constant
with temperature. If on the contrary the spin-spin relaxais non exponential
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and relatively fast, the extrapolat®t},(0) will only account for part of the nuclei
(the ones with longef,) and a missing fraction will show up iN(T). In this
case N(T) constitutes an indirect measurement of the spin-spin aéilax vs. T
which is, however, more informative than the direct measam of T, from the
decay of the spin-echo amplitude, since the latter is awasiignal (that of the
slower-relaxing fraction of nuclei).

Understanding the mechanism responsible‘ITpi‘(T) peak behind the wipeout
behavior is important for the study of the dynamics of the M&Mhe VT, rate
reflects the irreversible dephasing of nuclear spins arsddte to two factors:

>~ the dipolar interaction among the proton nuclei, which mperature and
field independent;

> the dynamic contribution from the hyperfine interactiongwmine exchange-
coupled magnetic ions, which depends on temperature.

In a first approximation, based on the weak collision model @@ assumption
of a fast electronic spin dynamics/ T can be expressed in terms of the spectral
density of the fluctuating hyperfine field at zero frequertcy[[62]:

< Ouf > < Opg >
__yﬁ SHZ> fw=0) = R = f(@=0) = R=TE"T(H,T).

HeredH; is the local longitudinal fluctuating field originating froem magnetic
moment sitting at a distanceapart from the proton spin, andT) is the correla-
tion time governing the spin dynamics of the exchanged @xlplagnetic ions. In
the case of a slowdown in the magnetic fluctuations on copbn@ the vicinity

of a Level Crossing (LC)7(T,H) becomes longer and longer, and this contribu-
tion eventually dominates over the nuclear dipole-dipoletcbution. As a result,
the relaxation timd, gets shorter and eventually crosses the experimentalf cutof
value below which the signal can not be detected (see abBueh a critical value

is gradually reached by all the proton sites, with the oneseslto the magnetic
ions being wiped out first, thus producing a a progressiveedse of the NMR
signal intensity, which eventually is lost completely. $lapproach, namely, esti-
mating the spin-spin relaxation from the missing signa been adopted in the
past to study the relaxation dynamics of many molecular reegal, 63].
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A more refined theoretical approach to the wipeout of the NMjRa, which
mimics more faithfully what actually happens in an expenméas been devel-
oped by the group of P.Santini and S.Carretta and employetie recent liter-
ature papers, starting from a work &e; [60] . In particular, for each hydrogen
site, the ¥T; and /T rates are calculated as a function of temperature by means
of equations2.1.6and2.1.7. The effective YT, of the residual signali.¢. that
of protons which are not affected by the wipeout), is thercwated by averag-
ing over all the protons whose transverse relaxation rdtensr than a threshold
value (a tunable parameter of the model, which is howevestcaimed by the es-
timate of the dead time from the experimental conditionstian effective 1Ty
is to be compared with the experimental value. This last@ggr was also used
to study the relaxation dynamics Gfg.

NMR Experimental setup

NMR experiments were performed in a MagBK A? (Oxford Instruments) cold-
bore field sweeping superconducting cryomagnet with a bkrimperature in-
sert (VTI) as a sample environment, and a HyReSpect homd-NMR spec-
trometer equipped with an external rf power amplifier. Thegn# features a
fast (1T/min) fully software-controlled variation of theagnetic field inthe 0-9 T
range, at the expense of poor field homogeneity as compatad toormal NMR
standards. The latter is however of no concern for NMR in nretigmrmaterials,
due to the broad resonance lines occurring therein, whitepwmg the field is a
crucial requirement. The VTI cryostat operates in a He fldvetafrom the same
liquid He bath where the superconducting solenoid is imetkis, and provides
stable temperature control from 250 K down to 1.4 K with a hottk of several
days, which is another important condition for our expenitse The sample was
placed in the coil of a resonant probe circuit, hosted by tfig Which is detailed
in the next section. The HyReSpect spectrometer is a geperpbse spectrom-
eter for solid state NMR covering the 5-800 MHz frequencygeentirely de-
veloped in our laboratory, particularly optimized for ftwetstudy of magnetism.
Figure2.1.2shows a very sketchy and over-simplified block diagram oftiR
hardware, whose actual layout features a rather complguérecy up- and down-
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conversion scheme in order to implement precise 4-quaghiaase modulation
and quadrature detectiofd]. Rectangular rf pulses of variable length are cut out
of a continuous-wave signal source by a fast switch (rise tmi0 ns) gated by
a programmable digital pulser, while their level is corlgdlby a programmable
attenuator in steps of 1 dB (not shown). The low-level pulpesk power< 1
mW) are amplified by a power rf pulse amplifier to a level in thees of 10-100
W, and then transmitted to the tuned LC resonator contath@gample coil. The
latter serves both to excite the nuclear resonance by thaghetic field, and as
a pick-up to detect the e.m.f. induced by the precessingenu@®he NMR sig-
nal is then routed to a low-noise fast-recovery broadbaedmplifier and to the
receiver (RX) stage of the spectrometer. The transmitt¥) @hd the RX stages
are coupled to the probehead resonator and decoupled fromaother by the
passive circuit made by a resonant4 transmission line and two pairs of cross-
polarized silicon diodes, referred to altogether awuplexer TheA /4 line (.e. a
coaxial cable whose electrical length equals a quarter agéh at the working
frequency) acts as an impedance transformer, transforensigprted end into a
high impedance on the opposite side, and vice versa. The g¢ianls are open
circuits for the NMR signal, in the sub-mV range and hencewehe conduc-
tion threshold of a silicon junction diode, while their abes#-circuits for the high
power rf pulses. It can be easily verified that the RX and TXdiare seen as high-
impedance loads from the other side during, respectivelgearansmission and
signal reception, so that these two ports are effectiveliated. The diode pair in
front of the preamplifier also serves as a protection frormaleages which could
otherwise damage it. The nutation anfle- yH1 1 of the spins, when the nuclear
resonance condition is met, is controlled by the producteffulse duratiomr
times the pulse amplitude, proportionalla. In principle, it may be optimized
for maximum signal (attaining thé = 11/2 condition) by adjusting either quan-
tity. However, the large inhomogeneous linewidth typicksalids, in particular
magnets, points to the usage of short and intense pulseslén tr irradiate the
largest frequency band and excite the maximum fraction ofaiupossibly the
entire NMR spectrum. The shortest pulses that we could apphe in the order
of a fewus, whence an irradiated band in the order of few hundreds kidectga
broader than such a value had to be recorded point by poirgaetke frequencies.
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Figure 2.1.2: The diagram of the experimental circuit. Oa tibp, from left to

right: the radio frequency generator, the fast switch, ey RF amplifier, the
the duplexer circuit (see the text) and the probehead. Tpexer also couples
the probehead to the pre-amplifier and then to the spectesmresteiver (bottom).

Setting up an NMR experiment requires the optimization otimber of pa-
rameters, which are specific entries of tiggkmi) GUI-based control program
for the HyReSpect spectrometeér/]. The optimization of the pulse level con-
trolled by their attenuation (TxAtt), and their durationl(FP2, ... for the first,
second, ... pulse, respectively) have been discussed .abbeeother most rele-
vant parameters are listed below.

>~ The delay between the two pulses in a spin echo sequence @th a
parameter is constrained on one hand by the transversatielaxwhich
points to keeping the delay D1 much shorter fiaron the other, by the
dead time of the receiver, imposing that D1 is at least diggbhger than
the dead time.

= The delay by which the signal acquisition is triggered after last pulse.
It is the sum of two events: a receiver inhibition time (Rimhiying which
the rf RX stage is left switched off; and a so-called acqigsitielay (Acqd)
between the RX enabling and the actual triggering of the isggpn. The
overall time must not exceed D1, hence it is limited by theddgae like
the latter.

>~ The receiver gain, which actually controlled by a prograrnlaattenuator
between two amplifying stages. Its attenuation ratio (RxAtust be kept
high enough to prevent the receiver saturation.
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>~ The repetition time between two subsequent scans, ofterreefto as “re-
laxation delay” (RIxD). By “scan” it is meant a pulse sequefalowed by
the signal acquisition. A digitized NMR signal is typicaliptained by ac-
quiring and averaging several scans in order to obtain a gigogl-to-noise
ratio. The spin-lattice relaxation time sets a lower liriRIXD, which must
equal at least a few; to allow a full repolarization of the nuclei between
two scans. Another practical lower limit to RIxD, more imfzont at lower
temperature, is given by the heating of the sample by thelsigsu On the
other hand, an unnecessarily long RIXD leads to time consgimieasure-
ments, especially when a large number of scans is neededentorextract
poor signals from noise.

Probehead

The NMR probe is essentially a RLC resonant circuit, where the inductance
of the coil wound around the sample (for maximum efficiendylibg factor must

be as high as possible), R is the parasitic resistance ofwo@| and C is a vari-
able capacitor. Owing to the latter, the circuit is tunabla resonance frequency
wp ~ (LC)Y2 covering a broad frequency range. Obviously~ (LC)¥/?is made

to coincide with the Larmor frequency of the nuclei. The fime the resonant
circuitis, on one hand, applying a sizable rf magnetic fi¢jdo the sample (in the
order of several mT) with reasonable rf power, thanks toasurgain in the coil by
the quality factorQ = wL /R of the resonator, typically in the order of hundreds.
On the other hand, the emfinduced in the coil is coupled tatizeial cable with

a similar voltage gail®, as compared to the direct termination of the cable onto
the coil. A schematic drawing of the probehead circuit issghon fig. 2.1.3 With
respect with to the simple series RLC circuit it is notewgyih parallel to it, the
presence of a further, properly chosen, inductance L uitgfion is matching the
impedance of the series RLC circuit, equaRe: 1Q at resonance, to the charac-
teristic 50Q impedance of the transmission lines (in other words, L' eg@s an
impedance transformer). In principle a higtfactor is desirable since it enhances
the detection sensitivity, following the above argument @ permits the excita-
tion of the nuclei with reduced rf power. However, an exoesgihighQ factor
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may be detrimental in the presence of a short relaxation Tungince it increases
the dead time of the receiver, as it has already discusseectios 2.1 If the
dead time is comparable or larger thBnthe increased sensitivity produced by a
largerQ is over-compensated by a dramatic decrease in the echotadgppro-
duced by a longer pulse separation D1, which is made negesgan increased
dead time. For this reason, sometimes@factor must be intentionally degraded
by a resistoR placed in parallel to the capacitor C.

Figure 2.1.3: Tunable probe, necessary to match the cleaistat impedance.

