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Abstract

The aim of this thesis work is the preparation anestigation of the magnetic
properties of two main classes of SMMs {Bad ThPg¢) deposited on metallic and
magnetic surfaces by using thermal evaporationhtigoues. The evaporated
molecules have been characterized from the cheraimilthe magnetic points of
view in order to verify if the thermal evaporatiggrocess in HV or UHV
conditions induces a decomposition of the molecwdad if the metallic or
magnetic surfaces could influence the magnetic \aehaof the deposited
molecules.

In Chapter 1 we have described the main concept that charaetée single
molecule magnets focusing the attention on the twain classes of the
compounds used in this thesis work: namely tetdgandgron(llll clusters, Fg and
terbium(lll) bisphthalocyninato, ThRcln particular for these two compounds we
have described the magnetic characterization tqokm that we have used along
this thesis work.

Due to the possibility that SMMs could be used¢d@®ponents for developing
innovative devices, the organization on surfaceakadirst step in order to address
the magnetic state of a single molecule or to contie molecules to a conducting
substrate. For this reason we have considered japgi® to briefly resume in
Chapter 2 the most common deposition techniques suitabldejoosit Fg and
TbPg molecules on surface.

Chapter 3 describes our first experimental results on tleerttal deposition of
a thick film of a Fg family containing different tripodal ligands. Iradt the
introduction in the precursor compound of this tyfeorganic ligands enhances
the magnetic properties by increasing the anisgtrbarrier and makes the
complexes much more stable thanks to the chelefiiegt of the triol groups. For
each compounds we have described the thermal diepopiarameters and the
chemical, as well as the subsequent magnetic dieairtion, of the deposited
thick films carried out by combining the use of ¢iof-flight secondary ion mass
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spectrometry, ToF-SIMS, superconducting quanturarietence device (SQUID)

magnetometry, high frequency electron paramagmesonance (HF-EPR) and
alternating current (ac) susceptibility measuremeie have demonstrated that
for some molecules it is possible to evaporateditsh different thickness keeping
intact the Single Molecule Magnets behaviour.

In the second part of this thesis work we haverdesd the characterisation
of monolayer evaporated on metallic and magneti@asas, allowed thanks to the
very high sensitivity and element selectivity ofrd¢ Absprption Spectroscopy
and the possibility to measure the X-ray Magnetic@ar Dichroism, XMCD.

In Chapter 4 we have therefore breafly given the basis of XM&i we have
described some examples useful to introduce anderbetnderstand the
experiments carried out on the evaporated monaagamnples of Reand ThPg

Finally, in Chapter 5 andChapter 6 we have described the most important
experimental results of this thesis work that a#dwus to increase the
information relative to the magnetic beahaviouS&M molecules on surface. In
fact thanks to the sensitivity of XMCD and the esmental low temperature
reached by using th#le-*He dilution cryostat, we have been able to dematestr
that the evaporated Fenonolayer on gold surface maintains intact thacglp
SMM behavior of the dynamics of the magnetizatiohiley surprisingly, the
same compound evaporated on a magnetic substratgamite, LSMO, shows a
suppression of the tunneling around zero fieldartyeindicating an influence of
the substrates.

In Chapter 6 we move to the another class of SMM characterizgdhe
strong anisotropy of the rare-earth ions, ThR&¥e have reported the XMCD
analysis conducted on an evaporated thick film, @amdch monolayer deposit on
gold and manganite substrates. Once again we haweoristrated that the
orientation of the molecules and the dynamics & thagnetization can be
influenced by the surface. These findings contahbtat understand the magnetic
behavior of the SMM systems on magnetic and metallirfaces and open
interesting perspectives in the development of icartdevices formed by
multilayer hetero-structures, that can reveal ngeinomena of great interest in
the field of molecular spintronics.



Chapter 1.

Single Molecule Magnets

1.1. Introduction

Magnetism is certainly one of the fundamental priipe of matter, inextricably
associated with electrical properties, and molecuatagnetic materials have
recently become a hot topic, thanks to the effoftnany research groups. The
nineties were characterized by an intense research new class of molecular
materials, known as Single Molecule Magnets (SM#&Yhese are in general
polynuclear coordination compounds of paramagmeétal ions held together by
suitable ligands, which often provide an effectskdelding between adjacent
molecules in the solid. The magnetic centers camamsition-metal or rare-earth
ions, or even organic radicals. The most intergséispect is that a few of these
molecular clusters, featuring a combination of eydaspin and an easy axis
magnetic anisotropy, are characterized by a dramslbwing down of the
fluctuations of the magnetization at low temperatuand in some cases a
magnetic hysteresis is obserf8dAt variance with more conventional magnetic
materials, this type of hysteresis has a pure mtdeorigin and does not imply
long range order. It was soon recognized that 8iMglecule Magnets hold great
potential to store information at the moleculareleeven if the temperatures at
which the hysteresis is observed remains prohiitifior technological
applications. In fact, it is still confined to liglhelium region despite the many
synthetic efforts. This, however, has not diminghbe interest in SMMs as
model systems to investigate magnetism at the calt®snd, in particular, the
coexistence of quantum phenomena with the clashigsteretic behaviodt. A
key issue that has emerged in the last years igdssibility to address the
magnetism of a single molecule, indeed a mandatap to fully exploit the
potential of SMMs. In its circular pathway, molezulmagnetism is therefore
focussing again on isolated magnetic objects. Hewethe environment is no
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longer a crystal lattice but a nanostructured serfar a miniaturized electronic
device built using a single magnetic molecule. Thiges the possibility to
combine the rich quantum dynamics of SMMs with $gort properties, in the
emerging field known amolecular spintronic&’ The first step in this direction
has been the organization of isolated SMMs on catity and semiconducting
surface€! as a means of imaging single molecules and of unieas their
transport properties with scanning probes techmigu8ynchrotron based
techniques, in particular X-ray Absorption Speatays/ with circularly polarized
light,’®! have been used in molecular magnetism becauseioinique capability
to provide element specific magnetic informatidnas well as to distinguish
between orbital and spin contributions to the mégme of the molecular
material.More recently the great sensitivity of these teqbes started to play a
key role for the investigation of molecular adseoelsaat surfacés>*? Here, the
challenge consists in clarifying the influence bk tsurface on the magnetic
properties, and especially on the memory effe@ 8MM, which is known to be
dramatically environment dependent.

In this first chapter is reported a brief introtlan about a few key concepts in
molecular nanomagnetism,e. magnetic exchange, magnetic anisotropy and
magnetization dynamics, and some examples of SMbfgaming transition
metal and lanthanide ions.

1.2. Single Molecule Magnet properties

1.2.1. Magnetic exchange interactions in polynuclear Singl
Molecule Magnets

SMM are magnetic molecules characterized by high gpund stateS), high
zero field splitting and an easy axis of the maigaébn (which correspond to
high and negative zero field splitting parameter D)we exclude the case of
mononuclear lanthanide complexé8 of high symmetrye. g.double decker
compounds with phthalocyanine, that we have desdrib the last part of this
chapter, all other molecules presenting slow reélaraof the magnetization are
constituted by polynuclear complexes of paramagmeétal ions. Usually in this
case only interactions between nearest neighboniagnetic sites are considered
and the effective Spin Hamiltonian (SH) can be evrit
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(1.1)

wherei andj run over all metal sites of the cluster. The enexgthe different
S; states can be calculated analytically in some kighmetry cases, in particular
when a central spin exhibits the same exchangeaitten with the neighboring
ones. This is also known as the Kambe appf&emd spin systems comprising
up to 13 coupled spins have been handled in this'WlaA spin system that can
be treated with this approach is the tetramerit satiematized ifrigure 1.1and
can be applied to a large family of tetranuclean(tl) clusters, Fg!***” also
known asron stars™®

Figure 1.1: Coupling scheme in a star-like tetramer.
1.2.2. Magnetic anisotropy in Single Molecule Magnets

The spin structure of the SMM is strongly corredate the dynamics of the
magnetization and can be considered as a somgérprint of the SMM. On the
other hand the occurrence of a large spin grousteé & a necessary, although not
sufficient, condition to observe slow relaxationtibé magnetization. The second
key ingredient in SMM is magnetic anisotropy. laditional magnets, three
factors give equally important contributions to theisotropy, namely surface,
strain, and magnetocrystalline contributions. InNBXhe only significant role is
played by magnetocrystalline anisotropy and is ghvun by a combination of
spin-orbit coupling with the low-symmetry environmi@round the metal centers
constituting the SMM. Dipolar contributions are mnost cases negligible. A
quantitative treatment of the magnetic anisotrappased on the effective spin-
hamiltonian approach where only the spin varialdppear, while the orbital
contributions are introduced through parameters.aFgystem with no symmetry
at all, the SH can be written as:

Hon=S5-D-S=D[S?=35(5+1)| +E(S? - 52) (1.2)
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where D =DZZ—%Dxx—%Dyy represents the axial anisotropy, and

E =1/2(Dyx — Dyy)the transverse (or rhombic) one. The value Bfis
intrinsically limited to1/3 D because going beyond this limit indeed corresponds
to a change in the axis of theading anisotropy. The effect of the magnetic
anisotropy on the &-1) states of the spin multiplet is that of remayitheir
degeneracy even in the absence of an externa) fialdl thus is also namearo
Field Splitting(ZFS).

The effect of a negativ® in Eq. 1.2 is that the system can be magnetized
much more easily when the field is applied along thrincipal,i.e. z axis.
Moreover a system showing easy axis magnetic anptD<0, has the ground
doublet characterized bypn = +S which corresponds to two potential wells
separated by an energy barriges, as reported ifrigure 1.2 In the case of a
spin system constituted by a single paramagnetitececarrying & unpaired
electrons, the value dd can be experimentally determined through electron
paramagnetic spectroscopy (EPRF or alternatively through inelastic neutron
scattering?® Also magnetometry, especially if performed on agk crystal
sample, can provide accurate values. The magneigoteopy can also be
estimated theoretically, with a great variety opaaches. These range from
simple perturbation theory, starting from a spestopic estimation of the energy
separation of the partially filled orbitals!®**?% to a ligand field treatment based
on the Angular Overlap Mod&P! More recentlyab initio calculations, either
based on Density Functionals or on post HartrezhFapproache$® have also
shown a good predictive capability.

f=p)

v
Figure 1.2 Anisotropy barrier and wells in case of a M8MM (S = 10) The
upper part of the figure represents the two weailsase of zero field. In the
middle when a magnetic field is applied, but theamum tunneling is not
permitted. The bottom part represents the two welisase of applied magnetic
field and permitted quantum tunneling.

6
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The situation is more complicated in the case pblgnuclear metal system, such
as most SMMs. In general, when working with filstvrtransition metal ions it is
found that the magnetic anisotropy is weaker thatnaimolecular exchange
interactions. Hence, the resulting states are weblcribed by the quantum
number corresponding to the total spin state, aetk from Eqg.1.1, and the
magnetic anisotropy is introduced as a perturbafithe magnetic anisotropy of a
given total spinSy can be related to the single ion contributions,t@rthe
anisotropic part of the interaction, either dipat@rexchange in nature, by using
projection technique’’!

Dg, =%;d;D; + ¥;5;d;iDy; (1.3)

wherei andj refer to the magnetic centers inside the SMM. Thaeption
coefficientsd; andd; depend on how the individual spins project on dialtspin
state under consideratiol); are the single ion contributions, arid the
anisotropy brought in by two-spins interactionseTdalculation ofd; and d; is
based on a relatively simple recursive algorithmd avery small value are
typically found. This indicate that it is not sghtforward to combine a large spin
with a large magnetic anisotropy. Although appdyetat couple more and more
spins to increas8 should lead to a quadratic effect on the heighthefbarrier,
the projection of the anisotropies of the singla imakes the barrier to scale
linearly with S?®

1.2.3. The dynamics of the magnetization

Slow relaxation of the magnetization was first alied in Mnj,ac thanks to
alternating current (ac) susceptibility experimerBy operating at sufficiently
low temperature the relaxation becomes so slowahatpening of the hysteresis
is observabl&® This dramatic slowing down of the fluctuations fitasorigin in
the double well potential reported Kigure 1.2, characteristic of a large spin
with a negativeD parameter. The application of a magnetic field thaseffect of
stabilizing and populating preferentially one oé ttwo wells. Once the field is
removed, an equal population of the two wells, esponding to zero
magnetization, is only re-established by trangfgrpart of the population on the
other well. Transitions from one state to the otirer promoted by deformations
of the metal coordination environment. (rotationsl @eometrical strains) which
can affect the spin degrees of freedom thanksitoapit coupling. However, at
a first level of approximation these deformationg @nly able to induce
transitions between states differingrmby +1 and+2. To overcome the energy
barrier a multiphonon mechanism is therefore neggstn analogy to a chemical

7
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reaction involving many elementary processes, theall rate is determined by
the slowest step. In the case of a SMM, the slostest is the one on top of the
barrier, because at low temperature the highesdsstae less populated and also
because of the quadratic energy spacing induceighy.2. The combination of
these two factors yields an exponential temperalependence of the relaxation
time, which is typical of a thermally-activated rhaaism:

T = 19eXp (Uess/kpT) (1.4)

where Uy is the effective anisotropy barrier and, the pre-exponential
factor.In Mn,ac, and other SMMs like k& is possible to observe also quantum
effects, such as the tunneling of the magnetizatiorfact, beside the thermally
activated process, spin reversal in SMMs may atsmiioby quantum tunneling:
whenever two states lying on opposite sides ofbneier have the same energy
and the wavefunction of the left well extends te tight wall with a nonzero
value, the probability of observing a through-bartransition is different from
zerol%3!

This phenomenon has been first observed in theametic susceptibility of
Mni,ac SMMPB? and then, more spectacularly, in the hysteresigecwhich is
characterized by steps at the resonant fieldsKgpee 1.3). In fact the vertical
segments of the curve Figure 1.3reflect accelerations of the relaxation rate and
thus can be attributed to the quantum tunnellimgesd>33*

20+

30 20 -10 0 10 20 30
H (kOe)

Figure 1.3: Hysteresis loop of a Mpgac single crystal with the applied field
parallel to the tetragonal axis.

The fascinating interplay between quantum andsidak effects in the
dynamics of the magnetization of molecular nanomtgyas attracted great
interest among physicists and chemists and mansr gbpectacular phenomena
have been observed in the last ten years, incluttipglogical interferenc€d
and quantum cohererf®®to mention only two.
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In the next two sections we shall describe thectires and the principal
magnetic properties of the two main SMMs studiedhis thesis work based on
3d transition metal andf4anthanide ions: Reand TbPg SMMs.

1.3. Fe, SMM family

Fe, clusters are among the simplest inorganic systeahewing SMM
behaviouf®® ¥ The archetypal member of this class is the temdiH)
compound, Fgstd, [Fo(OMe)(dpm)] (Hdpm =dipivaloylmethane)Higure 1.4).
The six methoxide ligands bridge a central Fe(h to three peripheral iron
centers arranged at the vertices of an isoscétrmte witH'® a crystallographic
C, symmetry, and some disorder which yields thredéedifit isomers in the
lattice. At low temperature, the cluster has a tsgin state (S=5) and easy-axis
magnetic anisotropy.

Figure 1.4: Molecular structure of Rsetd. Color code: Fe = red, O = yellow,
C = grey. The arrows give the spin configuratiorthie grounds= 5 state of the
molecule.

This complex can be converted into a new clasSMiMs by exchanging the
bridging methoxides with tripodal ligands-R(CH,OH);.*"! This site-specific
ligand replacement provides in some cases a meatasse the symmetry of e
clusters from @ to D;. Moreover upon ligand replacement, the magnetic
properties are in general enhanced and the anpgobarrier is larger than that in
the standard compound, reaching up to 17 K. Iniqudar the complexes
containing the tripodal ligandvidence a striking magnetostructural correlation
between the height of the anisotropy barrier,igpe, and the helical pitch of the
Fe-(OQFe) core. Such energy barrier is still very low conguhto those typical of
Mny, clusters, and to directly observe the blocking leé tmagnetization it is
necessary to reach sub-Kelvin temperatures. Thiataig effect of the triolate
ligands also make the complex much more stableitbamecursor, thus allowing
a much easier manipulation. In the next section wik describe the most

9
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representative Relerivative studied in this thesis work and thecdesion of its
magnetic properties will serve as the basis fothitiefer introduction to the other
Fe, complexes presented.

1.3.1. Fe;Ph SMM compound

Fey(Ph—C(CHO)s),(dpm) compound, F£h, was prepared by introducing the
appropriate triol ligand around Feorel*” 3! |t crystallized in the monoclinic
space group. The unit cell comprises four clustensl four diethyl ether
molecules, which are easily lost from the crystalllattice. The crystallographic
symmetry is G, as the cluster develops around a two-fold axialfeh to the b-
axis of the unit cell. Moreover this compound exh@bgood degree of order in
the crystal structure, disorder effects being Emito theBu groups of the dpm
ligands Figure 1.5).

Figure 1.5: Molecular structure of [R€Ph—C(CHO)s).(dpm)]. Color code:
iron(lll), green balls; oxygen, red balls and ssickarbon, blue thin and thick
sticks (indicating the dpm ligand and the arom@ipodal ligand, respectively).

Magnetic properties. The molar magnetic susceptibility and the magaétn
of FePh are shown ifigure 1.6as ay,, T/T and a M/H plots. In the,T/T plot is
recognizable the characteristic of “ferric starg€hbviour, where the dominant
antiferromagnetic interaction between the centratl geripheral high-spin
iron(lll) centers generate an S = 5 ground state f,,T value first decreases
upon cooling down from room temperature, going tigloa minimum at around
100 K, to reach then a maximum at 10-15 K. Furtimaling results again in a
decrease of the magnetic moment. The value at thénmam (16 emu K mot)

is close to the Curie constant for an S = 5 stafe0(emu K mof for g =
2.00)%

10
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Figure 1.6: Temperature dependencexdf of FePh in an applied field of 1 kOe.
In the inset the magnetization curves at two diffétemperature.

Quantitative fitting of the data using a Heisemgospin-Hamiltonian with
nearest-neighbor (J) and next-nearest-neighborc@lipling constants gave the
following parameters J = 16.37(12) ¢rand J’ = 0.29(11) cmi(for the definition
of nearest-neighbor J and next-nearest-neighbaedtiguel.l). The pattern of
nearest-neighbour exchange-coupling constants wixbeén standard Reand in
FePh (Fastd > FgPh) is correlated with the Fe-O-Fe angles (averajee:
104,3° and 103.2°). In fact studies performed ommp& dimers
(Fex(dpm)(OMe),) have shown that the strength of magnetic couphiitgin Fe-
(OMe)-Fe units increases with the angle at thegimgl oxygen atoms. Inspection
of the data using the Heisemberg Hamiltonian, tteat be written using the
Kambe approach:

Hex = IS (S +S,[S,+S[§]+ I [S IS, +S,[S;+S [S] (1.5)

proves the expected trend; i.e., a wider Fe-O+kgearesults in a larger J
constant®™ Confirmation of the ground state spin could benfbmeasuring the
isothermal molar magnetization at 4.5 and 1.9 Kadanction of applied field
(Figure 1.6 inse}. In fact it was possible to see how the magnttima
approached the expect valug,™ 10N in the high field. The non-coincidence
of the two isothermal curves at different tempenedus a signature of magnetic
anisotropy effects in the ground state. Fitting thagnetization data using an
axial Zero-Field Splitting plus Zeeman Hamiltoni@ifg. 1.6) resulted i = —
0.421 cm® and — 0.415 cm' for the two isomers. An accurate fit being
impossible with a positiveD value confirming the Ising-type magnetic
anisotropy:

11
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H=D[s?—35(S+1)|+gusS-H (1.6)

HF-EPR proved to be one of the most powerful me#ghia determining spin
Hamiltonian parameters of molecular nanomagnet®& @irthe main advantages
is the simplification of the spectra induced by thigh fields, since Zero Field
Splitting terms can be treated, in the first appr@tion, as a perturbation of the
Zeeman effect. As a consequence, successive paiaiie@ perpendicular
transitions of a purely axial system are separdted?P|/g iz and Pl/g s,
respectively. Thus theD| value can be obtained by simple inspection of the
spectrum. Furthermore, the large Zeeman splittimgliced at large applied
magnetic fields also allow the determination of #ign of D by monitoring
depopulation effects within a spin manifold. Indeadtomplex with a negative
value will give an EPR spectrum with the intensif parallel transitions
increasing toward low fields upon cooling, while ttiend will be reversed for a
complex with a positiveD value. Temperature-dependent HF-EPR spectra of
Fe,Ph recorded at 230 GHz is showrFigure 1.7V

"

30K
20K
10K

AIO E:O 810 1ITIJD 1é0
H/ kOe
Figure 1.7: Temperature dependence for the 230-GHz HF-EPRtrepexd

Fe,PHELO compound.

On lowering temperature the intensity moves towtrel extremes of the
spectrum and the largest extension is observeavin fields, a characteristic
behaviour for SMMs. Inspection of the spectra ofAfein the parallel region
evidences a clear splitting of the linésgure 1.8), suggesting the existence, in
comparable amounts, of two not equivalent clustatl slightly different axial
anisotropies D = 0.420 cm® and— 0.414 cm' from the line-to-line separation.
These values are in good agreement with the oltsemvaf a transition close to
zero field at 115 GHzHRjgure 1.8), which indicates that the energy difference
between théVls = +4 and + 5 doublets is ca. 3.8 ¢nFurthermore, the extension
and partial splitting of the spectral lines in therpendicular region are clear
signatures of rhombic distortion, consistent withe tcrystallographic £
symmetry. The fact that the two axial ZFS paransesee so similar suggests that
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the presence of non equivalent cluster might reflee disorderedBu groups or
an unresolved disorder of the,8tmolecules.

115 GHz

230 GHz

0 1 2I0 l 4I0 I 610 ‘ SIO . 10|0. 1éO
H ! kOe
Figure 1.8: Experimental (red) and simulated (black) EPR powsjezctra of

Fe,PHELO at different frequencies and at 10K.

These results has been confirmed by measuringehedncy and temperature
dependence of the ac magnetic susceptibility in static field Figure 1.9).%
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Figure 1.9: Temperature dependence of the imaginary comporathe ac
susceptibility measured for frh in the frequency range from 100 Hz to 15000
Hz (see color scale).

In fact, while simple paramagnets do not show iamgginary componeng',
of the complex susceptibility, SMMs are characttizoy a freezing of the
magnetization and the appearance of a nong&roWithin the Debye model
commonly employed to analyse the ac susceptilwitgMMs, a maximum irx"
is observed when the relaxation time equat®)2, wherev is the frequency of
the oscillating field. In a thermally activatedaehtion process that follows the
Arrhenius law (Eg.1.4), the relaxation time incesa®n decreasing temperature,
eventually matching ak,.x the condition that maximizeg’, thus allowing us to
evaluatet(Tmay)=(2rv) *. The typical frequency-dependent maximgitfT) that
characterized the SMM behaviour is observed alsé-&Ph compound showing
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a barrierUgkg of 15.6 K, 15.0K (for the two isomers) larger thtie standard
compound (3.5 and 7.4 K for the two isomers) awd 1.9x108% s.

Another common way to report dispersion data és@ole-Cole plot used for
dielectrics (Cole and Cole 1944, known in magnetism as the Argand plot
(Dekker et al. 1989Y, “* wherey" vs. y' is reported. When the relaxation
process is not characterized by a singbeit rather by a distribution of relaxation
times is necessary to introduce in the Debye madehrameter, which takes
into account deviations from the ideal semicircenteed on the(' axis. The
wider is the distribution in relaxation times therder isa so that if different
components of the magnetisation relax with diffegmocesses, more semicircles,
sometimes partially merged, can be obtaifddn FePh sample the Argand plot
confirms the presence of two different isomers velightly different relaxation
times Figure 1.10. The best fit of experimental data at differesmperatures
provided the valueg=0.21 at T = 2.0 Kg=0.22 at T = 1.75 K, and' =0.25 at
T=15K.
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Figure 1.10: Argand plot of FgPh powder at three temperatures: T = 2 K (red
circles), T = 1.75 K (green triangles) and T = K5blue squares). The lines
represent the best fit curves using a modified Beinodel obtained with the
values ofo = 0.210 at 2.0 Kg = 0.211 at 1.75 K and= 0.214 at 1.5 K.

