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TITLE

Characterization and processability of molecular-based magnetic nanoparticles and 2D

crystals by scanning probe microscopy
MOTIVATION AND ORGANIZATION OF THISTHESIS

The development of new and pioneering multifunctional nanodevices relies on the
possibility of the miniaturization and the assembly of nanometric building blocks with
specific configurations. The size, shape and properties of these nanocomponents as
well as the possibility of their integration and combination are crucial in order to
fabricate clever devices that interface small assemblies of nanoobjects with
macro(nano)scaled electrodes. The challenge then is twofold: first, the manipulation
and characterization of novel materials at the nanoscale and second, their organization
onto surfaces and/or their assembly to create heterostructured multifunctional

materials.

The two aspects of this challenge will be covered in this thesis by the manipulation,
organization and characterization of two types of novel nanomaterias: two-

dimensional (2D) atomic crystals and mol ecul ar-based nanoparticles.
This manuscript is divided in two main parts:

The first part deds with the manipulation of the two kinds of afore mentioned
nanomaterials. The aim of this section is to efficiently produce and transfer onto
surfaces these nanoobjects in controllable ways, and one step forward, their
mani pulation to generate heterostructures. This part comprises three chapters: The first
chapter (chapter 1) is a genera overview of micro and nanolithography. Three types
of alternative lithographic methods will be explained as they will be used in chapters
2 and 3: Loca oxidation nanolithography (LON) performed with atomic force
microscopy (AFM), dip-pen nanolithography (DPN) and soft lithography.



In chapter 2, a feasible route for the creation of heterostructured materials will be
proposed which involves an accurate chemical manipulation of atomic monolayers of
metallic transition metal dichalcogenides (TMDCs) by means of LON. In thisline, a
new AFM-LON mode, coined as static-tip LON, will be presented that will allow the
creation of reproducible oxidation of very low-profile motifs on monolayers of TaS,.
This general method will be also applied to other three types of metallic TMDCs:
TaSe,, NbS, and NbSe». A detailed study of the oxidation growth processes on each
material will be presented. Besides, a new method for the micromechanical exfoliation
of atomically thin layers of 2D layered materials is developed which tries to overcome
the limitations of the Scotch Tape method for exfoliating metallic TMDCs. This hew
method it will allow the transference of the delaminated thin patches to a variety of

substrates, as well.

In chapter 3, the three lithographic methods introduced in chapter 1, will be used for
the accurate and reproducible organization of magnetic Prusan blue anaogue
nanoparticles (PBA-NPs) which are an important class of molecular-based materias
exhibiting tunable magnetic properties. This tunability together with an easy chemical
synthesis makes PBA-NPs good candidates for their integration into new electronic or
spintronic devices. As a previous step, the development of proper techniques for their
structuration on surfaces with control over their positioning, and organization is a
crucial issue. This will be achievable by applying hybrid nanoscale patterning
strategies to fabricate nanopatterns onto functionalized surfaces combining top down
with bottom up approaches. The organization will be performed onto very specific
positions of the surface by means of LON and DPN, while large area patternings of
several cm? will be achieved via soft lithography. Detailed and dedicated studies of the

three methods and their results will be presented.

For the proper assembling and integration of these molecular-based NPs on devices,
the maintenance and manipulation of their properties once organized onto the surface

is crucial. The second part of the thesis is then devoted to the magnetic



characterization and tuning of the above mentioned PBA-NPs by low temperature

magnetic force microscopy. This part is aso divided in three chapters.

Chapter 4 is a brief introduction of the characterization of magnetic NPs on surfacesin
general by means of very different magnetic characterization techniques, and in
particular it will be introduced the magnetic force microscopy (MFM) as a powerful

tool to characterize the PBA-NPs at low temperature.

In chapter 5, a detailed study of the size-dependence and temperature-dependence of
the magnetic properties of single and isolated PBA-NPs will be presented. Aswell, the
different magnetization reversal mechanisms of the NPs derived from the different
sizes will be studied by variable field MFM at 4.2 K. The calibration of the magnetic
tip as well as other issues related with the measurements at low temperature will be
also discussed. The in-situ functionalization of the magnetic tip by the attachment of a
unique NP onto it will permit the assignment of the magnetization directions of the

magnetic moments of individual NPs.

Finally, in chapter 6, it will be presented the magnetic characterization of ordered
arrays of PBA-NPs organized by soft lithography. The magnetic interaction between
the closed packed NPs and the influence of the organization in the reversibility of the
individual NPs inside the patterned lines will be studied. This will be possible by
working at low temperatures and with variable applied field.
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MICRO AND NANOLITHOGRAPHY:
A SHORT OVERVIEW







Introduction

1.1 INTRODUCTION

The ability to generate and manipulate very smalicsures has been of a great
interest in the last decades due to its importaplieation in electronics. The best
example is found in microelectronics, where “smdéllbas meant better: less
expensive, more components per chip, faster operatigher performance, and lower
power consumption, since the invention of transssio 1947 Microfabrication is
based in conventional lithography techniques: aptiechniques, (photolithography
mainly)? electron beam lithography, ion beam lithographytiaal projection
lithography and X-ray lithographyThese techniques rely on both the delivery of
energy and destruction of material on a surfacedboieve the desired patterning
results which are usually cost-intensive. Thesdrtiepies are also unsuitable to
handle a large variety of soft materials (orgamid hiological systems, soft polymers,
molecules or nanoparticles), with are importantmglets in nanotechnology
nowadays. These limitations suggest the need fernative micro/nano-fabrication
techniques capable of generating structures snhder 100 nm for a wide range of
materialst Among the possible alternatives, the so-calladn-conventional,
unconventional or alternative approaches emerged around 1990 as low-cost ahd hig
resolution techniques (< 100 nm) which applicapildovers a broad family of
nanomaterials including those that were not corbfmtwith the conventional
lithography methods.Some of them can be listed as: nanoimprintingogjtaphy
(NIL),® soft lithography, and scanning probe lithography (SPL). The lastionelves
some methods as scanning near-field optical lithoigy® dip pen nanolithography
(DPNY and local oxidation nanolithography (LON) -alsdled anodic oxidation
nanolithography-, nanoshaving, nanografting, andctebchemical and thermal

nanolithography?

25
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Figure 1. Timeline of two separate paths: seriatimg and parallel printing that have recently nettg
with the invention of polymer pen lithography (PPAr)d more recently with the massively multiplexed
beam pen lithography (BPL). Image extracted frone@@nal lecture of Prof. Mirkin, related to ref[14

In this thesis we will focus on three of the intnodd unconventional lithography
techniques: local oxidation nanolithography (LOMip pen nanolithography (DPN)
and soft lithography. The first two techniques, L@hd DPN, are considered as serial
methods but the main advantage is their high résoluas it can pattern features on
surfaces with nanometric accuracy (~1 nm heighgilicon)!! Also there are some
alternatives for parallel lithography with LON likkke multicantilever AFM based
Millipede!? or the local oxidation nanolithography with meitadl stamps$® Recently
parallel approaches have been developed by the groRrof. Mirkin, for the case of
DPN (Figure 1) On the other hand, the main advantage of thdittudgraphy is that
is a parallel nanoprinting technique that provideigh-throughput, large-area
patterning and the possibility of the fabricatioh manofeatures on planar and
nonplanar surfaces. It is also a cheap and reliadt®lithography method that does

not need expensive instrumentation and can berpegtbat any laboratory.
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Introduction

1.1.1 Thelocal oxidation nanolithography

The local oxidation nanolithograph®.ON) was first performed in 1990 by Dagata
and co-workers who locally modified a hydrogen-texated silicon surface into
silicon dioxide by applying a bias voltage to thp bf a scanning tunneling
microscope (STMJ? Only three years after, it was demonstrated thesipdity of
performing local oxidation experiments with an airforce microscope (AFMY
This method opened the way for applying the tedmip a large variety of materials.
The first oxidized surfaces were silicon (111) goatlycrystalline tantalum although it
was rapidly extended to numerous types of matesaish as semiconductdfs,
metalst’ and dielectric$® The main advantage of this technique is the héglolution
and alignment accuracy, which could not be achidweaonventional lithographic
techniques. Moreover, the LON technique takes adganof the ability to move a
probe over the sample in a controllable way, wralitbws for the nanopatterning in

specific areas of a substrate that is a key reagingé for some applications.

The LON is a process where a bias voltage is appte a conducting or
semiconducting AFM tip. The experiment is generafigrformed in ambient
conditions, which imply that the substrate andtthesurface are covered by a water
layer (depending on their wettability propertie3his voltage produces a water
meniscus between the tip and the surface and amtradbemical cell is created
(although in some cases the meniscus can alsorivedoby the mechanical contact
between tip and sample surface). The AFM tip isduse a cathode and the water
meniscus formed between tip and surface providesetéctrolyte (Figure 2). For a
generic metallic surface, the following half-cellidation reaction (anode) has been

proposed®

M + nH,O >MO;, + 2nH" + 2ne Eq. 1.1
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Figure 2. (a) Schematics of a local oxidation nihofraphy experiment. The meniscus provides the
oxyanions and confines the spatial extent of ttaetien. (b) Accepted chemical reactions in the lloca
oxidation of a metallic surface. Figure extracteshf reference [19]

LON can be performed in contact and non-contactendtie non-contact LON mode

offers two main advantages with respect to cong&feM oxidation: (1) as the tip

lifetime is greatly enhanced due to the absenceoafact forces, this increases the
reproducibility to pattern surfaces at large seadd (2) the lateral confinement of the
oxidation reaction within the limits of the meniscuwhose size can be modified,
allows controlling the lateral width of the oxidearks. The evidence of the bridge
formation was provided by Garcia et al. analyzihg thanges in the oscillation
amplitude and in the resonance curves of the eastildue to the attractive meniscus

force.?0

There are many parameters that influence the dwigheation in LON and all of them
have been widely studied mainly focusing on siliceubstrates. Dependence of
voltage and time pulsé, ambient humidity and hydrophobicity of surfaéés,
curvature tip radiu¥ scanning speeds$, voltage modulation studié$, voltage
polarity?® and tip-sample distan®®eare important experimental parameters that affect

the final shape and size of the oxide patterns. Sthdy of LON on silicon surfaces
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has served as a good model to illustrate someeofuindamental aspects involved in
the local oxidation process. Regarding the mechand kinetic aspects of the oxide

growth by LON, a summary can be found in referd@@é.

Conveniently, the oxide growth patterns can be ataliy etched to discover that the
patterns created by LON are three dimensional (8B{ures as they grow above and
below the surface of the oxidized material. Etchemgeriments are useful to elucidate
the chemical nature of the patterns as well assfone applications. For example,
Dorn et al. demonstrated the fabrication of higlalqy antidot lattices which are

particularly appealing for studying quantum sigmaslin chaotic systeni.

Local oxidation processes allow the direct fabitwatof dielectric barriers onto

metallic materials (heterostructuring), masks felestive etching, and templates. It
has been proved to be a versatile lithography igdenthat enables the fabrication of
a wide range of electronic and mechanical devicits manometer-scale featurés.

Appart from the patterning onto semiconducting etatlic surfaces, LON has shown
to be a very suitable technique to selectively dépoanometric objects onto the
fabricated nanopatterns. The method is based og spiecific interactions established
between functionalized surfaces with SAMs or barerfages and target

nanoparticles/molecules to anchor the nanoobjdts the LON patterns. This method
has been proved to be quite general and has altesaty used for the positioning of

any kind of nanoparticlend molecules (Figure 3):3! 32

By applying a voltage to the AFM tip, it is alsogstle to induce electrochemical
surface transformations of the head group in SAMsle fully preserving the overall

monolayer structural integrity. Depending on théura of the transformations, such
locally modified monolayer surfaces can be useddace site-selective self-assembly
of a number of different materials (organic, mesd#miconductor), according to a

predefined geometric pattern and pre-selecteddfphemical modificatiod®
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Figure 3. Patterns fabricated by using LON befomd after deposition of single molecule magnets
(SMMs). a) An AFM image of two parallel stripes. A)cross section along the line shown in (a). c) A
topographic image of the pattern shown in (a) afierdeposition of the Mn SMM, Msbet. The SMMs
appear as white dots in the image. d) A topograjphage of a local oxide dot 80 nm in diameter. g T
phase image reveals the presence of 16 SMM formingnoscale ring around the dot. The phase-shift
image reveals the difference in mechanical propetietween the molecules and the dot. Figure ¢atrac
from reference [30].