Pulse Sequences

We conclude this overview of the NMR technique with a few &iah the pulse
sequences the were employed in this work. The NMR signal Waes/a detected

by means of ar/2 — 11/2 echo sequence. The latter was preferred to the textbook
1m/2 — m Hahn echo sequence, in principle more efficient becauseedghbrtT,

in our systems, so that the longer duration aff& — 11 sequence may become
critical. Moreover, in the presence of broad resonances asricase, the second

1T pulse might excite just a fraction of the spectrum rathen tih& entire line, due

to its reduced spectral width, which makes it theoreticaldfié questionable in
practice.
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Figure 2.1.4: Spin echo sequence for the measurement gbithesgin relaxation
timeT,

The /2 — 1/2 sequence is sketched in figutel.4 showing also the exper-
imental parameterRinh and AcqD explained above. The spin-spin relaxation
function is determined experimentally by measuring spimes at different de-
laysD1. Over the different spin echo measurements, ef®iehor AcgDis varied
by the same increment &g, which ensures that the signal acquisition is triggered
at a constant time before the spin echo. The decay of the spmamplitudeA
is then governed by the total delay® + P;) between the first pulse and the
echo center, and follows followsAa= Agexp(2(D1+ P1)/T2) dependence in the
case of an exponential relaxation with a single time constanThe spin-lattice
relaxation tim&; can be measured by the saturation recovery method, shown in
figure2.1.5 An aperiodicrt/2 pulse train, with an average pulse spacing in the
order of T; and an overall duration in the order ©f, prepares the spin system
in a state with virtually no net polarization (saturatioodyresponding to an in-
finite spin temperature. After the pulse train is switchefd thie spins repolarize
thanks to spin-spin relaxation process. The spin rep@for is probed by a spin
echo detection sequence, producing a spin coherence xy tilane proportional
to longitudinal magnetization just before the detectiotsges. The saturation re-
covery sequence is repeated at different evolution tibxgsthus obtaining an
experimental saturation recovery curve.

Rinh _ AcqD At

B ARRE ORI il

Aperlodlc train of pulse

Figure 2.1.5: Sequence for the measurement of the spiodattlaxation time
(To).
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2.2 Muon Spin Relaxation (USR)

In this paragraph the main characteristics of Muon Spin 8pgcopy (historically
known asuSR, for Muon Spin Rotation, or Relaxation) are presentect t€oh-
nique employs the muon as a local probe to study the propestielectrons and
molecules in mattet]5, 66, 67, 68. The muon is an unstable elementary patrticle,
originated by protons impinging on a solid target, via thteimediate production
of spin S = 0 pions. Muons can be generated with 100% spinipatain, thanks
to parity violation in the pion decay, and stopped insidenttagerial under investi-
gation. The mean lifetime of the muon is roughly2(see tabl@.1). This sets the
time-scale traced by the evolution of the spin of implantembrs, that is related to
the local magnetic field at the muon site. On this time-sdaespin direction can
be monitored as a function of time over a statistical enserabmuons, thanks,
once more, to parity violation in the weak muon decay into heatrinos and an
electron, since the muon spin direction at the time of theages strongly cor-
related with the direction of emission of the latter. Thusomgpin spectroscopy
provides very similar information to NMR, with two specifidwantages:

>~ A gyromagnetic ratio on average at least one order of magmitarger than
that of good nuclear moments (over three times that of hyehyggiving
enhanced sensitivity to low internal fields, and thus actessdistinctly
larger frequency window;

>~ The possibility to implant the probes in any sample (whefd®tR must
rely on having a “good nucleus” in the chemical compositibthe sample)

The table2.1reports also other physical properties of positive muons.

ut properties value
charge @) e=1.60217733(4910°1°C
spin () 1/2
mass () 105.65839(34) MeYc2~ 0.12 my~205me
magnetic momentuny,) 4.88-103ug ~ 8.9y
gyromagnetic ratioy, /21) 135.53420(51) MHZT
mean lifetime €,) 2.219703(4) us

Table 2.1: Main properties of positive muons .
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High intensity, spin polarized muon beams are producedgysiaton accel-
erators. After the collision of two protons or a proton andeatron, arr™ is
produced. The pion half life-time is just 26 ns and from iteaea positive or
negative muon is produced via a two-body decay, as depictEgjure2.2.1

Vi n Ll
- ‘|| = =
P, 4 Py
S, 5,70 Sp

Figure 2.2.1: Scheme of the pion decay.

In its application as a condensed matter spectroscopy $itechnique has
been mainly developed for the positive particles, sincg the not undergo nu-
clear capture, as negative muons do. Nuclear capture asldsoitn-dependent,
largely unknown mean lifetime to the total decay time of thebe. The accurate
determination of the muon spin evolution relies on the vegcise knowledge of
the latter (see Tal2.1), hence it can be done for the positive muon only. Positive
muons in condensed matter behave as light isotopes of hgdnmgclei. Entering
the sample muons quickly lose their excess kinetic energjytbarmalization. In
molecules and molecular crystals they form a bond in an epithl reaction sim-
ilar to protonation. The larger the molecule the more inegjent additions result
from this process, yielding a finite but possibly large numifeslightly inequiv-
alent probes, that will be integrally sampled in the ex- pemt with amplitudes
depending on their formation probability. The implantedomilocalizes in a few
hundreds picosecond. As mentioned above the muon decaya pusitron and
two neutrinos:

pt— et +v,+v,

Parity violation of the weak decay, together with the comaon of energy, linear
and angular momentum, implies an asymmetry in the positntisseon direction
(see figure2.2.2. The direction of the emitted positron, the only detectad p
ticle in a uSRexperiment, is correlated with the instantaneous diraatibthe
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=t

Figure 2.2.2: Asymmetry in the three body decay.

@

muon spin that at the time of decay. It is easy to see why thipdéas when
the positron is emitted opposite to both neutrinos, at thgimam positron en-
ergy Emax = 50MeV. The two neutrinos are a pair of particle and antiparticle,
and parity violation imposes that they have opposite hglice. spin parallel or
antiparallel to their common linear momentum (specificdhg electron antineu-
trino along and muon neutrino opposite to momentum). Sihegbsitron for E
= Emaxis highly relativistic, it must also have its spin almostadbel or antiparal-
lel to its momentum. Parity violation, once again, imposesparallel direction
for an antiparticle. Hence in this particular geometry tbsifyon is emitted with
full asymmetry, only and almost exactly along the muon spiowever the muon
decay is a three body decay with a spectrum of energies andeoage the asym-
metry is lower than full. The spec- trum of positron energaasyes between zero
andEnax The positron emission probability as a function of its gyas given

[67] by:

P(6) = 5-P(E) (1+ A(E")co56))

where

£ =
EmaX
PE) =326

with an energy dependent asymmetry parameter:

A(E") = (E")*(3—2(E"))
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Here, 0 is the angle between the muon spin and the positron emisgiectidn,
p(E*) andA(E*) are the relative emission number and the asymmetry function
Notice that A(1) = 1 as anticipated. By averaging P(E) overah positron en-
ergies, which is roughly equivalent to the integral positdetection performed
experimentally, we obtain:

1
ho= (AE) = | AE)RENAE) -3

The non-zero value of the asymmetry parameter impliesthatall, the positrons
are still emitted preferentially along the muon spin di@tt Let us see how
to exploit this asymmetry in simple cases, for instance wienpresence of a
transverse magnetic field causes the precession of theniteglanuon spin or
when there is no precession. The positron count rate in @tdetes a function of

time is given by :
t

N(t) =Np e ™ (1+AgP(t))+C|,

Here P(t) is the spin polarization function, representing projection of the
muon spin unit vector at timealong the detector axis, that contains information
about the sampleC is an unavoidable time-independent count rate of uncorre-
lated events, anblp is the unpolarized initial rate. Let us assume that the muon
site is unique. Further assume that the unique local magfieldl B (internal of
externally applied) is alongand that the axis of the detector lies aloagn this
case, referred to as transverse field (TF), the polarizétioction is

P(t) = Gat)cog Bt + 6)

Therefore, the positrons are emitted preferentially alini@gmuon spin direction.
When the muon is implanted in the sample, the presence ohsviegese magnetic
field causes the precession of the muon spin. Furthermdhes grojection of the
spin along the axis of the detector changes with time, theoarpy ofA varies
and the time dependent count of detected positrons can benvas:

N (t) =N (0) [e T (1+APD (1)) + Bg>] :
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where 6 is the angle between the initial muon spin direction andero in the
present special case. Therefore a coherent spin precessiwactly observed as
a time oscillation at the Larmor frequengyB in the positron count rate. The
factor Gyy is the spin relaxation function describing the decay erpelof the os-
cillation. It originates from spin interactions analogaaghose leading to NMR
T, relaxation (see Sectiohl). To be more precise, without the use of resonant
radio frequency pulses, like those employed in NMR, it is asgible to select
the dynamic part of the muon spin relaxation caused by tinpeigent excitation
coupled to the muon spin. Therefore the decay of the/SRpolarization is nor-
mally dominated byl (see Sectio.1).

In the other simple case, when the local field is either zei®) @ along the
initial muon spin direction (longitudinal, LF) the polaaizon corresponds to the
longitudinal relaxatiorP(t) = G,4t), and it is entirely analogous to the NMR
relaxation of a spin 1i,e. a single exponential decay in simple cases (see Section
2.0.

When muons stop in two or more inequivalent sites the pa#tam must be sub-
stituted by a sum of similar terms, weighted by the probgbiif occupation,
or fraction fj, of each sitg. This is the so called (time-differential) asymmetry
function A(t) = Ag Y fjPj(t). In order to easily extract it from positron counts,
instruments generally have pairs of nearly equivalent sjgpaletectorsii,k) so
that the function is obtained as

The ratio of the two detector efficiencies, may be used to renormalize one of
the two count rate.

Experimental Setup

The uSR experiments reported in this work of thesis were carrigda the GPS
spectrometer at the continuous muon source of {h® facility at the Paul Scher-
rer Institute (PSI) in Villigen (Switzerland). Figuia2.3shows a sketch of the
GPS detectors.
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Figure 2.2.3: Sketch of GPS spectrometer. The four deteei@ called F (for-
ward), B (Backward), U (up), and D (down).