1.4. SMM based on lanthanide ion, TbPg¢

In the last section of this first chapter we wiltfis our attention on another class
of SMMs based on mononuclear lanthanide complexssribing the principal
magnetic measures performed on the archetypal cantboOne of the best
advantages of using thesednonuclear lanthanide magneétis that the slow
magnetization relaxation is observed at signifilganigher temperatures than that
observed for the transition metal cluster SMt#sOn the other hand it is more
complex to understand the dynamic magnetic pragedf lanthanide complexes

14
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compared to the transition metal ones becausedtezmination of multiplet sub
level structures is generally difficult. In facthtaanide (ll1)-Pc showing SMMs
behaviour have a significant large axial anisotragnjch occurs with a different
mechanism than those for known &etal SMMs. In the case ofd3tluster
SMMs, spin orbit coupling is a perturbation of flgand field, while the reverse
is true for lanthanide ions, being the crystaldisdsponsible of the splitting of the
electronic multiplets**“%! For example the crystal field of a ¥'ttompound ()
with a total angular momedtof 6 splits the ground multiplet so that the lotves
sublevel has the largestvhlue (|J = 6, corresponding to up/down spin states)
and large energy gaps to the remaining sublevels4@0 cnt).*®! Because of
this unusual condition, there is a small probapfiitr a transition between 3 6
(up-spin state) and-6 (down-spin state) sub-states and hence a slow
magnetization response to an applied magnetic. field

In this paragraph we will focus our attention oe thagnetic properties of
Th(CsH16Ng)2, ThPG, SMM whose magnetic properties on surface will be
describe in the&Chapter 5. TbP¢ complex has a metal ion sandwiched between
two phthalocyanine, Pc, molecules with eight isoleehitrogen donor atoms.
The twisted angle between the two rings was detexthio be 41.4°, causing a
pseudo 4-fold axis perpendicular to the Pc ringd andistorted antiprismatic
coordination environment around the metal centethBPc rings are saucer-
shaped and slightly distorted. However, one ringated more from the planarity
than the otherfigure 1.11).144 ¢
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Figure 1.11: Calculated spin densities for the neutral Thfolecule?®!

The neutral complex have a one-electron liganddipgd “sandwich”
structure, in which the unpaired electron was ddlped on both phthalocyanine
ligands. In a recent work, Veciana and co-workerport the spectroscopic
changes in the absorption spectra associated with obne-electron
electrochemical inter conversions of [TBP&". “"! These different species are
stable and can be well distinguish by the UV/viedda Figure 1.12 that show
the characteristic absorption bands of double-depkéhalocyanine complexes,
including Soret bands at 387, 371, and 358 nm ahdri@s at 705, 663, 624 nm,
respectively. In the case of [ThP®, the characteristict-radical band is
observed at 495 and 475 nm, respectively.
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Figure 1.12: UV/vis absorption spectrum of solution of [TeP¢in CHCI, and
of solutions of [TbPg*"~ generated electrochemically from neutral compofffid.

Magnetic properties. In the 2003 Ishikawa reported for the first tirhe typical
frequency dependence in the ac susceptibility $\gof SMMs in the anionic
bis(phtalocyaninato) terbium and dysprosium compsun[TbPg]” and
[DyPc,] > *® These were the first lanthanide complexes funatipas a magnet
at the single molecular level and the first mondeaicmetal complexes showing
such properties.

Zw' T(emu K mol ™)

10

B0
Figure 1.13: (&) xm'T, (b) Xxm"'/Xm, and (c)xm'"' against temperature T, where
Xvm', Xm'', and xu are in-phase ac, out-of-phase ac, and dc molametiag
susceptibilities, respectively, for a powder sangfl§TbPg]™ measured in zero
dc magnetic field with a 3.5 G ac field oscillatiagthe indicated frequenciéd.

As observed inFigure 1.13 relative to the ac and dc measurements, the
magnetic relaxation behaviour is similar to thasetved in the transition metal
SMMs. In fact the(u'T vs T plot exhibits a sudden decrease with dedrgasin
the temperature range depending on the ac frequartigating that the response
of the magnetic moment to the alternating magriegid is becoming slower. The
out-of phase ac component of the magnetic susdigtibexhibits the
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characteristic peaks inya'"'/xm vs T plot (the middle panel) at 40 K, and at each
Xm''! Xm peak temperature, the magnetization relaxatiore timof the sample
matches the inverse of the angular frequesaf the applied ac magnetic field.
To ensure that the slow magnetization relaxationans intrinsic molecular
properties, Ishikawa performed the same measuredileting the samples into a
diamagnetic matrix, like [YRt. In this case comparing thg,"/xm plots with
those reported for the undiluted sample Ishikawseoked the shift to higher
temperature of some peaks (at 10, 100, and 997Hitmre 1.14. This indicates
that the intermolecular interactions between adjafEbPg]” complexes shorten
the relaxation time in the lower temperature ranged that the slow
magnetization relaxation is an intrinsic single-ewllar property of [TbRE,
rather than resulting from intermolecular interaet and long-range order.
Moreover in contrast with the undiluted sampfeg@re 1.139, all thexy" T
plots inFigure 1.14cshow a clear peak even with an ac field frequesfc§.1
Hz. This is also ascribed to the magnetic inteoasti between adjacent Tb
complexes.

I’ T(emu K mol“)

"

n

Figure 1.14 (@) xu'T, (b) xu''/xm, and (c) y»'' against temperaturé for a
powder sample of diluted in [YP¢]™ with the ratio [Tb]/[Y]) 1/50, measured in
zero dc magnetic field with a 3.5 G ac field ostitig at the indicated
frequencies’”

In the second section of this chapter we haveribest the magnetization
relaxation phenomena of the transition metal-SMMsearbed in the ac
susceptibility measurements and we have shownhirenglly activated process
described by the equation= toexp (U.ss/ksT), WhereUg is the height of the
potential energy barrier between the two statel @jt= + S and the resonant
tunneling process when the energies of the suldewéh different $2 values
coincide by Zeeman interaction under an appropegternal magnetic field.
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In Figure 1.15is reported the plot of Im(!) vs 1T for undiluted and diluted
samples of [TbP&, whereT is the xu''/Xu peak temperature at which *
matches the angular frequen@yof the applied ac field. As seen in the figure th
plot is divided into two parts. The data pointsttie higher temperature (higher
frequency) part fit a single straight line with dependence on magnetic dilution
The linear relation of In(™) to 1/T indicates that the Orbach process is dominant
in the higher temperature range .On the contrdig data points in the lower-
temperature parts are shifted to longer relaxatiime by the dilution, meaning
that a relaxation process enhanced by the spinisfgraction between adjacent

Th complexes becomes dominant in the undiluted Banmpthis temperature
range*%

n/n

002 004 008 008 010 012 0.14
UT(K)

Figure 1.15: Natural logarithm of the magnetization relaxatiae against the
inverse of the temperature of the peak of fh€/xM value for the undiluted

powder sample of [TbBE (triangles) and that diluted at 1:50 in [YJPc
(circles)™

This indicates that either the direct or Ramancess is dominant in the
temperature range below about 25 K. This conclusiatrongly supported by the

study of the sublevel structures of the ground iplelts of lanthanide complexes
(Figure 1.16.
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Figure 1.16: Energy diagram of the substates of the ground plett of
[LnPc,)]™ (Ln = Th, Dy). The Jvalue of each substate is indicated to the right o
the corresponding energy leVel.
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In fact as we have described above, in the anidbhicomplex, if the relaxation
occurs through a path consisting of stepwise ttiamsfrom J, to J, + 1, states the
“rate-determining stéps the first transition from thd, = 6 toJ, = 5 (or from-6

to -5) because of the large energy gap (ca. 400)crAs an example we can
observe that in the anionic Dy complex, the subesee distributed more evenly
than the Tb one and this implies a more efficietd@xation pathway. The fit of
data relative to the relaxation time of ThRmionic complex, give the barrier
heights for the reversal magnetic moment of 260" @nd with pre-exponential
factor (1to) of 5.0x10s™. The barrier high is of the same order of magmitad
the separation between the first and the seconddbsublevels. This suggest the
strong correlation between the relaxation rate thedsublevels distribution. It is
known that one-electron oxidation of [ThPooccurs at the ligand, resulting in
the neutral [TbP4° with an open shell unpairadelectron system delocalized on
the two Pc ligandsHigure 1.17).

[PC:Tb]"]O

0 20 30 40 50 80 70
T(K)

Figure 1.17 Plots of (a)xm'T, (b) xm'', and (c)xm''/Xm against temperature T,
where xv', Xum'', and XM are in-phase-ac, out-of-phase-ac, and dc molar
magnetic susceptibilities, respectively, for a pewdample of [TbR§® fixed in
eicosane (open markers with solid lines). The apwading data for the anionic
complex [TbPg]~ are shown with dotted liné¥!

An alternating current magnetic susceptibility sw@ament of the neutral
complex revealed a significant upward of the terapge range where the
magnetization starts to freeze. In particular treaks of the out of phase
component of the ac susceptibility observed at43,and 50 K are shifted to
significantly higher temperatures with respect hose of the anionic [TbBC
complex. The phenomenological barrier height foversal of the magnetic
moment is estimated at 410 ¢rwith a pre exponential factortd/= 6.8x16 s™.
This is a significant increase from the 260 t(i/t, = 5.0x10 s* ) observed for
the anionic compound [TbEc. However due to the presence of a different
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relaxation process that becomes dominant in theddemperature region, the
Xm'T andyy' values do not vanish in the low temperature redietow 30 K:
this means that the magnetic moment is not coniplétezen. To clarify whether
the upward temperature shift is attributed to dririsic molecular property or to
long-range magnetic order by intermolecular intgéoas, Ishikawa and co-
worker have carried out the ac susceptibility mesments of thet radical Th
complex under two different dilute conditions:

1) in a diamagnetic media using the same }lsfwctures functionalized
with long-chain alkoxy substituents on the Pc ligian

2) in [YPG 1% having S = 1 /2 spin on the ligand butfrelectron in the
metal ion.
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Figure 1.18: plots of (a)xu'T and (b)xu'' against temperature T for a frozen
solution of Tb[(G-H,s0)sPclL in eicosane (on the left). Plots of §g)'T and
(d) xv"'against temperature T, of [Thftdiluted in [YPg]° (on the right}*®

The first dilution clearly proves that the upwaemperature shift of the
magnetic relaxation phenomena is an intrinsic mo&cproperty of [TbP4’,
and it is not due to long range magnetic ordernderimolecular interactions
between adjacent unpairgdelectrons. In contrast, the dilution of [TPcin
[YPc,]® having an S = 1/2 ligand system withfrelectron led to a suppression of
the magnetic relaxation phenomena. These obsengadiwow that the presence of
unpaired Tt electronic systems in neighbor molecules does caoise upward
temperature shift of [TbBI?, but rather reduces the relaxation time of the Tb
complex.

Transition-metal SMMs can manifest a magnetizatigsteresis in addition to
the magnetization relaxation effect observed imeaisusceptibility measurement.
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This concept can be applied also at a lanthanid®SNFigure 1.19 shows a
clear hysteresis behaviour of the anionic Tb compliéuted in the diamagnetic
matrix. It is interesting to note that the value tbhe magnetization in the
descending path from H = 1.6 Tto H = 0 T is greditan the corresponding
value in the ascending path from H =0 T to H =1.6This indicates that the
relaxation time for the lower |H| region is relaliy shorter than that for the
higher |H| region. Moreover in this case we carofiterved the characteristic
step structuré®! caused by therésonant tunnelingprocess typical of some
transition-metal-cluster SMMs, like Msn In fact because of the large energy
difference between the lowest and second lowestatds, energy-level crossing
does not occur under the magnetic field.

Magnetization {ermu mol

<15 10 05 00 05 10 15
HAT)

Figure 1.19 Magnetization vs field plot measured at 1.7 K dopowder sample
of [TbPg]

Recently Veciana and co workéfd put in evidence the difference in the
dynamics of the magnetization relative to the ceerield of the anionic, neutral
and cationic Th-double deckdfigure 1.20. In fact the field dependent MCD of
[TbPg)]° recorded as a frozen solution exhibits a largerdve field (1.6T) than
[TbPg]*™". The derivatives of the hysteresis cycles of [BPP¢ show features
(at ca. 0.4-0.5 T) that may arise from quantum @&ling effects, although the
sharp decrease in the gradient at zero field slyoimglicates that in all three
systems there is relatively little tunneling at@dield. The relatively smooth
profile of the hysteresis of [TbE€ suggests that tunneling is not dominant in this
complex when compared to [Thf¢.
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Figure 1.20: Hysteresis curves of the normalized MCD inteng#B recorded at
1.5 K of [TbPg]™" (top) and [TbPg° (bottom)!*”!

In the next chapter we shall describe the mostntomsurface deposition
techniques employed for SMMs.
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Chapter 2.

Single Molecule Magnets on surfaces

2.1. Introduction

In order to take advantage from the Single Moleddégnet behavior described
in the first Chapter and to develop innovative desj the fabrication of
molecular nanostructures has been proposed anstigated by controlling at the
nanoscale level the deposition of SMM on surfac®>? For this reason many
research groups have undertaken the investigatiotheo deposition methods
whose choice depends on the chemical structurestahdity of molecules and
substrate§? Moreover, since the interactions between the nutdscand the
metallic or magnetic substrates could influence rti@ecular orientation or the
magnetic behavior it has been essential to expéedstudy using surface
sensitivity techniques thus allowing the investigaton the deposited molecules
from the morphological, chemical and magnetic oioit view. A morphologic
analysis can be obtained by using the Scanning dlingh Microscopy (STM)
and Atomic Force Microscopy (AFM) techniques, wiile chemical inspection
of the deposited films can be carried out by exjgi X-ray Photoelectron
Spectroscopy (XPS) or time-of-flight secondary ianass spectrometry, ToF-
SIMS. The crucial point is in fact to demonstrdtattmagnetic molecules remain
intact on the surface. This is of paramount impar¢afor SMMs, which are
complex, often fragile structures based on coot@tindbonds. However the most
critical point is the investigation of their magiegproperties at the nanoscale. In
this sense many techniques have been developeg. cBmebe grouped in two
classes: the scanning probe technitleable to provide spatially resolved
information on the magnetic properties, namely MHMagnetic Force
Microscopy)®¥, SP-STM (Spin Polarized STM), SHPM (Scanning Haibbe
Mircroscopy) and ESN-STM (Electron Spin Noise ST&thniques) and the
spectroscopic ones based on the absorption ofipetalight (Magnetic Circular
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Dichroism, MCD and X-ray Magnetic Circular Dichrois XMCD). Up to now,
conclusive reports have been provided only usiegamon-local techniques, we
also employed in this thesis.

In this chapter we shall briefly summarize the mimsportant deposition
methods reported in literature to deposit the twogipal derivatives described in
this thesis work: Feand TbPg SMMs, while we postpone the description of the
magnetic investigation of the molecule on surfacéhe threeChapters 4, 5, 6
Here we focus our attention on three different tegi@s based on avet
approach®®>*® where the molecules are deposited on surface &alution, a
physical approach®® like evaporation, Pulsed Laser Deposition (PL3)
Matrix Assisted Pulsed Laser Evaporation (MAP[#)based on the Ultra High
Vacuum apparatus, andwixed approactike spray depositid®! techniques that
take advantage from the stability of the moleculaisolution and the use of a
better control of surface cleanliness allowed byJatV condition.

2.2. Self assembly of monolayer from solution

The easiest way to assemble molecules on a suddbeough direct deposition
of unmodified molecules physiosorbed on a nativbssatevia non-specific
interactions (e.g. Van der Waals forces). Depasiti® carried out either by
simply drop castinga very dilute solution on the substrate (followmdsolvent
evaporation) or by dipping the substrate in a dismlution (followed by careful
cleaning with fresh solvent and dryin@ligure 2.1 §.

(a N b N

S+
eosadd 13
2

Figure 2.1: Approaches for deposition of magnetic moleculega)ydrop casting
of non-functionalized molecules from diluted sabuis; (b) self assembling of
pre-functionalized molecules with suitable anchgrigroups for specific
surfaces®?

24



Self assembly monolayer from solution

This method is most used when the molecules aréunotionalized with organic
group able to react with the surface forming foaraple a covalent bond. On the
other hand sometimes the cleaning process coutbtsufficient for the creation
of a monolayer and the formation of aggregates ltedoiom the process.
Moreover, since the molecules are not anchoredhéo surface by specific
interactions but only physisorbed, sometimes theptrature could influence the
mobility of the molecule on surface. In literatuage principally presented
examples applied on simple molecule like porphyfthand phthalocyanin&4
metal complexes or system containing minor modifdca of their molecular
structure allowing a better assembling on the setfdike in the case of the
double-decker [Th(phthalocyaninktomplexes substituted with alkyl chains that
promote a bidimensional ordering and a greatemthkstabilities® The STM
investigation reveals the individual molecule onface and the adsorption of the
phthalocyanine molecules with their molecular plagerallel to the graphite
surface resulting in the orientation of the prefiied magnetization axis on the
surface Figure 2.2). Moreover the use of double-decker complexes Veitiger
alkyl chains enhances both intermolecular inteoastiand the adsorbate-substrate
interactions playing in this way a critical rolethne organization and stabilization
processes.

Figure 2.2: (a) STM image of various domains presenting a 2-folchreetry
package(b) 20 x 20 nm magnification of one of the areas. ifiset corresponds
to the Fourier Transform from the larger scaledfief?

Covalent interactions between the molecules aedstibstrate in principle
should guarantee a good stability of the depositnfthe morphological and
chemical point of view. Nevertheless this requites chemical effort to modify
the molecules introducing an opportune ligand ablanchor the molecule on
specific surfacesHigure 2.1 b. For example in order to anchor,Fend Mn,
SMMs on a gold surface a modification of the molechas been necessary
introducing in the molecules organic ligand funotiized with thio-grouf™
®lIn this case it has been important to study thesiéipn as function of different
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parameters for example changing the ligand lergh ¢connected the surface to
the SMM core.

Examples involve ReSMM containing ligand functionalized by the tioagp
able to link the molecules on gold surface anddhial used to stabilize the
tetrairon core connected by aromatic or aliphatiaic. Thanks to a synthetic
effort a new family of FeSMMs
([Fey(SMe-PhPh-C(CED):)(dpm}], **[Fey(dpm)(AcS-(CH2)C(CH0))2], "
[Fes(dpm)(CHsS-(CH)sC(CH0)s)],*¥ ,[Fex(dpm)y(CHsS-(CH)C(CH,0)s)2])
has been synthetized. All these compound have Bepasited through the Self
Assembly technique and a careful study on the éxjgertal parameters like
solvent and incubation time, has been describednwther thesis work in the
research grouf§?! In Chapter 4 we shall underline the importance of the choice
of the ligand length that could influence the otéion of the molecules on
surface while lateral ordering is not achievedsaggested by STM images as
those reported inFigure 2.3 as example. The STM images refer to
Fey(dpm)(AcS-(CHy)oC(CH,0)s),, FeCoSac, self assembled on Au(111) surface.

> .

e, &

Figure 2.3: STM topography images of a typical J&gSAc self assembled on
gold substrate from a GBI, solution of the complex. Bottom right: statistit o
the objects’ diameter.

A variant of this method consists either in thefate pre-functionalization
with chemical groups which provide specific dockisge for the pristine
molecules or in the functionalization of both mallec and surface with
complementary groups that can interact one wittother.

However, thevet depositioriechniques requires the stability of the surface in
solution while most devices used in molecular spimits are based on the use of
reactive metallic surface such as metallic colbadt. this reason it is important to
develop ultra high-vacuum (UHV) deposition amd situ characterization
techniques. Moreover UHV-compatiblphysical depositionwould also be
particularly useful for the creation of multi comment nanostructures based on
SMMs and realized with standard micro- and nandedai technologies. For
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example, at variance with solution-based technigtiessmal depositionF{gure
2.4 g does not rely on the chemical properties of thdase, allowing for a
wider choice of the substrates for a better contfokurface cleanliness and
provides layer thickness control. Its major dravibiacthat it requires the stability
of molecules to the thermal treatment.

s l Cu |
e s B TR
'K "..o LA

Figure 2.4: Scheme of the deposition chamber of molecular &d¢es at
surfaces in a vacuum environment using thermal @eion (a) vacuum
spraying(b)®®? dry-imprint methodc). ¢!

In fact, most polynuclear compounds have a limitesimal stability and only
few volatile cluster comprising exclusively pivaairB-dichetonate ligand4>"%
are reported. Attempts to deposit more complex oudée architectures like
SMMs using physical methods had only partial suec&sermal evaporation, for
instance of the archetypal compound ;Mac, is not feasible because they are
thermally labile. For this reason, softer varianfsthe traditional evaporation
technique have been proposed, like Pulsed Laseoditgm (PLD),"% Matrix
Assisted Pulsed Laser Evaporation (MAPLE} and vacuum-spraying. In the
latter approach, used by Moroet al. to deposit films of Mip-ac, a solution of
the complex is injected in a high vacuum chambesubh a fast acting pulsed
valve Figure 2.4 b.*” Rapid evaporation of the solvents brings clusterthe
vapour phase under very mild conditions. The demnatisn that SMM
properties are conserved after a thermal vacuurositgm process has been only
recently demonstrated in few cases like lanthahidephthalocyaninato (LnkRc
complexes which were the first samples investigabsd STM. However
evaporation deposition procedure of the LnReolecules on surface could
produce some secondary products due to the therezment, despite the more
pronounced stability of this molecular structurenpared to other polynuclear
SMMs. This result was evidenced by Kateh al. who described the STM
investigation of a thermally evaporated MRaonolayer deposited on Au(111)
substratd*’
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Figure 2.5: STM images of ThRcand TbPc.(a) single molecules of ThPc
(upper) and TbRqlower). An atomic image of the Au(111) is showarthe inset.
(b) TbPc molecules on the terrace part of the Au(slitface (25 23 nnf). (c)
TbPg film composed of 21 molecules (78 7.8 nnf). (d) Coexisting TbPg
island and isolated ThPc moleculé8.

Here we report irFigure 2.5the STM imagines of the evaporated ThPc
molecules where it is possible to distinguish twpets of isolated molecules
containing four lobes (as showed in the upper pafigure 2.5 g and eight
lobes (as showed in the lower part of figure 2.5 3. Moreover the authors
estimated the heights of both molecules: 140 pntHferfour-lobe and 400 pm for
the eight-lobe molecules. IRigure 2.5 b a group of the isolated four lobe
molecules adsorbed on the terrace part of the mmbsare shown; while in
Figure 2.5 cthe formation of islands of the eight lobe molesuis observed. In
Figure 2.5 d is shown the coexistence of square lattice islaadd isolated
molecules. The measured height~af40 pm of four lobe molecules is in the
range of height of isolated molecules of CoPc, Feldd metal free Pc, which
have been observed at cryogenic temperature withoss-like shape in the
topographic STM images similar to the ones showeligure 2.5 a Thus, the
authors concluded that the four-lobe molecule spwads to either a TbPc or a
Pc molecules produced by a fragmentation of FlPthe sublimation process. A
height value 0~400 pm obtained in the eight lobe molecules is istest with
the size of TbPcmolecules determined by using X-ray Diffractioralysis of
single crystals. A rough estimation of the ratiotld MP¢ and MPc molecules
from Figure 2.5 bis 4:1. The molecule shape and the bonding cordtgn of
(a) Pc, (b) MPc, and(c) MPc, molecules are illustrated iRigure 2.6 and the
four-lobe molecules should correspond eithefalpor (b), while the eight lobe
molecules should correspond to the configurati@mwshin Figure 2.6 ¢
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Figure 2.6: Schematic illustrations of the adsorption configiores of (a) Pc, (b)
MPc, and (c) MPgon the Au (111) substrat&®

A variant of this method is the dry imprint techmé used by Vitali et al. to
deposited a sub-monolayer of Th(phtalocyanimedlecules in ultrahigh vacuum
(UHV) conditions. “® Specifically, a soft applicator, formed by a fipkass
bundle coated with a fine-grained powder of Th&wystals, is brought in gentle
contact with the surface.