In summary, it can be concluded that LON is anctiife alternative to conventional
lithography techniques for nanofabrication of degi@and heterostructures, and offers
a low-cost approach for the research of the masediad chemical processes at the
nanoscale. LON allows the fabrication of hybrid osgale patternings with a strategy
that combines the registration and addressabifitjttoographic techniques with the
chemical and physical functionality enabled by fimtelecular and/or electrostatic
interactions®* This combination of top-down (LON) with bottom-iigelf-assembly)
techniques is the key for the controlled positignai nanoparticles and molecules in
selective areas of a surface. This aspect is nigtinteresting from the fundamental
point of view, but also from the possibility it ape for the integration of these

nanoobjects in devices.
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1.1.2 Dip pen nanolithography

Dip pen nanolithography (DPN)jnvented in 1999, is an AFM-based direct-write
lithographic technique in which the AFM probe isedsas a pen to directly deliver
materials (inks) to a nanoscopic region on a tasgdistrate. It has the ability to

pattern multiple chemical species with sub-100-nignenent (Figure 4). In most

cases, the transport of ink molecules from thetdiphe substrate is mediated by a
water meniscus, which is formed through capillaopdensation. The transport and
deposition of inks depend not only on the formatibthe water meniscus but also on
the properties of the tip and the substrate, a$ agebn the ink deposition time and
temperature. DPN is compatible with many inks: fremall organic molecules to

organic and biological polymer, and from colloigelrticles to metal ions. It can be
used to pattern surfaces ranging from metals t@ddt@rs and also to pattern on top of

functional monolayers adsorbed on a wide varietyurfaces?®

Figure 4. Schematic 3D view of the DPN experiméraveing the controlled transport of ink from the
AFM tip to the substrate through the water menistuage taken from Prof. Mirkin group webpage.
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Since its invention, variations and modificatiorighe typical DPN experiment have
been accomplished by many research groups contgptd its development. The
studied topics ranged from the fundamental studype$ubstrate ink transport, to the
direct deposition of metallic structures and depglent of electrochemical DPN, or
the deposition of biomolecules and the effects #tNDon the organization of
biopolymers. Among these possible variations, g8s=mbly of particles onto surfaces
iIs a powerful and versatile approach. This methoglies an indirect patterning
developed by the functionalization of the substtaté©PN forming SAMs in specific
areas of the surface. Then, the immobilization aftiples with diameters ranging
from 5 nm to nearly 1 mm is driven by electrostatteractions between the particles
and the functionalized are#sBut it is also possible to use DPN to directlygela
nanoparticles or generate solid nanostructureétific locations on surfaces. By
controlling the contact force between an inkedwith a colloidal suspension of gold
nanoparticles (NPs), Ben Ali and coworkers werenthble to deposit 5 nm diameter
particles in clusters of 50-200 nm in diameter delpgg on the contact force us#&d.
Garno et al. also performed similar experimentgléposit core-shell gold NPs on
surfaces modified with SAMs to prevent lateral ukibn3’ More recently, Bellido
and coworkers reported the directly positioningcobalt NPs on top of graphene by

capillary transport without causing any damége.

DPN is now a commercialized proc&sseful for creating functional arrays and
nanodevices. For example, the Nscriptor DPN Sygiéamolnk, Inc., Chicago, IL) is

a commercial instrument that allows repeatable @rdrollable experiments. There
are also special probes for the performance of DRN experiments that are
commercially available. Many groups have taken athge on this instrumentation

and this technique is nowadays widely used.
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1.1.3 Soft lithogr aphy

Among the emergednconventional nanolithographies, soft lithograpfyrovides an
attractive route for in-situ fabrication soft-mattpatterns based on elastomeric
stamps, typically poly(dimethylsiloxane) (PDM%).The generated patterns and
structures have feature sizes ranging from few maters to tens of micrometers. Soft
lithography cover several related techniques suhma&rocontact printinguCP),
replica molding (REM), microtransfer moldingTM), micromolding in capillaries
(MIMIC), and solvent-assisted micromolding (SAMIKX#).

As an example, the u@Hs used to transfer molecules from a patterned BBKMmp

to a substrate by the formation of covalent bontn@structured SAMSs). In this
process a solution of molecules is inked onto théase of the PDMS, and this stamp
is brought into contact with an appropriate sulbstr@.g., a thin gold, silver, or
palladium film). The molecules are transferred ipattern defined by the topography
of the stamp (i.e., the regions of atomic-leveltachbetween the stamp and substrate)
with a minimum feature size as small as ~30 nmuiEis)** The flexibility of the
PDMS stamp and the ability to achieve conformalat level contact between the
stamp and the substrate are both advantageousrifaiing over large areas (>50

cn?)® and on curved surfacés.

The soft lithography technique has been developdchaplly for PDMS stamps

although the continuous optimization of this methind match the demands of
functional microdevices, has motivated the studytled influence of the stamp
material, inks, substrate materials, transfer ptooes and further pattern-induced
reactions in or after transfer procedtfréll these studies give rise to new optimized
soft lithography approaches every year. One exauoiplleis evolution is the so-called

lithographically controlled wetting (LCW}. This approach is suitable for large-area
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nanopatterning due to its simplicity, speed, and tmst. It yields nhanometer-sized

structures in a few seconds and a single step.

a Replica moulding © Micromoulding in capillaries

Micropatterned
&=, layer of PDMS

l Add prepolymer and cure

|

Peel away PDMS

"

“—Embossed layer = Folymer
of polymer microstructures
b Microcontact printing d Microtransfer moulding

e Prepolymer

PDMS
stamp

In bring i Invert stamp; bring into
WE:,” Sta";ﬁ' r;Jng !r:r:; contact with substrate;
contact with substrare cure polyimer

Figure 5. Schemes of several soft lithography peee. Figure adapted from reference [42]

This method is universal for soluble materialstagoes not require chemical binding
or other specific interactions between the soluig the surface. In LCW, a stamp is
placed in contact with a liquid thin film; this wagapillary forces drive the liquid to

distribute only under the protrusions of the stamp.the solvent evaporates, the
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deposited solute forms a pattern on the surfade i same length scale of the stamp

(Figure 6).

a | STAMP |

g

liquid film

Eﬂmg-dcjﬂgbd

Figure 6. Schematic illustration of printing namastures by LCW. (a) A drop of solution is applited
the surface of the substrate, and the stamp i®glan top of it. Process with (b) dilute solutiord&c)
with extremely dilute solution. Figure extractedrfr reference [48]

In summary, the lithographic methods reported ia thapter has been shown to be
useful for printing nanostructures from solutiom,for the controlled deposition of
nanometric objects (molecules or nanoparticleshurface. They are simple and
economic patterning processes and enables thepatiarning onto specific areas of
the surface (by LON and DPN) as well as the patigrof large areas (by soft
lithography).
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Introduction

2.1 INTRODUCTION

The rocketing development of the research devaiegtdphene has opened an entire
new field that explores the physics underlying ataty thin layers. For a long time,
this has left aside a plethora of interesting twaoehsional (2D) layered materials that
could match or even outweigh the properties of lggapt Among them, transition
metal dichalcogenides (TMDCs) have gained new éstethanks to recent advances
in nanoscale materials characterization and fatwiteof ultrathin, transparent and
flexible electronic devices that have opened up apportunities for thin 2D layers of

TMDCs to be integrated in such devices.

TMDCs have a general formula of MXwere M is a transition metal (typically Mo,
Ta, W, Nb, Re, Ni, or V) and X is a chalcogenidgpitally S, Se, or Te).They
consist of a vast family of layered materials (mthran 40 different categories) with
excellent exfoliation properties and whose eleatrioptical and magnetic behaviors
drastically vary from one to another dependingtma ¢hemical composition. Indeed,
materials of this family range from wide band-gagm&onductors as MeSto

metallic conductors and superconductors as.TaS

TMDCs are layered materials form by the stackinghoée atom thick MXlayers in
the c direction. Inside each MxXsheet, there is an hexagonal packing inah@lane

of each metal coordinated by six chalcogen atomsmieans of strong covalent
bonding. Adjacent sheets are coupled through weakder Waals forces, leading to
hexagonal layers with large c-axis constant anahgty anisotropic properties. This
particular structure permits their exfoliation immnolayers or few layer stacks that
became a fundamental requirement for their incatpan into nanoscale devices. The
order of stacking of the MXsheets originates a wide variety of polytypes. In
particular four different layered TMDCs will be diad in this thesis: TaSTaSe,
NbSe and Nb$ (Figure 1).
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M: Transition Metal @
X : Chalcogenide

Figure 1. Schematic representation of the TMDC Ikay@&tack of two TMDC layers made out of
chalcogen (X, yellow spheres) and metal (M, grelgesps) sheets. Van der Waals forces are present
between the layers.

Among the four chalcogenides under study in thesihTaS; is a layered material of
the TMDC family that in bulk, exhibits metallic cductivity at ambient conditions
and presents a transition to a superconducting statlower temperaturésThe

interest on this particular TMDC is based not ooly its switchable electronic
properties but also in the high crystallinity o$ iatomically-thin flakes, on their
robustness in comparison with other TMDCs and afsdhe rich, versatile and

reproducible polymorphic chemistry exhibited.

As already mentioned, a wide variety of polytypes ariginated from the orderly
stacking of layers with a certain periodicity, ath@y are classified in base on the
distinct piling orders and identified with a prefiRifferent polytypes of the same
TMDCs show different properties. For example, thé-TAS polytype structure
shows a superconducting transition temperature. ef@.8 K andpresents anisotropic
charge-density-wave (CDW) patterns at the surfatbese CDW are indeed
observable at room temperature for the 1T-Tp8lytype. Scanning tunneling
microscopy (STM) measurements at ambient conditwe® successfully performed

onto a 1T-Tagcrystal surface and the mentioned CDW were obddifvigure 2).
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Figure 2. Observation of CDW on a 1T-BaSystal. (a) STM topography image acquired at &ling
current, { = 2.2 nA and -100 mV bias. Image size: 50 nm 80 (b) STM current image of a zoomed
area of (&) acquired at tunneling current; 2.42 nA and -285 mV bias. Image size: 7 nm xiZ n

The 2H polymorph of TaSwas the structure chosen to be studied in thisighéts
bilayer stack structure is shown in Figure 3a.

Among the systems which exhibits CDW behavidgSe, is one of the most
interesting systems because it shows both incommatesand commensurate density-
wave phases (between 122 K and 90 K) and a suphrcting transition temperature,
Tc, below 0.15 K& In Figure 3b the structure of 2H and 1T polytypes shown. In
this thesis, we will work with the polymorph 2H-TaS

NbSe; is a layered TMDC and its polytype 2H-NbS®xhibits a CDW developed at a
temperature, dow = 33 K. It also becomes a prototypical anisotropigvave
superconductor below 7.2 K. The coexistence of thensity wave and
superconducting phases and the nature of theimiaie has been a subject of much
recent interest, especially in the context of caingeorder in strongly correlated

systems! 2H-NbSe polytype has been used in this thesis.
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NbS; is a metal irrespective of the layer thickness preksents a superconducting
transition temperature similar to 2H-NbSeThe 2H-Nb$S polymorph is the only
superconducting 2H-dichalcogenide which does neeld@ a charge density wabe.
The 2H-Nb$S will be here studied and its structure is showRigure 3c. The niobium

atoms are surrounded by sulphur atoms followingganal prismatic coordination.

(a) (b) 2H
D \‘. \ \ J) &)
G S6e & T
& R o O°
e %
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kKl > A )
S 3 3 o-%
)
) 1L C=6.359 A
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Figure 3. (a) 3D rendered view based on X-Ray cligstaphy data of 2H-TaSBi-layer stack showing
the relative orientation of the two crystallogragaily non-equivalent TaSplanes in a 2H crystal.
Sulphur atoms are shown as yellow spheres anduanttoms as smaller blue spheres (From Dr. Efrén
Navarro-Moratalla PhD thesis). (b) TaSayered hexagonal structure. The unit cell coasgdt two
sandwiches of Se-Nb-Se. The two possible polytyiieEaSe are shown, the 2H and 1T phases, which
consist of two TaSehexagonal prisms rotated with respect to eachrotued one trigonal prism.
Selenium atoms are shown as gray spheres andulantabms as smaller red spheres. Extracted from
reference [6b] (c) Structure of 2H-NbSThe niobium atoms (blue spheres) are surroungesulphur
atoms (small orange spheres) following a trigomenpatic coordination. Extracted from reference [9]

The development of heterostructures and devicestdgking 2D crystals on top of
each other (Van der Waals heterostructures) isnaresearch field, recently emerged,
that has gained strength over the past two yeaisadfers alternative solutions for
graphene weakness¥sAll the presented TMDCs are good candidates f tlew
approach where the result is a “multi-sandwich”which each layer, made of a
different component, confers a property giving risea multifunctional material
(Figure 4). This idea is the dreamscape, but itduamse difficulties to overcome as for
example, finding a feasible efficient and scalgilecedure to isolate and stack up the

2D crystals in perfectly aligned multilayers, orawoid the interfacial contamination
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between the layers. It has been already reportetk sthottom-up” examples of
graphene, 2D boron nitride (2D hBN) and molybdendiaulfide (2D Mo%)
epitaxially growth on top of each othérHowever, it is a daunting task to find the
right conditions for the so-called Van der Waal&aqy'? because the weak interlayer
interaction generally favors island growth ratheart continuous monolayers. Another
scalable approach would be layer-by-layer depasitiom 2D-crystal suspensions by

using Langmuir—Blodgett or similar techniques.