With this instrument the four detectors may be grouped inpaios (U-D and
F-B), when a transverse field is applied aloggof in just two groups ((U+F)-
(D+B)), in a ZF configuration with the initial muon spin tuchaearly 45 degrees
from Z towardsy by anad-hocupstream spin rotator. This last setup is the one
adopted to look for internal magnetic fields and longitutliRaelaxations. Mag-
netic fields exceeding 10 mT must be applied along the incgio@am direction
to avoid strong deflection of the low momentum<@5 MeV/c) charged muons,
resulting in their implantation outside the sample. In tase one can measure
spin precessions around the applied field in the U-D pair todéaters, with the
rotated initial spin. Longitudinal relaxation can be measiun the F-B detectors
by leaving the initial muon spin along the beam. Generalhgesthe relative effi-
ciencies of the four detector depends strongly on the exasstipn of the sample
in the detector setup, a low field TF experiment is carriedabliigh temperature
to calibrate the experiment after each sample mounting. & fitese calibration
data provides the value of the detector dependent constdiutsncing the count
rates, specifically the ratia of the detector efficiencies. It furthermore provides
the reference maximum asymmety , in the simple case, or a corresponding
effective quantity that takes into account also the sum s€oked muon fractions
and other experimental effects. In the case of our singleoub® magnets the rest
of the experiment s carried out either in zero or in longimadifield, to investigate
the field dependence of the longitudifalrelaxation induced by the electron spin
dynamics of the single molecule.
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Relaxation functions

For the sake of completion we describe below a few other agilax functions that
are relevant fouSRstudies in magnetic materials. They are relevant also for si
gle molecule magnets although we have not employed theneimtestigations
reported in this thesis. In the simplest single crystal expent on a ferromagnet,
an antiferromagnet of a ferrimagnet, muons stop at a uniidgiecharacterized by
a single value of the local magnetic fiddd The field however may form any angle
6 with the initial muon spin direction, depending on the senglystal orientation.
In this case the muon spin will precess around the magnelitBi@long a cone
of aperturef . Assuming the initial spin direction along the axis of a déte pair
the measured polarization is given by:

P(t) = co$0 + sinfBcog(y, |B| t)

The squared cosine term is the so called longitudinal compipriue to the pro-
jection of the muon spin along the field direction. This comgat does not change
during the precession and it may be relaxed by fluctuatintstrarse fields. It is
therefore multiplied by a relaxation function of the ty@e,(t), a Tirelaxation
function. The squared sine term is the precessing, or teasg\component and it
decays according tByy(t), a To-like relaxation. In a polycrystal the direction of
the local magnetic field varies randomly among domains. Tiycpystal average
in this case vyields:

P(t) = :—:; + %cos(yu |B|t)

where% constant may be viewed as the average longitudinal comp@mehnthe
% amplitude of the precession corresponds to the averagevgese components.

They are therefore relaxed according to the functions de=tibefore

P(1) = 5Gedt) + 5Gudt)cOS Y BID)

Another case of interest is when the components of the loela &t the muon
(unique) site are randomly distributed. The observed pE#on function is the
so-called static Kubo-Toyabe (KT) functior§q], with two significant examples
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(shown in Fig.2.2.4. In particular, the Gaussian form of this function

Gg(t) = % [1+ 2(1— (At)z)e—mﬂ

is appropriate to describe the case of a muon surroundedebgattdomly ori-
ented nuclear magnetic moments, or a similar distributfaglextronic moments.
On the other hand, the Lorentzian KT function

GL(t) = % [1+ 2(1— (At)e*At]

better describes the same systems in the diluted regiengswhen nuclei with
zero spin are much more abundant than nuclei with a spin).
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Figure 2.2.4: Examples of Kubo-Toyabe relaxation fundidslu line: Gaussian
distribution of fields. Red line: Lorentzian distributiorlfis. Both functions

recover one third of the initial asymmetry at long times,responding to the
average longitudinal component of the local fields over ik&itution.

2.3 SQulD-magnetometry

The DC and AC magnetometric measurements were performedviitidS XL-

5 SQuID (Superconducting Quantum Interference Device)natgneter. With
this instrument it is possible to perform measurements aa@ibn of the applied
magnetic field (variable between -5 and 5.€; hysteresis loops), of temperature
(variable in the range 2-400 K), and frequency (1 Hz to 10 kitéz;AC suscep-
tometry). The instrument is equipped with a helium flow ctgbsWe illustrate
here its working principle in the dc operating mode, the aceptometer being a
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variant of this scheme. The instrument is based on the sopéucting quantum
interference phenomenon occurring in a sensor consistitygopoJosephson junc-
tions connected in parallel (superconductor-insulatgresconductor). The phase
of the superconducting order parameter is modulated byrdsepce of magnetic
flux in the area of the junction, that changes by\&henever the magnetic flux
changes by the flux quantugy = 2.07 x 10" 1°Wh The device is not directly
coupled to the field from the sample. To further enhance geitygthe SQUID is
inductively coupled to a closed circuit of four identicgbpmsitely wound, super-
conducting coaxial coils, providing a second order graditen A magnetic field
gradient from a point sample couples to the gradiometeremggimg a net flux
through the four coils that is maximum when the sample isrzad between the
two central coils and minimum when displaced either to tifteleto the right (see
figure 2.3.7). The flux can be measured by reading indirectly the compegsa
voltage that must be inductively fed to the circuit to keep 83QuID at zero phase,
I.e. in the condition that maximizes its superconducting aragkt The magnetic
moment of the sample is normally generated by a uniform nmagfield pro-
vided by a superconducting solenoid. The second order @raster guarantees
insensitivity to this main field.

SQUID
Avoltage

@ \
(AVAVAVIVATA

\/ \/= o

LT
AV

3 ol

SQUID pickup coils

Figure 2.3.1: Centering of the sample in a second order gmaetier (bottom fig-
ure) and the detected voltage signal (top figure). The detecbils are con-
stituted by a single superconducting wire wrapped in a sdowf coils in the
configuration of the second order gradiometer, in order tdalmiinhomogeneity
of the magnetic field.
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The signal shown at the top of figu?e3.1is generated by lifting or lowering
the sample coaxially with the gradiometer in the region okimaim field ho-
mogeneity. The signal is fitted to a standard shape funciiiose amplitude is
proportional to the magnetic moment of the sample. In the dasurement the
variation of the external magnetic field takes place in stepd the measurements
are performed after each steps. The ratio of the measuredatiagnoment m to
the field intensity is proportional to the dc susceptibjlitythe small field limit. In
the ac measurements an additional small amplitude unifaichi8 superimposed
to the static one. The gradiometer is again insensitiveddltix due to this field,
thanks to its uniformity, and measures instead the inst@otas induced response
to the alternating gradient of the sample. The ac suscépfjlthe derivative of
the measured magnetic moment per unit volume M with reseapplied field
H, is thus recorded. In this case SQUID circuits includingdiouble gradiometer
and the feedback system are read by a lock-in amplifier acgptd the scheme
of figure2.3.2

AC DRIVE COIL Imod

SAMPLE
DETECTION COILS

RF AHP/DEMOD

J__J'TF FEEDBACK i fﬁ

PHASE/ AP
I ABJUST

LOW FRED er LOCK- 1N
osC. AMPLIFIER

IN-PHASE OUT-DF - PHASE

Figure 2.3.2: The measuring circuit of the ac RF-SQUID spsweeter. The
lockin amplifier records the in-phase and out-of-phasearesp signal to the low
frequency excitation.

In the literature it is common to report thel as a function of temperature
to highlight deviations from the paramagnetic behaviounarf interacting spins
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(wherexT assumes a constant value), as predicted by the Curie law:

N u3
T= S+1).
X 3K S(S+1)
Curie-Weiss behavior consists in a similar linear highergerature regime above
e, o
Ng“ Uz
T-0)= S+1
X( ) 3K S(S+1)

and in a different functional form fof < |®|. An estimate of the magnetic mo-
ment is readily extracted from a fit to the above formulas,levmagnetic cou-
plings can be extracted from the critical temperature, @gprated either as the
intercepf®|between the temperature axis and the linear fit of the Cugane
or from the low temperature behavior. Positive intercephdicative of a fer-
romagnetic coupling and negative intercept is indicativaroantiferromagnetic
coupling, although more complex cases may occur. The teatyrerdependent
magnetization and susceptibility are generally measuigtthduishing between
Zero Field Cooling (ZFC) or Field Cooling (FC) measuremerits the former
case, the sample is cooled at the base temperature in zerarigéthen measured
by rising the temperature under an applied magnetic field. K€ measurement,
the sample is cooled in an applied magnetic field and measatbdduring cool-
ing and during the subsequent heating. The differencesdaetWwC and ZFC are
important in those systems that show non reversible presessch as superpara-
magnets, spin glasses, and superconductors.

AC measurements

AC susceptibility[0, 71, 77] is a sensitive technique especially useful for the
investigation of phase transitions and magnetic relarat|{oz]. An alternating
current flows through the coil, generating a small oscillgtmagnetic fieldK)
that usually does not exceeds 10 Oe. The measurement candaldo in a static
field (Ho), parallel to the oscillating field, so that the effectivgplg@d magnetic
field becomes:

H = Hop+ Hicoq wt),
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wherew is the angular frequency of the AC-current.

t . tae=MH o fac=0MAH
M i /,l

/IH H —»

Figure 2.3.3: A schematic magnetization curve explainegdifferences between
Xoc and xac[1].

The magnetization response of the sample can be a non-lineetion of
the field (H), as shown in figurg.3.3 Anyway, for small field oscillations the
response is in general linear aA /AH corresponds to the susceptibility. The
major advantage of this technique resides on the fact tleatyimamics of the
magnetization can be easily investigated by varying thgueacy (v). The AC
susceptibility is a complex value and can be written as

XAC = X/_X”7

where the real pari() is related to the reversible magnetization process, asph
with the oscillating field, while the imaginary componegt) is related to losses
due to irreversible magnetization processes. The thermedic model for the
relaxation of a magnetic system in the oscillating field wawed by Casmir and
du Pré /4], in terms of the adiabatigs = <§_M>s and isothermakt = (g—“ﬁ)T
susceptibilities:

XT — Xs

X(w) = Xs+ m
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The complexy (w) has real and immaginary components:

XT — Xs
X =1 T
X// _ (XT _XS)O)T
1+ w?12

where xt is the isothermal susceptibility in the low frequency linfidT < 1)
and is related to spin-lattice relaxatioys is the adiabatic susceptibility, in the
high frequency limit ot > 1). The latter case is related to spin-spin relaxation
processes, when the system has no time to exchange enetgyheiexternal
world. The parameter is the time required to reach the thermal equilibrium.
When the dynamics of the relaxation process is described Wwglabehaved,
symmetric distribution of relaxation times, rather thanrgke time r, a simple
empirical law may be considered:

XT — Xs

X(w) = Xs+ 1+ (i)l @

Herert is the average value over the distribution, i.e the centithlex The param-
etera > 0 is related to the width of the distribution, sinae= 0 reproduces the
case of a single relaxation time. In molecular magnets thasomements of the
ac susceptibility is usually car- ried out by varying the parature at a relatively
small number of frequencies. tf changes with temperature, as in mechanisms
involving energy exchange with the phonon bath, the coowir(T) = 1 corre-
sponds to a maximum in the imaginary part of the susceptil§ii”’), as it can be
seenre.gby inspection in the previous equation.