2.3. Chemical characterization of the deposited
molecules

In the examples reported up to now, the charaetiéoiz of the layers has relayed
mainly on the topographical insight provided by STédhnique. However, when
the molecules contain reactive moieties necessadligk covalently on surface or
if they are deposited using a physical method ilMdndition it is important to
verify the intactness of the compound on surfagegusophisticated tools suited
for the surface investigation. In particular instithesis work we have checked the
chemical composition of the SMMs adsorbates oraserby using Time of flight
Secondary ions mass spectrometry, ToF-SIMS, bec#use an extremely
powerful tool for the inspection of the thick filemd above all for the monolayer
deposit on surface. This technique consists inidh&e bombardment with gold
ions from a liquid-metal primary ion source. Th@rwst layers of the deposit
release adsorbed molecules or fragments in the édsecondary ions. The mass
of these ions can be obtained by measuring the &rae at which they reach the
detector (time of flight). The adsorbed moleculestieir fragments are thus
characterized as in a mass spectrometer with cautiie occurrence of ions as
function of them/zratio. In fact the time of flight is proportiontd the mass of
the fragment and thus the ions with lowefz reach the detector faster than the
ions with higherm/z For the investigation of the monolayer or subniayer
coverage it is important to control the dose of ghienary ions working in the so
called ‘static conditiofi that allow the analysis of the only uppermost wilager.
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In fact, if the dose of the primary source is téghhfew layers could be removed
because of the big erosion ratdytiamic condition) (Figure 2.7).

P1mh?'y' tg o
Tons Au™ o * Secondary . o &0
ons Tons Arlyr oo Secondary

o o ions

Static SIMS Dynamic SIMS

Figure 2.7: Scheme of the ionic bombardment used in the ToFSStéthnique
in static and dynamic condition.

Application of this technique to complex systenike Mn;, and Fe
cluster” has provided useful information because the iditimzamechanism
used by this type of spectrometry is particulatitedd for the desorption of non-
fragmented bulky molecules that are kept togethercdwordination bonds. For
example the ToF-SIMS measurements onCEeac cluster whose STM
topography was reported Figure 2.2 showed in bulk phase and in monolayers
quite difference in the fragmentation pattern réimgathe presence in the
monolayers of an oxidized molecules, with one sutiom that loses the acetyl
group and becomes a sulphonate. However the TofS$&ehnique is not able to
quantify this two fractions. This problem can beemome by using a
combination of electron spectroscopic techniqueghsthe photoelectron
spectroscopy (UPS or XPS) with static SINFS.

2.4. Molecular spintronic devices

At the beginning of this chapter we have mentiotiegl use of SMMs in the
emerging molecular spintronics field. Recently oesearch group has started a
collaboration with the spintronics group of Prof. Y. Dediu in order to
investigate the spin transport properties of SMM#he spin valve device. In this
paragraph we will describe shortly the principléthe spin transport phenomena.
Spintronics was born with the discovery of thengimmagnetoresistance by
Peter Grunberg and Albert Fert research groupsrétatved for their discovery
and the contribution in the spintronics field thelél Prize for Physics in 2007.
However we can also recall as starting point of tieisearch field in the 1936,
when Mott™ for the first time proposed the influence of tipinsin the mobility
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of the electrons in a ferromagnetic metal. In 1g@@inberg”™ observed the
existence of a ferromagnetic interlayer betweerFhand Cr layers and revealed
that by applying a magnetic field the orientatiohtlee magnetization could
change from parallel to antiparallel, thus leaditog a change in electrical
resistance. Thanks to this in the 1988 giant magesistance was dscovered
indipendently by both the Fert and Grunberg grd{ffé! Rapidly, these results
attracted attention for their fundamental inteesd for the many possibilities of
application to magnetic sensors for the automatidestry, and to the read heads
of hard discs that led rapidly to a considerablerdase of the density of
information stored in discs.

Here we focus our attention on system formed hy layer of ferromagnetic
material sandwiching an organic semiconductor amdwill report the most
representative example of the spintronic injecti@md transport in organic
semiconductor. These kind of devices are calgn valvé because are formed
so that the magnetic moment of one of ferromagratier is very difficult to
reverse in the applied magnetic field, while thenmeat of the other layer is
easier to reverse and then acts like a valve dotfiad can be manipulated by an
external magnetic field. In particular when the metipations of the two
ferromagnetic metals are in an aligned state, éiséstance is low, whereas the
resistance is high in the anti-parallel sté&tmyre 2.8).

Low resistence  High resistence

Figure 2.8: Simple scheme of spin valve device composed byférnomagnetic
layers (blue and red) separated by the organicceemuctor (gray layer). The
arrows represent the magnetization of the two reeparallel on the left and anti
parallel on the right.

Recently Dediu and co-workers summarized the nexjmerimental results
obtained in the last years on the spin injectiod mansport in different organic
semiconductors (OSCs) material. OSCs are mainlyiliEsnof 7rconjugated
molecules, merging a considerable delocalizationasfiers inside the molecule
with weak Van der Wadf&! intermolecular interactions, which considerabiyiti
the carrier mobility. The selected ferromagnetidarials were a Co layer and the
manganite (Lg;SroaMnOs, or LSMO) used for its highly polarizability featu
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In particular the author consider the device formég the tris(8-
hydroxyquinoline)Aluminium(lll) (Alg) semiconductors and the LSMO and
cobalt electrodes as an important step for thedation of a vertical spin-valve
device because it is characterized by an antighnaagnetization configuration
but a lower resistance that usually correspondgsatallel magnetization of the
electrode. The spin transport mechanism descrilyethé authors involve the
lowest unoccupied molecular level (LUMO) and thghist occupied molecular
level (HOMO). This is clearly explained by the emerdiagram of the
LSMOJ/AIg; /Al,0O3 /Co. Figure 2.9. In fact the metal/Alginterfacial barriers
aligns the LUMO level of Algwith the spin-down bands of both LSMO and Co,
considering similar Fermi energik) values for Co and LSMCEF=4.9-5 eV).
Thus the spin-up electrons injected by either tBMD (negative voltage) or the
Co electrode (positive voltage), propagate by tbppimg mechanism along the
organic material where they gradually lose parttloéir spin polarization.
Eventually, the electrons tunnel from the LUMO ofgAinto the spin-down
bands of either the Co or LSMO electrode, respelstiv

Vacuum level

o

B LUMO (2.74.eV)

Lsmo Alg, ALO,

Vacuum level

. L e

Rt e 5.4 I

Lsmo Alg, ALO, Co

Figure 2.9: on the left a sketch of spin device as publishe®bgiuet al.,on the
right Energy diagram for a kaSr,sMnOs /Algs/tunnel barrier/Co organic spin
valve atV = OV. Upper panel: Injection of spin-up electromenfi LSMO into
Alg; and the alignment of LUMO with the Co spin-dowmdalower panel:
Injection of spin-up electrons from Co through &lgO; barrier into Alg and the
alignment of LUMO with the LSMO spin-down band. Tlght gray represents
the spin-up bands, while the dark gray represéetspin-down ond& ™

DFT calculation on Fecomplexes reveled to have a Fermi Energy value abl
to be used as spin transport in a spin valve dé¥icEor this reason our group
started to consider the possibility to develop aW#@sed devices and then we
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Conclusions

began to investigate the magnetic properties af M on LSMO and Co
substrate and to verify the stability of ;F@ presence of LSMO in order to
exclude that these substrates can modify the cla¢mi magnetic properties of
the molecules. In particular iChapter 5 we will describe the magnetic
properties and the electronic structure of therfate between ReSMM and
manganite substrate in order to understand if ttesgmce of the SMM can
influence the spin injection of the LSMO electrode.

2.5. Conclusions

The field of molecular magnetism is undergoing dagihanges. A major
challenge is now the investigation and organizatibBMM on surfaces, for their
electric or magnetic addressing using SPM methaudk far their wiring into
nanodevices. However, much work remains to be dorensure structural and
electronic intactness, to control the interactiathwhe substrate and to drive the
formation of completely ordered monolayers or subat@yers comprising iso-
oriented molecules over large areas. Moreover deroto efficiently develop
molecular spintronics, the library of molecules asfdsubstrates must now be
rapidly enlarged. For this reason we have expawndedtudy to ThPcmolecules
and we have deepened the investigation op 3MM since it shows a more
robust structure compared to Mrand is able to retain the SMM behavior once
deposited on surface at the monolayer 18kl

In particular in this thesis work we attempted &od a challenge trying to
deposit by thermal evaporation in UHV condition,FéMMs on different
substrates laying the foundations for the creatioh multicomponent
nanostructures based on SMMs.
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Chapter 3.

Thermal Deposition of a thick film of Fe, Single
Molecule Magnets

3.1. Introduction

As describe in the first two Chapters, the interfest the Single Molecule
Magnets has shifted toward the potential incorponabf magnetic molecules
into nanodevices for spintronic applications. THeselopment is based on the
fabrication of molecular nanostructures and on ithestigation of molecular
properties at the nanoscale. This last goal wagwaett by our research group
developing SMMs grafting on specific surfaces byings opportune
functionalizations in order to form monolayers dsigodirectly from solutioff’!
On the other hand the Ultra-High Vacuum (UHV)-basegosition techniques,
described in the second chapter, allow to extemditivestigation to reactive
surfaces, e.g. ferromagnetic metals, and to wordeéaner conditions as usually
required for the development of the devices. Irtipalar the standard thermal
deposition technique in UHV conditions, is a wetitablished method that
provides layer thickness control, but requirest fosall molecules stable to the
thermal treatment.

In this chapter we will describe the evaporationcess of a class of tetrairon
(1), Fe4, containing different tripodal ligands and we wi#port the chemical
and magnetic characterization of the depositedsftiyn combined the use of time-
of-flight secondary ion mass spectrometry, ToF-SlM@erconducting quantum
interference device (SQUID) magnetometry, high dmgy electron
paramagnetic resonance (HF-EPR) and alternatingerdui(ac) susceptibility
measurements. In particular we will focus our dttenon the deposition of thick
films of Fe and we will demonstrate that for some of themsitpbssible to
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Thermal evaporation technique

evaporate films of different thickness keeping ¢hthe Single Molecule Magnets
behaviour.

3.2. Thermal evaporation technique

Synthesis.Fe, compounds were synthesized replacing the methargebin the
standard precursor, [{©Me)(dpm)], Festd Figure 1.4, where Hdpm is the
dipivaloylmethane, with the tripodal ligandszlH= R-C(CHOH);. The reaction,
proceeded smoothly in organic solvents and allawsnbdulate the molecular
structure and magnetic parameters of the clusternsigure 3.1 are reported all
the tripodal ligands used for the synthesis of Relecules evaporated on
different substrates, selected on the base of tilewing investigation. In
particular we choose the Al foil for the chemicablysis carried out with ToF-
SIMS, the diamagnetic LiF and Kapton substrategHermagnetic measurement
and the soda lime glass for the morphological stwdpFM.

HO; Ho
HO.
- HO}NHZ

HO! HO

HO HO

HO.

HO. CH,4
; < > S/

HO HO
HO CH,
HO

Figure 3.1: Tripodal ligands used in this thesis.

The experiments relative to the thermal evaporatigposition were
conducted at the Laboratory of Dr. Buatier de Manigaf the Department of
Physics in Genova where | spent the period neceskar performing the
described experiments. Film depositions were peréor in an unbaked HV
apparatus pumped to a pressure in th& tfbar range. IFigure 3.2 a simple
scheme represents the chamber used for the evigpstafThe evaporation
chamber includes Knudsen cell useful for the pratp@m of organic films in high
vacuum systems. The heating element allows to gedn uniform and constant
molecules flux in order to produce an homogenoms. fin particular it consists
of a furnace containing a crucible of quartz andirgle Tantalium heater
filament. This part is designed in a special wakaep the upper part of the cell
at a slightly higher temperature in order to aubiel tendency of the molecules to
condense at the outlet orifice. The temperaturtheffurnace is monitored by a
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K-type thermocouple. The thickness of the film bagn monitored by means of
a quartz-crystal-microbalance (QCM), measuringdhange in frequency of the
quartz that can be correlatedposteriorito the actual thickness of the film by
means of AFM measurements on a scratched sampkeatlowing to determine
the actual deposition rate, expressed in nm peonskcFinally, thanks to a
dedicated software, it was possible to follow timeet evolution of the crucible
temperature, the pressure and the deposited ttiskdaering the evaporation
procedures.

HV Chamber

- _ Rotary motion

QacMm,
— ] W

Shutter . . %
— &

L]

Joule-heated
Knudsen Cell

Figure 3.2: Schematic UHV-deposition chamber used to prepaefilpes on
different substrates.

In the experimental sectiolClapter 7) are described the details relative to
the instruments used for the ToF-SIMS experimehts,magnetic measures and
the AFM images.

3.3. Thermal deposition in High Vacuum condition of a
thick film of Fe, SMMs

3.3.1. Thermal evaporation of Fgstd SMM

Thermal evaporation parameters. [Fe,(OMe)(dpm)] compound, Fgstd,
described in the first Chapter, was deposited usirgy thermal evaporation
chamber in HV conditions. Following each evaporaparameters, like pressure,
temperature and the deposited thickness, duringlépesition procedure we can
get a first indication on the feasibility of theagoration process. Thegure 3.3
shows the presence of four peaks of pressure farelit temperatures:100°C,
200°C 230°C and 240 ° C. We attributed the first tmthe degassing process of
the crucible and the second one to some volatignfients of Fstd that was not
detected by the QCM. Moreover the other two pea&h vorresponded to the
signals detected by the microbalance thus reve#iagresence of two different
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Thermal evaporation of Egd SMM

compounds deposited on the substrate. This behawiid indicate a
decomposition of Fgtd compound due to the high temperature of therthle
evaporation process. Finally at the end of thentlaérevaporation we noted the
presence of a dark residue in the crucible whidharty indicates a partial
decomposition of the molecules caused by thernwlgss.
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Figure 3.3: Pressure(blue line) and thickness (black line)dras function of the
temperature recorded during,5&l thermal evaporation.

This hypothesis was confirmed by the ToF-SIMS asialpf the evaporated
film on Al foil able to give information on the chmcal composition of the
sample. In particular the comparison between tlapenated thick film and the
powder pressed down on Indium foil evidenced maifferénces. In fact as
shown in Figure 3.4 and Figure 3.5 we observed fist of all a different
fragmentation pattern of both negative and positivas reported for the
evaporated thick film and the pristine powder. brtigular the negative ions
spectra of the evaporated,stl film (Figure 3.4 evidenced the absence of peaks
in the high mass region including the region of thelecular ion peak an/z
1508 and no peaks were detected abuiz605. In the negative ion distribution
of both evaporated film and powder we detectedldlae mass peaks ah/z 16
and m/z 183 attributed to ion fragments [Odnd [dpm] maybe formed as a
consequence of the procedures of the ToF-SIMS igeanThe low mass region
(m/z 200 and 600) evidenced the first differences behmhe two samples: in
fact the only signal detected in the evaporatedotauatm/z288 and attributed to
the [Fe(dpm)(OCHH,QO] fragment was absent in the pristine material inctvh
were detected many other signals rafz 301, 404 and 587 assigned to
[Fe(dpm)(OCH).]", [Fe(dpm)(OCH)s+O], and [Fe(dpmk(OCHy)s; + O
fragments. In the high mass region/£ 600-1000) of the deposited film the only
peak observed atn/z 605 was attributed at the mononuclear compound
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[Fe(dpm}]” that we consider the most important species g&teras a
consequence of the evaporation process, that kinfacin Festd powder
spectrum.
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Figure 3.4: Negative ToF-SIMS spectra in the mass region betwee 0-1000
of Festd film deposited by thermal evaporation on Al ariche powder press
down on In foil.

In the positive ions spectr&ifure 3.5 the situation did not change: in the
thermal evaporated sample the peak detected/257 was assigned to the ter-
Butil group ([C-(CH)3]" lost from the dpm ligand; while the peaksnafz 239,
m/z 365,m/z 422 were assigned respectively to the fragmemsagung the Fe
ion and the dpm ligand: [Fe+dph{Fe+dpm+GH,,0,]" and [Fe(dpmy”. In the
high mass region the only two peaks containingdeee structure observedratz
1004 and m/z 1187  were attributed to the  fragment
[Fes(dpm)s(C1oH160,)(OCH:),H]" and  [Fe(dpm)y(CioH1602)(OCHg)sH] ™. All
these signals were revealed also in the positivesjctra of the pristine material
that show in addition many other peaks, thus conifig the differences of the
fragmentation pattern of the two samples.
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Figure 3.5: Positive ToF-SIMS spectra in the mass regioz 0-1500 of Fgstd
evaporated film on Al and of the powder press dowrn foil.

This first data did not deterred us, in fact wekrtbat the replacement of the
six methoxyl ligands with the tripodal ligand, iddition to enhanced magnetic
properties, makes Estructure much more stable and robust.

3.3.2. Thermal evaporation of FeMe SMM

Thermal evaporation parameters. Following the same deposition procedure
used for Fgstd compound, we evaporated,f@@m)(CHs-C(CH,OH)s),, FeMe
complex. Infigure 3.6 is reported the pressure and deposition ratefagciion

of the temperature. Ede started to evaporate at 250°C and except foeakw
peak of pressure observed at 150°C, maybe dueetcevhporation of some
volatile fragments, we could observe only one p#akt corresponds to the
correct evaporation temperature. Also in this dhsepresence of a dark residue
attributed to the decomposed compound was preseheicrucible at the end of
the thermal process.
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Figure 3.6: Pressure (blue line) and thickness (black ling)dras function of the
temperature recorded during,Me thermal evaporation.

ToF-SIMS. Looking at the ToF-SIMS analysis of JMe evaporated film on Al
foil we realize immediately the presence of peak#he high mass region in both
positive and negative ions spectra that could mdithe chemical integrity of the
cluster. In this case, contrary to what observed-&gstd compounds we obtained
the same fragmentation patterns for both pristioeder and evaporated films.
Moreover surprisingly we noted in the high massiaegf the negative ions
(Figure 3.7) the peak am/z 1556 that corresponds to the molecular peak ion.
This indicates that E®le is more robust and resistant to the thermakrreat
than the standard compound and could evaporateingeéptact the chemical
composition.
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Figure 3.7: Negative ions in the regiom/z0-1900 of FgMe thermal evaporated
film and of the powder press down on In foil.

41



Thermal evaporation of flele SMM

*10° x103
g . ' powder | 7 Fe' evaporated|
67 . 5 . .
el 0] LAl
i ) .
S EE: 3 . [
0 X103 50 100 150 0 50 100 150
x10%
w 3 422 422
= 5
5 2
Q . ®
O LL 73 §0 ; 733 j[m
illisabldad 1t ,.L L ;[ L L5 TRONIRN Y 1 VT OO T A "
200 400 600 800 200 400 600 800
x10? %103
1373 1209
81 3 1373
61 1190 E
41 “31026 1108 1190,
1 1089 1 -
2 _T l 1089 ,
1000 1100 1200 1300 1400 1500 1000 1100 1200 1300 1400 1500
m/z m/'z

Figure 3.8: Positive ions in then/z 0-1600 region of Ede evaporated film on
Al foil and of the powder press down on In foilhgt signals marked with the
asterisks were assigned to silicon grease contaimma

This first hypothesis was confirmed by the positimes spectraKigure 3.8
that evidenced the presence of many signals irhifle mass region in which
Fe;Me compound shows their intact core structure.driigular we attributed the
peaks atm/z 1373, 1190, and 1008 to the loss of respectivaly, two and three
dpm ligand molecules from the peripheral Fe ionssidilar distribution was
found for different Fg derivatives using electrospray ionization mass
spectrometry (ESI-MS) carried out on bulk samffes.

Magnetic properties. The good results evidenced by the ToF-SIMS amalysi
encouraged us to deepen our investigation on tlegozated thick film. In
particular to prove that SMM behavior was retaiaéi@r the thermal deposition
process, the magnetic characterization was perfbromethe film evaporated on
diamagnetic LiF substrate (whose area was ca. 0.5 rmn).
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Figure 3.9: Temperature dependence of the real and imaginanpapents of
the ac susceptibility measured for evaporatesgMEein zero and 2 kOe static
fields in the frequency range from 10 Hz to 106{X)(see color scale).

We measured the frequency and temperature depdedent the ac
susceptibility of FgMe film in the frequency range 10-10000 Hz at low
temperature in the zero fieldFigure 3.9. This measure clearly indicated the
absence of the frequency dependent maximum for thetmeal § ,in phase) and
imaginary ', out of phase) components of the susceptibilitycasimonly
observed for a Single Molecule Magnet and as dasdrin theChapterl. In
order to improve the signals and confirm the absesfcthe maximum in the
susceptibility we repeated the same experimentyaygpla magnetic field of 2
kOe. However, the response of the signal remaihedsame demonstrating that
the typical behavior of SMMs was lost. This respifoves that the chemical
integrity detected by the ToF-SIMS is not a suéfiti condition to retain the
SMM behavior.

3.3.3. Thermal evaporation of FgNH, SMM

Thermal evaporation parameters.In Figure 3.10are reported the pressure and
the deposition thickness parameters as a functfoth@ temperature of the
crucible, recorded during the evaporation of,(&em)(NH>-C(CH,OH)s),,
FeNH,,compound. We can observe that the evaporationsstdrca. 320°C,
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higher than the other Feompounds, and that the only peak of pressureica
with the deposition of the material on the quarizrobalance. At the end of the
thermal evaporation the presence of a dark residtree crucible was obtained.
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Figure 3.10: Pressure (blue line) and thickness (black linepdras function of
the temperature recorded during®e, thermal evaporation.

ToF-SIMS: The negative and positive ions ToF-SIMS spectrthefevaporated
film were compared with those obtained on the povwlessed down on Indium
foil. The fragmentation patterns were significardi§ferent. In particular in the
negative ions region of the evaporated samipigufe 3.11) were detected only
few peaks am/z 183,m/z605 attributed to the dpm ligand molecular ion &md
the mononuclear compound [Fe(dgm)respectively.
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Figure 3.11: Negative ions in then/z0-1900 region of E&IH, evaporated film
on Al foil and of the powder press down on In foil.

Also in the positive ion spectraFiure 3.12 we observed a different
fragmentation pattern in the region betweaflz 0 and 1000 with few peaks
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detected in the evaporated samplendt 57, 365 and 422assigned to the ter-
buthyl ion, and to the fragments containing the iéi® and the dpm ligand,
[Fe+dpm+GH.4O,]" and [Fe(dpmy)*, respectively. The high mass regian/
1000 - 1700) revealed more similarities betweenrsfiertra of deposited film and
the pristine materials, as evidenced by the pea&srded am/z1375 and 1192
attributed respectively to the loss of one and tpm ligands by the molecular
ion. The peaks revealed at/z 1345 and 1106 were assigned to the fragments
[Fes(dpm)(OCH,)s(CN)]" and [Fg(dpm)(OCH,)s(CN)]*. Surprisingly in the
evaporated film we observed a peak with a very latensity atm/z 1558
attributed to the molecular ion, which indicateattithe evaporated compound

was not completely decomposed.
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Figure 3.12:Positive ions in then/z0-1700 region of F&IH, evaporated film on
Al foil and of the powder press down on In foil.

Although we observed the presence of the moledolarpeak in the high
mass region of the evaporated film, the differereecaled in the m/z 0-1000
region and the presence of the dark residue inctheible formed after the
thermal evaporation let us to conclude that theperated film was for the most
part decomposed.

3.3.4. Thermal evaporation of FgPhPhSMe

Thermal evaporation parameters.In Figure 3.13are reported the pressure and
deposition thickness as function of the temperatfréhe crucible containing
Fey(dpm)((CH;SPh-Ph) -C(CHDH)s),, FePhPhSMe, compound. During the
evaporation procedure we observed an increaseeopriéssure at two different
temperatures (250°C and 320°C) and for both sighal©QQCM was able to detect
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the deposition of some material. This clearly metdt the evaporation of
Fe,PhPhSMe causes a decomposition of the moleculest ileast two main

compounds revealed by the microbalance.
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Figure 3.13: Pressure (blue line) and thickness (black linepdras function of
the temperature recorded duringMePhSMe thermal evaporation.