All'in all, the integration and combination of naemponents of different nature into
novel hybrid systems, opens many possibilitiesthe design and creation of new
multifunctional nanomaterials. In that aspect, haotroute for the development of
multicomponent heterostructured materials is predom this thesis. The method
consists on a “top-down” approach by the manipotretf the chemical nature of the
TMDCs surfaces via Scanning Probe Microscopies (§Ptb produce two-
component surfaces formed by metallic TMDCs andilatghg oxide motifd3 As
introduced in chapter 1, SPM methodologies have ddely used for the creation of
oxide patterns onto surfaces and provide a us#ifieigraph technique at the nanoscale
with high accuracy and versatility that has beeabpd for many materiald.In
particular, the use of the local oxidation nanagrephy with the atomic force
microscope (LON-AFM) has been already used on gmphand graphene oxide
flakes®® 16 Although both STM and AFM have been proposed témisnechanically
processing the surface of some TMDCs bulk crystaf$, little has been reported

regarding the LON on ultrathin flakes.
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Figure 4. Building van der Waals heterostructureenk considers 2D crystals to be analogous to Lego
blocks (right panel), the construction of a hugeietg of layered structures becomes possible.
Conceptually, this atomic-scale Lego resembles mtdecbeam epitaxy but employs different
‘construction’ rules and a distinct set of mateyidxtracted from reference [10]

The experimental design for the LON-AFM on 2D syseaequires, as a first step, the
isolation and transfer of single or few layers ddtatlic TMDCs to flat surfaces. In
these sense, the four materials introduced instiition Tag TaSe, NbSe and NbS,
accomplish the requirements because they exhibtllice behavior at ambient
conditions and, as layered materials, they typicaléave due to the weak van der
Waals interaction between their coupled neighbolaygrs.

The pioneering works published by Novoselov egalze rise to the isolation of single
layers of graphene. They reported the repeatedngeef high oriented pyrolitic
graphite (HOPG) on a photoresist layer and thel finkease of the resulting thin

flakes in acetone. This method was later improved the ‘dry’ exfoliation of a
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manifold of layered materials by simply rubbing theface of crystalline samples
against different surfaces was reportedhis basic methodology gave access to large
surface area flakes of atomically-thin graphene a@ed to flakes of certain TMDCs.
The technique, soon expanded, was implementedsariaty of different ways under
the generic name of micro-mechanical cleavage @oliakion or, more informally,

Scotch tape method.

The following decade experienced the developmend gireat variety of different
mechanical cleavage approaches for the clean deposi extended graphene layers
as well as many other layered materials on distsactaces. Among them we can
highlight micromechanical exfoliation techniquesséad on the use of silicone
stampg’ and the so-called anodic bondfigAt the same time the “bottom-up”
approach started attracting big interest. In th&és/wa lot of research is nowadays
being devoted to the growth of large-surface-arespliene films on a variety of
surfaces by chemical vapor deposition (CVD) proéédut there are many other
methods like the dry transfer of epitaxial graphenéo surfaces or the technique
based on the laser thinning of TMDC flakes by tke of the laser source used for
Raman spectroscopy, recently repoftedat belong to a wide group of methodologies
devoted to the transfer and/or the production e&icland isolated layers of 2D layered

materials onto surfaces.

Among the mentioned micromechanical exfoliation e, the great simplicity
together with the relatively high efficiency of tBeotch-tape method was the method
chosen by us to prepare thin flakes of TMDCs. Unifaately our first attempts with
the Ta$ appeared to be less easily exfoliated by convealigcotch tape procedure

than graphene. This fact moved us to develop a methodology inspired on the
original Scotch tape but with some modifications to adapt it for thdatation of our

chosen TMDCs crystals. The new approach named “plase” relies in the same
fundation: direct contact physisorption of the 2Bstals with the target surface.

However, a few technical upgrades were incorporateatder to improve the control
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of the experimental conditions that rule TMDC flakkeposition. Finally, the
deposition of good quality flakes of any 2D layeretaterial onto an arbitrary
substrate turned out to be a sheer question ofiemathg the control over the

“drawing by chalk on a blackboard” procedure.
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2.2 RESULTSAND DISCUSSION
2.2.1 Design of a new method of exfoliation: the Nanopress

The Nanopres$8is a device that was assembled due to our nedevelop an efficient
methodology for the delamination of 2D layered niate in a reproducible way
(Figure 5). Its use, enabled us to reach an aagmitrol at any step of the cleaving
process and to fix the proper parameters for theliaion of each material in
combination to a target substrate. Moreover, it engossible to obtain ultrathin

isolated layers of TaShat were not feasible with ti8eotch Tape method.

Figure 5. Pictures of the Nanopress device.

The method of exfoliation is based in the principl@ stamp: putting in direct contact
the “stamp” (the layered 2D crystal) with a sulistranaking a certain pressure over
the system and then release it by removing therijstaThe delivered “ink” would be,

in the best case, a single monolayer corresportdittge outermost layer of the crystal
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although, it actually uses to be a plethora ofistasth different number of layers and
shapes (Figure 6a). We soon discovered that theiesffy improved when the
pressure was combined with a lateral movement. Tjmiess and shear” method
became the better choice for most of the materfdiss way, it was possible to find
isolated thin layers of TMDCs spread over the sabstwhich quantity and quality
depended on the experimental conditions (Figure 6b)

N
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Figure 6. Representing episcopy optical images @ the results of the exfoliation of Ta8nto SiQ
substrates with the Nanopress. (a) The dispersiosizes and flake thickness depended on the
experimental parameters. (b) The dashed squardidtitththe presence of isolated of Tath purpled
contrast characteristic of thin layers.

2.2.1.1 Setup design

The 2D crystal is usually glued on a Polydimethglsane (PDMS) block that

facilitates the accommodation of the crystal to tubstrate when they are put in
contact, thanks to its viscoelastic properties. PiEMS/crystal system is mounted
onto a glass substrate to be able to assembléoiteosample holder (Figure 7a).
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A schematic view of the experiment is summarize&igure 7b. First the crystal and
substrate are mounted in the holders and alignofembth surfaces is made with tilts
adjusters placed on the holders (step i). Therh) botfaces are put in direct contact
exerting a certain normal pressure (step ii). Ad giep, the pressure is kept for some
minutes until it stabilizes. Once the system iblstaa lateral movement is applied to
the substrate promoting the exfoliation of the tléstep iii) and finally, the pressure

is released as the crystal is detached from thetisub with a vertical movement.

a) <— Crystal holder

= Glass
PDMS
2D crystal /7= }
/ Substrate
<— Sample holder
b)
(i) (ii) (iii) (iv)
P P
‘ ‘ z movementt
- X movement -
I [
= 2 ™ j‘ B [—

Figure 7. (a) Schematics of the different partshef Nanopress mounting. (b) Schematic views of the
steps of the “press and shear” exfoliation.

Many parameters are involved in this process. Thmude able to have access and
control over most of them, the device was equippéd several tools. The general
design is shown in Figure 8. First, the dynamometedigital force gauge with a
maximum load of 2 N and a resolution of 0.001 N,msunted on a test stand
equipped with a crank handle to allow the coarsera@apmation. A second

dynamometer with a maximum load of 25 N and regmiudf 0,1 N is also available
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and compatible with the system. The dynamometeahaSD display where the real

time pressure value was shown. The dynamometdsascannected through a R232
port to a computer where the force data is colteded recorded via software.
Kinematic mirror mounts with tilting adjusters halween chosen as holder for both,
crystal and substrate, to allow the alignment @& #$lurfaces. The crystal holder is
screwed to the dynamometer while the sample haklecrewed to the motorized

platform. This XYZ platform is motorized by threedependent step-motor actuators
that provide a 3D movement to the sample and an@emied to the computer via
USB. They have a maximum travel of 12 mm and sutreni resolution, and the

speed and acceleration can be set with maximumesadi 3 mm/s and 4 mmi/s

respectively. The movement of the actuators cancdmetrolled manually or by

software. The acquisition software permits alsgtogram the experiment and to
predefine repetitive movements by controlling tinspeed and acceleration. Two
optical microscopes mounted on adjustable heigbtspcompleted the whole setup.
They are connected to the PC via USB and are siduat 90° to facilitate the correct
alignment of the system crystal/substrate. They allow the capture of the image as
well as video recording. Finally, all the parts a®curely screwed to an optical

platform to confer stability.
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Figure 8. Schematic view of the Nanopress design the main parts.

The levelling of the surfaces of both, crystal authstrate is one of the keys in the
“press and share” experiment. The tilts adjustéthe holders (Figure 9a) combined
with the optical access provide by the microscagdlesv a rough measure of the real
inclinations of the surfaces and thus, this isléss controllable factor involved in the
method. When the tilting angles to the X,Y axes @ high, the pressure is not
homogeneously applied over the 2D crystal, reqyliman irregular deposition that

sometimes produces damages onto the crystal s Fapae 9b). The PDMS block is

used to facilitate the accommodation of the crystdhe substrate and to minimize as

much as possible the effects of a non-perfect caply. When the levelling is made,
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the whole process could be seen and recorded kytheptical microscopes situated

at 90° (Figure 9c).

= |
«Tilt adjusters

(a) (b)

Substrate

Figure 9. (a) 3D rendered view of the position leé holders. (b) Schematic representation of the til
between the two surfacekis the tilting angle to the X axis adalis the tilting angle to the Y axis. The
arrows represent the different pressure exertéldet@arystal/substrate system due to the tilt batvieem.
(c) 3D rendered view of the optical system situate@0° to facilitate the surface levelling anddcord
the experiment. Steps (i) and (ii) are shown wétal pictures taken from the two microscopes.

It is important to emphasize that the crystal iwagls in direct contact with the

substrate. In contrast with thécotch Tape method or the silicon stamp assisted
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method, our method is clean as no glue or sticke tare involved. The piece of
PDMS used in our method is carefully cut and thestal stands outs the borders of
the PDMS, preventing it to contact the substratarat moment of the exfoliation

process.

2.2.1.2 Experimental results

The first experiments were carried out with TaBhe possibility to have Ta$lonor
crystals (grown by chemical vapor transport, CVTijhwlarge surface areas was
crucial in order to be able to handle them for rthetegration in the device.
Experiments with thick crystals of few millimeteas well as with thin crystals of
several microns were performed. At the very firstnment, we thought that thinning
the crystals would benefit the deposition of thinpatches but, in turn it was found

that the method worked better with thicker crystals

The TaS donor crystal was conveniently exfoliated, usubiyScotch tape to assure a
clean surface and then it was glued to a piecedDdI® by a resin epoxy keeping the
clean surface face up. The cleaning of the sulestnats also very important and
depending on the material, a proper cleaning psoees chosen (see section 2.3 for
details). In particular, the cleaning of siliconbstrates (Si or Si§' through
sonication in basic “piranha” solution also condefra certain surface passivation
which turned out to be benefit for the depositibithin patches of TaS

As already mentioned, many parameters can influemcéhe cleaving experiment.
Hence, series of tests varying these parametews eeeried out to find the best choice
to exfoliate the TaSinto thin layers. Some of the experiments wstaéic, (the crystal

was pressed against the substrate without latemlement) while others were

dynamic (where the substrate was moved laterally). The em@nt varied from

! Due to the working conditions (ambient) the siticeubstrates will be always covered by its
native oxide ¢.a. 1-2 nm). When we refer to SiGubstrates, we will refer to the substrates
with a layer between 200 nm — 285 nm thermally ghoento silicon.
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unidirectional movement to back-and-forth movememd could be continuous or
made by steps. So at every experiment, the chepghesineters were conveniently
recorded and summarized in tables: pressure, tiragested pressure before applying
the lateral movement, speed and acceleration ofmiineement, movement direction
with respect to the crystal (X direction or Y ditiea), and number and length of steps

for the stepping mode.