Probing electron spin dynamics

Cc-susceptibility NMR, anguSRrelaxations give access to low frequency elec-
tron dynamics. They involve the transition between elestrapin states, either
directly, as in the case of the magnetic susceptibility,nalirectly, through the
nuclear or muon coupling to the electron susceptibilitytHa case of suscepti-
bility, energy conservation requires that an additiona&itation is involved, and
the most common is a phonon mode, a quantized collective motion of atoms
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in the molecule or in the lattice. Since the electron gyronedig ratio is much
larger than those of the spin probes, either the muon or thkeus, the spin flip
of an electron typically does not match in energy the spindlimuons or nuclei.
This implies that energy cannot be conserved in a procestving only the spin
probes and the electrons. Also in this case the consequetitatiphonons must
be involved. A more detailed description of the possiblaxation processes can
be found in the literaturelp, 75]. Here, a brief account of phonon driven relax-
ation mecha- nisms is reported. In the case of molecular gtagwe distinguish
three different phonon processes:

>~ Thedirect processakes place when the energy of the spin transition matches
exactly the phonon energy, so that a direct transfer maypkee between
the spin system and the lattice phonon bath (eeisdigure2.3.4

>~ A Raman process a two-phonon process, involving the absorption of a
phonon of energyv; from an excited electron state and its relaxation to
the ground state with the subsequent emission of anothergohaf energy
hv,. The energy of the spin transition must be equal to the diffee of the
two phonon energie$yv, — vy)(caseb in figure2.3.9).

>~ An Orbach processs a two-phonon process in which one of themy is
absorbed by an excited state 2, inducing its transition teghen excited
state, 3. The relaxation of 3 to the ground state, 1 , is aceomeg by the
emission of a larger energgy,phonon. Energy conservation imposes that
E, — E1 = h(vo—vy) (casecin figure2.3.9.
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{ b) h \.-‘1 State ’\,-1
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Direct Process Raman Process Orbach Process

Figure 2.3.4: Phonon-assisted relaxation. (a) Direcixegian into the ground
state under the emission of a phonon, (b) The two-phonon Ramacess, (¢)
The two-phonon Orbach process].

Since the flip of the spin probe has a non-vanishing energy ttesenergy con-
serving direct process, where a phonon is directly absasbechitted to cause an
electron spin transition, cannot contribute to NMR arf8Rrelaxations. There-
fore they are dominated by Raman and Orbach processes.
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Chapter 3
Regular closed ring: The case of Cryg

One of the most studied AF rings @&rg[76, 77, 48, 78, 79, which is formed
by eight AF-coupledCr3t ions (s = 3/2)[5, 80]. Heterometallic rings with a
magnetic ground state can be obtained from homonucleabsirghemical sub-
stitution of one or two magnetic centers. In particu@ryM rings (M = Zn, Cd,
Mn, Ni) are derived fronCrg by substitution of one divalent cation M for a triva-
lent Cr ion B1]. The attention is now focusing on the last missing membétise
AF rings family: closed rings characterized by an odd nundfenagnetic ions.
This kind of molecules is very important because they carobsidered as model
systems for the study of frustration-induced propertiedekd, if these rings have
a regular geometry and half-integer local spins, they obeydefinition of degen-
erate frustration given by O. Kah®1], displaying a degenerate pair of S = 1/2
doublets as ground states. However, sizeable structwgi@rtdons in the geome-
try of these molecular polygons lead to the removal of fatgin and thus of the
degeneracy in the ground state, even if there are still cingpAF interactions
[87). The first example of AF ring witiN = 9 is CrgNi [83, 84], which how-
ever is not frustrated since thé®" ion breaks the nonagonal symmetry. The first
examples ofrg rings have been synthesized and studid, [but none of them
displays the characteristics of a degenerate-frustratgdindeed, they all have at
least one significant bond defect, leading to a sizeable vahod the degeneracy
in the S = 1/2 ground state or even to a ground state with S >Ib/ghis para-
graph, we investigate the magnetic properties and the phomuced relaxation
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dynamics of the the first regul@rqFy { O2CC(CHz)2},5 molecule, in shorCry,
which represents a prototype of a practically degeneratdrated homometallic
ring [52]. In this compound all the Cr-Cr edges are bridged in the samg by
one fluoride and two pivalate ligands (see FigBu@ 1) and susceptibility and low
temperature magnetization measurements are very wetidaped by assuming
a single exchange constant.

Figure 3.0.1: Molecular structure @rgFg{O2CC(CHs)2},g, in shortCrg. In
Green, Cr; red, O; grey, C; yellow, F (hydrogen atoms are techiior clarity).

While magnetic relaxation in even-membered AF rings liké Bad Cr8 has
already been theoretically and experimentally investidaho equivalent experi-
mental or theoretical studies exist on frustrated AF ringse molecule contains
nine AF-coupledCr3t ions (5 = 3/2) and it can be described by the following spin
Hamiltonian:

9 9
H =3 S-S+1+9usB- ) s, (3.0.1)
2 2

where the first term represents the isotropic Heisenbelgggrge interaction, with
the same exchange parameidor all the Cr-Cr bonds, while the last one is the
Zeeman coupling to an external magnetic field. PreviousigisiCrg molecules
have had one significant bond defect, with only one pivalateane fluoride on
one Cr-Cr edged], leading to a significantly weaker exchange interaction be
tween those twe&€r3t ions. TheCrg variant studied in this thesis, has identical
bridging on each edge, with one fluoride and two pivalatesgireon each edge.
Therefore, this is the first case o€Caig ring in which theCy symmetry axis is pre-
served and not removed by local distortions. This can probetnteresting since
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frustration in molecular nanomagnets yields energy spevdth degenerate levels
and novel physical properties, which affect their relaxatlynamics§ 7, 60]. The
exchange parameter was determined by susceptibility amddmperature mag-
netization measurements (RBg).2. DC SQUID magnetometry has been per-
formed on a powdered sample ©fg on a MPMS XL-5 SQUID magnetometer,
in the temperature range of 2-300 K and field range of 0-5 T.

1 6 T T T T T T T T X T T T

14 -

12 -

1T=2K

X T (emu K mol™)
¢

_ 545230123545
0 Magnetic Field (Tesla)
0 50 100 150 200 250 300

Temperature (K)

Figure 3.0.2: The temperature dependence of xfieof Crg (black squares)
is compared with the theoretical model (solid line). Inseékperimental (blue
squares) and calculated (solid line) magnetization peeocud¢ at T = 2 K as a
function of the applied magnetic field. All the calculatiomere made with the
Hamiltonian3.0.1J = 1.35 meV andy = 1.98.

The monotonic decrease of th@ highlights the presence of dominant AF
interactions within the molecule, leading to a low-spinigrd state. Moreover,
the low-temperature magnetization curve saturategg duggesting an S = 1/2
ground state (see figur@0.2 The measurements are well reproduced by the
model Hamiltonian of Eq.3.0.1with a single AF exchange parameter J = 1.35
meV. Within this model, th€rg molecule has a perfe€y symmetry and, there-
fore, geometrical frustration. FiguBe0.3shows the spectrum of the energy levels
as a function of the total spin of the molecule.
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I

[T

Energy (meV)

Magnetic Field (Tesla)

Figure 3.0.3: Top: Spectrum of the energy levels calculatigldl Hamiltonian in
Eq.3.0.1with J=1.35 meV and B = 0. Energy levels are arranged intoipiats
of given total pin S with degeneracy (2S + 1). Due to frustratihe lowest total-
spin multiplets are two-fold. Bottom: the lowest total#spnultiplets are shown
as a function of the external magnetic fields.The groun@ staergy is set to zero
for each value of B.

The lowest-energy multiplets in this spectrum are twofatdeherate, as ex-
pected from the model.

3.1 NMR asa probe of relaxation dynamics

In order to study the relaxation dynamic${ pulsed NMR experiments have
been performed on powdered sample€of by means of a HyReSpect NMR-
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spectrometerd4] as a function of the temperature for different applied netgn
fields. The interpretation of these data has allowed us imatt the spin-phonon
coupling strength and to study the decay of the moleculan@i@ation (see para-
graphl1.3). The 1M relaxation rate has been determined by monitoring the re-
covery of the longitudinal nuclear magnetization after finéirradiation of the
nuclear absorption line, by using a comb of radiofrequendggs followed by a
/2 — 1/2 solid-echo sequence. The results of these measurementsparted
in figure 3.1.1 The temperature-dependence of the spin-lattice retaxatte
1/Ty is shown in figure8.1.1 normalized tox T, which is proportional to the size
of equilibrium fluctuations(1/T;)/(xT) displays a peak at 10 K when B = 0.55
T, and its maximum shifts to higher temperature as far as xtermal field is
increased.

7500 — T T T T T T T T T T T T T T 1
O B=055T P
O B=15T g ‘-‘

6000 { & B=3T ) 3 -
O B=45T . .

4500 - 4

T xT) (s" emu” K" mol)

Temperature (K)

Figure 3-1-1:% experimental (open symbols) and calculated (filled mar&t) d
as a function of the temperature for different applied mégrields. Calculations
are made exploiting equatiéhl.6and taking into account the wipeout effect.

As one can evince from Figufz1.2 the maximum ofﬁ deviates from the
Bloembergen-Purcell-Pound (BPP) behavice. the height of the peaks does not
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scale exactly as 1/B, differently from what observed in tiienenumbered ho-
mometallic ringCrg, where the spin dynamics is characterized by a single domi-
nating relaxation ratdg and the BPP model perfectly describes the datd. |

Cr

10004
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YD) emu” K" mol)

m Data
" —— BPP behaviour -

Max(1/(T,

0.1 1
1/B (Tesla™)

Figure 3.1.2: Maximum of thel.— peaks compared with the BPP behaviour
(here calculated for B=1.55T) in Iog log scale, A deviatfoom the BPP model
is evident forCrg. The inset figure shows the BPP behaviou€of.