ToF-SIMS: Since the thermal deposition evidenced the preseft@o peaks
that correspond to two different compounds we diggabsseparately the two
products of decomposition at 225 and 300°CFigure 3.14 we have reported
the positive ToF-SIMS spectra where we can obsexetusively the presence of
peaks at low mass. In particular all the peaksatietem/z 239, 365 and 422n
the positive ions spectra were attributed to theneonoclear compounds
[Fe(dpm)T, [Fe+ (dpm) + GH;4O,]" and [Fe(dpm)* confirming that it was the
main product of the deposition.
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Figure 3.14: Positive ToF-SIMS spectra of fRhPhSMe film deposited by
evaporation on Al in the region betweeriz0-70Q In the top part is reported the
compound evaporated at 225°C, in the middle partctmpound evaporated at
300°C and in the bottom one the compound evaporhtddg the entire process.
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Moreover we observed that the peak revealedn&t 661 assigned to the
[Fe(dpm}(CH,CH3)(CHCH,)]" and present only in the first part of the depoaiti
at 225°C disappears when increasing the temperathie data demonstrated that
the first fraction of molecules that evaporateat225°C could be attribute to the
mononuclear compound Fe(dpithe negative ions fragments are reported in
Figure 3.15 For all the deposition products we revealed quagks in low mass
region atm/z183, 207 and 288 that were attributed to the [dpfdpm+G]~ and
[Fe(dpm)(OCH)(H0)] ™ fragments.
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Figure 3.15: Negative ToF-SIMS spectra of JRhPhSMe film deposited by
evaporation on Al in the region betweeriz0-70Q In the top part is reported the
compound evaporated at 225°C, in the middle pa&rtctmpound evaporated at
300°C and in the bottom one the compound evaporhtddg the entire process.

The pristine material drop cast on goldigure 3.16 exhibited clearly a
different fragmentation pattern respect to the evaied compound and showed
the presence of the molecular peak at 1924in the negative ion spectrum that
confirmed the integrity of Recore structure. Peaks recorded in the positive ion
spectra am/z 1741, 1558 and 1375 were attributed to the lespectively of
one, two and three dpm ligands from the peripheeabns.
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Figure 3.16: Negative and positive ToF-SIMS spectra ofjff@?hSMe powder
drop cast on Au from a toluene solution.

Therefore since the chemical investigation leavesdaubt on the thermal
decomposition of the evaporated film, it was notessary to perform the
magnetic characterization.

3.3.5. Thermal deposition of FePh SMM

Thermal evaporation parameters. The thermal evaporation of Fdpm)(Ph-
C(CH,OH),),, Fe,Ph compound started at 280°C as showdelgare 3.17 It was
interesting to note that around 220°C the presswreease drastically, but the
QCM did not reveal any deposited materials sugggdtie evaporation of some
volatile impurities or organic ligands. Moreovertl¢ end of the process we did
not observe any residue, but filling the cruciblghwmore starting material (50
mg than the 20 used in the first evaporation) wiobd a residue with the same
colour of the pristine compound (orange) whose ratignproperties will be
described in the following section.
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Figure 3.17: Pressure (blue line) and thickness (black linepdras function of
the temperature recorded duringMe thermal evaporation.
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ToF-SIMS. In order to determine the chemical compositiontred deposited
FePh film, ToF-SIMS analysis was carried out. The ateg ion ToF-SIMS
spectrum of the evaporated,Pé film on Al (Figure 3.18 was compared with
that of FgPh powder drop-cast on Au from a toluene solutidre fragmentation
pattern of FgPh film was identical to those detected on the dragt sample and
this was a first evidence of the success of the@siépn process. The presence of
the peak ain/z1681 in the negative ion spectra was assigned féhFaolecular
ion [M]". The experimental isotopic distribution for,Pé molecular ion peak
(inset of the evaporated spectrumHigure 3.18 was in agreement with the
expected isotopic pattern shown in the inset ofdf@ cast spectrunfigure
3.18) thus increasing the confidence in the identifaratin addition, besides the
molecular ion peak, an intense peakrdz 1259 was observed in the high mass
region, which can be assigned to the molecularfiagment formed by the loss
of one peripheral [Fe(dps}j group. The negative ion ToF-SIMS spectra of
FePh in the low mass region showed a significantlgrise peaks detectednatz
183 andm/z 653 and assigned to the [dpnand [2Fe + dpm + 2LC](L=Ph-
C(CH;0O),) ion fragments, respectively.
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Figure 3.18:Negative ToF-SIMS spectra of JRh film deposited by evaporation
on Al and of the powder drop cast on Au from a¢ale solution. The insets show
the isotopic pattern detected for,PB molecular ion peak [M]in the evaporated

film figure) and the theoretical isotopic patteor £ePh molecular ion peak (in
the drop cast figure).

m/z

The positive ion ToF-SIMS spectrum of P& evaporated filmHigure 3.19
was also compared with the spectrum of drop-cag®leThe peaks detected in
both spectra an/z1498,m/z1314 andn/z1131 were assigned to ion fragments
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generated by the loss from the molecular ion of Me-(dpm)]’), two ([M—
2(dpm)[) and three ([M=3(dpmj] dpm ligands, respectively. The experimental
isotopic distribution of the [(M—(dpm)]fragment in the spectrum of the
evaporated film (inset of the evaporated samiigure 3.19 was in complete
agreement with the theoretical isotopic distribatiexpected for this fragment
(inset of the drop cast samplegure 3.19. In addition, the intense peakratz
1079 was assigned to the ion fragment [M—Fe—-2(dpjh)<L = Ph—C(CHO)),
and the peaks ah/z 1101 andm/z 1151 were attributable to the [M-3(dpm)—
2(CHy)]" and [M-2(dpm)-L+0O] ion fragments, respectively. The low mass
region /z100-1000) of the positive ion ToF-SIMS spectraefPh film and of
FePh drop-cast on Au showed the most intense peakstdd atm/z 422 and
m/z 733 and assigned to the [Fe + 2(dgmghd [3Fe + 3(dpm) + OJion
fragments, respectively.

The chemical integrity is however not a sufficieandition to retain the
SMM behavior and therefore a full magnetic chamazation has been performed
on the evaporated film, as shown hereatfter.
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Figure 3.19: Positive ToF-SIMS spectra of JRh film deposited by evaporation

on Al and of FgPh powder drop-cast on Au from a toluene solutidme insets

show the isotopic pattern detected for the [M—dppisitive ion peak (in the

evaporated film figure) and the theoretical isotopattern for the [M—dpni]

molecular positive ion peak (in the drop cast feur
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Magnetic properties. The ac susceptibility of an evaporated thick fi{oa.
2.7um) of FaPh on a LiF substrate (whose area was ca. 0.5ca@)5was carried
out in the frequencies range of 10-1000Hz and &pglst magnetic field of 2 kOe
(Figure 3.20. Unlike FeMe and FgNH, evaporated film, in this case we
observed that decreasing the temperature the imgginomponent of the
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susceptibility increase at the highest frequenci¢swever, due to the large
diamagnetic contribution of the LiF substrate resp® the presence of the
evaporated R@h, the signal was very noisy and we need a moceraie
investigation to clarify if the SMM behaviour istaied.
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Figure 3.20: Temperature dependence of the real and imaginanpenents of
the ac susceptibility measured for evaporategPkén 2 kOe applied field in the
frequency range from 10 Hz to 10000 Hz (see calales.

In order to improve the detected signal we repetitectvaporation of a geh
thick film (ca.3um) using a big (2x2 cfn and thin kapton foil as diamagnetic
substrate reducing the diamagnetic contribution ematleasing the deposition
surface of the substrate. Moreover the use of t8MVnagnetometer allowed us
to work in a higher frequencies range (500-25000 Hiethis way we obtained a
good result and above all we revealed the typicathabior of SMMs as
demonstrate by the presence of a frequency dependedmum for both the real
(x ,in phase) and imaginary(, out of phase) components of the susceptibility at
low temperatureT< 5 K) (Figure 3.27).
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Figure 3.21: Temperature dependence of the real and imagir@npanents of
the ac susceptibility measured for evaporategPfen zero static field in the
frequency range from 500 Hz to 25 kHz (see colafec
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These data suggested to deepen the magnetic oetesti. Isothermal
magnetization curves were recorded at 1.8, 2.548K as a function of the
applied field Figure 3.22. The non coincidence of isothermal magnetization
curves for the three different temperatures onogtqad vs. theH/T ratio was a
clear signature of the presence of a relevant Earldl Splitting (ZFS) - and thus
of magnetic anisotropy - of the ground-state midtipas described in the first
chapter for the original cluster. The solid cunesdculated using the best fit
parameters (D = — 0.344(11) ¢rand g = 2.051(8)) were in good agreement with
the experimental data of the evaporated film anth whose obtained on the
powder. Moreover, the saturation value of the molagnetization was close to
Mm = 10N corresponding to the expected value for a systétman S = 5
ground state.

10 45K 2.5K 18K,
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0 5 10 15 20 25 30
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Figure 3.22: Molar magnetization curves recorded at three difietemperatures
of the evaporated geh thick film on kapton foil. The best fits calctdd data are
represented as solid lines.

A quantitative estimation of the magnetic anisogropsing the Spin
Hamiltonian reported in the first Chapter (eq 1p2dvided an axial anisotropy
parameteD = -0.34 cm?, a value slightly smaller than in the pristinestafs D
= 0.42 cm®). However the accuracy of the determination cdugdsignificantly
affected by the strong diamagnetic contributiontted kapton substrate, only
roughly corrected during the data reduction. Thigdthesis was confirmed by a
more accurate insight on the magnetic anisotropthefevaporated compound
gained by High Field EPR spectroscopy, which dennatedd to be a very
powerful tool to investigate highly anisotropic higpin molecules.

The analysis of the spectra is relatively simpleha strong field limit, i.e.
when the resonance field is much larger than th&,Z&nd the sign of the
corresponding anisotropy is experimentally deteedirfrom the temperature
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dependence of band intensities. Figure 3.23 we report the W-Band EPR
spectrum (95 GHz), recorded at 5 K and 10 K. Aseetgd on lowering
temperature the intensity moves toward the extreofethe spectrum. In fact
comparing the 10 K spectra with those recorded &, Sve can observe the
typical temperature dependence of band intensitiead in high-spin systems
with a negative D value. The spectra of the two@as) bulk and evaporated
Fe,Ph, were almost super imposable, with identicabs#ons in the multilines
features and intensity patterns typical &a5 with negative ZFS. This indicates
that the deposition occurs by maintaining the ftreicture of the ground-state
multiplet, which is responsible for the low tempara SMM behavior. A signal
centered a=2.00 observed in the film was attributed to thesence of an Bé
impurity, probably the very volatile Fe(dpsgomplex revealed also by the ToF-
SIMS analysis of the evaporated SMM that decompadatihg the thermal
evaporation.

T = 10K

0 10 20 30 40 50 0 10 20 30 40 50 60
H /kOe H/ kOe
Figure 3.23: HF-EPR spectra (95 GHz) at 5 K and 10K for bukd(tine) and
Fe,Ph evaporated film (black line) samples, along vii#st-fit simulations (blu
line). The asterisk marks the= 2.00 transition attributed to an*émpurity in
the film. Y-axis is in arbitrary units.

A further point to be noted is that the spectrébulk samples show a splitting
of the lines in the parallel region, a feature adie reported for this cluster in the
Chapter 1 and attributed to the existence of two non-eqgentmolecules with
slightly different axial anisotropy. The absencettu$ splitting in the spectra of
evaporated samples suggests that a slight modificadf the crystalline
environment of the cluster occurs as a consequehdke deposition process,
possibly resulting in a distribution of axial artisgpies for the deposited clusters.
The spectrum of the evaporated phase was then ssicltg simulated on the
basis of the Hamiltonian:
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N

H eor :usé@l]:l + Déﬁ +Bﬁéi +%(§i +§E)

where0,°=355,* —[30S(S+1)-28,°*+3(S+1Y-6S(S+1) and using the following
parametersg,, = 1.995+ 0.003,9, = 2.005+ 0.003,D = -0.421+ 0.002 cm, E
=0.021+ 0.004 cm*, B> = 9+ 2 x 10° cm* with linewidth of 400 Oe. Notably
these values coincide with those reported for dnihe species occurring in the
bulk. The distribution in the values BfandE was accounted for by parameters

op = 0.012 crit andoe = 0.036 cm™. The absence in the simulated spectrum of
theg = 2.00 feature confirms the assignment of thigditéeon to an impurity.

To better understand the nature of the impuritected by EPR, we analyzed
the residual powder remained in the crucible afterevaporation process. From
the EPR spectra recorded at 10 and 20 K showiguare 3.24we observed the
disappearance of the g = 2 transition attributeth® paramagnetic impurities.
This data, associated with the presence of a pegsak at 220° C showed in
the Figure 3.17 leads us to suppose that the impurity is formednduthe first
stage of evaporation and can be easily removeddoamiing the first portion of
the evaporated compound. This hypothesis will b&icoed in the next chapter
by XMCD spectra. It is also interesting to notetthantrary to the amorphous
evaporated film, the residual powder, despite thet been heated to a high
temperature, still maintains the crystal featurel@sonstrated by the splitting of
the lines in the parallel region.

fj 10 K

20 K
0 10 20 30 40 50 60
Field /kOe

Figure 3.24:HF-EPR spectra (95 GHz) at 20 K (red line) and 1(bkie line) of
the powder remains after the evaporation procebg,&6h SMM.

According to field dependent magnetization and EB8&ults, the clusters in
the film maintain aS = 5 ground state, with an Ising-type anisotropriuailly
unmodified as compared with the bulk, suggesting piersistence of SMM
behavior as well. This results were in good agregmseth the ac susceptibility
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reported above. Moreover in the framework of theby2e model at each
temperature a maximum iy’ was observed when the relaxation tim® (
corresponds to @)™, wherev is the frequency of the oscillating field. We abul
then extract from thg” vs v curves the temperature dependence of the relaxatio
time (Figure 3.25. The linearity of the plot oih(7) vs 1/T indicated a thermally
activated relaxation process, which was then fittgidg an Arrhenius law,

7 = rp-exp(Usg / keT), giving as best fit parameters= 7.610% andUg; = 12.2

K. Both values were significantly smaller than thadserved for bulk samples.
For the pre-exponential facteg this may be attributed to a significant variation
of the spin-phonon coupling occurring after the atgfion process. On the other
hand it would be tempting to attribute the obser\gg to a reduced)| value,
but this can be ruled out by the EPR spectra shaive. An alternative
explanation is the occurrence in the deposited ma&tef more significant
distortions from the ideal trigonal symmetry of tbleister, yielding a stronger
transverse anisotropy and a more efficient tungedithe magnetization, even if
these are not evident in the EPR spectra.
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Figure 3.25: Temperature dependence of the relaxation timéefevvaporated
FePh thick film. The line represents the best-fitngsiArrhenius law with
parameters reported in the text.

The analysis of the Argand ploFigure 3.26 provides information on the
width of the distribution of the relaxation timdsy introducing in the Debye
model a parameten, which takes into account deviations from the lidea
semicircle centered on thg axis. The best fit of experimental data at différe
temperatures provided the following valueszof 0.21 at 2 Kg = 0.22 at 1.9 K
anda = 0.25 at 1.8 K, only slightly larger than in thastine material Kigure
1.17). The ac susceptibility confirmed therefore thaFh retains its SMM
character in films grown by thermal deposition. Elwver the Argand plot
allowed us to quantify the fraction of fast relaxiparamagnetic impurity in the
sample. By comparing the ratio between the tworéetgts on they axis of the
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X' semicircle with those obtained on the pristinetenal (Figure 1.10 we
estimated that the molar fraction of the fasteraxigly species, probably
Fe(dpm), does not exceed 6.5%.
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Figure 3.26: Argand plot at three temperaturdss 1.8 K (blue squares},= 1.9
K (green triangles) an@l = 2 K (red circles), of the evaporated,Pe thick film.

The lines represent the best fit curves using aifireddDebye model.

AFM measurements.Once demonstrated the SMM behaviour of the evagdra
film we studiedex-situ the evolution of the morphology of fRh films as a
function of the deposited thickness by means of ARbasurements. In fact, the
low roughness would be fundamental to develop haykred nanostructures
combining magnetic or conducting layers with SMM#mé$ in order to
investigate the interplay of magnetism and trartspbrthe molecular level. In
Figure 3.27 c(lateral images) we show a sequence of AFM ima@esration of
the AFM in contact mode was avoided in order tovpné the modification of the
film morphology due to tip-surface interaction. Tierphological parameters did
not change significantly by acquiring images in macopically separated areas,
whose thickness decreases increasing the distamredvaporation source. The
morphology of the films resulted to be locally venyiform and flat in the whole
explored range of thicknesses, showing no evideotethe formation of
microcrystalline domains. On a smaller length s¢hke tendency to form very
shallow aggregates of molecules with a lateralresttaen down to a 50 nm range
becomes evident for the thicker film. These obd@wma were made more
quantitative by extracting the overall root meanag (RMS) roughness for each
value of the deposited film thickness, and therdteorrelation length. From
Figure 3.27 ¢ (central image; red squares) it is evident thatRMS roughness
was always very low, increasing from about 1 nm tfeeg 100 nm thick film
(slightly above the initial roughness of the clearbstrate as shown igure
3.27 g to about 6 nm when the film thickness increage2#00 nm. Closely
correlated to the increase of the RMS roughnessy Hie lateral correlation
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length (blue squares) appeared to grow monotogifiain about 50 nm to about
125 nm. The lateral correlation length was nottptbtfor the thinnest film (100
nm) since it becomes comparable or lower than tmaimal tip radius (20 nm).
From the plot of the RMS roughness versus the ffilitkness, an approximately
linear trend can be inferred. These observatianpatticular the very low value
of the RMS roughness, indicate that the evaporatelécules after reaching the
surface have a significant mobility, and can rethftusively towards highly
coordinated sites. This observation is an indicaifirmation of the relatively
weak interaction between JRh molecules (which is also responsible for the low
sublimation temperature of the compound).
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Figure 3.27:(a) AFM image of the initial subtract prior to filaeposition. The
roughness of the clean substrate was equal torf.2b) Line profile of a AFM
topography, showing a feh film thickness of about 2.dm. In the inset the
AFM 50%50 pum? image describes the scratch that allowed us tonatt the
actual thickness of the film and to calibrate theraobalance signal. (c) AFM>®
un? images showing the evolution of the morphology aagunction of the
thickness. The lateral bars represent the vertigaamic range. The central
figure provides the evolution of the RMS roughnésx squares) and of the
lateral correlation length (blue squares) as atfan®f FgPh film thickness.

3.3.6. Thermal deposition of FeaSMe SMM

Thermal evaporation parameters.In theFigure 3.28is shown the pressure and
the deposited thickness profile as function of themperature of
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Fey(dpm)(CH;SCH-C(CH,OH)3),, FesSMe compound recorded during the
evaporation procedure. We can observe many sitiggnvith that obtained for
FePh. In fact also in this case we detected two rpaiks of pressure at 200 °C
and at 280°C but only close to the last one the Q@i able to reveal a material
deposition. Furthermore, just as for the evapomatth FePh compound, we

obtained a orange residue after the thermal evapora
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Figure 3.28: Pressure (blue line) and thickness (black linendras function of
the temperature recorded during$ele thermal evaporation.

ToF-SIMS. As for the other evaporated samples we studied ctiemical
composition of the evaporated film on Al foil by F<&IMS analysis. The results
are shown irFigure 3.29andFigure 3.3Q Comparing the spectra of the powder
drop cast on a Si substrate from a toluene solutith those obtained for the
evaporated film, we observed the same fragmentatidiern although the signals
in the evaporated sample were less intense thémeidrop cast. In particular in
the high mass region of the negative ion spectraewealed the presence of the
peak aim/z1648 attributed to the molecular ion.

Figure 3.29: Negative ToF-SIMS spectra of /SMe film deposited by
evaporation on Al and of F8Me powder drop-cast on Si from a toluene solution.
The insets show zoom of a very weak peak assigntreetmolecular ion.
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This trend was confirmed by the positive ion spedgigure 3.30 in which we
detected in both spectra the peaksné&t 1465, 1282, and 1099 assigned to the
fragments generated by the loss from the molecidar of one dpm ([M-
(dpm)), two dpm ([M=2(dpm)]), and three dpm ([M-3(dpni)] This
distribution was found also for ffeh evaporated film.
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Figure 3.30: Positive ToF-SIMS spectra of [&Me film deposited by
evaporation on Al and of g8Me powder drop-cast on Si from a toluene solution.
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Magnetic properties. As we observed for others evaporated compound§dke
SIMS analysis and the detection of the molecular p®ak in the negative
spectrum is not enough to confirm the success @fetraporation. Also in this
case it was necessary to investigate the magnegiegies of the film evaporated
on Kapton foil. The frequency and temperature ddpeoies of the zero field ac
susceptibility of FgSMe film at low temperature indicated the preseotea
maximum for the real component of the susceptybilif, in phase) but not for
the imaginary ¥’, out of phase) components of the susceptibilitgplging a
magnetic field of 1 kOe the frequency dependenceadh real and imaginary
components was increased evidencing the frequeepgndient maxima also in
the imaginary component, thus allowing us to extrdbe parameters
characterizing the SMM behavidfigure 3.31).
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Figure 3.31: Temperature dependence of the real and imaginanpaoents of
the ac susceptibility measured for evaporategsMe in zero field (upper part)
and 1 kOe field (bottom part) in the frequency mfrgm 10 Hz to 10000 Hz (see
color scale).

The Arrhenius plot reported iRigure 3.32 shows that the relaxation time
increases on decreasing the temperature. The p@@mel; and 1o were
evaluated by the linear fit and gave as best fites Uy = 15.75 K andty =
1.61x10% s. Both values were in agreement with those obthifor the bulk
material that showed an energy barrigf £14.13 K and a, = 4.36x10® s.
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Figure 3.32: temperature dependence of the relaxation time efetaporated
Fe,SMe thick film. The line represents the best-fiingsArrhenius law with
parameters reported in the text.
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The saturation value of isothermal magnetizatioves! Figure 3.33 confirmed
the expected spin ground state (S = 5) for the @eapd FgSMe. Moreover the
non coincidence of the curves recorded at the tlifferent temperatures
supported the presence of a relevant ZFS of thengkstate multiplet, as in the

original cluster.
124
25K

/_-;'-’—'-/'—fz) K

104

Mm/Naug

0 5 10 15 20 25 30
Field / T
Figure 3.33:Molar magnetization curves of the evaporategSMe thick film at
three different temperatures.

HF-EPR spectra carried out on the evaporated filiokat 95 GHz and 20 K
are reported ifrigure 3.34 Also these data confirmed the typical behavioamf
S=5 state with easy-axis type anisotropy< 0) as demonstrate by the presence
of five parallel and five perpendicular transitiodstected for magnetic fields
lower and higher than that correspondingyte 2.0 signal (marked in the figure
with an asterisk) attributed at the same paramagimepurities of F&" revealed
in FPh compound.

T=20K

0 10 20 30 40 50 60
Field /kOe
Figure 3.34: HF-EPR spectra (95 GHz) at 20 K of the thermal evated
Fe,SMe thick film.

At this point we query what is the factor that alfoto FgPh and Fg&SMe to
remain intact during the evaporation unlike theeotitompounds. The only
difference that we observed during the evaporasadie presence of a pressure
peak of some volatile component that cannot bectibtethe QCM at ca. 220°C.
On the other hand these compounds were the unige@ntain solvent molecules
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in the crystal structure, one,Bt molecule in Fg”h and half molecule of £ in
Fe,SMe. For this reason we supposed that this facaikesithese two compounds
more suited to be evaporated than the other chisiére peak of pressure detect
at 220°C could be due to the evaporation of theesnlfrom the crystals.

In order to clarify this point, thanks the collahtion with Prof. Cornia, from
the University of Modena, we tried to evaporateInée specially synthesized
without molecule of solvent in the crystal struetu
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Figure 3.35: Temperature dependence of the real and imaginanpaeoents of
the ac susceptibility measured for evaporategsMe in zero field (upper part)
and 1.5 kOe field (bottom part) in the frequencygea from 10 Hz to 10000 Hz
(see color scale).

Fe,SMe without solvent in the structures crystallizedhe monoclic system.
The evaporation behavior and parameters seemedetdhd® same of the
correspondent solvated molecule. Moreover the acegtibility measured in an
applied field of 1.5 kOe confirmed the SMM behaviir the deposited film
although the signal is noisy, maybe due to a lothiE@kness of the film (ca.1.5
pm instead of @m), seeFigure 3.35Unfortunately also the EPRFigure
3.36spectra carried out at 10 and 20 K is very noisy we can only reveal the
transitions in the parallel region and the peakered at g = 2 attributed, also in
this case, to the presence of a paramagnetic bation.
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Figure 3.36:HF-EPR spectra (95 GHz) at 20 K (red line) andaKXblack line)
of the thermal evaporated film.