As an example, we will discuss the experimentsqoeréd with Tagthick crystal
exfoliated in the following conditions: two conséwa back-and-forth movements,
one performed in the X axis and the other in thaxis in different positions of the
substrate, at maximum values of speed and acdeleré® mm/s and 4 mnis
respectively). The length of the steps was 200 puivoth cases and the applied force
was 1.5 N. The crystal was exfoliated onto a;Sibstrate (285 nm S

The experiment was recorded in a plot of force wgtane, shown in Figure 10. Once
the two surfaces (Ta®rystal/SiQ substrate) were situated on top of each other and
the tilting correction was adjusted, the manualrapgh was made by the hand-wheel
stage, approaching the crystal to the substrateausinooth force between crystal and
substrate was measured in the dynamometer (inrttex of few milinewtons). This
instant can be seen in the plot as a step (higelibhy dashed circles). Then, a fine
vertical approach was made by moving the subsagenst the crystal with the Z
motorized actuator by consecutive steps until #iget force of 1.5 N was reached.
This process is recorded in the plot as small carise steps. Then, few seconds
were needed until the pressure was stabilized balk-and-forth movement was then
made by the X, Y motorized actuators, while thauese of the real time value of the
pressure was monitored by software. As can be se#me plot, the back-and-forth
steps produce, at each exfoliation experiment, siluicéuations in the applied force.
The negative values of the force were due to trshipg, while the positive values

were pre-exfoliation experiment, due to the taréhefholder + crystal system.
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Figure 10. Force versus time plot of two exfoliatiexperiments on TaShe force negative values
denote the pushing force while the positive aretdube tare.

The results of the exfoliation experiments werel@aigd by optical microscopy and,
when the quality and quantity of exfoliated patchese found acceptable, a detailed
characterization of the transferred flakes was nadeneans of AFM. In this case,
series of very thin flakes exhibiting low contrasthe optical microscope were found,
typical for thin layers (Figure 11a and Figure 11bhey were inspected by AFM
(Figure 11c), and it was confirmed the cleavage deposition of several isolated
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patches with very good quality (smooth and clearfiases) and with large surface
areas. Calculating the probability density disttidnu of heights, it was found several
atomically thin flakes of (1.5 + 0.5) nm (Figurg&d).
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Figure 11. (a) Optical image of atomically thinkiés of Ta2 deposited on a 285 nm SiGubstrate. (a)
Optical image acquired with a filter of illuminatiavavelength of 600 nm. (b) AFM topography image of
the same area as (b). (d) Plot of the probabiktysity distribution of heights in the marked area(lo)
and (c).

The exfoliation of Tagover different substrates was successfully peréornSome

prerequisites have to be accomplished in ordeetalide to exfoliate atomically thin
flakes of 2D layered crystals onto substrates, flatness and cleanliness. Silicon
surfaces created by the selective etching of,Si@ive oxide of the Si (100)
substrates, p-doped Si (100) with 285 nm oxiderlayel evaporated gold on silicon
substrates are good examples. Results of the atifoliof TaS onto these substrates
are summarized in Figure 12, where optical imagesvell as AFM images were

performed to characterize the exfoliated layers.
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Figure 12. Top: AFM topography images, bottom: cgdtimages. (a) TaSflakes onto an etched Si
substrate, (b) TaSlakes onto a Si@substrate and (c) TaBakes onto an Au substrate.

Concerning the contrast formed in the optical insageis known that the inspection
of the samples under an optical microscope enajliek identification of the flakes
and their size. In addition, it is possible to gatugh estimation of the thickness of
the flakes due to a light interference effect owinghe presence of the thin silicon
oxide layer, which makes their color thickness-aelemt under white light
ilumination? The thinnest flakes deposited on Si exhibited sy weeak optical
contrast (see Figure 12a). It was very difficult detect very thin layers onto Si
substrates (or Si substrates covered with its eaikide) by the optical microscope.
On the other hand, if the deposition of the F#&kes were performed onto Si
substrates covered with an oxide layer with a téds larger than 200 nm, the layers
exhibit an enhanced optical contrast and wereyedstected (Figure 12b).

In summary, the exfoliation of atomically thin lageof TaS was only possible by the
use of the Nanopress. It could not be achievedhigy stamp assisted method of
exfoliation, neither byScotch Tape. It can also be highlighted the versatility of the
technique, which allowed to fix the experimentalgmaeters for the deposition of

Ta$S thin layers on a variety of substrates.
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Once probed the viability of the system togethehvitis high efficiency to exfoliate
atomically thin layers of TaSthis technique was used to exfoliate a wide taré

2D layered materials. Some examples are showreifitjure 13.

Figure 13. Optical images (100x) of various exarmpé exfoliation with the Nanopress. (a) and (b)
graphene flakes on SiQubstrates. (c) MeSsingle flake on a Si@substrate. (d) NbSlakes on a Si@
substrate.

22.2LONon TaSs,

In this section, the manipulation of Tal@yers via the AFM-LON technique will be
presented. The LON technique was first appliechiokt layers of Tagand then, it

was extended to atomically thin layers. Tgfovided us with a source of room
temperature conducting layers, which could be piztiy modified at the nanoscale
and with a high level of precision by the AFM-LO&chnique. The oxidation of TaS
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generates the corresponding metal oxideOf,awhich is a high band gap (3.7 eV)

insulator widely extended in circuitry and thindfilelectronic components.

As mention in chapter 1, LON is a lithography methisased on the use of a
conductive AFM probe for the fabrication of loc&iiz oxide nanostructures. When a
voltage pulse is applied through the tip, it indu@ water meniscus formed by
capillary condensation at the tip-surface interfadais confinement area acts as an
electrochemical cell where an oxidation reactiokesaplace (equation 2.1). In the
specific case of the TaShe tip is the cathode, the Tasurface is the anode and the
water acts as the electrolyte. A schematic reptagsen of the LON system is shown

in Figure 14.
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Figure 14. Schematic representation of the elebtmical processes by which LON is ruled: tip
approach and meniscus formation on a flake (top); lefltage pulse represented by electric fielddin
and H/OH chemical species gradient established along theditical axis (top right). The resulting
oxide structure included within the target flakdnighlighted in the bottom figure. Notice that ttertoon
has been adapted to represent LON on a dichalabgdaiS single-layer flake.
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The specific global equations of the reactions ooty at the cathode (tip) and at the
anode (surface) in the specific case of Jlasld be:

2TasS + 5H0 + 3Q«Ta(OH) + 5/2Ht + 2SQ1
(Eq 2.1)
2Ta(OH} «>Ta0s + 5HO

The patterns formed by LON, mainly depend on thative humidity, the size of the
water meniscus, timeqfj and voltage pulse @) and the scan speed, as well as the
nature of the tip and its size. The experimentsevgarried out at room temperature
and the ambient relative humidity of 40-70% by emgpig a commercial bench-top
humidifier. All the LON patterns shown in this tiesare obtained oxidizing at

negative tip bias.

The layers of TaSwere obtained by the press and shear method. #arided in

section 2.2.1, such methodology required the udargé single crystals of 2H-TaS
that were grown by CVT (Figure 15a). The Nanopmssided us a plethora of ultra-
flat TaS patches (RMS = 0.106 nm) within the same subs(Faggire 15b and Figure
15c), being possible to study the LON effects odéferent samples exhibiting

distinct number of layers.

800nm
i

Figure 15. (a) Optical image of a freshly cleave®ICVT crystal. (b) AFM image and profile of a thick
TaS flake. (c) AFM image and profile of a Ta®onolayer.
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The sample preparation was always done just bgieréorming the AFM-LON
experiment to guarantee a clean surface of the, Tha&kes. Furthermore, water
contact angle experiments, that were carried outreshly cleaved crystals, showed
that the exfoliation of the few outermost layerstioé single crystal yields a clean
surface with remarkable hydrophilicity (Figure 16).
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Figure 16. (a) Silhouettes of ultrapure@Hdrops of different volumes laid on the surfaceaofion-
exfoliated large single crystal of Tagb) Same experiment performed on a freshly cleauweface of the
same Tagcrystal. The leading pictures in both cases shHwmvsilhouette of the drop at the end of an
advancing contact angle run. (c) Advancing/recedingtact angle cycles performed on non-cleaved
(squares) and on exfoliated Bashirfaces (crosses).

The hydrophilic nature of the sample will influenaamarkably the following LON
experiments. The structure (height and width) of thxide patterns is strongly

dependent on hydrophobicity, as it influences fireading of the water on the surface
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(thus, influencing in the water meniscus formatidfgr example, it has been reported
that oxide structures formed on hydrophilic functibzed Si surfaces with SAMs tend
to be broader. However, hydrophilic surfaces seeret more suitable for technical
applications, as the applied voltage can be redws®tl higher tip velocities are

possible?®

2.2.21LON on thick layersof TaS,

The first experiments were performed on thick layer 5 nm). The TaSayers were
transferred over freshly base-activated Si p-dopduktrates. Although single layer
crystals on top of native oxide coated Si cannaddtected by the naked eye, flakes as
thin as 5 nm may be spotted out by bright-fieldiagdtmicroscope equipped with a
DIC prism (as shown in section 2.2.1.2). By scagrof nearby regions via AFM it

was revealed the presence of multitude of ultrafnnlayer stacks.

The LON experiments on Ta$hick layers were carried out in ambient condision
using the classical oxidation procedure introdumedhapter 1, in which the tip is
oscillating during the process (called from now dynamic-tip LON). These LON
experiments led to massive oxide formations withpled topographies. These
anomalous structures were far from the expectedgi@phies of oxide formations by
LON, which usually resemble a homogeneous protrusibose size depends on the

experimental parameters.

The first observation of these similar rippled stawes was made by Lyuksyutov et al.
in 2003 when they performed LON experiments on petgilicon surfaces. They

observed an anomalously high current during thdaian process that resulted in the
formation of a symmetrical ring around a centradtspnd suggested that the current
involved in the ring formation obeys Ohmic |-V depence related to an electronic
type conductance (unlike the ionic current usecbimventional LON). There is then, a

threshold bias voltage (Y at which the breakdown occurs: fos\% Vinonly a simple
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oxide dot is formed (ionic current) while at\& Vi the outer ring surrounding the
central dot is formed (Ohmic current). The anomalourrent is associated with an
avalanche breakdown in the part of the space cHayge inside the water meniscus.
The authors proposed a possible explanation foritige formation: the density of
electrons inside the meniscus is proportional eértbrmal component of the electric
field, which falls off with the distance from thg tapex. Competition between the
recombination of electrons and holes, and the tianiain the field-induced hole
concentration result in regions of depleted holes @fec the formation of the space
charge layer. Hydroxyl ion distribution follows thdistribution of the hole
concentration, which leads to the oxide growthhia &reas where the concentration is

maximal (Figure 173°
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Figure 17. Schematic representation of an AFM tipfege junction during AFM-assisted oxidation
depicting the electrochemical process for the oxigigs formation. Image extracted from referenc®.[2
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Three years later, Xie et al. reported the simigmults in Si, polystyrene (PS), and
poly(N vinylcarbazole) (PVK). They suggested thae trings are formed by a
nanoscale explosion and shock wave generatiomamameter sized air/water media
induced by the biased AFM tip. When the 6 applied to the tip, the electric field
exceeds the breakdown strength of the dielecindgting the explosive discharge of
the air/water media in the tip—substrate gap. Its wdemonstrated that the
nanoexplosion is highly localized in the vicinitfytbe tip apex, and is responsible for
the formation of a central structure (dot). Morapvthe nanoexplosion would trigger
transient shock waves, generated when large amotidischarge energy are released
to the nanometer sized gap, that propagate patallehe substrate surface. The
propagation of the shock waves helps to signifiyastxpand the trajectory of
discharged species out of the explosion zone,ldaging to the formation of an outer
ring surrounding the central structure. The ocoweeof the stochastic nanoexplosion
is highly dependent on the substrate materialshanaidity conditions. The substrate-
specific surface reactions have a strong impacttie onset voltage of the
nanoexplosions. A growth of discharge probabilitghwbias voltage was observed,
and was attributed to the enhancement of ionizdiiohigher fields in the Townsend
electron avalanche proce$sHigh humidity conditions promote the occurrence of
nanoexplosions by facilitating secondary avalanched reducing the degree of

electron attachment.

The formation of an outer ring surrounding a cdrdréde spot is then an anomalous
event that has been studied for semiconductingi®teates and insulating polymers.
For LON on metallic TaSsurfaces, various concentric symmetrical ringsawermed

instead of a unique ring. Moreover, the numberigs grew with the lateral size of
the oxide motif (Figure 18). Although we still dorfiave a complete explanation
about the formation of various rings instead ofyame, the occurrence of the rippled

formation resembles the oxide formations mentiomeceferences [29] and [31]. In
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next section (2.2.3) this point will be further dissed in comparison with the LON

formations in other TMDC surfaces.

Shock wave

Central dot

Figure 18. 3D topography image of yndmic-tip LON performed on the surface of a Batake. The
oxide exhibits a central dot formation surroundgditconcentric rings. The propagation of shock wave
is induced by the nanoexplosion.