This deviation from the BPP model suggests that@hghas more than one
relevant relaxation frequency in the temperature rangerevzvl%}f’(;T displays a
peak, even if it's homometallic. In order to analyze the expental data, the
Redfield theory of relaxation process has been apphiél] §6]. The origin of
the peak in the temperature-dependencé¢lgily)/(xT) can be understood by
using equatiornl.3.3to rewrite the Fourier transforms of the correlation func-
tions at the Larmor frequen@q q /(£ ) of equation2.1.6 In the case of ho-
mometallic AF rings, only a smgle lorentzian dominates #uen in equation
1.3.3[46, 88 and (1/T1)/(XT) displays a peak at the temperature at which the
relaxation rate of this lorentzian matcheg. Indeed, for each eigenstafie,
{t1sP[t) = (1|} |t) = § (t|Splt), whereSp = 3 is thep component of the total
spin operatarlf the relaxation dynamics is not mono-lorentzian but thiéedent
relevant rates are close to one another when they appracive have again a
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single-peak inth¢1/T;)/(xT) [89, 60]. Crg NMR data point to this second case.
dExperimental data are interpreted within the theorefreshework illustrated in
paragraphl.3 and2.1 By fitting the position of the peak in temperature, it is
possible to determine the spin-phonon coupling strepgthd the value obtained
for B=0.55 T isy =4 x 10 *THz L. This value well reproduces also the height
and the position of the/A Ty xT) peaks for other values of magnetic fields. Thus,
we obtain a good overall quantitative agreement betweesm alad calculations.
Furthermore, the value of found fQ@rg is similar to that of other related AF ring
like Cr7NiandCrg (y = 2.8 x 10 4THz 1 [89)).

As previously discussed in paragrapt, the NMR signal measurements are af-
fected by wipeout effect,e. the signal loss due to the enhancement of the protons’
transverse relaxation rate/(Ilb) over the limitimposed by the experimental setup,
corresponding to 16 15us. Thus, to calculate the spin-lattice relaxation rate of
Crg we take into account also the wipeout effect. For each hyairege calculate
1/T; and /T, as a function of the temperature, the orientation and theutosd
of the applied magnetic field with.1.6and2.1.7. Then we retain only the hy-
drogen nuclei whose transverse relaxation rate is lower i@ above-mentioned
thresold. In order to obtain thel/T;)/(xT) curves ofCrgin fig. 3.1.1, we set
1/Tihresh= 81 7ms™t | corresponding t@iMesh= 12.2 us (Note that the experi-
mental threshold is 10 15us). Furthermore, the comparison between experimen-
tal data and calculations ¢1/T;)/(xT) performed retaining all the protons in the
molecule (dashed line&scatter in F3gl.1) shows the extent of the signal loss due
to the wipeout effect, which is, as expected stronger at leld$i Thus, we can
conclude that the wipeout effect is a crucial ingredienthia interpretation of
IH—-NMR experimental data. Experimentally, the measuremetitofransverse
nuclear magnetizatiorl\/gt'y(t)) has been carried out by using®2 — 11/2 solid-
echo sequence and the absolute value of the NMR signal hasesé@apolated
by the echo amplitude of the decay curve at zero time. Mt{QO)T iS propor-
tional to the number of protons resonating at the irradmfiiequency. Transverse
nuclear magnetization measurements as a function of teryperhave been per-
formed at B = 0.55 T since wipeout is generally stronger atidields. The latter

is displayed in figure3.1.3and compared with the theoretical model of equation
3.0.1by taking into account equatichl1.7. As expected, the number of detected
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protons clearly decreases by decreasing the temperattjreHurthermore, cal-
culations well reproduce the wipeout effect, thus configrtime reliability of the
model.
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Figure 3.1.3: The fraction of protons probed by NMR (openasgs), obtained
as described in the text, is compared with the theoretieaiption (filled squares
and line).

Altough the wipeout effect is commonly observed as a fumctibthe temper-
ature, a field dependent measurements would allow to détegidsition of the
level crossing. In fact, at the levels crossings of botiyland 1/ T, rates increase,
due to the inelastic contributions to the relaxations dyieameading to a strong
wipeout effect. This effect in the proximity of the level ssing was observed for
the first time in theCrgZn molecular nanomagneb(]. We have therefore mea-
suredM)'j'y(O)T as a function of the applied magnetic field at T = 8 K, in order to
populate the lowest excited levels involved in the crossing
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Figure 3.1.4: Renormalized transverse nuclear magnigetiz t% of Crg

as a function of the applied magnetic field B at T = 8 K. Data hageen also
renormalized so that the maximum value of the magnetizatiaime explored
magnetic fields range is set to 1.

The experimental sequence for the measurements is the ssergbad for the
wipeout as a function of the temperature, with the excepttian, in the present
case, one has to ensure that the line is fully irradiated. affadysis of the data is
different. Thel\/l)'(*y(O) is divided by the applied magnetic field in order to eliminate
the effect of the Boltzmann population of the nuclear Zeefeaels. The energy
levels scheme as a function of the magnetic field is reporntéuki fig3.0.3 show-
ing a level crossing between the first and the second exa@tedd at 5.4 T. The
transverse nuclear magnetization, shown in figuifie4 displays a minimum be-
tween 5 and 5.5 T, indicating a strong wipeout effect and omiiig the position
of the level crossing field.

3.2 Study of therelaxation dynamicsof Crg ring

The unique free parameter of the microscopic model desgyithe relaxation
dynamic of MNMs is the spin-phonon coupling strenggh 6eel.3.2 and it has
been determined from the analysis of NMR data. This paranaditevs to study
the relaxation dynamics of the cluster by analyzing the spectof fluctuations
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of the cluster magnetization given by(]:

Ai(T,B)

B L (3.2.1)

Sum(w, T,B) = Z A(A;, T,B)
i=1n
The calculated weights A(T,B;) relative to the characteristic relaxation rat&g (
of the autocorrelation of the magnetization @4§.1) are shown in figur8.2.1as
a function of the inverse temperature for three values oéfiied magnetic.
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Figure 3.2.1: Intensity plots maps showing the calculateibtts A(T,BA;) of
the magnetization autocorrelation versus 1/T for B=0.@%5 and 3 T respec-
tively. The red line represents the proton Larmor frequefaay). The weigths
(A(T,B; Aj)) have been normalized byT, for each value of temperature in the
spectra, which is proportional to the size of the equilibrifluctuations.
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When the relaxation ratég intersect the Larmor frequeney_ (red line), /Ty
displays a peak. Itis worth to stress tlyaherely fixes the relaxation timescale (a
variation ofy produces a rigid vertical shifts in figu@2.1). In the temperature
range of 1K < T < 15K, where the peak of T; is observed, the dynamics is
described by several rates with an appreciable weightsdsytolose in frequency
to one another. This fact explains why a single peak in(fy@1)/(xT)(T) is
observed in spite of a multi-time relaxation dynamics. Cmyow T ~ 3K there
is a single relaxation process, whose T-dependence follbes#Arrhenius law.
The analysis of the eigenvectors and of the matrix elemdrtteeaate matrix\Vv
allow to understand the dominant relaxation processes.TE@ K and at low
field the levels involved in the process are the two degee&at 1/2 ground
doublets and the second excitge- 3/2 multiplets with E = 23.7 K (blue arrows
in figure 3.2.2.This corresponds to an Orbach’s process following théémius
law with an energy barrier arouf kg «~ 24K [2.3.4, which is the dominant one
uptoT = 7K.
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Figure 3.2.2: Relaxation paths corresponding to the domiredaxation rateg;
of Crg for B — 0 in the low-temperature regime (T= 2 K, blue arrows) and at T =
11 K (red arrows).

At aboutT = 3K , a second rate becomes relevant in the relaxation dynamics,
corresponding to a process from the two degenerate firgieekeiultiplets with S
= 3/2 and E = 14.4 K towards higher excited levels with S = 1/@ &= 5/2. At
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3.2. STUDY OF THE RELAXATION DYNAMICS OF Crg RING 54

temperatures close to the¢Ty peak, these processes become the dominant ones
(red arrows in figure3.2.2. The presence of an applied magnetic field leads to
a faster relaxation, especially at low T. The dynamics Balfe a multiple-times
character above 3 K and the relevant relaxation paths alwagése the same
total-spin multiplets, even if split by the Zeeman interact

By comparing the relaxation dynamics@®@ig and with that of the even-membered
parent compun@rg [4€], is found that both clusters are characterized by one sin-
gle dominating Arrhenius process at low temperature, aljhanCrg other re-
laxation processes emerge at significantly lower tempegatu In addition, the
present model is characterized by the twofold degeneratleofelevant relax-
ation ratesA(T) in Crg, which reflects the symmetry of Eq8.0.1, 1.3.2 These
degeneracies are in fact a peculiar characteristic of higgrnmetrical frustrated
MNMs [87, 60]. These degeneracies are in fact a peculiar characteoistighly
symmetrical frustrated MNMs and can be lifted by reducing siimmetry of the
molecule. For instance, by assuming that single Cr-Cr bemtifierent from the
others and thus introducing a different exchange coupling1.1J for this bond,

the cluster is still characterized by competing AF intamad, although the de-
generacy of the energy levels is removed.
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Figure 3.2.3: Intensity plot maps showing the calculatedghs A(T,BA;)

of the magnetization autocorrelation versus 1/T for B=0.00 The plot maps
(A(T,B; Ap)), have been normalized byT, for each value of temperature in the
spectra, which is proportional to the size of the equilibrifluctuations.
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In this case the relaxation dynamics is dominated by twardistates even
at low temperature (see figuB2.3 showing the typical behavior of a cluster
with competing AF interactions. A lifting of these degere@ea can be obtained
also by assuming a less-symmetric form of the magnetoielestipling. Such
a coupling can also lead to sizeable transition-probadslibetween the ground
manifold and the lowest-energy S = 3/2 multiplets, leadm@ faster relaxation
at very low temperatures. The degeneracy between the twa/Sgrdund multi-
plets and the corresponding perfect frustration is expetci®e slightly broken at
low temperature due to the Jahn-Teller theorem.

A very interesting experiment would be to exploit high-resion four-dimensional
inelastic neutron scattering to study the low-energy peakesponding to the
transition between the two nearly degenerate S = 1/2 metsgb1]. The de-
pendence of the intensity of this peak over the momentunsfeawvector would
yield direct information on how the frustration is removetwan the associated
low-frequency quantum dynamics.
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Figure 3.2.4: Calculated temperature-dependence of teinie of the levels
of the two S = 1/2 ground doublets for several values of thdiegppmagnetic
field. Continuous and dashed lines correspondste- 1/2, M = -1/2 > and
|IS=1/2,M =1/2 >, respectively.

The spin dynamics associated to this low-energy peak willdmped on a
time-scale depending on the average of the lifetimes ofribelved levels. The
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here-determined model of the magnetic relaxatio@@fare used to calculate the
effect of spin-phonon interaction on the lifetimes of theést-energy levels. The
calculated temperature-dependence of the lifetime of tbergl S = 1/2 manifold
for several values of the magnetic field are shown in figuge4 At low temper-
ature the lifetime is very long and can be also controllediyiying an external
magnetic fields, making the previously mentioned experinvery promising if
large high-quality crystals become available. It is wodhatd that direct tran-
sitions between the two S = 1/2 doublets should not strongiit the lifetimes,
because of the small phonon density associated with a veadl snergy gap.