These experiments demonstrated that the chemicahegnetic integrity of
the evaporated film did not depend by the pres@fidhe solvent in the crystal
structure although these data should be furthefircoed by increasing the
thickness of the film. However we think that a patar packing of the molecules
in the crystal plays a key role in the feasibilifythe deposition by thermal UHV
evaporation.

3.4. Conclusions

In this Chapter we have described the depositican leg SMMs family. We have

proved that it is possible for two of them Pk and FgSMe, to deposit a thick
film on different substrates using the thermal d#jmn technique in UHV

conditions without inducing changes in the chemistducture and in the
magnetic properties. Furthermore, thermal depasitidlows growing films

characterized by low roughness and uniform morgholand with controlled

thickness. These are fundamental characteristicsdawelop multilayered
nanostructures combining magnetic or conductingreyith SMMs films. This

finding opens interesting perspectives for the damm of Fq cluster

monolayers so as to promote a stronger or moreifgp@teraction with the

substrate. In the next chapter we will describe miegnetic properties of a
monolayer deposited on two different substrates.
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Chapter 4.

X- Ray magnetic studies of SMMs on surface

4.1. Introduction

The Self-Assembly of Monolayer (SAM) technique hasen employed to
assemble arrays of SMMs since 2883while the attempts of using thermal
evaporation to grow SMM films has been introducedy aecently with this
thesis work®! However the most difficult aspect related to tmgamization of
SMMs, that hampered a larger activity of reseaichelated to the impossibility
of using standard techniques to study the magnedfsmonolayers of magnetic
molecules. In fact, notwithstanding the great adeanin sensitivity of SQUID
detection, standard magnetometry is incapableaiiiqy up the signal of such a
small ensemble of molecules; the picture is wordene the fact that, at such
degree of dilution, the diamagnetic contribution tbé substrate, as well as
paramagnetic signals from impurities become prepmnd. A good candidate for
this kind of studies would be EPR: if not able twegdirect information on
magnetization dynamics in fact, EPR spectroscopyinisprinciple both an
excellent technique to gain information on the spginucture of magnetic
complexes and an extremely sensitive spin probéortimately, one of the key
features of single molecule magnets is the large gmund state (for instance
Fe, complexesS = 5), which is associated with a large magnetisaropy that
spreads the resonances over a wide field range.r&tliices the sensitivity of the
technique, which is expressed in number of spimsupé of field. Moreover the
large anisotropy requires, for a full characteiat the use of unconventional
high-field/high-frequency EPR, so this type of maasnent is very challenging
and very sensitive to paramagnetic impurities, Whace likely to give rise to
huge sharp signals with respect to the signal fleen As mentioned in the
Chapter 2 another possible approach is the use of scanningbepr
microscopie$? that can be used to extract information on the matg
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properties of the scanned surf&e. Among the Magnetism-orientéd
techniques, MFM (Magnetic Force Microscofy), SP-STM (Spin Polarized
STM), SHPM (Scanning Hall Probe Microscopy) and ESNM (Electron Spin
Noise STM) have been suggested to be used foretieetibn of the magnetism of
magnetic molecules. In particular the SP-STM teghaiis the top candidates for
the study of SMMs grafted to surface, since in @ple it allows to probe with a
spin polarized current the transport propertiesao$ingle molecule, that are
expected to be directly related to their magnetidimwever no conclusive results
have been presented up to now using thisal" approach. On the other hand,
successful results in characterizing magnetism Haen already obtained by
using a spectroscopic approach based on dichroibtagrietic Circular
Dichroism, MCD and X-ray Magnetic Circular Dichrois XMCD). In particular
XMCD is an element and surface selective technigitie an extreme sensitivity
that carried out under extreme conditions of strovagnetic field and cryogenic
temperatures can be used to demonstrate the catisaref SMM properties at
the nanoscale.

In the following paragraphs we will provide a d&di description of this
synchrotron based technique. We will show how i ¢ used to magnetic
ultrathin layers and its application to moleculaagnetism by summarizing the
results obtained in the investigation of the maigngtoperties of M, Fe, and
TbP¢ SMMs monolayers.

4.2. How do synchrotrons work?

Synchrotron radiation is electromagnetic radiatienerated by charged patrticles,
usually electrons, whose trajectory is deviatedhiagnetic fields and forced to
move along a curved path. The bending of the pestitrajectory causes the
emission of an electromagnetic radiation, and gelyethe peak of the emission
is in the wavelengths of X-rays. Electrons are gateel by an electron gun and
then accelerated up to very high speeds throughiessof accelerators: the linear
accelerator used to speed up the electrons to édsdif MeV, the booster ring
and the storage ring. When the electrons enter ih&o booster ring their
trajectories are curved by dipole magnets (bendinggnet) and a radio
frequencies source is used to accelerate the @hecitn the straight sections of the
ring. Here they reach an energy of several GeVrbetfioey are transferred into
the storage ring. This consists of a series ofigttasections (accelerating the
beam) and curved one (constituted by bending magaed insertion devices)
together to form a circleF{gure 4.1). From those curved sections origin the
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beam-lines that use the electromagnetic radiatiomdyced by bending the
electrons trajectory.

Booster
synchrotron

Electron
gun Storage
fing

Beamline

Figure 4.1: Schematic view of the Synchrotron structure

The bending magnets are dipole magnets that produery stable beam
over a broad spectrum including infrared; while ithgertion devicesHigure 4.2
are arrays of magnets capable to produce moresiatg¢nneable light. Insertion
devices come in two main types: wigglers and urtdtga

Figure 4.2: Insertion device scheme that consist of magnetyarwhich cause
the electron beam to follow a wiggling or undulgtjpath

A wiggler consists of an array of magnets whichseathe electron beam to
follow a "wiggling' path. This causes the light to be produced inigeveone,
spanning a broad spectrum of X-rays. Wigglers aexlun beamlines where the
priority is for very high energy X-rays. An unduat produces very bright light
in a very narrow beam over a continuous energyeaBg varying the relative
orientation of the upper and lower magnet arrayis, possible to tune the photon
polarization from linear to circular.
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4.3. X-Ray Absorption spectroscopy and related
techniques

X-Ray absorption spectroscopy (XAS) can be usedbtain information about

the elemental composition of the sample and onctiemical environment of a
specific element and their magnetic state by ekiplpithe energy dependent
absorption of X-rays. Core electrons are excitedhm absorption process into
empty states above the Fermi energy and thereluytaggrobe the electronic and
magnetic properties of the empty valence levelse Bisorption process is
usually detected by monitoring the current flowtnge-establish neutrality of the
sample after that secondary electrons are emitienligh the Auger process
induced by the X-ray. This total electron yield {Edetection mode is sensitive
to the first few nanometers, corresponding to teeape depth of secondary
electrond® This unique surface sensitivity makes XAS andteeldechniques a

key tool for the investigation of thin films.

detéctor =1
Figure 4.3: Simple scheme of total electron yield detection enod

In the following we report as an example the spedf the magneti@d
transition Fe metal elements. The magnetic pragedre largely determined by
the 3d valence electrons and since the X-ray absorptroegss is governed by
dipole selection rules, thieshell properties are best probedlbgdge absorption
studies 2p to 3d transitions) Figure 4.4).
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Figure 4.4: L-edge X-ray absorption edge spectra of Fe in then fof the
elemental metals. They two main structures areedathel; andL, absorption
edged®®

The two main peaks in the spectra arise from tlie @it interaction of the
2p core shell and the total intensity of the peaksraportional to the number of
empty 3l valence states. In some case the spectra exhinidtiplet structure due
to the spin and orbital momentum coupling of diéfer 3 valence holes (or
electrons) in the electronic ground state, and fommpled states formed after X-
ray absorption between thd @alence holes and the 2ore hole.

The concepts of XMCD spectroscopy, pioneered byel@ischitz et al. in
1987, are illustrated ifigure 4.5 ®)For a magnetic material ttieshell has a
spin moment which is given by the imbalance of agrand spin-down electrons
or equivalently (except for the sign) by the imipala of spin-up and spin-down
holes. In order to measure the difference in theber ofd holes with up and
down spin, we need to make the X-ray absorptiorgs® spin dependent. This is
done by use of right or left circularly polarizethgbons which transfer their
angular momentum to the excited photoelectron. phetoelectron carries the
transferred angular momentum as a spin or an angwaentum, or botf%%%

If the photoelectron originates from a spin-orlglitslevel, e.g. theps, level (s
edge), the angular momentum of the photon candmesfierred in part to the spin
through the spin-orbit coupling. Right circular pors transfer the opposite
momentum to the electron as left circular photams] hence photoelectrons with
opposite spins are created in the two cases. $ieq®, (Ls) andpy, (L,) levels
have opposite spin-orbit couplin+¢é andl-s respectively), the spin polarization
will be opposite at the two edges. In the absorptimcess, “spin-up” and “spin-
down” are defined relative to the photon helicitypbioton spin, which is parallel
(right) or antiparallel (left) to the X-Ray propdige direction.
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(a) d-Orbital occupation  (b) Spin moment  (c) Orbital moment

Figure 4.5: Electronic transitions in conventional L-edge x-raysorption (a),

and X-ray magnetic circular X-ray dichroism (b,ilystrated in a one-electron
model. The transitions occur from the spin-orbitits@p core shell to empty

conduction band states. By use of circularly pakdix-rays the spin moment (b)
and orbital moment (c) can be extracted exploiting sum rules from linear
combinations of the integrals of dichroic signalard B.

Since spin flips are forbidden in electric dipotansitions, spin-up (spin-
down) photoelectrons from thgecore shell can only be excited into spin-up (spin-
down) d hole states. Hence the spin-split valence shédl as a detector for the
spin of the excited photoelectron and the transitintensity is simply
proportional to the number of emptlystates of a given spin. The quantization
axis of the valence sheltletectof is given by the magnetization direction which
for a maximum dichroism effect needs to be aligmgth the photon spin
direction. The size of the dichroism effect scdiks co®, wheref is the angle
between the photon spin and the magnetizationtéredHence the maximum of
the dichroic effect is observed if the photon sgirection and the magnetization
directions are parallel or anti-parallel as showntloe left side ofFigure 4.4
When the photon spin and the magnetization dirastiare perpendicular the
resonance intensities at theandL, edges lie between those obtained for parallel
and anti-parallel alignments. Figure 4.5 bis represented the XMCD intensity
as A (; -Edge) and Bl{, Edge). Note that A and B have opposite sign réfigc
the opposite spin-orbit coupling of tipg, andpy,, levels. If thed valence shell
possesses an orbital moment, as showkigare 4.5 ¢ it will act like an orbital
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momentum detector. The orbital moment sum ruleslitile orbital moment in the
d shell to the dichroism intensif§?! In fact by summing thé; (I+s) andL, (I-5)
intensities the contribution due to the sgis eliminated and then the orbital
moment of the valence shell is measured.

Finally we briefly mention the X-ray natural lineaichroism technique,
XNLD, that we have used in this thesis work to diéscthe angle dependent
effects of the sample respect the vertical andzbatal polarized light. In non
magnetic samples the dichroism is due only to asotmopic charge distribution
and empty state distribution caused by bonding.cléhe transition intensity is
directly proportional to the number of empty statasthe direction of the
electronic field vector. In this thesis work we bavsed the XNLD technique in
order to reveal preferential orientation of SMMpdsit on surface. In fact by
fixing the X-ray linearly polarization light andtading the sample it is possible to
investigate by the shape and the intensity of #tealed signal, the orientation of
easy axis of magnetization of the molecules restiextsurface. This kind of
technique can be applied also on magnetic samplesrevan additional
geometrical anisotropy may be induced when applgingagnetic field (in this
case we speak of X-Ray Magnetic Linear DichroisiV]LB). For example by
fixing the X-ray polarization vector along the easyis and rotating the
magnetization from the easy to the hard axis apgly magnetic field, it is
possible to argue directly the magneto-crystaklinesotropy of the sample.

4.4. XAS and XMCD studies of Single Molecule Magnets

As underlined in the previous paragraph the XMCDOhuoé is able to probe the
electronic and magnetic structure of the SMMs. X#&sctra can be used to
ascertain the electronic structure of the metatarenwhile XMCD spectra can
reveal the coupling between spins in the systere.dde of XMCD in molecular
nanomagnets characterization started, before themiag of this thesis work,
with the investigation of the archetypal SMM, Mnfor this reason we believe
that is necessary to summarize here the resulthdva been obtained since 2001
studying this system in both the bulk and nanosiined phases.

4.4.1. Redox studies on M, SMM.
In the Mny, cluster the XAS characterization allows to provitiesct information
on the oxidation state of the transition metal itimst constitute the core of this

system that include redox-active ions like ¥and MA*.°*? In particular in this
molecule the external spins of the #Mions (S = 2) are aligned anti-parallel with
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the internal MA" ions (S = 3/2) producing a spin ground state véue 10
(Figure 4.6.22°1

Figure 4.6: Core structure and coupling scheme in a Miuster.

The mixed valence composition has been confirmed the XAS
investigations performed on bulk Mracetatein which absorptions at Mh; 3
edge (p — 3d transitions) were observed that correspond to theeced
proportions of MA" and Mrd* ions. Similar experiments performed on bulk
samples of Mg molecules functionalized with ligand containing odcetyl
(C1sSAc) and thioether group (PhSMe), included in theletular structure in
order to anchor Mp to a gold surface, yielded essentially the sanselt®
indicating that both groups are compatible with thigh oxidation state of
manganese ions in Mnclusters. However, when monolayers of M8,5SAc
and

Mn;-PhSMe were investigated, XAS spectra clearly iaidid the presence of
Mn?" beyond the expected Mhand Mr* components Rigure 4.7). Several
attempts were made to obtain intact ;Molusters on surface, by varying the
ligand shell and/or the deposition procedure. Bamkduction to MA was
invariably observed and it was impossible to obsgistems containing only Nh
and Mrf*. %2

Moreover XMCD characterization of the bulk non-ftinnalized and
functionalized Mn, systems confirmed the ferrimagnetic structure ef ¢huster
and later evidenced more clearly the presence stfang Mrf* component in
Mn,, derivatives assembled on gold and the modificatidnthe expected
magnetic polarization of each Mn ion.
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Figure 4.7: Experimental XAS and XMCD spectra of MRhSMe monolayer
prepared from CLCl, (top), from THF(middle) compared to the fittingsing
two different sets (A and B). More details relatieethe fitting parameters are
reported in the Pineider PhD thesis. On the botianh XAS and XMCD spectra
of bulk is reported®?®9!

Additionally, by monitoring the dependence of thBI&D as function of the
magnetic field that in @metals, due to Spin-orbit coupling, is proporticiaethe
total magnetic moment, it has been possible to topnthe dynamics of
magnetization of the SMM. Surprisingly the dataaittd for Mn,-PhSMe bulk
film, obtained by drop cast on gold surface did reteal the opening of the
magnetic hysteresis loop down to 700 nig(re 4.8.°" The hysteresis, on the
other hand is clearly visible also at higher terapees (up to 2.5K) by
performing traditional magnetometry experimentglmsame sample.
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Figure 4.8: Hysteresis curves of a drop cast sample g€F2Ac measured with
XMCD in TEY detection mode at different temperatuifstraight line represents
the simulation).

The loss of slow relaxation of the magnetizatiorthia topmost layers of the
deposit, investigated thanks to the surface selgctf the TEY detection mode,
without a degradation of the inorganic core ofMran be explained considering
that the energy barrier originating the SMM behavis the result of a delicate
interplay between electronic and structural paramsebf the single metallic
centers and their mutual interaction: the surfagen that of the material itself, is
a strongly asymmetric and strained environment, iarid very reasonable to
suppose that these strains are more than enowgluse distortions in the clusters
that are crucial, if not to the spin coupling pattefor the necessary axial
anisotropy of the complex.

4.4.2. Spin structure of F&Cr and Fe; SMMs.

XAS/XMCD technique has been not only used to evidethat M, complexes
are not the ideal SMM to be employed in nanostmestubut also to evidence
more promising candidates. Among them the mostieduohe is Fesystem that
recently has been demonstrated to retain the SMipepties at the nanoscale
through an XMCD-based magnetic characterizationh tinaealed the opening of
the hysteresis loog-{gure 4.9).5"
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Figure 4.9: Hysteresis curves of a monolayer of,E&SAc on gold measured
with XMCD (E = 709.2 eV) in TEY detection mode afferent temperatures.

To understand the features of the XMCD spectra ef $ystems we
compared two isostructural clusters, one belonginthe Fe family and one of
the FgCr family, more precisely the [Fg&).(dpm)] (HsL = 11-(acetylthio)-2,2-
bis(hydroxymethyl)undecan-1-ol) and the J{EgL),(dpm)], FeCr (Figure
4.10. The latter compound was synthesized by Profni@dirom the University
of Modena, by replacing the central®Fef Fe, SMM with a Cf*. The central
Cr** ion can then be exploited as an additional infespactroscopic probe for
combined XMCD studies at Her; and Crk, 3 edges.

O-i-og

Fe Cr § O

Figure 4.10: Crystal structure of R&e&Cr derivatives with the tripodal
functionalized with thioacetyl group to allow giiafj on gold.

Monolayer deposits of R€r and Fg on Au(111) were obtained by the self
assembly technique described in the second chapkair XAS and XMCD
spectra at 7 K were similar to those recorded erbtllk phase. In both cases, the
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XMCD signal reached its maximum amplitude at 708\ (Feis; edge) and
577.5 eV (Crt; edge) and displayed the same fine structure ahenbulk,
indicating a similar electronic structure for themolayer and for the bulk phase
(Figure 4.11). Moreover, whereas the features observed dt,Feedge were
characteristic for field-polarized high-spinFéons described in th€hapter 1,
the signal at Ct-, ; edge was of opposite sign than for an isolated iGn. This
proved that the magnetic polarization of diposedhe applied fieldj.e. the Fe
and Cr spins are antiparallel.

Fe@ Fe.C, Fe@ FesCrCy Cr@ Fe;CrCq
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Figure 4.11 (Upper panels) Circularly polarized XAS spectraoréed on bulk
samples of F&, at Feb, ; edge (left) and of RErCy at Fek, 3 (middle) and Cr-
L, ; edges (right). (Lower panels) XMCD signals of tve compounds measured
on bulk samples and monolayers on'&L.

Moreover, since the Bé ions in both complexes have very similar
coordination environments, a meaningful comparisan be made between the
XMCD features shown by monolayers of the two conmusuat the Fé-, ; edge
(Figure 4.12. At the same temperature and applied field, tmpléude of the
dichroic component at 709 eV increases from 39%3% &vhen replacing the
central F& with Cr*. We checked whether such a large increase in #yhetic
polarization at iron sites can be ascribed to thppsession of the opposing
contribution of the central Peso as to provide direct proof of the ferrimagnetic
ground state spin structure insfFeolecule.
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Figure 4.12: XMCD contribution at the Fé&; ; edge measured on monolayers of
Fe, and FgCr at 3T and 7 K.

Assuming the XMCD signal to be site-independent prmportional to the
local magnetic moment, the normalized XMCD sigsaéxpected to undergo an
approximately twofold increase when passing from teeFgCr complexes, as
observed experimentally. Deeper inspection of th&CB signals reveals other
interesting differences. At an energy of ca. 7G8\9(see arrow irFigure 4.12
the dichroic signal is negative in §&¥ but close to zero in EeThe former
behavior is typical for octahedral high-spin Ee@omplexes. Since the
coordination geometry of the peripheral Fe ionthatwo compounds is virtually
identical, the feature observed in /e 707.9 eV may reflect differences in the
energy dependence of the XMCD contribution for pleeral and central Fe ions,
due to their not equivalent coordination spher@ssiimmarize, the intensity and
detailed shape of XMCD signal at Egs; edge provide an important fingerprint
of the ferrimagnetic spin structure in ;/eomplexes that will be employed in
Chapter 5 to investigate FeSMMs evaporated on different substrates.
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45. Conclusions

In this chapter we evidenced the potential of theay)X Absorption techniques for
the characterization of monolayers of magnetic mdks. In fact SMMs are
fragile systems that, during the deposition procems be affected by redox
alteration and structural rearrangement, like ia tlse of Mgp. Moreover we
have described the most important magnetic featofe§e, on surface, its
electronic and magnetic structure and we have vbddrow the intensity and the
shape of the XMCD signal recorded at Ibg-edge change by replacing the
central Fe with a Cr ion providing a fingerprinttbe ferrimagnetic spin structure
in Fe, complexes.

We will use these information in the next two clegiptwhere we will describe the

results obtained in this thesis work by XMCD andNcharacterization of the
evaporated F€h and ThPcmonolayer on different surfaces.
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Chapter 5.

X-Ray studies of the thermally evaporated
Fe,Ph monolayer

5.1. Introduction

The experiments described in this chapter have loaemed out thanks to the

experience acquired in the thermal evaporatiomefmolecules and to the use of
highly performing light sources: the IDO8 beamlateESRF in Grenoble and the
SIM-X11MA beamline at SLS in Villigen.

In particular we will describe the XMCD and the XBlcharacterization of
the thermally evaporated JRh monolayer on diamagnetic metallic surfaces, such
as Au and Cu, and magnetic surfaces, such as matallfilm growth on Cu and
the lanthanium strontium manganite, LSMO, substvéeltese application in the
field of spintronics has been described in the gragh 2.4. As we have
underlined in the previous chapters the evapotglofi Fe, SMM could allow to
investigate the transport properties of moleculgintsonics devices based on
SMMs. In particular here we will highlight how tlmeagnetic properties and in
particular the dynamics of the magnetization ofFffedepend on the nature of the
substrate.

5.2. Preliminary morphological study on the deposition
of the evaporated monolayer

Before describing the magnetic properties of thapevated monolayer, we
briefly summarize the first attempt of thermal ewagion of FgPh monolayer
carried out at the University of Genova and the photogical characterization.
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Thermal evaporation of gégh monolayer

The substrates used for,P& monolayer was evaporated gold (150-200 nm) on
mica (Agilent Technologies). In order to improves thuality of the surface, a
flame annealing process was carried out with anrdgeh flame (see
experimental section). As discussed in the sea@mterning the characterization
of the thick films, we calibrated the monolayer tmpnitoring the pressure, the
temperature and the density of the deposited thiEkrduring the evaporation
procedure. In order to accurately control the dejeoscoverage we worked with
a low and constant flux of molecule attaining sipwie deposition temperature.
In particular the evaporation was conducted adjgsthe deposition rate to a
value between 0.5 and 0.7 A /s. The substrate wpssed to the constant
molecular flux once reached a temperature of 28@°@ressure of 3x1Dmbar
and when QCM was able to read the deposited thgskn8ubsequently the
presence of a monolayer was confirmed through ¢heisition of images carried
out ex-situby Scanning Tunneling Microscopy, STM, (see experital section)
that revealed the presence of round objects o2 ¢an, in good agreement with
the dimensions of the molecules as determined froogstallographic data.
Interesting we noted that all the inspected areasewomogeneously covered
with only few densely packed molecules. A represtre topography image of
the monolayer obtained is givenkigure 5.1

Figure 5.1 STM topography images of the evaporatedPlRemonolayer. The
most efficient tunneling conditions was reach udihg 0.5 V, | = 8.9 pA.

5.3. Evaporation procedure used at Synchrotrons
Radiation Light Source: ESRF and SLS

Both synchrotrons endstation we used for theserarpat have the facilities to
evaporate and to measure XASsitu without losing the UHV conditions. In the
set up used in the Grenoble beamline we have tadrantage from the
possibility to clean the surface by sputtering andealing and thus we used Gold
(111), Cu(100) single crystals and LSMO. Moreovhis tset up is able to
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Thermal evaporation of gégh monolayer

evaporate in situ ferromagnetic metal, like cobaiercoming the problem of the
easy oxidation of the first layers of the surfagpased to the air. IRigure 5.2is
reported a simple sketch of the used apparatuthdrexperimental section we
will describe the cleaning process of the subsirateed in the experiments
carried at ESRF.

4He-Cryostat

Surface characterization
chamber

X Ray

6T Magnet

Deposition
chamber

evaporator

N,
s

STM
Surface characterization
\_ chamber

Figure 5.2: Sketch of the ESRF set up formed by the deposittamber, the
STM and magnetic characterization chamber.