A systematic study of the ripple oxide formation dynamic-tip LON were done
although we found them to be very sensitive todakgerimental conditions and little
reproducible. In Figure 19a it is shown a set alofs that were consecutive oxidized
at the same values of voltage and time pulse=\20 V and .= 35 ms, on top of a
thick flake of Ta$ (17 nm). It is clear that the dots present noty odifferent
topologies (different number of rings) but differdreights and widths. It could be
explained by considering that the top layer of ¢leaved flake is not formed by a
continuous layer but formed by few layers with eifint heights and orientations, and
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the chosen sites to perform the oxidation were dmone different layers. When the
oxide was formed at the edge of the flake it wagagb observed that the pattern
abruptly interrupted its growth. The experiment wsen repeated on top of a thicker
flake that presented more homogeneous topograpttheoouter layer (Figure 19b).
Again an array of 5 dots were oxidized with samleies of \bx = -16 V and timedk =

25 ms from left to right with a separation betwelets of 200 nm. It resulted again in
a non-reproducible pattern, exhibiting differentsiens of oxide formation at each
dot.
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Figure 19.Dynamic-tip AFM-LON performed on the surface of Taffakes. (a) 2.5 pum x 2.5 pm 3D
topography image of an array of 5 dots oxidized2ft V and 35 ms on a 17 nm thick flake. (b)
Topography image of an array of 5 dots oxidized1étV and 25 ms on top of a homogeneous thick
layer.

It is known that the size of an oxide pattern byN.@epends on the size of the
meniscus, and this is dependent on the tip-samglamte (among other parameters).
Shorter tip-substrate spacing favors the formatbrihe water meniscus while an
increase in the tip-sample distance leads to ailidecrease in the meniscus witfth.

In our case, the tip-sample distance was foundate fa threshold value from which
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the size of the pattern grew significantly as carseen in Figure 20a. The tip-sample
distance was checked by recording the so callezkfdistance curve. This distance
can be adjusted by choosing the corresponding ardpliof oscillation and by fitting
the set point in dynamic mode. In general, a seitpaf 1.5 V was initially tuned in
order to achieve a reasonable surface proximityL@N purposes. As the tip-sample
distance was decreased, the oxide width and hgrgi. The standard 12-14 nm tip-
sample distances led to precise nano-dot writirgyth® tip was pushed closer to the
surface, uncontrolled massive oxide formations wWabgicated. Interestingly, it was
also observed that the number of the outer ringh®fipple formations (oxide dots)
grew inversely proportional to the tip sample dis& 3 outer rings forgk=14 nm, 2

outer rings for d =15 nm and a single outer ring far €16 nm.

It was also found that there is always a threshmtential from which the oxide
started to form. Then, the size of the whole patisrgoverned by the pulse time
duration (§x). In Figure 20b it is shown a set of three oxidizéots that were
performed at the same tip-sample distange (B nm) and voltage pulseg)& -21 V
but increasing the times of oxidation 100 ms, 208 800 ms, respectively. The

formations grew in number of rings, height and Wwids the pulse time was increased.
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Figure 20. (a) AFM topography image of 3 oxide @ats performed at ¢/ = -26 V, tx= 40 ms and
different tip-sample distances, from top to dow: im, 15 nm and 14 nm, respectively, and the
corresponding height profiles of the oxide patterd Set of 3 topography images of 3 um x 3 pum
showing dots oxidized at -21 V with an increasindsp time of (1) 100 ms, (2) 200 ms and (3) 300 ms,
respectively, whith their corresponding height pesfon the right side.

Finally, some experiments were performed at a pesiiias instead of a negative bias
and similar results were obtained. As expected pthiarity of the voltage pulse did
not affect the oxidation outcome because we ardindewith metallic conducting
flakes®?

Summarizing, the size of the oxide motifs on F#fick flakes performed bglynamic-

tip LON were found to be extremely sensitive to thpesimental conditions as the
threshold potential, voltage pulse, time pulse @mto sample distance, and therefore
little reproducible.




Results and discussion

In order to overcome this limitation, a modificatiof the reguladynamic-tip LON
was introduced. Instead of oxidizing in dynamic mott was developed a static
oxidation method in which the oscillation amplitudeset to zero just prior and during
the application of the voltage pulsgafic-tip LON). It is noteworthy emphasizing
that, in contrast with contact mode AFM (also perfed at zero oscillation
amplitude)!®®: 50 the tip here is always freely suspended at a icediatance over
the target surface. The performance of the topdgrapages as well as the horizontal
tip movement on the oxidation of arrays (or masjcef dots was made in dynamic
mode, maintaining the feedback on the amplitudesefllation, and correcting the tilt
in the XY plane to assure a constant tip-sampléaie. Only when the oxidation

takes place (the voltage pulse is applied), thestipt oscillating.

This second oxidation method yielded drasticalffedént results in comparison to the
dynamic one. Firstly, the morphology and profildstlee patterned structures were
controlled in a much more precise manner by fimérg the oxidation conditions on
the surface of the Ta$hick layers (Figure 21a). Further experimentsengirected in
order to explore the versatility and precision loé tstatic-tip oxidation in terms of
pulse duration and the applied voltage, while nadiniihg a constant humidity and tip-
sample distance. It seems that the height anditia¢ drea of the oxidized pattern
directly depend on the voltage and time pulse, getbygely, while maintaining
constant the relative humidity and tip-sample disea Once again, threshold
potentials were found to be very sensitive to expental instant conditions, varying
in the approximately same range as for dynamimtjuation. Once the threshold
voltage was established, the resulting oxide scadd be precisely controlled by
adjusting the pulse duration (Figure 21b). In otdegissure a precise oxidation of sub-
nanometric features on the surface, pulse timekiwthe tens of millisecond time-

scale were required.
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Figure 21. (a) Topography image of 2 dots perforrhgdtatic-tip LON (top) anddynamic-tip LON
(bottom) at the same oxide conditions: =15 nm, \éx = -35 V, tx = 100 ms. Image size: 2.9 pm x 2.9
pm. (b) Topography AFM image of an array of oxidesdperformed withstatic-tip LON at a constant
voltage value of -42 V and with increasing pulseations (dwell time step increment is 100 ms). Heig
profile measured along the line in (b). Image s&&0 nm x 300 nm.

Once the proper working parameters are satic-tip LON enabled the uniform and

reproducible patterning of extremely homogeneoudeomotifs on large surface areas
of TaS thick flakes. Figure 22a shows the high reprodiitilyeached with the static-

tip mode. To illustrate the uniformity reached, @40 oxide nanodots reported in
Figure 22b, could be fitted to a Gaussian distrdsutvith a standard deviation as
small as 0.15 nm. This result is comparable withgrecision reached with dynamic-
tip LON performed on silicoff: All in all, long pulse durations and high valuefs o
voltage pulses, gave rise to oxide motifs that leixiine characteristic rippled structure

already observed idynamic-tip LON.
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Figure 22 Static-tip LON performed on Tagthick flakes. (a) AFM image of an oxide pattermfpemed

at a constant voltage value of -34 V and 150 ms3[btopography image patterned with the university
logo made out of 1040 oxide dots, oxidized at -3dnd 150 ms. Average dot heights are 0.58 + 0.15 nm
(d) Zoom-in image of the region enclosed by thénddgectangle in (b).

Finally, it was found that the oxidation performat lower scan speeds produced
oxide motifs higher than scanning at faster speEds.example, Figure 22a, was
performed at v = 500 nm/s and the Figure 22b ati06& nm/s. A zoom-in of both
images shown in the next figure (Figure 23), dertrates that for the case Figure 23a
(lower scan speed) the motifs were higher thahénRigure 23b (faster scan speed).
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Figure 23. Zoom-in of figures 10a and 10b (a) Tapphy image corresponding to figure 10a. The oxide
dots were grown at v = 500 nm/s scan speed. (bpJmaphy image corresponding to figure 10b. The
oxide dots were grown at v = 100 nm/s scan spegddight profiles of 3 consecutive oxide dotsa (
green line and (b) red line.

2.2.2.2 LON on monolayers of TaS;

The improved control over the patterning techniqehieved viastatic-tip LON
opened the door to the oxidation of ultrathin fewdr TaS samples (< 5 nm). Once
again, a high reproducibility of low-profile feagurfabrication was reached
independently on the flake thickness. This is iarglcontrast with previous reports of
LON on graphene flakes where the size of the ofedeéures was dependent on the
layer thicknes$>® In an attempt to optimize the response of the, Ta8 layer flakes
by varying voltage and pulse lengths, a seriesxafation conditions were explored
on ultrathin layers. The proper oxidation parangetervery thin layers were found to
be pulses voltages lower than -30 V and time pusesnd 50 ms, scan speed v =100
nm/s, tip-sample distance & 11 nm and constant relative humidity around 68%o.
can be seen in Figure 24, very precise oxide dmtfdcbe created bstatic-tip LON

on Ta$ layers of less than 1.9 nm in thickness.
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Figure 24 Satic- tip LON performed on Tagthin flakes. (a) Topography image of 1.9 nm tHieke of
TaS just before the LON experiment. Image size: 104uh0 pm (b) 3D Topography image of the same
flake with several oxide nano-dots patterned onntio@olayer. Image size: 4.3 pm x 4.3 um. (¢) AFM
topography image of a 3 x 3 array of oxide nansgattterned on one of the thin flakes, marked with
dashed renctangle in image (b).

Some differences were found in comparison withli®&l on thick flakes:

1.- higher voltage pulses resulted in the uncolettigbiercing of the flakes down to the
silicon substrate, which makes sense because ®rthim layers the quantity of
material to be oxidized is much less than for theker layers.

2.- usually, the topography characterization asl vasl the performance of the
oxidation experiment is made with the same tip. Eleayv, it was found that the thin
layers became more instable and sticky to theamm during the process of the
oxidation the tip was usually damaged. Sometimes# possible to recover the tip by
making some gently indentations on the Si surfadeyapplying a very high voltage.

But most of the cases, for the convenient charzetiéwn of the experiment, it was
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needed to change the tip right after the LON preces operation that was not

required for the experiments on thick flakes.

3.- It was also found that the roughness of thengn flakes were higher than the
thicker ones. As already mentioned, for the oxatatty LON the use of a humidifier
is needed for maintaining a relative humidity asuard 60%. This causes that the T7aS
surface get oxidized with its native oxide and thilie roughness of the flakes is
slightly increased. The surface oxidation happéss fr the thick layers. It is well-
established how TMDCs tarnish with time, in sucheay that it may be observed how
nanometer-thick oxide layer generally covers theolehsurface of the crysta.
However, for the case of the thinner layers of J@®nolayers or few layersbhis
process seemed to be faster than for the thickeples and may be accelerated by the
increased relative humidity needed for the LON eixpents. Although three-
dimensional (3D) crystals may possess thermal ameimical stability, its 2D
counterpart can develop more reactivity as theypimecthinner and they can corrode,
decompose, segregate and so féfitht is known, for example, that graphene
monolayers are notably more reactive than everhgrambilayers! For the surface of
MoS; it is known that it starts oxidizing in moist dielow 100° C& and even
graphene would not survive if the lab were twicehas, at 600 K2 This third
difference may be “linked” to the second one amdkidation of the thin layers could

produce the layers to be more instable and stickier

2.2.2.3 Etching experiments on LON patterned motifs on thick and thin
layersof TaS,

As occurs for other materials (LON in silicon, ample), the oxide created by LON
does not only grow above the surface but also gates towards the underlying
layers of the material creating a 3D pattern. Diexadence of the bulk characteristics
of the oxide motifs created on Ta&uld be observed by immersing the samples in a

HF solution to selectively etch the oxidized motiiHgure 25). These experiments
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confirmed that the wave-like nature of the oxidatimmechanism on TaSwas
transferred into the silicon substrate; this carclearly observed for the case of the
thinner patches (Figure 25b). For the thicker sasple notice that the oxide growth
outside the surface is slightly higher than thedation inside the sample, in a similar
way to what is observed for the LON on Si, wher&66f the oxide is above the
substrate baselirf@.

(a)

Patterned dots

Patterned dot

TTTT T TTTTT7T

0 02040608 1 12 14
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Figure 25. (a) Etching on a thick layer. 3D top@imnaimage of an array of three oxide dots created a
22.5 V and 45 ms (top) and the same three HF etokite dots (bottom). Below the corresponding
profiles for both images pristine (blue) and etckgr@éen) oxide mounds are shown. (b) Etching drira t
layer. 3D topography image of an etched oxide eégmlot on a TaSayer. Inset: AFM topography image
of the oxidized dot fabricated at -27 V and 100 Bwllow the corresponding profiles for both, oxidize
(blue) and etched (green) motifs is shown.