3.3 Spin dynamicsin AF even open/closed rings

As representative of molecules belonging to the family adrevings, the open
CrgZn is compared with the closedrg ring[51]. In figure 3.3.1the relaxation
rates %) of the operCrgZn and closed rin@rg are reported as a function of
the temperature for two different external magnetic fiellso peaks have been
observed in theﬁ in both systems: one at K0O< T < 15K and the second
below 4 K. In particular, the latter is well resolved only forgZn, while the the
main peak is well defined and could be fitted by a single relaratte. The low-
T peak is attributed to another correlation frequency ohtlagnetization, thus the
ﬁ curves can be fitted by:

1 A(T,B) Ao(T,B)
TiXT  [AX(T,B)+af A3(T,B)+af

(3.3.1)

where A is proportional to the average square of the dipol@raction between
the protons and the magnetic ioig,» are the two correlation frequencies in the
spectrum of fluctuations of the cluster magnetization,@nt the proton Larmor
frequency.
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Figure 3.3.1CrgZnandCrg TllT are reported as a function of the temperature in

log-scale (in order to highlight the low temperature peak®) different applied
fields. 1]

The data have been fitted according to equaBidhl The correlation fre-

quency is is assumed to have a power law dependea¢€) = CT? as found in
most molecular rings and clusters.

\ \ Ci(rads™?) \ oy \ Co(rads™?) \ as \
CrgZn| 2.8x10* |35 60x10* | 7
Crg 1.8x10* | 35| 8x10* 7

Table 3.1: The values of the parameters obtained from thdibfes 1/T, x T data
for theCrgZn‘open’ andCrg ‘closed’ rings

The much larger value of the temperature exponentf{ 7 ) for the secondary
correlation frequency indicates a different relaxatiorth@ism of the magnetiza-
tion possibly related to Raman spin-phonon proces$ds The difference could
be related to the much smaller gap, from the non-magnetiergtstates and the
first excited magnetic states observe€igZn with respect tcCrsg.
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Chapter 4

Breaking of thering: The case of
Cfng

The magnetically-open AF rings likérgCd [53] are model systems for the study
of the microscopic magnetic behaviour of finite AF Heiseglmdrains 3. In this
type of systems the magnetic behaviour depends length atitegparity of the
chain (odd or even)f4, 95]. Traditionally the experimental study of finite chain
effects has involved a top—down approaéh][ where an ideal infinite chain of
magnetic atoms was “cut” by introducing diamagnetic impesi This produces
an ensemble of chains with different lengths and differemitigs. However, the
advances in building short chains of atoms using the capiabibf scanning tun-
nelling microscope tips to perform atom-by-atom manipala has opened the
possibility of creating more controlled short chain syss¢#, 9€]. An alternative
and promising option is provided by AF rings, thanks to higlgre of control
which has been achieved in the chemistry of magnetic madsculn addition
heterometallic rings have been proposed as possible ceditbr the implemen-
tation of qubits for quantum computation. Thus, it is veryorant to know the
local spin configuration, in order to be able to control anchipalate the mag-
netic statef}, 27, 28]. TheCrgCd open ring has already been studied by polarized
neutron diffraction 17]. It was found that the arrangment of the magnetic mo-
ments is non collinear (NC).e. if we consider a classical spin configuration, the
z-component of the magnetic momépt) for the sites closer to the edges of the
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chain is much larger than in the middle of the chain. The cdmpe between
the Zeeman and the exchange interactions originates thepNCstucture, as
depicted in Figurel.0.1within a classical spin model:

A e A"

Figure 4.0.1: Th€rgCd chain in an external magnetic field shows a non collinear
spin structure in the classical spin ground state configamatin order to obtain
this configuration, a classical spin Hamiltonian have bemwrsiclered, with only
first-neighbours exchange interactions?][ 17]

The same type of information can be extracted by means of pwoaes, for
instance, by performing NMR experiments ®iCr nuclei, as already demon-
strated in previous works2p, 100]. Thus, we have measur&8Cr-NMR spectra
on CrgCd, in order to study local spin densities on the Cr sites in agnegven
ring. The molecule, reported in top-figufeD.2, is indeed a parent compound of
Crg, where the introduction of th@d?" non-magnetic impurity breaks the cyclic
symmetry with an open boundary condition, leading to ancéffe model sys-
tem for an open-even chain. Each molecule can be describéaebipllowing
Hamiltonian:

7 8 8
CRREPE oS

where the first term is the nearest-neighbours isotropisétdierg exchange in-
teraction,s is the spin operator for the i-th ion in the molecule. The seco
term describes a small uniaxial single-ion anisotropy. [alseterm represents the
Zeeman coupling to an external magnetic field. INS measuntstan the parent
CrgZncompound and magnetization measurementSrg@d yield J =1.32 meV,
d =-0.036 meV and g=1.98 §, 18, 17]. The crystals oCrgCd are characterized
by two molecules per unit cell (bottom figu#e0.2). For this reason the external
magnetic field has been applied with an anglé ef 27 ° with respect to the c-axis
of molecules j.e. the axis perpendicular to the plane of the ring, and partilel
the b-axis of the unit cell. This experimental configurati@s been choosen in
order to induce equal components of the magnetic field albagtaxis of both
molecules in the unit cell.
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Figure 4.0.2: Top: Th€rgCd molecule, Cr atoms are represented in green, Cd in
purple, O inred, F in yellow and C in black. Hydrogen ions aretted for clarity.
Bottom: two inequivalent molecules are clearly distingeafithin the unit cell.

Figure 4.0.3 shows the calculated energy level scheme of the Hamiltonian
4.0.1as a function of the external magnetic field = 27°. This value guar-
antees the same orientation of the two inequivalent madscaotf the crystalline
structure in the field. A level-crossing (LC) is found at 2.&Ad an anti-LC at 4.8
T between excited states.
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Figure 4.0.3: Energy level scheme@fzCd as a function of the external magnetic
field calculated fol9=27°.

The major difficulty of°>3Cr-NMR measurements is due to the low natural
abundance and the low sensitivity of the probe, as one canxc@wiom the table
4.1

Receptivity
nat. I YI2TU |(rel. to'H=1)
ab. (MHzIT)

0.0000863

3Cr | 0.095 | 3/2 | 2.606

Table 4.1: NMR Properties 6fCr.

A Hahn-echo fr/2 — 1) sequence was employed. Intensity was collected point
by point as a function of both field and frequency was collgttg integrating the
whole spin echo over time. The NMR spectraGCd were collected by two
complementary methods: by varying the frequency at a fixéereal magnetic
field, or by measuring the intensity at field in small steps>adifrequency. A
complex pattern of resonance frequencies in the 15-30 Mhigaravas observed.
The results of these measurements are shown in figOré
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Figure 4.0.4:53Cr-NMR spectra ofCrgCd at T =1.4 K obtained by sweeping
the magnetic field at a constant frequency (upper figure) aneweeping the

frequency at a constant magnetic field (lower figure). Date feen fit according

to a gaussian profile.

The spectra have been fit with one or two gaussians compondriha ex-

tracted frequencies vs fields are compared with the theatetalculation. The
results are shown in the figu#e0.7.
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The >3Cr-NMR frequency can be calculated as the vector sum of therredte
magnetic field H and the internal field due to the hyperfineradton:

Vi = 58— gA((il.2]1) coB + H)2-+ ((ilsixl i) SinB+ HoRl  (4.02)
where ¢, is the ®3Cr nuclear gyromagnetic ratio, g is ti@r®* Landé factor,
< s > is the local expectation value of tla3* electronic moment, j is the popu-
lated magnetic level and A isotropic core polarization hfipe contact term. All
the theoretical calculations take into account a smallrérrahe positioning of
the sample ofA@ = 2°, so the theoretical spin moment and the frequencies were
calculated for@ = (27+ 2) ° because of the presence of the two non-equivalently
oriented molecules
The difference between the configurations is very small thatintroduction of
this small error has helped to improve the fit of NMR spectrl.th®e theoretical
results are thus averaged over these two orientations. ®Ges€Cd symmetry
properties, it is possible to indentify four pair of equealCr3* sites, as reported
in figure4.0.5

Figure 4.0.5: Four pair of chromium can be identified in tmgrii=1,...,4).

The calculated local spin moments for the four pailCof* are reported in
figure4.0.6 Atthe extremities of the chair; — Crg spins are more energetically
favoured to align along the magnetic field as they have to eenpnly with one
exchange interaction. The AF interaction with the nearegihbours imply that
the Cro — Cr7 spins are aligned in the opposite direction. In the middi¢hef
chain for theCrq — Crs spins, the ‘spin-up’- ‘spin-down’ condition can no longer
be satisfied as these two spins cannot simultaneouslyys#tisfAF condition
between them and with their nearest neighbours. This cdussgation and as a
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result the more energetically favourable ground state i<Caspin configuration
(see figuret.0.17)).

—0Cr1,Cr8
—Cr2,Cr7
151 |—Cr3,Cr6
— Cr4,Cr5

05r

Field [T]

Figure 4.0.6: Calculated local spin moments as a functidghe&pplied magnetic
field for theCrgCd molecular ring.

By comparing the experimental results with the calculaé@i-NMR fre-
quencies it is possible to determine the only free paranwtéhe model, the
contact term A (see €2.1). The quadrupolar effects ?*Cr-NMR (I(Cr)=3/2)
can be neglected, since only the central line transitiong weeasured and their
shifts are due only to second order effects. Since the cdegipation constant
A depends on core electrons, we can assume the same valg fafr all the
Cr sites. The intensity plot reported in the figur®.7show the calculated NMR
frequencies as a function of the external magnetic fieldeVery populated level
at 1.4K and for each of the non-equivalented (i=1,...4). For each frequency
a 1MHz wide Lorentzian function has been built up, whose @uongi¢ depends
on the thermal population of the level. The experimentakyacted®>Cr-NMR
frequencies are found to be in good agreement with the omgdjngg A =-12.7

Tesla/ Ug.

64



65

0 1 2 3 4 5 6 7 8 5
: 40
i 135
_ﬁ_ =1k

301 + —— 30
2 o 25

a 1 -
E 20| ¢ -4 {20

3
15 5
10 0
5 5
0 0
1 2 3 4 & 6 7 8
1o H(T)

Figure 4.0.7: Intensity plot as a function of the externalgmetic field vs the
experimental data. The construction of the intensity @atescribed in the text.
Calculated frequencies are not reported because it is & rainfjequencies not
experimentally accesible.