Unfortunately this set up is equipped witftée cryostat that cannot reach
temperatures on the sample below ca. 8 K. SingelF8MM shows the opening
of the typical hysteresis only below 1 K, we hawe=i obliged to complete our
investigation at SLS where the beamline is equippétth a *He-"He dilution
system, the French TBT endstatf3hwhich is able to reach temperatures of the
order of few hundreds mK (for more details on thet up see experimental
section) Figure 5.3.
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Figure 5.3: Sketch of the cryostat used at the SLS beamlindhereft) and of
the®He-*He dilution set-up (on the right).
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Thermal evaporation of gégh monolayer

The SLS set up allows th&n situ evaporation of molecules, but not of
ferromagnetic metals. Moreover it is not possildectean the substrates by
sputtering and annealing procedures. For this re&gPPh monolayer samples
investigated at the SLS synchrotron were evaporaegold coated mica and on
LSMO substrates. In the last case the magneticeptiep are independent from
the cleaning procedure as we will demonstratetiénniext paragraph. Finally we
have to specify that at both Synchrotrons, althdogldifferent reasons, we could
not employ the QCM to estimate the thickness of dieposit. We therefore

monitored the pressure, the temperature, the déposime, and correlated them
to the XAS intensity to estimate the thicknesshef deposit.

As we shall describe in the next paragraph, ttet &ivaporation of Rh on
Au(111) carried out in the ESRF Synchrotron rewvedlee presence of a small
fraction of thermal decomposition products, confirghthe results obtained by
the EPR experiments on the thick film discussedChapter 3. After many
efforts and a deep study of the deposition paramete have identified a
procedure that allows to isolate the purgPfefrom the film the decomposition
products. We can summarize this procedure in thma@ points. The figures
described below were acquired in the SLS Synchoathbut can be extended to
the experiments carried out at the ESRF:

1) Degassing process of the powdén Figure 5.4 it is reported the
pressure dependence as a function of the tempereguealed by two
different pressure sensors: one placed close tevhporator and the
other one placed close to the tube pump. Obviouglg, pressure
revealed near the evaporator is higher than ther athe. In this first step
we heated the powder up to 190°C and we degasistat alolvent used
to wash the crucible and some impurities of the giew

x10

2.8 evaporator cell
2.1

IS
FEI'
;

10°

pumping tube

Pressure (mbar)

w A~ O o N
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Figure 5.4: Pressure profile as function of the temperaturehef degassing
process of F£&£2h molecules.
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2) First heating procesdn Figure 5.5is reported the pressure curves as a
function of the temperature of the first heatinggass. We can observe
the presence of the peak at 220°C thaClvapter 3 we attributed to a
paramagnetic impurities of the mononuclear compdee(@pm).
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Figure 5.5: Pressure profile of the first heating process astfan of temperature
of FePh molecules.

3) Cleaning processin order to purify the powder and to eliminatethe
impurities, we heated and cooled down the powdethiee times. We
observed that after the first heating process tkakpat 220 °C
disappearsin Figure 5.6 are represented three different cycles with
different colors. The black line indicates the Ist&tp: the evaporation of
the monolayer.
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Figure 5.6: Pressure profile as function of temperature of dle@aning process
(red and blue line) and of the evaporation proc@dack line) of FgPh

molecules.
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5.3.1. Characterization of monolayers by XAS signal

In order to check the coverage of the moleculesunface we used the X-Ray
Absorption spectra. In fact since the ratio betwdenEdge jump and pre-edge

. =1 .
signal M) can be related to the amount of molecules covehagurface,
pre

we compared the XAS of the evaporated film with sthoobtained for a
monolayer deposit formed using the Self Assembipn@ue. InFigure 5.7 are
reported only some examples of samples evapordt&lL3a synchrotron with
different deposition times. The black square noingzt to the line corresponds to
the reference measurement obtained foCFeac self assembled from solution
on gold surface and considered to correspond tmtiveolayer coverage.
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Figure 5.7 XAS signal and coverage percentage of monolagdumaction of the
deposition time. The symbol not connected by the s related to RF€;Sac
deposited by Self Assembly technique.

5.3.2. X-Ray studies of the LSMO substrate

Before using the substrate for the evaporation @PFk we investigated the
electronic structure and the magnetic propertiethefLSMO by XAS/XMCD.

This analysis was carried out at ESRF Synchrotefore and after the annealing
procedure in order to understand if this procegartdrom removing the carbon
contamination of the surface, affects the chemstalictures and the oxygen
stoichiometry of the LSMO. IrFigure 5.8 we have reported the complete
magnetic characterization performed at the-Mn Edge for a LSMO sample on

NdGaQ substrate (see experimental section) before timeadimg procedure.
XMCD spectra have been obtained as the differeht@msets XAS spectra with
photon helicity parallel and antiparallel to thetezral field respectively (see
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XMCD studies of LSMO substrate

experimental section}¥! TEY detection mode has been used as detectoobe pr
the first layer of the surface. The spectra indidahs XAS are the isotropic
spectra (i.e. the average of the two dichroic spgcthis formalism have been
adopted throughout the text. The XMCD spectrum e at a magnetic field of
3T and T = 8K did not reveal any difference by afiag the angle of incidence
of the photons, indicated by the an@lewith the normal to the surface. This
finding is well rationalized with the fact that theagnetic anisotropy of LMSO is
completely overcome by a 3T magnetic field. On tomtrary the effect of

decreasing the temperature from 300 K to 8 K indugssignificant increase in
the XMCD signal.
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Figure 5.8: Experimental XAS, XMCD, XNLD and Magnetization cessof the

LSMO substrate before the annealing process. Diclpercentage contribution
in the XMCD and XNLD spectra are normalized to tketropic signal at its
maximum. In the inset of the XAS spectrum the @lystructure of the LSMO is
reported.

Also the linear dichroism defined as the differebeéween verticallyg’, and
horizontally, ", polarized light, has been measure® at 45° both in zero field
and in an applied field of 2 T. The presence ofaa in zero field is consistent
with the epitaxial growth of LSMO on NdGaGsubstrate. Finally, in order to
investigate the field dependence of the magnetimatihe photon energy
corresponding to the strongest negative XMCD pedaks#dge (642 eV) was
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selected and the results are showRigure 5.8 The hysteresis loop at 8 K afid
= 45° propagation showed a coercive field of 1.7. By setting the® angle at 0°
we observed that the saturation value was not @tng agreement with the
XMCD spectra discussed above, but saturation igemet at a higher field and
the coercive field was significantly reduced, tluamfirming the presence of an
in-plane easy magnetization anisotropy.

In Figure 5.9 we have reported the XMCD investigation carried on the
same LSMO substrate after the annealing procedinese data are in complete
agreement with those reported in the literaturefioming that the cleaning
process produces only few changes. In fact we weddirst of all an increased
intensity in the XMCD, XNLD spectra as well as antrease of the saturation
value of the magnetization. The annealing proceséirmed thus to be useful to
eliminate the carbon impurities on the surface @mnianprove the XMCD signal
without significant modifications of the magnetioperties.
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Figure 5.9: XAS, XMCD XNLD and Magnetization curves of the LEM
substrates after the annealing process.

The main difference detectable is the appearandbdnXAS and XMCD
spectrum of the annealed sampfexn additional peak at 639.8 €~igure 5.10)
evidenced in the figure by an arrow, that waslaited to the presence of a little
amount of MA* ions!®! This could be caused by the valence instabilityhef
Mn** ions that tends to dismutate in #mnd Mrf* species during the annealing
procedure.
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Figure 5.10: Comparison between the XAS and XMCD spectra of tB&O
substrate before the annealing (blue line) and #feeannealing (red line).

5.4. XMCD studies on evaporated FgPh Monolayers on
different surfaces

In this paragraph we will describe the XAS/XMCD dites of FgPh evaporated
monolayer and we will use as reference the resuiftsined on F£,SAc
monolayer deposited on gold surface by self asser@ghnique described in
Chapter 2. The first thermal evaporation of JRa SMM was recorded at ESRF
Synchrotron on Au(111) single crystal without camgy out the pre-treatment
procedure of the powder described in the previceian and then without
discarding the first fraction of the evaporated @coles. From the investigation
of the isotropic signal of the XAS spectra we estimd a molecular sub-
monolayer coverage of fiegh SMM of ca. 30%.

In Figure 5.8 are reported the XAS and XMCD spectra at thd_feedge
obtained at T=8 K by applying an external magnédid of 3 and 5T normal to

the surface of the evaporated film.
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Figure 5.11: Experimental XAS and XMCD spectra of P SMM evaporated
on the (111) face of a gold single crystal measated= 8 K and H = 3 and 5T.
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The shape of the XAS spectra gave indication thatphotoreduction was
occurring during the experiments or during the edrtreatment. On the other
hand XMCD spectra was found to be not in complgteement with the features
observed in the intact monolayer deposit ofds8Ac molecules reported in the
Chapter 4. In the latter case the ferromagnetic arrangerogtite iron(lll) spins
and the slightly different crystal field of centrahd external iron sites was
considered at the origin of XMCD feature at ca..B08V. A weak but non-zero
signal was observed in this sample, although ttengity of the XMCD signal at
710 eV is in good agreement with those reporteditémature and was only
slightly higher than that observed for,EgSac (45% compared to the 39% for
Fe,CoSac self assemblelij! This confirmed that the antiferromagnetic coupling
between the central ion and the three peripherd @nsubstantially retained. We
tentatively attributed the observed small diffeec the presence of impurities
of a paramagnetic compound generated as a congexjoéthe first fraction of
the thermal evaporation in agreement with the ERJRa$ centered at g = 2
already discussed @hapter 3 (paragraph 3.3.5).

X-ray Natural Linear Dichroism, was measured sgtthe angled to 45° and
the temperature to 8K. The presence of a smallrdichsignal Figure 5.9
evidenced that the molecules had a preferentiehtation in the film. The shape
of the XNLD spectrum, although very weak is simiiarthat reported recently by
Mannini and co workers on a self assembled monolayfe a thioacetyl
functionalized Fg with a shorter linker, carrying only a five carlson the
aliphatic chain instead of the nine present infits investigations®® 8! In the
case of FgCsSac a preferential orientation of the moleculeghensurface, with
the trigonal molecular axis distributed inside aedefined by an angl = 35°,
was predicted by DFT calculations and confirmedblogh linear and circular
dichroism investigationg>®!

Coverage: 28%

% XNLD
o

705 710 715 720 725 730 735
Energy (eV)

Figure 5.12: XNLD spectra of Fg?h SMM evaporated on Gold surface recorded
at6=45°and H=3T and T = 8K.
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The magnetization curves obtained following the XMGignal atL; edge in
function of the magnetic field at the two temperasu(T = 8K and 15 K) were
compared with magnetization curves calculated foramdom distribution of
molecular orientation. These are reportedrigure 5.13as solid dark gray lines
superimposed to the experimental data. The SpindHittarian parameters used in
the simulation (Eq. 1.2) were those determined froagnetic investigation of
bulk, i.e. S = 5, and D= — 0.44 cm* As can be seen, the agreement between
calculated and experimental data are very good kit té@mperature, thus
confirming that the magnetic properties are unatteland even if they are not
completely superimposable at 15K, deviations areparable to the experimental
error. At T = 8K the field dependence of the XMQMensity was measured by
applying the field normal to the surface and at.43®wever, no significant
differences are observed. On the contrary, by asguim the simulation of the
magnetization curves that a preferential orientatiof the easy axis of
magnetization is achieved similarly to the case FgCsSac, a significant
difference between the two field orientations ipented (se€&igure 5.13right).
This result is apparently in contradiction with tbbservation of the XNLD
signal. However, from the very weak intensity of tthserved signal compared to
the noise, we can expect only a limited preferémtigentation of the molecules
on the surface.
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Figure 5.13: on the left magnetization curves of,PB SMM evaporated on
Au(111) single crystal at different temperatured angles. The continuous lines
represent the simulation obtained for a randonridigion of the molecules on
surface. On the right magnetization curves caledlat two angles by assuming
the presence of orientation of the molecular arsde a cone defined by a

distribution of anglép = 35°.

We have also to keep in mind that this evaporatedpte contains a low
coverage of the molecule on surface and that le Igercentage of these are
damaged during the thermal treatment. For thisoreage refined these results
modifying the preparation of the sample by exclgdthe first fraction of the
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evaporated molecules (following the procedure desdrin the paragraph 5.3)
and increasing the coverage. In this case in dalestablish a preliminary work
that involve the evaporation of metals like colmlnickel, we chose a Cu(111)
single crystal as surface since it facilitates thygitaxial grow along the
crystallographic cell. InFigure 5.14 we have reported the XAS and XMCD
spectra recorded applying a magnetic field of 3@ &h at a temperature of 8K.
The analysis of the intensity bf Edge jump of the XAS peak normalized respect
the pre-edge at 705 eV revealed a coverage of %a Bbreover in the XMCD
spectrum reported iRigure 5.14we observed the typical feature of the intact Fe
core as evidence by the dichroic signal going ltadero at 707.9 eV. As already
discussed, this fingerprint confirms the antiferagmetic coupling of the central
Fe with the three external ones and suggests thenab of any paramagnetic
impurities due to the thermal decomposition of ielecules.
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Figure 5.14:field dependence of the XAS and XMCD spectra offfeSMM
evaporated on Cu(100) single crystal recorded-aBK and6 =0°.

The magnetization curve recorded at 8K and 1blure 5.15 were quite
similar to those detected in the deposited thiltk iy a traditional magnetometer
and in the evaporated monolayer on Au(111) inclgdinow saturation value at a

higher temperature thus confirming the anisotrojpge sample.
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Figure 5.15:Magnetization curves of geh evaporated on Cu(111) single crystal
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In order to clarify the presence of a preferentiéntation on surface and to
understand if it depends on the percentage of estgmb molecules on substrate,
we prepared another sample using the more conservaermal treatment that
discard the first fraction of the evaporation. Thermal evaporation was
performed on Au(111) single crystal obtaining aarage of the substrate of ca
80%.

The choice to shift back to the gold substrate masivated by the fact that
flat terraces are easily obtained for this substrém Figure 5.16 we have
reported the XMCD spectra recorded at two diffelamgle = 0° andd = 45°)
in which was evident that almost superimposableasiwere obtained. Also the
magnetization curves recorded at 8 K and at twiemiht angles (45° and 0°)
were almost coincident. The XNLD spectra showedtle Ipercentage of noisy
dichroic signal that could be attributed to a drtrientation of the molecule.
Also in this case we have to take into accounthiigh signal/noise ratio of the
XNLD did not allow to estimate the fraction of moldes lying with their easy
axis preferentially along the normal to the surface
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Figure 5.16:0n the top parKAS and XMCD spectra recorded at two different
angles respect the photon propagation at T = 8KHamd3T; on the bottom part
XNLD (carried out ab=45°, T = 8K and H = 2T) and magnetization curves

(T = 8K)of the evaporated Feh monolayer on the Au(111) single crystal.
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Finally the XNLD spectra in function of three difést percentages of coverage
by molecules deposited on gold surface (30%, 50%888d) was investigated.

We observed as the XNLD signal strongly dependtherpercentage of coverage
of the gold surface with evaporated molecules mirgy in presence of a low
coverageFigure 5.17).
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Figure 5.17: Comparison between the XNLD spectra of,ffe evaporated on
Au(111) single crystal with different coverage measl at T = 8K, H= 2T and

0 = 45°.

Since molecular spintronics devices are fabricatsidlg LSMO and Co as
electrode, we investigated the magnetic propedfiésPh on this two substrates
in order to verify if the substrates could modityetchemical and magnetic
properties of Fg”h evaporated monolayer. Thermal evaporation aofPlire
monolayer was conduct on LSMO. Since the backgrosigdal of the XAS
spectra strongly depend on the substrate, we coatdestimate exactly the
coverage because we had no data on the SAM deghasitthis surface; although
comparing the deposition time with those used ftoe teposition on gold
substrates, we can estimate a coverage of ca. B&XMCD spectra recorded
at the Fel,3; Edge confirmed the ferrimagnetic structure of dht&e and
revealed the same intensity of the XMCD signalvet different angles. The
magnetization curves recorded at two different esglwere almost

92



XMCD studies of Fg”h monolayer

superimposable and the XNLD spectrum recorded atdfle and a 2T showed
the presence of a weak and noisy signal demonsiratiat only a very low
percentage of molecules, if any at all, are origérte the surfaceFgure 5.18)
This result did not surprise us as LSMO substratesmore rough than metallic
ones.
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Figure 5.18: XMCD, XNLD recorded at thé, ; Fe-Edge at T = 8K and H = 2T
and magnetization curves carried out at T =8K @PResvaporated on LSMO.

We also checked if the deposition ofyFe molecules induced any change in
the electronic and magnetic properties of LSMO é&peating the investigation
done on pristine and thermally annealed LSMO satesrafter the evaporation of
FePh. The XMCD spectra at the Mn-edge showed iddnsicape and intensity
to those detected for the LSMO substrate reporeda including the presence
of the Mrf* peak generated after the thermal annealing proeedine presence
of a XNLD signal and the shape of the hysteresip lwvere recorded at different
angles and confirmed the observed magnetic anptod the LSMO substrate
(Figure 5.19. These results proved that ;Fmolecules did not induce any
significant modification in the substrate structure
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Figure 5.19: XMCD, XNLD and magnetization curves recorded at lthe Mn-
Edge of FgPh SMM evaporated on LSMO substrate

Finally a preliminary investigation on the electimand magnetic structure of
Fe, evaporated on a Co surface was performed:igure 5.20is reported the
XAS and XMCD spectra carried out at the Egredge with T = 8K in a 3T
magnetic field. On the basis of the deposition timeehave estimated a coverage
of the surface of ca. 50%. The XMCD spectra clegudijcate the presence of the
intact Fg core structure characterized by the ferrimagnsgim arrangement.
Unfortunately we have no data on the XNLD spectriot, the magnetization
curves at two different angles (0° and 45°) revealse orientation. The absence
of deep investigation due to the impossibility t@pgorate the metal substrate at
the SLS synchrotron radiation prevent us to make @mnclusion on possible
effects of the magnetic substrate on the dynanfitseomagnetization of eand
we are working to make this kind of experimentsgifde in a future assigned
beamtime.
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Figure 5.20: XMCD and magnetization curves of A& SMM evaporated on Co
film recorded at T =8K.
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5.5. Dynamics of magnetization studies on the
evaporated monolayer

Once demonstrated that the spin structure and ttidation state of the

evaporated monolayer is retained regardless oftiistrate we investigated in
detail the dynamics of the magnetization of theftgcamolecules measuring the
field dependence of the magnetization selectingnggative XMCD peak at the
Ls-Edge. This kind of measurements were performebdeaSLS synchrotron that,
as we have described in the first section of thimper, is able to reach sub-
Kelvin temperatures.

The evaporation of EBh on Au coated mica substrate was conducted in
parallel with that made for LSMO thus obtaining tkeme coverage of the
surface, i.e. ca. 80%.

We will start with the description of F@vaporated on gold surface. In order to
be sure that RFPh was evaporated without producing any decompositie have
performed a XAS and XMCD at 600 mK with the samptemal respect to the
photon propagation and the magnetic field. The XM@gectra reported in
Figure 5.21confirmed the presence of the antiferromagnetin spupling of the
intact Fe core.
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Figure 5.21: XMCD spectrum of Fgh evaporated on Gold coated on mica
substrate recorded at T = 8K, H = 600 mK 8rwl0°.

After finding the exact energy at which the XMCIysal is maximum in its
absolute value (710 eV), we recorded the hystelegjs at the same temperature
as that at which XAS and XMCD spectra were acquirBte magnetization
curves recorded as a function of theangles Figure 5.22, clearly show the
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presence of the opening of the hysteresis loop thighstrong tunneling of ke
SMM in zero field that is at the origin of the karfty shape.
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Figure 5.22: Hysteresis curves of fiegh SMM evaporated on Gold substrate
recorded at different angles.

Moreover the angular dependence of the magnetizatibich is largest when
the sample is normal respect to the magnetic fieddealed the presence of a
preferential orientation of the molecule and thfithe easy axis of magnetization
on surface. This observation is in agreement withgresence of a weak XNLD
signal detected at ESRF at a higher temperatupgstesl inFigure 5.12The
angular dependence of the hysteresis loops straeglymbles that observed in
the monolayer of partially oriented f&Sac molecule$? In that case, the
recorded hysteresis loops revealed evident steps @b T, attributed to the
resonant quantum tunneling occurring at the fesel crossing, #|D|/guB. On
increasing the angle between the field and the abtethe surface a smoothing
of the step and its shift to higher field was detdc A very similar behavior is
indeed observed for the evaporated film offfeas shown ifigure 5.22

It has also been possible to measure the time defdine XMCD signal after
having rapidly changed the polarization of the nagnfield. For this type of
measurement, previously employed to charactersmfaassembled monolayer of
Fe,CoSac®” the fast polarization switching obtained with thee/detune mode,
coupled to the extreme beam stability at SLS, ptdeebe a necessary condition
for the success of the experiment. In the presaise che experiment was
conducted by magnetizing the sample with a rattreng field (1.6T) and then
quickly sweeping the field either to zero or toexywsmall value of opposite sign
(-0.25T) measuring the XMCD signal as a functioniofet The time decay of
the XMCD signal was recorded at two different asgl2=0° and 45°), and are
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shown inFigure 5.23where a clear time dependence of the signal iblgisThe
magnetization decay process of dynamic origin canntbdeled as a mono-
exponential process:

t
I(t) = I + (Ip = )€™

where I, h and |, represent the XMCD intensity at the time t, at the
beginning of the experiments (t = 0) and at theiligium (t = «) respectively
andr is the characteristic time of the process. Thisagign was used to fit the
two time decays measured @t 0° and 45°.The fittings, representedFigure
5.23 as solid lines coincided to the experimental dgtje the values of the
characteristic time of the process which is, as expect, higher when the sample
is perpendicular to the magnetic field. Such valoes1101 (18) s & = 0° andrt
=635 (17) s ad = 45°, was compared to those estimated from thkeehius law
with U = 15.6 K and a, = 1.9x10° sec estimated from the ac susceptibility of
bulk FgPh crystals. The results are comparable withinitleertitude on the
temperature of the XMCD experiments.
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Figure 5.23:time decay measurement of the XMCD signal offffeevaporated
on Gold at different angles

The opening of the hysteresis, the time decay @xgets and the field
dependence of the magnetization measured in XMGigraxents confirmed that
Fe,Ph evaporated monolayer maintains also the tygitd dynamics of the
magnetization that characterizes a SMM. This figdopens the possibility to
extend this investigation to LSMO and possibly detéhe effects of the
interaction with the magnetic substrates in the Sh#¥avior.

The preliminary XAS/XMCD study carried out on the Bnd Mn L, ; edge
are reported irFigure 5.24 While the spectra recorded at the Fe-Edge regteale
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the typical feature of the spin coupling of theatttFe, in agreement with the
results obtained at ESRF and reportedrigure 5.18 the XMCD relative to the
Mn-Edge showed some differences compared to the mwrded at ESRF. In
particular the XMCD spectrum shows a significamttcibution at 640.5 eV. We
can formulate several hypothesis on the observéfdreiices. The very low
temperatures used in this investigation have negen employed to characterize
LSMO, which has a relatively high Curie temperatu#ewever, we believe that
is rather unlikely that the observed differences swmlely due to the very low
temperature used in the investigation. We haverand that he SLS set-up does
not allow thermal treatment of the substrate. H@vewe have shown above that
minor changes in the spectral features are indbgethe thermal heating. The
last hypothesis is that the LSMO substrate was fagin slightly different from
the batches used at ESRF. Unfortunately the venjtdd beam time and the
complexity of the measurement procedures at thissgation reaching very low
temperatures did not allow us to perform a complgtiaracterization of the
LSMO substrate before the deposition offte
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Figure 5.24: on top part is reported the XAS, XMCD spectra of,Hfe
evaporated on LSMO substrate recorded at the=e Edge. On the bottom part
is reported the XAS and XMCD spectra of,Fe evaporated on LSMO recorded
at thel, Mn Edge.
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However, we monitored the XMCD signal at the Nlg-edge as a function of the
applied magnetic field and of th@ angle and the hysteresis loops obtained,
shown in Figure 5.25 well compared with those recorded at the ESRS
synchrotron Figure 5.9. In particular the saturation value of the magagion

did not change with the angle, but the differerdpghobserved fd® = 45° and
0=60° compared t6= 0° confirmed in plane magnetization anisotropy.