2.2.2.4 Chemical nature of the nanofabricated tantalum oxide

In order to ascertain the actual nature of the exiabtifs produced on the TaS
surface, local probe spectroscopies such as etepnabe microanalysis (EPMA) or
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Photoluminiscence (PL) were employed. A chemicabpitag analysis of the surface
performed by EPMA clearly showed a high signal ofK® secondary electrons
coming from the oxidized regions (Figure 26).

Figure 26. SEM-EPMA mapping studies performed araup of oxide rippled mounds patterned on a
thick TaS flake. (a) Optical microscopy image of the grofipippled mounds (left). Highlighted in a
dashed square, the three oxide formations showthénnext AFM topography image (right) (b)
Secondary electrons (SE) SEM image of the samenedglighlighted in a dashed square same region
shown in AFM image. (c) O K-shell SE channel. (d)LFshell SE channel.

PL data were collected from a Taffake decorated by AFM-LON with a large (2.6
um in diameter) oxide motif (Figure 27). The reshow that before LON, the TaS
flakes present a strong featureless backgroundalsiign their photoluminescence
spectra between 520 nm and 700 nm. The oxide ntiaodsre produced by AFM-
LON exhibits a much lower background signal (whiobdicates a reduction of the
optical absorption) together with three narrow geak585 nm, 615 nm and 635 nm.
While the peaks at 585 nm and 635 nm are due tsilicen substrate (probably due
to excitation of high order phonons), the peak B8 6Gm may be associated to the

78



Results and discussion

oxide motif. More precisely, this strong peak isaidcteristic of the presence of
amorphous T#s during the oxidization proce$sThe AFM-LON chemical reaction
may therefore be written as displayed in equatioh. Noting the chemical
transformations involved, it is easy to conceivevhibe properties of TaSlakes are
dramatically altered by means of LON. In this wA¥M provides us with a tool of
nanometric precision for the patterning of insulgtiTaOs regions within a metallic
conducting Tasflake. A similar scenario has been already desdrifor the local
oxidation of graphene or the reduction of graphexide flakest® These experiments
were conducted in collaboration with Dr. Andres t€#anos-Gomez (Kavli Institute

of Nanoscience, Delft University of Technology).
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Figure 27. Photoluminescence spectra measuredTa&aflake patterned with a large oxide motif by
dynamic-tip LON. A comparison between the spectra measureth@mristine flake, the oxidized part
and the bare Si substrate is shown in (a). Thelprstiown for bare TaShas been re-scaled taoof the
raw intensity for comparison. (b) AFM topographyaiges of the oxide motif. Photoluminescence
intensity integrated from 600 nm to 625 nm (gregd&d region in (a)) before (c) and (d) after sudbing
the baseline.
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2.2.25Electrical propertiesof the ultrathin TaS; layers

It is known that the conductivity perpendicularttee MX; planes of TMDCs is at
least 100 times lower than the in-plane condusgtiaitd it is also suggested that the
movement of the carriers between layers takes pgigideopping mechanisms rather
than by band-type mechanisms as occurs along #megt To probe the conducting
behavior of the deposited flakes, conducting tigVA(CT-AFM) was performed onto
oxidized and non-oxidized TaSflakes. These experiments were conducted in

collaboration with Dr. Sergio Tatay (Unité Mixte Baysique CNRS/Thales, France).

First, the resistance map of a flake with differémtknesses deposited on doped
silicon was measured. When a 2 V bias was applkdaden the tip and the surface
during contact scanning, a clear contrast in thedaotance between Taflakes and
the surface was observed (Figure 28). The enti® $arface appeared to have the
same conducting behavior and therefore, no effettteoflake thickness was observed
(Figure 28b). The electrical properties of the exidotifs patterned via AFM-LON on
top of TaS layers were also probed. As expected, a clearrasintvas observed
between conductive pristine and insulating oxidizedions (Figure 28d). The big
difference in conductivity makes these heterostmest Tag TaxOs surfaces excellent
candidates for the fabrication of circuitry at thenoscale and also for more advanced
lower temperature applications profiting from thgarconducting properties of TaS

layers.
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Figure 28. (a) AFM topography image measured irtagirmode of a TaSlake. (b) CT-AFM resistance
mapping of the same flake. (c) AFM topography ima§&aS thin flakes. The flake inside the dashed

box has been patterned with three round oxidizeglons. (d) CT-AFM resistance mapping of the
patterned flake highlighted in (c).

0nm

An example of the use of AFM-LON for the fabricatiof electronic devices is shown
in Figure 29. A single-electron tunneling (SET)nssstor is based on the Coulomb
blockade principlé? This phenomenon occurs when a section of conduzthed
"metal island" is electrically isolated from thesteof the circuit by two tunnel
junctions that share a common electrode. A turungttjon consists of two pieces of
metal separated by a very thin (~1 nm) insulatbe ®nly way for electrons in one of
the metal electrodes to travel to the other eléetris to tunnel through the insulator.

Since tunneling is a discrete process, the elechidrge that flows through the tunnel
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junction flows in multiples of e, the charge ofiagée electron. As a preliminary result
a pattern of a nanoisland (30 nm in length) wasopmed on a metallic TaSlake.
The island is isolated by lines of 1 nm high ofuilasing TaOs that would act as the

tunnel junctions.

island

source

Figure 29. AFM image of a possible design for a $Ehodevice structure. It is patterned stiatic-tip
LON on a Ta%flake deposited on a Si substrate. The islandgszale metal electrode) on the centre of
the pattern is isolated by lines of 1 nm of@athat could act as tunnel junctions.

2.2.3LON on other TMDCs

The AFM-LON was also performed in other type of TRI®in order to elucidate the
unusual growth mechanism found for the 7&8d to extend the method for the
fabrication of heterostructures for future appliwas. The pattering of large areas
(un?) with nanometric motifs over TMDCs was one of thetivation of this work for

its interest in the study of vortices formation ayhamics in 2D superconducting
materials. When nanoscopic defects are presertenstirface of superconductors,
such defects tend to pin the magnetic vorticeswatlg their study under the
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appropriate conditions. Moreover, the possibilifyceeating these pinning centers by
static-tip LON with high reproducibility and accuracy in flek with different
thicknesses opens the door for the study of thekileiss-dependent vortex dynamics

on superconducting TMDC.

The selected TMDCs were: TaSélbSe and NbS%. As well as Tag all of them are
layered metallic dichalcogenides at room tempeeatamd superconducting at low
temperature. They were conveniently exfoliated fr&@WT crystals with the
Nanopress device (as discussed in section 2.2d )transferred over freshly base-
activated Si p-doped substrates. Each sample @tépawas always done just before
performing the AFM-LON experiment following the sanmprocedure used for the
TaS.

2.2.3.1LONon TaSe,

The identification of ultrathin flakes of TaSby means of optical microscopy and
Raman spectroscopy was recently reported by ounpgio collaboration with Dr.
Andres Castellanos-Gomez (Kavli Institute of Nanesce, Delft University of
Technology) and the group of Prof. Nicolas Agrdiepartamento de Fisica de la
Materia Condensada (C—IIl). Universidad AutbnomaMiedrid)2* In this work, the
TaSe flakes were obtained by the stamp assisted effmianethod. It was also
determined the optimal substrates to facilitatedpgcal identification of atomically
thin TaSe crystals as well as a monitoring of the possilaleet-induced damages
caused by the Raman instrument. Although this weitk not be discussed in this
thesis, it is worthy to emphasize the importance the difficulty of the exfoliation
and identification of defect-free atomically thiwd-dimensional TaSecrystalline
flakes which are crucial steps for further studésheir properties and processability

in future applications.

In the experiments discussed in this thesis, theliakon and deposition of the TaSe

layers to the Si substrate were made by the Nasspfevice introduced in section
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2.2.1. The inspection under the optical microscepabled the quick identification of
some thick flakes that were characterized by dynak#®M (Figure 30).

% (b)
| oy v
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Figure 30. (a) Photograph of TaSeystals growth by CVT. (b) AFM optical image ofTaSe flake
deposited on a p-doped Si substrate with native.Sike cantilever is positioned just above the fléde
its AFM characterization.

In this experiment, the AFM characterization and thxidation lithography were
performed one day after the exfoliation. It wasnduhat the flakes presented a
surface full of islands with an average height afd (Figure 31a), that could be due

to the oxidation of the surface as observed irptieeious section for the case of taS

Concerning to the oxide growth, the unusual behlawwb the oxidation by
nanoexplosion and shock wave propagation on Si, was also fonricaSe where one
single ring was grown over a central dot oxide fation (Figure 31b). In order to
check if the formation of various rings could besgible as happened in TaSome
experiments applying higher values of time andagst pulse were performed. By
applying more than -24 V and/or 500 ms, the forarabf holes into the material was
observed. Instead of creating the expected ripplede, the nanoexplosion seems to
be too strong and thus the material was destraystchpove the tip.
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Figure 31. (&) 5 um x 5 um topography image of dhdace of the exfoliated TaSsample and the
corresponding profile of the islands with an averagight of 1 nm. (b) 9 um x 9 um topography image
of TaSe surface with some oxide performed thynamic-tip LON. The height profile corresponds to 3
consecutive oxide dots created at -24 V and 200(c)s900 nm x 900 nm topography image of TaSe
surface showing a hole created at -24 V and 50&ntsthe corresponding height profile.

2.2.3.2LON on NbSe;

The LON experiments on Nbgeere performed following the same procedure as for
the TaS and TaSg Flakes from CVT crystals were exfoliated with th@nopress and
transferred to a freshly cleaned Si substrate (Ei§@a). For example in Figure 32b, a
thick NbSe flake was found (~ 160 nm in height) and by scagithe nearby regions
few thinner layer stacks were spotted out (Fig@e).3
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NbSe,

8 nmillm\w

630nm
v v e |

Figure 32. (a) Photograph of 2H-NhSEVT-grown crystals. (b) 3D topography image of6® him thick
flake of NbSe deposited onto a Si substrate (with its Si@tive oxide). Nearby, it can be found several
thinner patches. A group of them are highlightethwai dashed square and the corresponding topography
image of this area is displayed in figure (c). Topography image of a NbSsurface of one of the thin
flakes. The inset profile shows the heights ofrtarometric islands formed onto the surface.

For NbSe, whenever the exfoliation and the AFM charactéiirawere performed
within the same day, a flat surface was detectemveder, the characterization by
AFM and the LON experiments were done a day aftereixfoliation. In this case, the
surface of the NbSdlakes was full of nanometric islands with averdggghts of 2
nm as encountered for the TaSamples. It seems then, that the surface of NalSe

forms its native oxide by forming islands (Figu&a}

When performingdynamic-tip LON onto one of the flakes, the oxide motifs were
formed by a central dot surrounded by one singlg (Figure 33b and Figure 33c),
exactly the same patterns were observed in Ja%ewever, if the oxidation was
performed atstatic-tip LON, it was possible to create highly reproducibietifs
exhibiting only the central spot as probed for t@S. Moreover, by the fine
adjustment of the LON parameters, we were capabtexidize a large area of 12.5
un? with a matrix of 20 x 20 dots of average heightslonm (Figure 33e). The
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experiment was done on a thick flake exhibitingnaosth surface without islands
(Figure 33d).

440nm
rrr

Figure 33. (a) Topography image of a NbSerface of a thin flake. The inset profile shotws heights of
the nanometric islands formed onto the surfaceT@mography image of a LON motif oxidized at -22 V
and 150 ms. (c) Topography image of a NbtBek flake just prior the LON experiment. Imagees 11
um x 11 um. (b) Topography image of a matrix o&k2ZD oxide dots onto the NbSsurface bystatic-tip
LON. Image size : 12.5 um x 12.5 pm.

2.2.3.3LON on Nb$,

With the CVT growth crystal process, millimeter ¢gphexagonal prisms of 2H-NbS
were obtained. One of these hexagonal crystalscivasen to be exfoliated with the
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Nanopress system (Figure 34a) although two clehfigrent exfoliated morphologies
were obtained: cane- and platelet-like Nisgcks (Figure 34b). The explanation of
why these two types of structures were obtainedtilisunder study. Even though they
derive from the same crystal, they could be difieglymorphic structures of NbS
The different stacking sequences of the Nhkfyers lead to the formation of two
polytypes, the hexagonal 2H-NbSvith two NbS layers per unit cell, and the
rhombohedral 3R-NhSwith three layers.
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Figure 34. (a) Photograph of 2H-Nb&VT-grown crystal. (b) Optical image showing twdfelient
exfoliated morphologies of NhSL.- Platelets and 2.- Canes.

s

All in all, AFM-LON experiments were performed inotth types of exfoliated
morphologies: 1.- platelets and 2.- canes and glifterent behaviors were observed
after the LON experiments, revealing that the molpdpy of the surfaces plays a very

important role in the oxide growth.