The result, A found is comparable with the results found tbieorings [LO0,
29).

| | A(MpB) |
CreCd| -12.7
Cr,.Cd | -12.38 P9
CroNi | -11[100

Table 4.2: Comparison of core polarization constant foeetttifferent rings.

The next step was to attribute the signal to the correspgnpiir of >3Cr
nuclei in the ring. Figuré.0.8shows the calculated frequencies for @rg —Crg
andCro — Cr7 pairs, compared with the experimental data. It is evideat the
signal observed can be totally ascribed to these two paits sites.
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Figure 4.0.8: Calculated frequency and experimental dsta tunction of the
external field. Only the frequency &fr; — Crg andCr, — Cr7 pair are reported.
the different colors identify the total-spin S value of trepplated levels involved
in the calculations.

Due to their higher magnetic moment values, the periferic®@sCry — Crg
andCr, — Cr7 (as reported in figuré.0.6, are the only?3Cr nuclei that can be
detected. In fact, the pairs of Cr ions localized in the nmeddflthe chairCrs — Crs
andCr3z — Crg, were not observed in the spectra due to the small value of the
magnetic moments and thus to the small values of the comespg frequencies,
below the experimental limit of 15 MHz. Figur.0.9 shows the comparison
between the experimental data and the theoretical calonl&tr theCrgy — Crsg
andCrz — Crg pairs.
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Figure 4.0.9: Calculated frequency and experimental dsta tunction of the
external field. Only the frequency &fr3 — Crg andCr4 — Crg pair are reported,
the different colors identify the total-spin S value of trepplated levels involved
in the calculations.

NMR investigations on th€r;Cd molecular ring showed th&r3+ magnetic
moments at the different sites are found to be staggereddvetdnnearly uniform
and large value across the ringf]. This is indicative of the fact that for an odd
chain of magnetic ions (see figu#e0.10 the spin arrangement is collinear in the
ground state as opposed to the NC one for the even-numBeg€d chain. This
is also consistent with the fact that, for an odd number of ubject to the effect
of an external magnetic field, it is possible to simultanépsatisfy all the AF
spin up-down arrangements, thus removing the frustratiolie the case of the
CrgCd molecule.
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Figure 4.0.10: Comparison between the classical spin grstate configuration
for CrgCd andCr,Cd. [17]

In conclusion the quantitative experimental result continetheoretical pre-
dictions for the non-collinear spin arrangement in finite @dupled magnetic ions
chains and the comparison betweersCd andCr;Cd shown how the parity of
the chain and the boundary condition have an effect on threstpicture.
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Chapter 5
Study of a six-membered Dy ring

[Dy(Htea) (NOs)]s- 8MeOH, in shortDy, is the first rare-earth based ring that has
been ever synthesized]. A staggered magnetization was observed in low field
at 1.3 K. Indeed, if the applied magnetic field is lower thath D, this molecule
behaves as a non-magnetic system. The study of the stativati@groperties of
Dyg has been performed by means of proton Nuclear Magnetic RasertH-
NMR) and DC/AC-SQuID magnetometry.

Figure 5.0.1: Molecular structure of Ry green: Dy, red: O, blue:N, white:H,
dotted line:Sssimmetry axis, black arrows: local magnetic moments in tioegd
doublet state
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5.1. INVESTIGATION OF THE STATIC MAGNETISM 70

5.1 Investigation of the static magnetism

The system can be described by a non-collinear Ising madgl |

6 6 6 6
7 qexchy & dipolarg & &
H= i;J %,zq.+1>,z+i;;J s,zs,,z+usgi;8 5, (5.1.1)
where the operatoss ; are the projection of a pseudo-spin %2 along the local Ising
axis [L01], characterizing the ground Kramers doublet of each Dy 3% is

the exchange coupling between the nearest Dy sitesI#A8l?" is the dipolar
magnetic exchange between the centesdj. The dipolar coefficientgdirolar
have been evaluated within the point-dipole approximatiaking as input ions
coordinates, in agreement with thb-initio calculation by Unguet al[20].

| nearest neighbor next-nearest neighbdr opposite |
| 4.343cm ! | 0.028cni 1 | 0.403m |

Table 5.1: Calculated Constants of the Dipolar Interachetween the Ground
Kramers Doublets of Different Magnetic Centerdly.

The system is shown in the FiguBe0.1and hasS symmetry. Toroidal ar-
rangement of local magnetic moments has been found recienthnthanide-
based systems and it was first discovere®ia trianglesfLl02, 103. Ungur et
al. have studied the electronic and magnetic structurBygfthroughab-initio
calculation 0], they found a toroidal magnetic moment in absence of a ngt ma
netic state in zero field, due to the high symmetry of the dipwiteractions of Dy
magnetic moments in the molecule.

The DC magnetic susceptibility ddyg was measured in temperature in order
to extract the exchange parameféf of Equation5.1.1and a, the angle be-
tween the symmetry axis of the moleci8gand the local Ising axis. We found
Jexeh— _0.2cm ! anda = 43°, confirming the value already found by Ungur
at al. by ab-initio calculations?[)]. DC measurements results are reporteg &s

in the top figures.1.1with an applied field of 1kOexT grows by increasing the
temperature, reaching a constant value above 15 K and & termro by lowering
the temperature, the presence of a non-magnetic groured stat
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Figure 5.1.1: The temperature dependencelofblack squares in the bottom fig-
ure) andVi(H) (black squares in the top figure) Bf/scompared to the theoretical
model (red line) as reported in the text witf = -0.2cnm ! anda = 43°.

The magnetization curve at T = 2 K, shown in the bottom-pahEigure5.1.1
saturates to a value of B8, in agreement with the presence of a six Ising-type
Dy’s ions. The energy levels diagram as a function of theiadphagnetic field
with 8 = 90°, is shown in figuré&.1.2 A LC between the ground state and the
first excited levels of Dy occurs at B = 0.4 T. Experimentally, the derivative of
magnetization curve as a function of the applied magnetid §kows a peak at
the LC field [L]. Itis worth to stress that since all the measurements hegr per-
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formed on powdered samples, the peak in the magnetizative derivative gives
us the "spherically averaged" position of the LC. In ordergproduce the mag-
netization curve with our theoretical model we have perfdnan average over
all the possible direction of the applied magnetic field hwespect to th&-axis
of the molecule. Here we compare the magnetization devevatith the energy
level diagram with the applied magnetic field in the planehaf ting @ = 90°,
Figure5.1.1), since these directions give the main contributions tosibieerical
average. The position of the peak of the magnetization cdevirative, and thus
the LC field, is the main feature that has allowed us to refingoirameters of our
theoretical model.
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Figure 5.1.2: Top panel: Calculated energy levels scheny/gts a function of
the magnetic field applied in the plane of the ring, obtaimedfthe Hamiltonian
in Eq5.1.1 Bottom panel: derivative of M(H) at 2 K as a function of theexxal
magnetic field (scatter), compared with the theoreticaldations (red line).
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As already demonstrated for the cas€of[90] andCrgZn [50] the LC fields
can be obtained by measuring the transverse nuclear maaiati with a'H-
NMR experiment. In fact a mesurement of the quariMy(0)T as a function of
the applied magnetic field allows us to quantify the wipedigat, that is partic-
ularly strong at the LC fields. Figure1.3shows the transverse nuclear magne-
tization as a function of the magnetic field for tbgg, measured at T = 1.35 K.
As explained previously, the experimental sequence fontbasurements is the
same described for the wipe-out as a function of the temperdsee?.1), with
the exception that the analysis of the data is different. {ffér@sverse magnetiza-
tion theM)t'y(O) is divided by the applied magnetic field in order to elimintite
effect of the Boltzmann population of the nuclear Zeemaelkev

1.1F ;
|
|
1F } |
|
|
0.9+ |
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o } 1
I o7t i
s a

E" 0.6r : E-
|
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051 1

: : (]
0.4 i
0.31 % E
0.2 0.3 0. 05
Magnetic Field (T)
. . [ MY(O)T
Figure 5.1.3: Renormalized transverse nuclear magnigtizat—g— | of Dyg

as a function of the applied magnetic field B at T = 1.35 K. Dataehbeen also
renormalized so that the maximum value of the magnetizatiaime explored
magnetic fields range is set to 1.

The transverse nuclear magnetization, shown in figute3 displays a mini-

mum between 0.4 and 0.5 T, indicating a strong wipeout effadtconfirming the
position of the level crossing field around B = 0.4 T. (seepapel infigures.1.2).
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5.2 Study of spin dynamics

The dynamics oDyg has been investigated by AC-susceptibility measurements
as a function of temperature and frequency, in zero andegbpld. AC SQUID
magnetometry has been performed on a powdered samigs0bn a MPMS
XL-5 SQUID magnetometer, in the temperature range of 2-2M& feeld range

of 0-1 T. For further details on the measurement see parag@r&p

In figures5.2.1and5.2.2show the immaginary part of susceptibility Df/g as a
function of the temperature and frequency at zero-field ai=al, 3, 5 10 KOe.
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Figure 5.2.1: Immaginary part of susceptibility Bfjs as a function of the tem-
perature and frequency at zero-field and B = 1 KOe.
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Figure 5.2.2: Immaginary part of susceptibility Bfjs as a function of the tem-
perature and frequency at B = 3, 5 and 10 KOe.

The dynamics is characterized by more than one charaatecstrelation
time, whose values depend strongly on the applied field. Fx@rsusceptibil-
ity data the position of the peaks at each frequency have &deact, in order to
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obtain the temperature dependence of the spin-latticeatite rates (17). The
experimental data have been fit with one or two lorentziangmment and we ex-
tract the temperatures at which the AC-susceptibilty digplne or two peaks .
The behaviour of AC susceptibility data Di/g has been interpreted with the sim-
plest conceivable model. We assume the presence of twoeatiffeelaxation pro-
cesses in the phonon-induced relaxation dynamics of theculs:

>~ Direct process: It depends on the applied field and domirziess temper-

atures causing one spin flip in the spin Ising configuratibnah be caused
by phonon-induced modulations of dipolar interactionsveein Dy ions or
by hyperfine interactions between electronic and nuclemsgespecially
at zero field). Both phenomena can induce direct relaxationgsses only
if the molecule can not be modelled as an exact Ising systeminifio
calculations $0] show that thegy andgy components of the spectroscopic
splitting vector are not precisely zero, thDgg slightly deviates from the
Ising behaviour. We have checked that DC magnetometry datac sen-
sible to this small deviations, thus confirming the Ising elodterpretation.
The Ising model is also the starting point for our relaxatignamics model.