40

T =600 mK
30

204
104
0

-10-
—0=0°
——0= 45°
——0= 60°

-20-

% XMCD (a.u.)

15 10 05 00 05 10 15
Field (T)
Figure 5.25: Hysteresis curves of Heh evaporated on LSMO substrates
recorded at the; Mn-Egde

We can therefore assert that the overall magnet@bor of LSMO is not
affected by the presence of J/8MM. At this point we wonder whether is also
possible the inverse effect, i.e. if the mangargteface can influence the
dynamics of the magnetization of faolecules. Surprisingly when we moved to
the Fek; Edge to follow the XMCD signal as a function oéthpplied field we
obtained a drastic change in the dynamics of Be evidenced by the
disappearance of the typical butterfly shape of llysteresis. The remnant
magnetization in zero field was visible for all ttieee investigated angles and is
particularly large when the surface is normal t® thagnetic field. Moreover the
angular dependence of the saturation value of thgnetization revealed a much
lower difference between the three angles comp&redhat observed for the
evaporated monolayer on gold surface. This behaunlicated a lower
orientation of the molecules on surface, confirmihg XNLD data obtained at
the ESRF beam line and can be rationalized taking &ccount that LSMO
substrates are much rougher than metallic ones.
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Figure 5.26: Hysteresis curves of fiéh evaporated on LSMO surface recorded
at the Fe-Edge.

Another interesting observation can be done conisiglethe hysteresis
shape. Indeed increasing tBeangle with the photon propagation, the remnant
magnetization contribution in zero field decreasaificantly becoming much
more similar to those recorded for the manganibsate.

Finally, further evidences of the presence of stelaxation of magnetization
were gathered by measuring the time decay of th€RMignal, in the same way
it was done for Fgevaporated on gold surface. In fact also in thie@e the time
decay curve of the monolayer was obtained magnetittie sample in a strong
positive magnetic field (1.6T), then sweeping theddfto a very small value of
opposite sign-{ 0.25T), and measuring the XMCD signal as a fumctib the
elapsed time. The measurement was repeated fotjawendichroic signal at both
Mn and Fels-Edges and at different angles. figure 5.27 the time decay
detected with the sample normal to the appliedi fielreported. We can observe
that the time evolution recorded at the Mn-Edgesignificantly noisier and
decays in opposite direction than the ones measanatie Fe-Edge. The fitting
made with the mono-exponential decay function hiswa as the solid line and
gave the relaxation time value of 218(21)s. The same measurement performed
at the Fe-Edge gave the valuetof 255(11) s, which is lower than that observed
for Fe, evaporated on gold sample but still comparable.
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Figure 5.27: Time decay measurements of,Fle evaporated on Au surface
recorded at the Fe edge (on the left) and Mn edigehe right).

Surprisingly rotating the sample the time decayhef Fe disappears while
that detected at the Mn edge become increasingdy iféigure 5.28.

-0.020
T =632-640mK

-0.022{ 8=45° -0.0415+

-0.024{

= -0.026{ =

S o s " o =3

g e @ -0.04201

=~ 0028 = % . =

5 g
-0.030{

; E —— average of data
00321 oy T mr - -0.0425+ . T=639 MK
-0.0341 :3"""“.':."”“"-'"‘ oSl 9=45°

0 a0 1800 0 600 1200
time (sec) Time (s)
-0.036
0.024{
0.023{
-0.037 4 WMM

. 0.0224 . _ ,J-‘,;"'""\. *

S LA 3 °

S ooz{ s iy < fv o

a " g, e ‘= | Q00384 ° ..IPM

Q oo * - g -,

4 x -‘ -

0.0191 T = 619-628mK 0030] ! T =626-630 mK
0.0181 6=60° 6=60°
0 500 1000 0 1000 2000 3000
time (s) time (s)

Figure 5.28: Time decay measurement of,Pd evaporated on LSMO surface
recorded at different angles. In the left part rgorted the data obtained at the
Fe-Edge and on the right part are reported theal#tined at the Mn edge.
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Both hysteresis loops and the time decays expetsnelearly indicated an
influence of the LSMO substrate on the dynamicghef magnetization of the
evaporated E€h. This influence becomes important and more Mesithen the
sample is no more orthogonal to the magnetic fieédd when the field is closer to
the in plane magnetization of the LSMO substratee ®bserved opposite trend
of the Mn-Edge signal compared to the Fe- Edge wndhe time decay
experiments could suggest an antiferromagnetic lcaybetween the magnetic
moment of the substrate and those of EMMs. Further experiments, and in
particular the investigation of the time dependewntethe XMCD signal in
pristine LSMO substrates are necessary to confiermptesence of an interaction
between the two magnetic materials. It is intengstd note that the presence of
such an interaction could also justify the supgigsof the quantum tunneling of
the magnetization in zero fiéltl and the changes in the shape of the hysteresis
loop of Fg molecules when they are evaporated on LSMO. Horyeyeto now a
possible mechanism for this interaction has nonbegionalized and a second
hypothesis can also be formulated. This takes ammount that Femolecules
evaporated on LSMO can experience different lomdtl§, depending on their
distance from domain boundaries of the magnetistsate. To have some hints
on the width of the distribution of local fieldsathis necessary to suppress the
step in zero field, the hysteresis loop has bemnlsted using a quantum transfer
matrix approach(ref), taking into account a Gaussltribution of local fields
with half width of 0.2 T( sedrigure 5.29. The zero field step is indeed
suppressed although the shape of the hysteresistifully comparable to the
observed one, especially close to saturation.ignrtugh modelization the width
has been assumed to be constant over the entiteséian, which is not the case,
because the distribution is expected to be largeennthe manganite is not
polarized but divided in domains, and to becomeavegr close to saturation. A
more quantitative analysis would require additionébrmation on the domains’
structure of the LSMO substrate. Magnetic forcerogcopy and scanning hall-
probes experiments are in program to clarify tjsest.
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Figure 5.29: Calculated hysteresis loops for sFmolecules with a quantum
master matrix approach assuming developed in. dokbis the hysteresis loop
calculated for the magnetic field applied at 45bnir the easy axis of

magnetization (to mimic the absence of orientatidnFe, molecules in the

evaporated monolayer). The spin Hamiltonian pararsedre the same used in
ref. In gray the same data have been convolutadasg a distribution of local

fields with center at H = 0 T and half width atfifagight of 0.2T.

5.6. Conclusions

The magnetic characterization of evaporatedPRemonolayer on gold and
LSMO surfaces confirms that chemical and magnetigctire of Fg core is
preserved after thermal deposition. Neverthelesshae evidenced significant
differences in the dynamics of the magnetizationleposited Fedepending on
the substrate. On one hand the tetranuclear itnc{uster evaporated on gold
surface preserves a SMM behavior similar to thetetiine phase, while on the
other hand the same compound evaporated on LSM®ssasuppression of the
tunneling near the zero field. Further investigagi@are necessary to clarify the
origin of this feature.
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Chapter 6.

X-Ray studies of thermally evaporated Terbium
Double-Decker films

6.1. Introduction

The results described in the previous chapter hdemonstrated that the
dynamics of magnetization of an evaporategPRemonolayer can change with
the substrate. In fact, while on gold surface weehzbserved the typical butterfly
shape of the SMM hysteresis loop, on the magnetistsate, LSMO, we have
observed a remnant magnetization in zero field.s€hgata have left open the
question about the mechanism of the suppressiortuoheling and have
encouraged us to extend the investigation on atkieporable Single Molecule
Magnets. The choice fell on ThPaolecules because of their slow dynamics of
magnetization due to a strong single ion anisotra@sy described in the first
chapter. Moreover, very recently Stephanow end odkars have confirmed the
structural and magnetic characterization of a sobatayer deposit of TbhRc
molecules with synchrotron-light techniques, canfirg their intact deposition
on surfacE” but revealing the absence of the of typical slommainics of the
magnetization (the authors attributed this behaviouhe long time-scale of the
X-ray based experiments).

We report in this chapter a synchrotron-based tigatson of neutral ThRc
evaporated thick film on Al substrate and thin 8lmn Au and LSMO surfaces,
pointing out the slow relaxation of the magnetizatiand the opening of a
butterfly hysteresis cycle at temperatures as kighl5 K for the thick film.
Moreover, we found out that, once again, the magg#an of the thin film is
influenced by the substrate, in contrast with thst Iresults described by
Stephanow end co-worké?d.
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6.2. Evaporation procedure

A 200 nm thick film of TbPg£ compound was thermally evaporated in HV
condition from a quartz crucible filled with 30 na§ microcrystalline powder and
heated up in a Joule-heated Knudsen cell. The eatipo of the thick film was
carried out in Genoa thanks to the collaboratioth idrof. Buatier de Mongeot
using the same setup employed for the evaporatfotheo thick film of Fq
SMMs. The K-type thermocouple connected to theibteigs able to measure the
temperature profile during the warming up stage.d&scribed in the previous
chapter, the apparatus has been equipped witldecathode and a quartz crystal
microbalance (QCM) placed in front of the sourdeyst allowing the real-time
monitoring of both pressure variations and thekiféss of the deposited film
(Figure 6.1). QCM signal and pressure trends during evaporataupled with a
preliminary AFM thickness calibration have beendus® monitor the deposition
rate also for in situ experiments at synchrotrarilifees.

The QCM signal reported increases at around 45Qcf&2yly indicating the
starting of compound sublimation; in this way wevéiaobtained the good
conditions for keeping a constant flux of molecutiesing the film growth. The
pressure evolution in function of the crucible temrgiure during the warming up
stage exhibits a prominent peak around 280 °C wliah be presumably
attributable to the emission of a volatile fractmfthe compound not detected by
the quartz microbalance. During the degassing pltoeethe sample holder was
placed in a shadowed position inside the vacuurmblea, thus avoiding the risk
of substrate contamination.
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Figure 6.1: Left: evolution of the pressure measured by theuuat gauge in
function of the crucible temperature. Right: QCMeated thickness in function
of the crucible temperature. In the inset thickrieggotted in function of time.
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6.3. Chemical characterization on the evaporated
TbPc,thick and thin film

TbPe micro-crystalline powder was evaporated at 5000fCAI foil in a high
vacuum chamber producing a 200 nm-thick film. Thaparation procedure was
repeated on a polycrystalline Au substrate redutireg exposition time to the
monolayer range. The high sensitivity of the ToRSItechnique allowed the
chemical investigation of thin film in addition the thick film. The positive ion
spectrum of the evaporated film was compared high 6f TbPg powder pressed
down on an Indium foilKig. 6.2 9. In the high mass regiom(z 600-1500) of
both spectra, peaks at/z1183 andm/z671 have been detected and have been
assigned to the molecular ion {Vand the molecular ion fragment generated by
loss of one Pc molecule ([Tb+P)] respectively. The similarities of the
fragmentation pattern of the two spectra indicatat tdespite the thermal
treatment the evaporated molecules retain theieoutdr integrity. Moreover the
positive ions spectrum of the thin film coincideghathat observed for the thick
film with the additional signal at380 m/z attributable to the [M+Ad] ion,
confirming the monolayer thickness of the depdsitally the peak at 11881/z
assigned to the molecular ion {Mshows the isotopic distribution in complete
agreement with the theoretical isotopic patterneetgd for the TbhRBcmolecule
(inset ofFigure 6.2).
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Figure 6.2: Positive ToF-SIMS spectra of TbhPpowder on In top), TbhP¢
evaporated thick film on Alnjiddle and TbPg thin film evaporated on Au
(bottor) in the mass region between 600-158 In the inset of each panel
ToF-SIMS of the evaporated thick and thin film fre tmolecular ion mass region
and the theoretical isotopic distribution are repreed.
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The low mass regionni/z 0-600) spectra of both Thf@owder on In and
evaporated thick film on Al is characterized by tlesy intense Tb signal at/z

159 and by the peaks attributed to the specjesNGTb*, CN,Tb*, C;HyN,", and
C«H,". In addition, characteristic peaks are observeah/at2366 andm/z 1855

and assigned to TbRdimer (M) and the dimer fragment generated by loss of
one Pc molecule ((M+Tb+PQ] The presence of dimer and dimer fragment peaks
does not necessarily indicate structural changesfact, ion beam-induced
dimerization during static SIMS measurements hanhbeported in literature.
(Figure 6.31°%%
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Figure 6.3: Positive ToF-SIMS spectra of the evaporated FHifra on Al (left)
and TbPg powder on Inright).
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Figure 6.4: Positive ToF-SIMS spectra of the evaporated tiim 6f TbPG.
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Positive ions
- 28 - st
159 159 159 T
185 185 185 TbNC
- 197 - Ad
199 199 199 [TbBC]"
211 211 211 [TbAC,]"
§ 225 - [AUGH,]"
287 287 287 [TbACe"
- 394 - [Au]”
671 671 671 [TbPE]
1183 1183 1183 [M]
- 1380 - [M+Aul
1855 1855 1855 [M+Th+Pt]
2366 2366 2366 [M*
Negative lons
6 26 26 CN
5 197 - Au
263 263 263 [ThdC,]
1183 1183 1183 M
. - 2366 [M]”

Table 6.1.Characteristic peaks detected in the positive aghtive ToF-SIMS
spectra of TbPcthick film evaporated on Al, TbR¢hin film evaporated on Au
and powder on In and their assignments.

The ToF-SIMS spectrum of ThPthin film evaporated on AuF{gure 6.4
shows, besides the characteristic fragments detéctboth TbPg powder on In
and evaporated film on Al, very intense signalsegated by the gold substrate
(m/z 0-600) and intense peaks attributed to the madedul clusters rf/z 600-
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2500). Compared to the positive ToF-SIMS specte nbegative ones (whose
main peaks are listed in tA@ble 6.1) are less informative, they show only few
peaks distinctive of TbRenolecule reported ifable 6.1

Moreover, the UV-VIS spectra carried out for thekhfilm were compared
with those obtained from solution. Both spectra eveharacterized by the
presence of the absorptions band at 667nm (Q beupiBal of the neutral
compound, at 448 nm (Radical band) and at 320 nmne{$and) although a
relevant broadening of the spectral features upenelvaporation is observed,
confirming the data reported in literatdf®™® (Figure 6.5).
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Figure 6.5: UV/Vis spectra of TbPcsolution in chloroform (left) and of an
evaporated thick film TbRdright).

6.4. XMCD and XNLD studies on the evaporated ThPg
thick and thin film

Structural and magnetic information of the 200 rritk film of TbPg¢ were
obtained using variable temperature X-ray Absomptipectroscopy (XAS) at
IDO8 beamline of the European Synchrotron Radiatiacility (ESRF) in
Grenoble. The linear and circularly polarized XAsetra recorded &, s edge
of Tb are presented iRigure 6.6 aandFigure 6.6 d The 3l to 4f transition is
strongly dichroic and contains information abouw tirientation of the molecules
and the magnetic moment of theotbitals!’® X-ray Natural Linear Dichroism,
XNLD, was measured with the normal to the surfatated by an anglé = 45°
from the photon propagation vector. The presence mlevant dichroic signal
(Figure 6.6 g evidences that the molecules have a preferemti@htation in the
film. The same kind of investigation, performedathinner deposit of TbRPof
the order of a monolayer obtained by situ evaporation on a clean Au(111)
single crystal under UHV condition, lead up to éiffint conclusions. In fact the
dichroic signal of the XNLD spectr&rigure 6.6 b, carried out in the same
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conditions of the thick film, has opposite sign ahd intensity is twice larger
than that obtained for the evaporated thick film.
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Figure 6.6. Upper part: X-ray Absorption Spectra obtainedthwlinearly
polarized horizontalg", and vertical,c¥, light and the normalized dichroic
component recorded @t= 45°, T =8 K and B = 0 T for the thick film (ahd the
thin film (b) compared to the simulated spectra|fm> = [J=6(L=3,S=3), 16>
(c). Lower part: left,g®, and right,o ", circular light XAS and XMCD spectra
recorded for the thick film (d) and thin film (e) 8= 8 Kand B = 3 T, at two
different angle® between the propagation vector and the normdldstibstrate.
In f) the simulated spectra are reported for |gs3J=6(L=3,5=3),M=-6>.
Dichroic percentage contribution are normalizedttie isotropic signal at its
maximum.

In order to clarify the relationship between théedeted linear dichroism and
the orientation of the molecules we performed L@akield Multiplet
calculationd®® LFM, following Goedkoop’s seminal papét” The spectra of the
M, s edges were obtained by calculating the electpolditransitions between the
3d™%4f® ground state configuration and the’&d excited state configuration. For
Tb** the ground state of the initial configuration waefined by the following
quantum numbersLk = 3,S= 3 andJ = 6, while the first excited state is at too
high energy to mix into the ground state. The alyeld, as well as the external
magnetic field, lifts the 13-fold degeneracy of the 6 ground state. With these
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assumptions it was shown that ke s edges depend on geometrical factors and
averaged values of the total kinetic momentum dpethacting on the ground
state!?!

Assuming that TbRcmolecules lie down on the surface with their pgeud
tetragonak axis parallel to the normal of the substrate,ititensity of the XNLD
signal can be written as, - oy = 1/2 (07— g;), with g, and g defined as the
theoretical cross section measured with the palom vector parallel and
perpendicular to the molecular axis. In the case of molecules standimghe
surface with thez axes randomly distributed in the plane of the auefthe
relation &,— oy = —1/4 (7— oy) holds. Having observed a halved and reversed
intensity of the linear dichroic contribution ineththick film we can deduce that
the molecules are in tteandingconfiguration, while they are lying down in the
monolayer. These ordering effects are not unusuadnwflat molecules like
phthalocyanines or porphyrins are evaporated, lsecdlie strong interactions
with the substrate, as well as within the molecutas affect the orientation and
packing of the molecular depo8f? In particular in MPc systems the first layers
grow with the molecule irying position on noble metal surfaces because of
strong molecule-surface interactions, while the enoles adopt astanding
configuration in the case of rough surfaces andahwetide surfaces where
molecule-molecule interactions are domintdBt:° Our hypothesis is confirmed
by the good agreement between the structure oKitieD signal observed for
the thin film and the simulated one (sEmgure 6.6 9 assuming lying down
configuration. In addition, from a quantitative cpanison between the
experimental and calculated isotropic spectra areht dichroic signals, one can
determine the averaged valugsq (J,)? | gs> for the molecules, whergs stays
for ground state. The extracted value of 30.5+1ufiiits ofh?) is close to the
limiting value expected for a ground doublet coomading to pure eigenstates of
J; with M= 16, i. e. 36. This result was in agreement wlhth analysis performed
by Spepano’! and confirms that the tetragonal symmetry axiJtoPg is the
easy axis of magnetization; however, small contidms from other eigenstates
of J, or from a non perfect organization of the molesuan be present.

Since TbPgmolecules are characterized by an easy magnetizatiis lying
perpendicular to the Pc macrocycles, the angulpemttence of their magnetic
response can also be exploited to confirm the XNlaba and investigate further
the organization of the molecules on surface. TheayX Magnetic Circular
Dichroism, XMCD, was therefore measured. The XM@dhal of the evaporated
thick film measured at 8 K with a 3 T magnetic dielormal to the substrate is
significantly weaker than the one measuredfat 45°, seeFigure 6.6 d
indicating that Tb-double-decker molecules werearaged in thestanding
configuration with the easy magnetization axeshefrnolecules lying in the film
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plane. On the contrary, in the thin film the stresgXMCD signal was measured
with the photon beam normal to the film (déigure 6.6 ¢ confirming that the
evaporated molecules were arrangetiing configuration with the easy axis of
magnetization perpendicular to the surface as @reaported®” It is interesting
to notice the weak XMCD signal has been detecte@i=a0° for the thick film,
where the magnetic field is applied along the tedid of magnetization of ThRc
molecules. The normalized intensity observe@ at45° is significantly smaller
than that observed in the thin film at the samdearig the former case, in fact, at
0 = 45° there are still molecules with their hardnggarallel to the field due to
the random orientation of the molecular axes ingllaae of the thick film.

The shape of the XMCD spectra can be nicely repreduby the LFM
calculations introduced above, as shownFigure 6.6 f for a lying down
configuration. The normalized intensity observed@ a8 K,B =3 T, andd = 0°
for the thin film is found to correspond to ca. 60%4he saturation value, i. .=
0 K, expected for a ground state characterizel py —6.

6.5. Dynamic of magnetization of the evaporated ThPc
thick and thin film

In order to characterize the SMM behavior of Thidcthe two types of deposit,
magnetic hysteresis loops at different temperataressample orientations have
been obtained by monitoring the XMCD signalMyg edge as a function of the
applied magnetic field swept at ca. 8 m¥. Fhe temperature dependence of the
hysteresis loops obtained for the thick film sam(@ligure 6.7g shows that the
evaporated film of TbRchas a blocking temperature higher than most SMMs,
although with a strong tunneling near zero fieldittltancels the remnant
magnetization and gives a butterfly shape to th&temgsis. Nevertheless in the
Chapter 1 we have reported the magneto-optical investigatiafi frozen
solutions of similar compound that show butterfly-shape hysteresis for the
anionic and cationic derivatives, but not for theutmal one. As our UV-VIS
spectra exclude that ThpPchas undergone a redox reaction during the
evaporation, we ascribe the difference betweermviaporated film and the frozen
solution to packing effects of the molecules. Btifeshape hysteresis loops
observable up tolf = 15 K indeed characterize also the pristine chyséa
material.
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Figure 6.7: Temperature (a) and angle (b) dependence of thtetegis loops
obtained from the field dependence of the XMCD aB7. eV expressed as
percentage of the isotropic XAS. In the inset: soh@f the orientation of ThRc
molecules and their easy axes of magnetizatiohdritick film.

The angular dependence of the hysteresigguge 6.7 b shows an
enhancement of the magnetization on increasingutigée that the magnetic field
forms with the normal to the surface, thus confirgnour previous assumption
about the orientation of the molecules. The thim fivas investigatedn-situ
exactly under the same conditions adopted forhtoker film, and the hysteresis
loop recorded &t = 8 K is shown irFigure 6.8 Interestingly, it was impossible
to detect opening of the hysteresis cycle. To expib slow dynamics of the
magnetization is present at lower temperaturesapeated the characterization at
the SIM beamline of the Swiss Light Source (SLS)Viligen, Switzerland,
using the TBT setup for lower temperature measunésiié A similar in-situ
evaporation of a TbR¢thin film was this time carried out on a Au polystgiline
film as the lower temperature apparatus does nlowathe single crystal
treatment properly. The results we obtained at ahf 2.0 K with normal
incidence and sweeping rate of ca. 4 mTase also reported iRigure 6.8 The
fast saturation at the lowest temperature confitimespreferential orientation of
the molecules on surface liying configuration in agreement with the XNLD and
XMCD results reported above. Only a very small opgrof the loop and at
much lower temperatures compared to the thick flimbserved.
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Figure 6.8 Temperature dependence of the hysteresis loomsnelt from the
field dependence of the XMCD signal at 1237 eV,nmalized to the intensity
observed aB = 2.6 T. In the inset scheme of the orientatioT 0P molecules
and their easy axes of magnetization in the tHmn. fi

However, this data are clearly in contradiction hwihose reported by
Stepanow that justify the absence of the openinthefhysteresis loop recorded
at 8K with the long time required to measure thegmegization curve by
XMCD.®" At this stage we can exclude major structural fications induced
by the interaction with the surface, because TdASShnalysis of the thin film
revealed the presence of intact molecules. ThaigXMCD lineshape in thick
and thin films does not evidence any strong eleatr@ffect induced by the
surface proximity, as confirmed by the identical M lineshape in thick and
thin films. It must be stressed also that the lanithe edge is not very sensitive to
the environment and the occurrence of an interactithin the surface and the
Pc ligands cannot be excluded. One could arguethieatnagnetic irreversibility
at relatively high temperature is originated by emtolecular magnetic
interactions promoted by the stacked arrangemerthefmolecules that is not
present in the monolayer. This hypothesis seemdeoconfirmed by the
evaporation of a thin film of TbRon LSMO surface where, as we will describe
in the next paragraph, the molecules adopted distguconfiguration.