1. LON on platelet-like Nb&Sstacks

The platelet shown in Figure 34b was first chardmgd by AFM. It was a 400 nm
thick stack with a quite smooth surfad@ynamic-tip LON experiments were then

carried onto the surface and again, it was prodacegple formation with numerous
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rings surrounding a central spot (Figure 35a). édtgh the LON parameters used
were very similar to the oxidation for Taflakes, the number of rings and the size of
the oxide motifs were found to be much larger fer NbS than for the TaSsurfaces.
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Figure 35. (a) Topography image ofignamic-tip LON motif oxidized at -20 V and 50 ms on a thick
flake of NbS. Image size: 17 um x 17 um. (b) 3D topography iesagf the oxidized (top) and etched
(bottom) motif on Nb& Images size: 7 um x 7 um. (c) Corresponding hgigifiles of the oxidized and
etched motifs shown in (b).

Etching experiments were also performed followihg same procedure as for the
TaS (Figure 35b). 3D patterns were created displagtiag the oxide grown above the
NbS; surface was higher than the oxidation inside #mpe, as encountered for LaS
(Figure 35c).

2. LON on cane-like NbSstacks.

On the other hand, the same exfoliated sample mextea wide variety of sizes of
cane-like stacks all around the surface (Figure).3@ace one of these canes was
characterized by AFM,dynamic-tip LON experiments were carried out and

interestingly, a very distinct oxide growth was emctered for these formations.
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Instead of the expected rippled mounds, dendfitaped oxides were obtained on the

canes forming a natural fractal pattern.

1.0pum
F=t=r=]

Figure 36. (a) Topography image of various cane-$itacks of NbSonto a Si substrate. (b) Topography
image of a cane of NhSprevious to its oxidization and (c) same cane iagid in distinct places
employing different oxidation parameters. Two araes highlighted in dashed squares, (1) topography
and phase images of two oxide dendritic growthsliagd at -30 V and 50 ms and (2) topography and
phase images of one oxide formation produced aV-86d 100 ms.

Due to the high accuracy that the AFM provide, &swpossible to characterize the
cane-like stack right before and after the LON eixpent, making oxide patterns in
distinct places within the same cane. Various diddaparameters were utilized to
create different sizes although all of them appddeehave the dendritic structure.
While applying less voltage and shorter time pyléke formations obtained were
more rounded and smaller in size (Figure 36-1)y vegh voltages (> 30 V) applied
during 100 ms or more derived in a wild oxide blaatt formation that grew several
microns all over the surface until reaching theitsnof the cane (Figure 36-2). As
observed for the rippling formations, the dendriiédes always stopped at the edges
of the canes. The experiment was repeated in diffecane-like stacks of Nb&nd
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always a dendritic growth was obtained (Figure 3Ife dendrites have a central
circular spot just right below the site were theM\Ep makes the discharge and then,
it seems to evolve through avalanches like thelegigprmations of the rest of the
TMDCs studied in this thesis. Some defects, stegiges or mismatch between planes
on the surface may act as pinning centers anchtheatctions with these pinning sites
would change the evolution of the micro avalancheptoduce different oxide
dendritic forms.

660nm 110nm
(| T

Figure 37. (a) and (b) AFM images of dendrite oxfdemations over different cane-like exfoliated
Nb$.(c) Detail of the end of one of the branches déadritic oxide formation.

As well as on the previous case (oxidation in pdas®, etching experiments were
carried out to ascertain the 3D nature of this typexide formations. As can be seen
in next figure (Figure 38c), the etching reveaBapattern that grew deep inside the
NbS. The oxide pattern was higher above than belowitistal surface, as observed
for etching on Tag and NbSin platelets.
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Figure 38. (a) Topography image of a dendrite okidmation onto a cane of NbBroduced at 30 V and
100 ms. (b) phase image corresponding to (a)ofmdraphy image of the etched oxide shown in figure

().

Dendrites are branching fern-shaped like structtines can be found in nature in
many examples as in the estuary of a river, thpestwd neurons or the structure of
corals and trees. Dendrite formation has been wkdeas a growth process of
snowflakes, in eumelanin thin film$,in the flux branching growth on vortex
avalanches formed in superconducting fifthand in figures known as “Lichtenberg
figures” that are branching electric discharges sioaetimes appear on the surface or

the interior of insulating materials forming a 3Bléctrical tree” (Figure 39}.

The dendritic growth mechanism is known in metaijuwere the characteristic tree-
like structure of crystals is formed as molten métezes. In this case, the dendritic
shape is produced by faster growth along enerdigti€avorable crystallographic
directions. This growth direction may be due tcatropy in the surface energy of the
solid-liquid interface. In metallic systems, thdidattempts to minimize the area of
those surfaces with the highest surface energy.dBmelrite thus exhibits a sharper
and sharper tip as it grows. The microstructunagjle scale growth is determined by
the interplay or balance between the surface enargly the temperature gradient
(which drives the heat/solute diffusion) in theuiidjat the interface.
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Figure 39. In the center, the AFM image of the ditizccoxide formation of NbSis shown surrounded of
various examples of dendritic growth in nature.

In a similar manner the growth of the oxide demdrion Nbg could be due to its
surface anisotropy. It is well known that the lagtucture of the NbSauses a strong
anisotropy in the physical properties e.g. the cetidity and compressibility? The
electrical conductivity perpendicular to MXlanes of a layered TMDC is at least 100
times lower than the in-plane conductivity. And the same trend, thermal
conductivity is lower too when measured perpendictd the layers. One can suppose
then that the cane-like structures may be formethfthe same politype compound
(2H-NbS) but exfoliated in a different way. Instead ofrfong a stack of 2H-NbS
layers with its basal planes lying parallel to substrate (platelets), they would be
conformed perpendicular to the surface, stackingmtipogonally and thus, forming
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the cane-like flakes (see Figure 40). This way, wthe tip of the AFM is placed on
top of the perpendicular layers and the voltagesgu$ applied, the oxide growth
would present a dendritic structure that would eedby micro avalanches triggered
by the high voltage pulse. The conductivity anispyr between the layers would be
the responsible of the dendritic form of the oxgtewth. Besides, the nanoexplosion
produced by the high voltage pulse would also cauket spot and the temperature
distribution could evolve in a branching manner doehe high anisotropy in the
thermal conductivity. This effect has been seerek@mple in the formation of vortex
avalanches in superconductétsBoth cases, electric or thermal conductivity
anisotropies, seem to be the most plausible exfiarzafor the differences in the
oxide growth behaviors between the platelets aactcémes. Finally, we cannot forget
that the LON process is an electrochemical readtiahtakes place with the presence
of a water layer absorbed onto the stacks surfidee anisotropy between the layers of
the NbS would cause stress in the Nb&ater interface and therefore, determine the
oxide growth through the mentioned micro avalanches

o
CANES & PLATELETS

Dendrites

Ripples

Figure 40. The exfoliation of the Np&se on two different morphologies: platelets aades, that could

explain different oxide growth behaviors under déipplication of the voltage pulse: rippled and dégdr
respectively.
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All these arguments are just attempts for explanatdf the formation of the dendritic
growth in NbS. However, further analysis like X-ray diffractioor local probe
spectroscopies as micro-XPS or micro-Raman areeckeed order to ascertain the
stoichiometry and polymorphic structure of the chke structures.

In addition, it is interesting to see that when theéde formations are sufficiently

large, they can be spotted out by optical microgcap it is shown in Figure 41.

Figure 41. (a) Optical image (100 x) showing twifedlient exfoliated morphologies of NbS..- Platelets
and 2.- Canes, before the LON experiment. (b) Optinage (100 x) of the same area after the LON
experiment. The oxide motifs are pointed out witlows and the insets show the AFM topographic
images of the motifs oxidized on the platelets andhe canes.

Summarizing, the same mechanism of oxidation growah been observed for the
exfoliated layers of TaSeand NbSg This is very similar to the anomalous oxide
growth on silicon and various polymers caused hyaoexplosion followed by a
shockwave. These oxide patterns presented morphaoliog central spot surrounded
by a single ring. However, for the case of sulfidEaS and Nb$, the formation of
various rings instead of a single one was obserVad particular oxide growth is
unprecedented and is still under study. A uniquse aa dendritic oxide growth has
been found for the NbSexfoliated in canes, although the nature of thEesticular

structures has to be confirmed by spectroscopibodst(Figure 42).
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On the other hand, although thmtic tip LON experiments were not performed on
TaSe and NbS, it has been successfully performed onto ;Ta&®d NbSg
demonstrating the possibility of patterning veryaimoxide motifs with high accuracy
and reproducibility. Then, it has been probed ih#& a general LON method that
could be extended to any TMDCs.

Tas, TaSe,

NbSe,

Figure 42. Table for summarizing the oxide growthinfations throughdynamic-tip LON onto the
different exfoliates layers of the four types of DKls studied: Ta$ TaSe, NbSe and NbS.
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2.3MATERIALSAND METHODS

Technical specications of the Nanopress

The dynamometer employed was a commercial Saut@rdigital force gauge with a
maximum load of 2 N and a nominal resolution of0Q.N. It could be operated in
either push or pull modes with a maximum precisain0.2 % of the load. The

maximum frequency data sampling was of 2 Hz.

An MT3-Z8 XYZ motorized stage supplied by Thorlabss used as the active
substrate holder. The triple uniaxial assembly &adaximum horizontal load of 9 kg
and a 4.5 kg vertical one. It included three 12 VE&12B servo actuators with sub-
micron resolution (0.1@m minimum achievable incremental movement andud
minimum repeatable incremental movement, high amyu(95um absolute on-axis
accuracy, 0.52% maximum percentage accuracy) anthh2maximum travel. In
addition, the micrometer head-steppers featurexdanuen speed of 3 mm/sec with a
maximum acceleration of 4 mri/y+ 0.125 mm/s velocity stability, 1.mm
bidirectional repeatability). Each actuator is @ped by its own single-channel
TDCO001 DC servo motor controller with +15 V & -15d¥ive outputs.

Mounted on the Z stage axis was a KMS kinematic mhdtom Thorlabs. Samples
were mounted at the tip of the force gauge spindléop of another kinematic mount
(Thorlabs KMM/S) for tilt control.

Two orthogonally mounted PCE-MM 200 digital micropes (1280 x 1024 pixels
resolution and 10x to 200x magni2cation range) weraployed for sample

adjustment.
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Synthesisof 2H-TaS; single crystals

The synthesis of the TMDCs crystals was done by Eiren Navarro and it is
explained as follows. As an example, the Jeafystal growth is explained in detail:
Ta$S crystals were synthesized from the elemental compis in a two-step process.
Firstly, a polycrystalline sample was obtained bgramic combination of
stoichiometric ratios of the metal and chalcogenlescribed elsewher. Powdered
starting materials were intimately mixed, placeside an evacuated quartz ampoule
and reacted at 900°C during 9 days. The resultmeg-flowing glittery grey
microcrystals were then transformed into large Ishagystals by the CVT
methodology. 1g of TaSpolycrystalline material together with 275 mg @&f were
loaded into a 500 mm long quartz ampoule (OD: 18, mvadl-thickness: 1.5 mm).
The mixture was thoroughly stashed at one end @faifmpoule and the latter was
exhaustively evacuated and flame-sealed. The quarezwas finally placed inside a
three-zone split muffle where a gradient of 50°G watablished between the leftmost
load (800 °C) and central growth (750 °C) zonegradient of 25 °C was also set
between the rightmost and central regions. The ¢éeatpre gradient was maintained
constant during 15 days and the muffle was evelgtgalitched off and left to cool
down at ambient conditions. Millimetric TaSrystals were recovered from the
ampoule’s central zone, exhaustively rinsed witthdil ether and stored under a N

atmosphere.

In the case of NbSeTaSe and Nb$, large single crystals could also be obtained by
using the same procedure as followed for the,TB$e experimental conditions for

each case are described in detail in Dr. Efren Naw2hD thesis.
Substrate cleanings

Si and Si/Si@ substrates were cleaned and simultaneously aetivat three 10 min

sonication cycles in diluted basic piranha solutisk,OH (conc.) : HO, : HO, 1 : 1
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: 2 (viviv). Between each sonication cycle the salss were rinsed in water and
immersed in a fresh aliquot of piranha solution.sdbstrates were2nally washed by
sonication in ultrapure milli-Q water during 10 miRinally the substrate were

thoroughly blow dried before used.

Ultrasonic cleaner: a BRANASONIC MTH-5510 ultrasomleaner (power 185 W)

was used.

Other substrates with metal coatings, such as AlecbSi, were more prone to be
damaged by the ultrasound treatment. In these dhsesubstrates were typically

cleaned by rinsing thoroughly in iPrOH or EtOH &mdhlly blow dried.