> Raman process: it is field indipendent and dominates at leigipérature.
Itis a single-ion process, thus it is responsible for thedfipne single spin.
The temperature dependence of a Raman process yields a lpawer

1
Z— AT
T

From the comparison of our calculations wjth experimental data we have
found:A=6-10°%Hzandn=09.

The top-figures.2.3show the calculated weigh#g A;, T, B) of the magnetization
autocorrelation as a function of the inverse temperatube yraxis islogio(Ai),

the color map shows the weigh&$A;, T,B)/xT. When AC frequencies intersect
the rates\; with significant weightxac displays a peak. The black and red scatter
have been extract from AC-susceptibility data (see Figu?eland Figures.2.2).

The bottom-figuré.2.3shows the calculated immaginary part of susceptibility as
a function of the temperature and frequency at B = 10 KOe, indtiaby taking
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into account the direct and Raman processes as describgd. abbe position
of the experimental peak and the temperature/field depeedarthex” are well
reproduced.
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Figure 5.2.3: Top: Calculated weights of the magnetizatiotocorrelation for
B=1 kOe. We have superimposed the temperatures at whiclpleeismental AC-
susceptibilty displays the broad peaks, one or two, whosterceare represented
by the red and black symbols. Dark yellow, blue and blackslicerrespond to
900 Hz, 270Hz and 10 Hz respectively. Bottom: Calculated agimary part of
the susceptibility.
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Figure 5.2.4: Top: Calculated weights of the magnetizatiotocorrelation for
B=10 kOe. We have superimposed the temperatures at whickxgrerimental
AC-susceptibilty displays the broad peaks, one or two, whemnters are repre-
sented by the red and black symbols. Dark yellow, blue anckbiiaes correspond
to 900 Hz, 270Hz and 10 Hz respectively. Bottom: Calculatechaginary part

of the susceptibility.

In order to study the dynamics 8y in a different time window guSRLF-
experiments as a function of the temperature have beeredastit on the GPS
spectrometer at the continuous muon source of {h® facility of the Paul Scher-
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rer Institute (PSI). The figurg.2.5show the time-dependent muon asymmetry as
a function of the temperature.

0.2

@GPS-PSI b H=300 mT

0.25

Asymmetry (a.u.)

t (us)

Figure 5.2.5: Time-dependent muon asymmetry as a funcfitimeaemperature
for B=300 mT.

This behavior is typical of that previously observed in otMNM and it is
due to the complex dynamic distribution of local fields witlthe sample[04,
105, 106].

The muon asymmetry is fitted by:

At) = ase M +a e Mt G (A, 1), (5.2.1)

whereag is the slow and intermediate relaxing amplitudeg, is the slow and
intermediate relaxation rat® and Gk is the lorentzian Kubo-Toyabe function,
due to a random array of static moments with a Lorentzian éifttibution [LO7].
The slow component corresponds to muons away from the magnetment of
molecule. TheAgk is too fast and it was not possible to analyze it well. For
this reason only the intermediate relaxation rate are tedas a function of the
temperature for three different longitudinal field (see feoL2.9.
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Figure 5.2.6: Longitudinal relaxation rate as a functiontted temperature for
three different magnetic fields. The data are fitted as desdrin the text. The
green line represents the BPP-behaviour.

The data can not be fitted by a BPP model (green curve in figx€), but
they require a distribution of energy barriers. TAygan be fitted by:

with a thermally activated correlation time given by:

By assuming a a gaussian distribution of energy barriersave:h

_(E-n)?
e 202 |

D(E) = N
The results of the fit yield an average activation energyidaaround 250 K. It
is worth to note that, according to the calculations rembnte[2(], this energy
corresponds to the gap between the ground and an excitedeti@fleach Dy
ion. This could suggest an Orbach process involving thegb-énergy states.
However, the temperature of the peakAi(iT) is in reasonable agreement with
the model exploited for interpreting dynamical suscefpitibdata (see Figh.2.7),
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which does not include these high-energy processes.
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Figure 5.2.7: Calculated weights of the magnetization @utelation for B=1,
10 kOe. We have superimposed the temperatures at which pleeieental AC-
susceptibilty displays the broad peaks, one or two, whosteceare represented
by the red and black symbols. Dark yellow, blue and blackslioerrespond to
900 Hz, 270Hz and 10 Hz respectively. The red line represtietsrequency
of the muon. When the frequency of muon (red line) interseetrates\; with
significant weight, displays a peak.

Figure5.2.7 shows the calculated weights of the magnetization autetasrr
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tion as a function of the inverse temperature for B=100 arf@ r&0. When the
frequency of the muons (red line) intersect the raiesith significant weight, the
longitudinal relaxation rate displays a peak. In the terapge range where the
peak ofA, is observed, the dynamics is characterized by several chtasicter-
ized by appreciable weights and close in frequency. Thislgulains why a broad
single peak in thd, is observed in spite of the multi-time relaxation dynamics.

Future Prospects

The 'H — NMR spectra were collected on powdered sampleByfat T= 1.35
K. Since the NMR line was very broad and shifted, the spectuais constructed
point by point by varying the frequency at a fixed external e field. The

spectra are reported in Figuse2.8and are down shifted with respect the Larmor
frequency.
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Figure 5.2.8:'H-NMR spectra at 1.35K shifted with respect the Larmor fre-
quency, for different applied magnetic field.

The spectra can be interpreted taking into account two gaussmponents:
the first one is broader and shifted at high magnetic field evtlie second one
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is narrower and centered at the Larmor frequency. The ardarihe spectrum
represents the number of protons probed. The results ofttbéthe spectra of
Figure5.2.8 are reported in Figuré.2.9for the first (broader) component. A
strong shift of the absorption lines with respect to the Larfrequency of the
proton is found at low fields where the system is non-magrisée blue circles
in the top-panel of Figuré.2.9. This suggests the presence of a staggered mag-
netization reflecting the effect of a toroidal moment. Ifsitiue that the spectrum
becomes very narrow preserving the area (and hence allnzrétel a field equal
to zero due to electron spins), the data may indicate thepoesof tunneling of
toroidal moment.

The red circles in the top-panel of Figuse2.9show the FHWM of the NMR-line
as a function of the external magnetic field, which decrebgéswering the mag-
netic field.

At low magnetic field, the amplitude of the second componecrtaases (see fig-
ure5.2.9.
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Figure 5.2.9: Shift of NMR line as a function of the externagnetic field (blue
circles). The absolute value of the shift increases at higgmatic field reflecting
the appareance of a magnetic ground statédfor H c. FHWM as a function of

the external magnetic field (red circles). The blue and neel éire a guide to the
eye.
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A shift of the Larmor frequency and an increasing of the lindttvdue to a
distribution of a static internal fields were detected ab0\eT, indicative of a
magnetic state of thByg induced by the external field.

Further theoretical investigation for the interpretatofthe experimental data are
still in progress.
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Chapter 6
Conclusions

In this thesis the magnetic properties and relaxation dycsuof selected AF
molecular nanomagnets have been investigated. The exgaahstudy has been
carried out by different techniqgues: NMRSR AC and DC SQuID magnetome-
try. Through these techniques, the static and dynamic ptiepef these systems
have been studied. Indeed, the nuclear spin-lattice reétexeate (1711) and the
muon longitudinal field relaxation are sensitive to the thations of the dipolar
and hyperfine fields from the molecular spins. From the corsparof theoretical
calculations with experimental data it is possible to ecttthe parameters of the
Spin Hamiltonian and information on the relaxation dynasnic

In particular, we have studied the magnetic properties atakation dynam-
ics of the first regulaCrg AF ring, which represents a prototype of practically
degenerate-frustrated homometallic ring of half-integig@ins. The energy spec-
trum of this kind of systems is characterized by a two-foldjeteeracy of the
low-energy total-spin multiplets. The relaxation@fg has been investigated by
measuring the temperature and magnetic field dependenbte spin-lattice re-
laxation ratefT; of *H nuclei. The experimental results have been interpreted
by a microscopic model including magnetoelastic coupliagd taking into ac-
count the wipeout effect. This model has allowed us to reypcedsatisfactorily
the experimental results and to study the phonon-inducealcs molecular mag-
netization. While magnetic relaxation of bipartite ringsaell known, this is the
first investigation of an odd-membered AF ring. We have fothratt inCrg the
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relaxation dynamics is characterized by a single Arrhetias only at very low
temperatures, whereas above 3 K several relevant relaxaties emerge.

The magnetically-open AF ring&rsCd andCrgZn, are model systems for the
study of the microscopic magnetic behaviour of finite AF leaiserg chains. In
this type of systems the magnetic behaviour depends lemgtioa the parity of
the chain (odd or even). It is very important to know the logjain configura-
tion, in order to be able to control and manipulate the magrs¢ate. By means
of challenging®>Cr-NMR spectroscopic measurements, we have found that the
arrangment of the magnetic moments is non collinear (NCagireeement with
recent polarized neutron diffraction results. FThe ditfigof >3Cr-NMR mea-
surements is due to the low natural abundance and the lowtisgynsf the probe.
By comparing the experimental results with the calculdf&i-NMR frequencies
it is possible to determine the only free parameter of theehdbe contact term
A. The result found agrees with what found in other rings. Bu@rgCd symme-
try properties, it is possible to indentify four pair of egalientCr3* sites. It was
also possible to attribute the signal to the correspondaigad °2Cr nuclei in the
ring and we find that the signal observed can be totally asdrib the two pairs
of Cr at the edge of the chain. The quantitative experimeae®llt confirms the
theoretical predictions for the non-collinear spin aremegnt in finite AF-coupled
magnetic ions chains and the comparison betwegd andCr;Cd shown how
the parity of the chain and the boundary condition have atetin the spin struc-
ture.

Finally, the study of the static and dynamic magnetic progeiof Dyg has been
performed by means dH-NMR (further theoretical investigation for the inter-
pretation of the experimental data are still in progress) R&/AC magnetome-
try. TheDyg is a first rare-earth based ring that has been investigattdambe
described by a non-collinear Ising model. The investigatibspin dynamics has
been performed by AC-SQuID aptSRmeasurements. We found that the dynam-
ics is characterized by more than one characteristic aioaltime, whose values
depend strongly on the applied field. The behaviour of AC spiiility data of
Dy has been interpreted by considering two different relaxgpirocesses in the
phonon-induced relaxation dynamics of the molecule. Timpgrature dependent
Longitudinal relaxation rateA() from puSRexperiment displays a field-dependent
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peak around 30 K, in reasonable agreement with the modehéoraiaxation dy-
namics used to interpret AC susceptibility results.
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