6.6. XMCD studies on TbP¢ evaporated thin film on
LSMO substrates

The same kind of investigation was conducted oncJI8MM evaporated on
LSMO substrate. Here we report the XAS/XMCD studiaried out on th#l, s
Th-Edge, omitting thé, ; Mn Edge of the manganite substrate, since thdtsesu
were in good agreement with those reported in teeipus chapter. As described
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in the previous paragraph, the XNLD and XMCD evitkeithe presence of the
orientation of the molecule on surface. The XNLDeapum, Figure 6.9
performed at & = 45°, clearly shows a significant dichroic sigmndth the same
intensity, shape, and sign of the spectrum recofdethe thick film evaporated
on Al. Moreover the XMCD signal measured at T = & the sample normal to
the applied magnetic field is significantly wealempared to those obtained
rotating the sample of an andle= 45°. This behavior, comparable with the thick
film sample, confirmed that the molecule on LSMOraage in standing
configuration with the easy axis of magnetizatiging in the plane of the
surface. This results are consistent with the dafsorted in literature that
demonstrate that this kind of molecules adogtiaadingconfiguration in the case
of rough surfaces and metal-oxide, like the martgasibstrat&®1°!
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Figure 6.9: Left: X-ray Absorption Spectra obtained with linlgapolarized
horizontal, ", and vertical,c, light and the normalized dichroic component
recorded af = 45°, T =8 K and B = 0 T . Right: left;’, and right,c ", circular
light XAS and XMCD spectra recorded at T = 8 K d@he 3 T, at two different
anglesd between the propagation vector and the norm&ldasubstrate.

The hysteresis cycles recorded at both ESRF andb®h8ilines (where it is
possible to detect the hysteresis loop at lowerptrature) confirm the
enhancement of the magnetization on increasingutigée Figure 6.10. Besides
that, the most interesting thing in this experimevds the opening of the
hysteresis loop at 8 K that in the evaporated filim on gold was closed.
Moreover the opening of the hysteresis loop did ¢lwinge by decreasing the
temperature. In this case we could not excludeirffieenced of the magnetic
surface on TbRcmolecules, since Fe&SMM evaporated on manganite surface
showed a drastic change of the dynamic of magrtiza
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On the other hand, as underline above, the roughcas of the LSMO induce a
standing configuration that promote a larger magnieteractions between the
molecules compared to the lying one.
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Figure 6.10: Left: angle and dependence of the hysteresis |lobpsined from

the field dependence of the XMCD at 1237 eV at 8K Right: temperature

dependence of the hysteresis loop record€d-a45°.

6.7. Conclusions

To conclude, our magnetic characterization of evatged TbPg molecules
carried out on both thick and thin evaporated filomsgold and LSMO surfaces
confirms that the double decker structure and tbeular SMM behavior is
retained after thermal deposition. Interestinghis tprocess induces an oriented
arrangement of the molecules with the easy aximafnetization lying in the
plane or out of plane depending on the thicknesghef film and on the
morphology of the substrate. The spontaneous atient of molecules,
combined with the relatively high temperature opgnof the hysteresis loop in
the thick film, make Tb double-decker compoundsnpsing candidates for the
investigation of the interplay of SMM behavior amdnsport processes in
molecular spintronic devices.

However, it is important to underline that, in aast to tetranuclear iron(lll)
complexes that preserve unaltered SMM behavior old gurface in the
monolayer deposit! TbPg shows significant changes in the magnetization
dynamics when the thickness is scaled down to tbaotayer regime. On the
other hand the opening of the hysteresis loop ghédri temperature in the
evaporated TbRBc monolayer sample on LSMO is preserved. Further
investigations are necessary to clarify whethes thidue to the influence of the
magnetic surface or to the morphology and chemiedlire of the manganite
substrate that induce stronger molecule-moleculerantions compared to the
gold surface.
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Chapter 7.

Experimental Section

7.1. Thermal evaporation of Fg SMMs thick film:
7.1.1. Chemical characterization with ToF-SIMS

ToF-SIMS analysis was carried out with a TRIFT s$pectrometer (Physical
Electronics, Chanhassen, MN, USA) equipped wittola gjquid-metal primary
ion source. Positive and negative ion spectra vwamguired with a pulsed,
bunched 22 keV Auprimary ion beam, by rastering the ion beam ov&d@ pm
x 100 um sample area and maintaining static SIM&itions. In all spectra
reported in this chapter, positive mass data walierated to CH (m/z15.023),
C,Hs" (m/z 27.023), GHs" (m/z 41.039), and GH,4O.,Fe" (m/z 239.073, [Fe +
dpmT); negative data were calibrated to Cfh/z 13.008), OH (m/z 17.003),
C.,H (m/z25.008), and GH140,” (M/z183.138, [dpmi), in the low mass region.
A number of peaks of increasing mass were assignddadded to the calibration
set for an accurate mass calibration. The masduteso (mM/Am) was up to
10,000 depending on the sample.

7.1.2. Magnetic measurements

The frequency and temperature dependencies ofetieefield ac susceptibility of
FePh film in the frequency range 500-25000 Hz havenbmeasured with a
home made susceptometer based on Oxford InstrumdAGLAB 2000 in
FePh evaporated film and with a Cryogenic S600 SQWidynetometer for the
other evaporated samples. Isothermal magnetizatiomes have been recorded
using the SQUID magnetometer.
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W-Band EPR spectra have been recorded using a BES@O continuous-wave
spectrometer with cylindrical cavity (t& mode) operating around 94 GHz,
equipped with a split-coil superconducting magr@xford Instruments) and a
continuous-flow cryostat (Oxford CF 935), to aclig¢emperature variation. The
sample of the evaporated film has been preparetching out the evaporated
compound deposed on the kapton surface and blodking wax to avoid
preferential orientation, as done with the bulk nmécystalline sample.

7.1.3. AFM profile analysis

The morphology of the evaporated films has beepstigated ex-situ by means
of AFM measurements using a Mobile S microscopen{Narf AG, Liestal,
Switzerland) equipped with a PPP-NCRL-50 tip, (Nsewsor, Neuchatel,
Switzerland) working with a scanning frequency oHz in non-contact mode.
Operation of the AFM in contact mode was avoidedoider to prevent the
modification of the film morphology due to tip-sade interaction. The lateral
correlation length of the film was determined fraime full width at half
maximum of the peak of the bidimensional autocatreh and derived from
numerical manipulation of the AFM images using ¥tMSXM software. The
lateral correlation length of the film was deterednfrom the full width at half
maximum of the peak of the bidimensional autocatreh and derived from
numerical manipulation of the AFM images using Y8XM software.

7.2. Thermal evaporation of a FgPh monolayer

7.2.1. The TBT endstation

The good results obtained at the SLS synchrotrove Haeen achieved by
exploiting the unique properties of the Trés Bamperature (TBT) end-station.
This setup, was developed by the efforts of Drligihe Sainctavit of Institut de
Mineralogie et de Physique des Milieux CondenskBWC), Universiteé Pierre
et Marie Curie, Paris and Dr. Jean-Paul Kappleinsfitut de Physique et de
Chimie des Matériaux de Strasbourg (IPCMS). In @amidito the standard
features of a cryogenic endstation suited for s&idn magnetism, TBT can be
equipped with a*He-"He dilution insert that allows cooling the sampte t
temperatures as low as 200 mK in ultra high vacanchunder the X-ray flux of
a synchrotron beamline. We will now describe thesibafeatures of this
endstation. The advantages of a dilution basedgesftion is twofold: the
extremely low temperature it can reach and the Iltintge for which such
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temperatures can be kept stable. A ligikig bath in fact can be pumped to 0.1
mbar and will reach a temperature around 1 K. @nother hand, a pumpéde
bath can reach temperatures as low as 0.3 K, buintfited supply and high cost
of this cryogenic liquid make so that typical helidank will be able to keep the
temperature stable for no longer than a few hoiitse *He-*He dilution
refrigerator overcomes both these issues; we willaover here the theoretical
principles of dilutions systems, details of whiclancbe found in several
specialized publicatior’§?® The system is made of two parts. An external dhiel
containing liquid N and an inner liquidHe tank. The whole dilution refrigerator
is mounted on an independent vertical insert ateting of which the sample is
attached. In a fully shielded chamber the cryasaatreach 30 mK on the sample;
for XAS experiments however, the system must inelwindows that are
transparent to the X-ray beam, thus reducing theinsalation. In addition,
experiments in magnetism require an applied fisld, the dilution insert is
surrounded by a 70 kOe superconducting split colimeed on a six-flange cross
in the “He cryostat. Applying of a magnetic induction thbugnduces eddy
currents in the copper sample holder that alsa ling minimum temperature. In
normal conditions with x-ray photon flux on the gdenand switching the
magnetic induction, temperatures as low as 200 maK lee achieved, although
thermal stabilization is hard to reach. At arou®® 8K, the temperature can be
constantly controlled over periods exceeding 2Nitrogen and helium refills of
the antecryostats must be carried out every 3&rhare no effect on the sample
temperature. A constraint of this system is thatsample change has to be made
with the mixing chamber at room temperature. Taguires heating up the whole
dilution refrigerator (mixing chamber and stilly that the process of warming up
the sample, changing for a new one and coolingwrdto 300 mK takes around
12 hours. This is quite incompatible with the stscheduling of beamtime in
synchrotron radiation facilities: for this reasorsgecial sample holder able to
mount four samples was designed and built for gpegments.

7.2.2. XMCD measurement protocol

A XMCD spectrum is defined as the difference betwégo spectra acquired
with opposite photon polarizations on a sample whgEins are mainly oriented
in one direction, or spectra recorded with the saimaon helicity and opposite
spin polarization of the sample. A standard sespctra that are necessary to
properly calculate one XMCD spectrum is made u8 afcquisitions: four are
carried out while applying a positive externaldiéi.e. polarizing the spins in one
direction) and four in a negative field (spins ped in the opposite direction.).
For each of the two field directions, photon héjids varied twice. When field
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and photon helicity have the same sign (photorcitglis taken to be positive
according to the right hand rule), the spectruaitedpositive(c™); if field and
photon polarization are of opposite sign, the gpetts referred to asegative
(07). A typical acquisition cycle is carried out iretfollowing order:

Photon Applied Resulting
helicity field spectrum

+ + ot

_ + o

_ + o

+ + ot

+ - o

—_ —_ 0-+

— — 0-+

+ - g

Table 7.1: The complete XCMD acquisition pattern

The order of such sequence is important, sincedble to partially cancel the
influence of parameters that vary regularly andhi@ same direction with time
(i.e. drifting), since each type of spectrum iswceg twice and in such a way
that drifting is canceled by averaging around a mealue; this principle is
explained inFigure 7.1 This series of 8 spectra is the minimum reptitinit to
acquire a XMCD spectrum; however, when the sighakry weak, as in the case
of monolayers, several acquisitions need to beiethiwut in order to increase
signal to noise ratio to an acceptable level.
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Mean value

Drifting parameter

Time

Figure 7.1 Schematic picture of error canceling throughabguisition sequence
shown in Table

7.2.3. XNLD and XMCD measurement details

The experimental setup consists of a split coilescpnducting magnet which
provides magnetic fields up to 5 T in a directiargllel or antiparallel to the x-
ray beam direction. The sample was mounted in @ fioger which allows to
control the temperature between 8 and 300 K. Thiglémce angle of the x-rays
can be changed rotating the sample along the akdicection (polar rotation).
All x-ray measurements are done under UHV conditieri0™® mbar). The beam
line is equipped with two APPLE-2 type undulatonich produce linear and
circular polarized x-rays with a polarization ratese to 100% in all cases. For
the XLND and XMCD measurements only one undulatardrmally used.

XLND and XMCD contributions were extracted by measy the X-ray
absorption spectra (XAS) around the absorption exfge given element in the
studied compound. These techniques provide elempetific structural and
magnetic information. XNLD explores the differencek the XAS when the
probed atoms are in an anisotropic environmerthigcase, the empty density of
electronic states (DOS) are directional dependedtcan be probed using linear
polarized light in different geometri&§’! %4

In the present work, vertical linear polarized x-edways probed the in plane
DOS. On the other hand, controlling the incidenogle of the horizontally
polarized x-rays on the sample, one can also pithiee in plane (normal
incidence) or the out of plane DOS (grazing incael® = 45°). Here we define
the XNLD signal as the difference between the XA$amed using vertical and
horizontal polarized x-ray{(,-oy). Similarly, the XMCD signal is defined as the
difference between the XAS obtained using left aghit circularly polarized
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x-rays. In our case the individual spectra were suesd applying a magnetic
field of 3 T along the beam direction. To minimiggstematic errors, a suitable
spectra sequence was used changing both the xtasization and the magnetic
field direction. The resulting XMCD difference imity (0 -c*) is proportional
to the magnetic moment of the probed element pijeon the x-ray incidence
direction.

7.2.4. Preparation of substrates

As described in the previous section we are abie-gitu clean the substrate for
synchrotron experiments only at ESRF however weleyeg also other cleaning
procedures for thex-situcharacterizations. In this paragraph we will dibgcthe
cleaning and the preparation procedures of allsihiestrates employed in this
thesis work.

Gold film on Mica. This substrate was clean by the flame annealinggss that
consists in repeatedly heating to incandescencesubstrate's surface with the
flame for a short time (in the order of seconds$)e Hold surfaces thus obtained
feature extended terraces of the Au(111) face.dutitian to the morphological
reconstruction, flame annealing also works exc#iteas a surface cleaning
technique, as organic impurities adsorbed on thiase of gold are decomposed
by the high temperature treatment, leaving a l@fegold atoms on the surface.
Traces of residual contaminants are removed byesulesnt ethanol washing.

Gold (111) and Cu(100) single crystalsThe sputtering is a procedure used to
remove the contamination from the surface by bodibgra target with energetic
ions (Ar). The subsequent annealing procedure is usefidxpel from the
surface the impurity and to flatten the surface enagugh by the sputtering
procedure. Gold(111) and Copper(100) mono-crystase cleaned by several
sputtering and annealing cycles depending on thiness of the substrates.
Usually in the first cycle was applied 1keV of egpefor 30-60 minutes and the
second one an energy of 0.5 KeV for 15-30 minukls. base pressure during the
sputtering cycles was ca. 4xfibar in both case. After each sputtering we
annealed the crystals by heating the surface @ Biinutes at 650°C in the case
of Au(111) monocrystals and at 540°C in the cas@ugfL00) single crystals.

LSMO. A series of 20 nm thick LaSr sMnO;, LSMO, films were deposited on
matching NdGag@substrates by using the pulsed electron deposititme pulsed
plasma deposition configuration. The procedure wadormedex-situin the

laboratory of Dr. Valentin Dediu at the ISMN-CNR 8fblogna. During the
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deposition, the substrates were heated to 800-85WHile the oxygen pressure
was kept at 18 mbar. This procedure ensures high quality epitdx8MO films
with high Curie temperaturel{ = 320-340 K, depending on film thicknesses)
and a resistivity lower than 10®@em at 300 K. The LSMO substrates (5x10
mn¥) used at ESRF were annealed in UHV and for 20 tesat 250 °C. Before
using the substrate for the evaporation offffewe investigate the electronic and
the magnetic structure of the LSMO by XAS/XMCD. $keanalysis was carried
out in the ESRF Synchrotron in order to understérile annealing procedure
apart from removing the carbon contamination on s$heface preserves the
chemical structures and the oxygen stoichiometthef.SMO.

7.2.5. STM imagines of FgPh evaporated monolayer:

The morphology of the evaporated Pk monolayer on Gold surface was
conducted by a NT-MDT P47-pro instrument workinghné custom made low
current head and using 90:10 Pt/Ir tips obtainechbghanical sharpening.

7.3. Thermal evaporation of a thick and thin film of
TbPc, SMM on different surfaces

7.3.1. Synthesis of TbPg molecules.

The  neutral Bis(phthalocyaninato)Terbium complex  offormula
Th(CsH16Ng)2: CHCI,, here abbreviated in TbRavas synthesized according to
literature proceduré$® *°® In particular the reaction was carried out under
aerobic conditions. Unless otherwise stated aljeats were purchased from
Sigma-Aldrich and were used as received withouh&rrpurification. A mixture
of 1,2-dicyanobenzene (15,6 mmol), Tbh(OA&AHO (1 mmol) and 1,8-
diazabicyclo[5,4,0]lundec-7-ene (DBU) (8 mmol) in &L of 1-hexanol was
refluxed for 1.5 days. The solution was cooled dorm temperature and then
filtered. The resulting dark purple crystalline gipitate was washed successively
with acetic anhydride, cold acetone, n-pentanethad dried in air. The purple
crystalline precipitate was extracted with sevepartions of chloroform,
concentrated under vacuum with a rotary evaporamakr purified using column
chromatography (Merck Silica gel 60) of silica g&l2% CHOH / CHCl, was
used as eluent. X-ray quality needle-shaped cs/stadre obtained by slow
evaporation of 2% CDH / CH,CI, solution and a crystal analyzed on Oxford
Diffraction Xcalibur 3 single crystal diffractometat room temperature was
found to have the following orthorhombic unit gefirameters: a = 28.36(9) A,
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b = 23.08(4) A, ¢ = 8.09(5) A. These values indictttat TbPg CH,Cl, is
isomorphous to the previously reported LulPd,Cl,, which has a = 28.249(2)
A, b=22.877(8) A, and c = 8.050(4)'&

7.3.2. Preparation of substrates.

The deposition of a thick film of TbRdas been simultaneously performed on
two different substrates. A 0.1 mm thick Al foiltiwia purity of 99.99 % (ALFA
AESAR GmbH & Co KG, Germany) was chosen for a TiéMS
characterization and fax situXMCD and XNLD measurements. Transparency
and flatness of a fused silica substrate (roughR#4S < 0.5 nm in the several
microns range) have been exploited respectivelfgrVIS spectroscopy and
for Atomic Force Microscopy (AFM) film thickness etk.

The Au(111) single crystal, the Au film evaporatad mica and the LSMO
substrates were used for the situ evaporation at the ESRF and SLS
Synchrotrons radiation.

7.3.3. AFM profile analysis.

AFM profile analysis has been performed using a iMolS microscope
(Nanosurf AG, Liestal, Switzerland) equipped with RPP-NCRL-50 tip
(Nanosensor, Neuchatel, Switzerland) working witicanning frequency of 0.5
Hz in tapping mode. The image reportedrigure 7.2 describes the scratch on
that allowed us to estimate that the thicknesefflm was around 200 nm thus
allowing to calibrate the microbalance signal.

250
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Figure 7.2: Line profile of an AFM topography scratched filrembsited on the
fused silica substrate.
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7.3.4. Chemical characterization.

ToF-SIMS analysis was carried out on TpRhbick film evaporated on Al
substrate with the set up described in the Chaht®ositive mass spectra were
calibrated to CH (m/z 15.023), GHs" (m/z 27.023), GHs" (m/z 41.039), and
CNTb" (m/z 184.929); negative data were calibrated to Gz 13.008), OH
(m/z 17.003), GH™ (m/z 25.008), and gN,Tb (m/z 262.938), in the low mass
region. A number of peaks of increasing mass westgaed and added to the
calibration set for an accurate mass calibratioas®/accuracy was better than 10
ppm. The mass resolutiom{Am) was up to 7,000 in TbR&Im spectra.

The UV/visible spectra on solution were recordedab$himadzu 2101 PC
Spectrophotometer with 10 mm quartz Supfasélls, in chloroform, while the
spectra on the evaporated film on quartz substvate recorded by a JASCO V-
670 in range of 300-800 nm.

7.3.5. Ligand Field Multiplet analysis

The X-ray Absorption Spectra of thd,s edges of TH have been calculated
within the Ligand Field Multiplet approach with tisdater integrals associated to
the Coulomb repulsions scaled down to 80% of thenmtawvalues and the spin-
orbit parameters shelk;=13.368 eV for the @and{,= 0.221 eV for the #ishell.
Further details on the used method can be found reference. !
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Conclusions

During this thesis work we have studied the prejmareand characterization of
films deposited by thermal evaporation techniqu& V. The principal results
consist in the proof of evaporability of the polgtear SMM, FgPh, in UHV
condition allowing to extend the investigation teactive surfaces, e.g.
ferromagnetic metals, and to work in clean condgias usually required for the
development and fabrication of spin valve devicdmttare based on
ferromagnetic electrodes like metallic Co and LSNFOr this reason it has been
important to investigate the magnetic propertieE@fSMM on these substrates
and to verify if the latter can influence the cheatiand magnetic properties of
the evaporated molecules. First of all a carefalipiinary study of the magnetic
properties of the thick film allowed us to verifiyat the heating process did not
lead to a chemical decomposition of the depositeteoules or to a change of
their magnetic properties.

The good results obtained for the thermally evagmar FegPh compound
allowed us to deepen the investigation by studingnhotayers ,in order to
investigate the interaction between the molecuhesthe substrate. The study of
the magnetic properties of jp& monolayer was conducted thanks to the
experience gained in synchrotron radiation faciligith the XAS/XMCD
technique. The analysis on the intensities andslkizge of the dichroic spectrum
confirmed the persistence of the electronic stmectof the pristine molecular
system and the antiferromagnetic coupling betwbercentral ion F& and three
peripheral F& ions on Au (111), Cu (100) and LSMO surfaces. Minatess the
investigations performed on the dynamic of the netigation carried out by
using the’He-*He dilution cryostat able to reach temperaturetheforder of few
hundred of mK, showed a significant differenceshim observed dynamics of the
magnetization of deposited felepending by the substrate. In fact on one hand
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the tetranuclear iron (lll) cluster evaporated atdgsurface preserves a SMM
behavior similar to the crystalline phase, while thie other hand the same
compound evaporated on LSMO shows the suppressibie dunneling near zero

field. In addition also the time decays experimaésrly indicated an influence
of the LSMO substrate on the dynamics of the maggin of the evaporated
FePh. This influence becomes important and more leisillnen the sample is not
orthogonal to the magnetic field, i.e. when thédfierientation is closer to tha
plane magnetization of the LSMO substrate. The suppoasef the zero-field
tunneling could represent a novel proximity effetigreat relevance to increase
the blocking temperature of SMM. At the moment, kwer, we cannot exclude a
less exotic origin, i. e. Fanolecules evaporated on LSMO experiences different
local fields caused by the domains of the magreetixstrate. Further experiments
are needed to shed light on the origin of this aopdented phenomenon.

Another information that we have obtained by thalgsis of the hysteresis
loop as function of the angle was a lower orientatdf the molecules on the
LSMO surface respect to the gold one, probably edubky the increased
roughness of the manganite substrate. For thiomea® decided to evaporate
molecules characterized by a stronger magnetiogiofsy than Fgcompounds
such as the double decker complex ThHtorder to amplify the effect induced
by the substrate on the magnetic hysteresis laaprdstingly, in this case the
evaporation process induces an oriented arrangeofi¢hé molecules caused by
the flatness of the phatolocianine macrocycle, Witheasy axis of magnetization
lying in the plane or out of plane depending onttiiekness of the film and on
the morphology of the substrate. The XMCD, XNLD athg hysteresis loop
measures as function of the angle showed that ;Tl#lopts a standing
configuration when they are evaporated on a mexidieo substrate as the
manganite or deposited as thick films, while adopting configuration when the
evaporation is performed on a metallic substr&e diold.

Finally it is interesting to compare the magnéihavior of the two SMMs
deposited on surface. In fact, in contrast to tetcéear iron(lll) complexes that
preserve unaltered SMM behavior on gold surface, rffonolayer deposit of
TbP¢ shows significant changes in the dynamics of mtzpté®on when the
thickness is scaled down to the monolayer regimebasrved by the absence of
the hysteresis loop. This observation points oatrttost robust character of the
the SMMs behavior in rationally designed polynuclgasters. On the other hand
the LSMO substrate seems to have a significanténite on both molecules. In
fact also the evaporated TBP8MM on manganite surface showed a different
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behavior respect the one on gold surface as denatedtby the opening of the
hysteresis loop at higher temperature. Furtherstiyations are necessary to
clarify whether this is due to the influence of thmagnetic surface or to the
morphology and chemical nature of the manganitestsate that could induce
stronger molecule-molecule interactions comparatiéaold surface.

We can then conclude that our investigations amperable of SMMs in
UHV condition have provided important findings teevelop multilayered
nanostructures combining metallic or magnetic layavith SMMs films.
Moreover, the synchrotron radiations and in palticthe XMCD and XNLD
experiments coupled to TBT end station able tolreab-Kelvin temperature, are
confirmed to be a powerful tool to investigate thBuence of the substrates on
the monolayer deposits of the molecules.
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