Optical microscope

General optical microscopy images were taken uairdikon D-600 SLR camera
mounted on the trinocular stage of a Nikon LV-10fti@al microscope. The
microscope was equipped with a Nomarski prism ft&¢ Bontrast imaging and with 5
Nikon PLAN FLUOR EPI objectives: 5x (numerical ajpee, NA = 0.15), 10x (NA =
0.3), 20x (NA = 0.45), 50x (NA = 0.8), 100x (airAN= 0.9). The calibration of the
SLR camera with the 5x and the 10x objective lemges performed with a reference
millimeter reticle, resulting in a lateral spacdilmation value of 95.3im-px-1 and
47.8um-px-1. The higher power lenses were calibratetigusn AFM calibration grid
with a period of 1Qum, resulting in the following values: 238in- px-1, 95.2um- px-

1 and 47.4um-px-1 for the 20x%, the 50x and the 100x objectrespectively.

Scanning tunneling microscope (STM)

The STM room temperature measurements were pertbrméh the Cervantes
Fullmode SPM (Nanotec Electrénica) using the STMdenoThe tips used were

obtained from a Pt-Ir wire, mechanically cut.
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Atomic force microscopes (AFM) and local oxidation nanolithography (LON)
equipment

Two different AFMs were used for the local oxidatioanolithography on TaSOne

iIs a Nanoscope IVa (Bruker) interfaced with a hanmaele voltage amplifier. In this
instrument, the nanolithography was made by prograng simple patterns (dots,
lines and matrices) in C++. The other one is a @#es Fullmode SPM (Nanotec
Electronica) using the AFM mode, that provides pdulenanolithography software
(WSxM).* This software permits to plot customized pre-lahgatterns as well as
simple patterns. All experiments were carried dwbam temperature and the ambient

relative humidity of 40-70% by employing a commatdiench-top humidifier.

In both AFMs, a vertical optical microscope is udedvisualize the tip over the
surface, being able to position the tip on toph#f selected flake. The topographic
characterization of the surface is made in dynamdcle, which is a non-invasive
mode of operation. The same silicon probes; ef 300 KHz and k= 40 N/m (PPP-
NCH, Nanosensors) were used for the morphologikatacterization as well as for

performing the LON.

Water contact angle measur ements

Advancing and receding water contact angle measmemwere performed by the
"add and remove volume" method in a Ramé-hart M@0@l Standard Goniometer
with Dropimage Standard v2.3, equipped with an mated dispensing system. This
device includes software as well as a fiber ogtigninator, 3-axis leveling stage,
high-speed F4 Series digital camera, microsyringgire and assembly for manual
dispensing. The system is improved with an autodhdigpensing system and manual

tilting base.
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HF selective etching

The etching of oxidized TaS$lakes deposited on Si substrates was performddsby
dipping (typically < 1 s inside the etching solumjoin an concentrated HF (aq.)

solution. The samples were then thoroughly rinsid milli-Q water and blow dried.

Electron probe microanalysis mapping (EPMA)

EPMA spectra were collected with a 2eld emission REG) Hitachi S-4800 SEM
operated at 20 kV and equipped with a Bruker XRecter. The sample was placed at
a working distance of 15 mm and scanned at an ajppate count rate of 10 kcps for

approximately 15 min. 4e mapping data was colleatithl Quantax 400 so3ware.

Photoluminesce (PL) measur ements

PL measurements have been carried out with a hodemsetup that consists of a
confocal microscope with a NA = 0.8 objective illimated by a Z = 532 nm laser
beam.254 Typical light intensities of 9.5-1G88/nn¥ (75 uW incident power and

500 nm diameter spot) are used. For the scanningnPasurement the diffraction
limited spot is scanned using a combination of gatvomirrors and a telecentric lens

system while a PL spectrum is acquired in eachl pixe

Conducting-tip atomic force micr oscope (CT-AFM)

CT-AFM was performed underNatmosphere on a Veeco Enviroscope multimode
AFM equipped with a Digital Instruments NanoScopecbntroller. This apparatus

was modified by Houzét al. to perform local resistance measurements in thgeraf
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1(? to 10 Ohms under a bias voltage ranging from 0.1 to 1@ith 5% accuracy’.

In this set-up, the conductive tip is electricafiglarized and the current flowing
through the sample is amplified, converted in dag# related to the resistance ¢V
log(R)) and analysed by the Nanoscope IV's cortrolh these experiments samples
were contacted to a sample holder with conductiihgers paint and bore-doped
polycrystalline diamond coatedsNj tips with spring constant k40 N/m (Bruker)
were used to scan the sample in contact mode wialéorming the resistance

mapping at an applied bias of 2V.
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2.4 CONCLUSIONS

In this chapter, the development of a new device Manopress- and methodology -
the “press and shear” method- for the exfoliatidnatomically thin layers of 2D
crystals has been presented. It has been provdugheefficiency of this system and
the versatility of the technique which allows figithe experimental parameters for
the deposition of layered materials onto differenbstrates. This is clean method
which does not use any glue or sticky tape arglat fast and reliable process that can
produce a large number of samples in a short tiflme possibility of the optical
inspection of the deposited samples facilitated Wk of finding the proper
experimental conditions for the exfoliation of thédferent materials. It has been
presented in detail the results for the exfoliat@dnTaS, which is layered TMDCs
which exfoliation into atomically thin layers hastrbeen feasible by other existing
methods like the stamp assisted method or the kmelvn Scotch Tape method. It has
been shown as well, the characterization by AFMthaf resulted TaSdeposited

flakes, proving the existence of atomically thipdes created by the Nanopress.

We have performed an exhaustive exploration of AEKIN on Ta$ surfaces using
thick samples and ultrathin layers. These layeratenals have been oxidized using
both the conventionadlynamic-tip mode as much as the nesatic-tip mode herein
presented. The most spectacular result in thisegbifias been the demonstration that
a static-tip LON affords areproducible oxidation of very low-profile motifononly
on thick Ta$ flakes (> 5 nm), but also on ultrathin ones (<n%).nFor the first time,
we have shown that these TBalyers may be conveniently oxidized with an
unprecedented precision and reproducibility simitarthat achieved on silicon, or
more recently on graphene surfaces. In fact, thdeomotifs can be conveniently
patterned across several square micron areas ofcbm8ucting flakes, opening the
door for the nanofabrication of extended desigrth weéry low profiles (down to 0.58

nm). As these oxide motifs are insulating, one eavision the controlled printing of
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nano-circuitry on single TaSconducting layers, which behave as bi-dimensional
systems. On the other hand, as J&Rhibits superconducting properties at low
temperatures, this methodology could be employed dmdying the physical
consequences derived from the confinement of thy®red superconductor in a

nanometric region.

Though the level of precision reached is similath® one achieved for the oxidation
of graphene, the controlled oxidation of Fafpens the door for performing AFM-
LON on other TMDC analogues. This offers the pdBsibof finely tuning the
properties of the TMDC/oxide heterostructure degmadn the functionality pursued.
The oxidation over another three types of TMDCsS&aNbSe and Nb$g, has been

also reported in detalil.

It has been seen that the growth of the nativeeowidto the exfoliated surfaces is
enhanced by the high humid ambient conditions rdde the LON experiments.
Besides, when the AFM characterization of the éxfetl flakes of TaSeand NbSg
was done one day after their delamination, it vasd that the native oxide growth

of the two materials formed islands over their acef.

Finally, we have found that the mechanism of thielation on Tagsurfaces as well
as the Nbgclearly differs from the usual mechanism of oxioiaton most surfaces
since characteristic rippled mounds were formed. FaSe and NbSe the oxide
growth behavior resembles to an anomalous LON w@bden silicon surfaces as well
as in some polymers that it was attributed to tbemétion of ananoexplosion
followed by a shock ware, triggered by the applarabf a high voltage in a very local
site. A theoretical study of the charge propagatisechanism along these TMDCs
conducting layers is underway. Besides, some aypane-like stacks were found for
the exfoliation of Nbg It has been shown that the local oxidation expenits
performed onto thecane-like flakes behave completely different from the rest.

Dendrite growth has been found in this case. Algiothe nature of these formations
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needs to be confirmed by spectroscopic measurenmragossible explanation of the
dendritic growth is that the LON experiment wasf@ened onto the perpendicular
side of the stacked layers and the dendritic gromdk governed by the high electric

and thermal anisotropy characteristic of this maker
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Introduction

3.1 INTRODUCTION

Last years there has seen an enhanced interdwt préparation and processability of
magnetic nanoparticles (MNPs) not only for the imd@oce of studying their unusual
physical and chemical properties associated togtl@tum size effect, but also for
their applicability in different fields, from biofly to computational science, thanks to
properties like giant magnetoresistance or abndynfagh magnetocaloric effeét.
Their appropriate assembling would generate nevarizgd nanostructures which
often introduce novel collective physical propestithat can be deployédThe
processed MNPs are being exploited for their irgtgn in devices such as magnetic
recording medid, magnetic cellular automatagr magnetoelectronic devicesr in
more general applications as nanoelectronics,rgpiics or biomediciné.

The organization of magnetic nanoparticles is adwvanto the forefront of modern
research of magnetism and magnetic materials, amy mhifferent approaches for the
magnetic ordered nanostructure synthesis and mincehave been developed until
now.” The organization strategies can be roughly caiegmras either ‘top-down’ or
‘bottom-up’. The adjective ‘top-down’ is used tosdebe the breaking down of a
system to gain insight into itsompositional sub-systems, while ‘bottom-up’ isdise
for describing the piecing together of units toggiise to more complex systems. As
discussed in chapter 1, many nanolithography matbaded in both approaches have
been developed to address magnetic molecules amopaidicles (NPs) offering a

wide variety of possibilitie8.

A close look to Prussian blue analogue nanoparticles

Studies on NPs have been mainly concerned withapagipn and characterization of a
few number of metallic or metal oxide NPs principdlased on Fe or CoHowever,
the family of molecular-based MNPsopens the way to an almost infinite particle
composition with intrinsic properties that comerejavith their molecular nature like

transparency, low density or high tunability, whitlake them specially interesting in

113



Chapter 3. Organization of molecular-based magmis on surfaces

specific applications. Among them, Prussian blugiggue NPs (PBA-NPs) based on
cyanide bridged coordination compounds permit treparation of a large family of
MNPs with similar structure, but showing differemghysical properties as
photomagnetism or superparamagnetism, dependitigeancomposition and siZé.

In bulk, PBAs can easily be synthesized by the Bmgaction of hexacyanometalates
[M’'(CN) ¢]* with transition metal Lewis acids [M@D)]* in water to give three-
dimensional networkef general formula AM[M’(CN ¢)]. nH20 (where A is an alkali-
metal cation and M and M’ are transition metal i@osinected as M-AC-M’). The
solids adopt face-centered cubic structures (Fighend whenever z < 1 the presence
of vacancies is intrinsic in the structure, (itrist a defect structure). This feature
determines some important properfiesAs molecular-based magnets, PBA are
especially interesting because they can be preptredom temperature from well-
characterized and chemically stable building blodke metal centers are linked
covalently into a 3D network and a wide range ofaisewith different spin states and
oxidation states can be substituted into the stractFurthermore, the bridging
cyanide ligands can promote strong magnetic exahanguplings between
paramagnetic centers. These features allow comrdiltecontrol over the nature and
magnitude of the local magnetic exchange interastand often give rise to structures

which magnetism can be tuned by an external stisdgilu

I I ; . ;i C I
L« :iLi
Figure 1. Structures of the Prussian blue analggs@4[M’'(CN ¢)]z. Yellow, red, green, gray, and blue

spheres represent A, M,’MC, and N atoms, respectively. Guest water molscatel hydrogen atoms
were omitted for clarity. Figure adapted from refese [12]
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Even though the study of PBA have traditionally rbdienited to bulk compounds,
lately they have also been processed onto surfaedidms* and more recently into
nanoparticled!'® The fact that the NPs properties can be modulaeérnally
deserves special attention thinking in their aflitity. For this reason, PBA-NPs can
be considered as promising units for processingtaning information, spintronic or
even medical applicatiot$ However, there are still several limitations t@mome in
order to accomplish this objective. For exampletha particular case of NPs, they
need not only to be deposited on a controllable,vily also to be positioned on
specific regions of the surface. The interest idrasising these MNPs individually
have motivated their controlled anchoring and oizgtion onto surfaces following
different approaches, for example based on Galvasgplacement! Langmuir
Blodgett technique¥ or by grafting PBA-NPs on Si(100) by bonding thBsNto a
coordination Ni (II) compound previously linked @oself-assembled monolayer on a
Si oxide-free surfac¥.In a further step PBA-NPs were patterned overdangas of
Si (100) surfaces using Focused lon Beam lithogrdptB).2° However, with these
reports, yet pioneering, PBA-NPs large patternspogluced by means of usually
difficult processes and very poor accuracy. To évhis limitation, easier protocols,
and/or protocols leading to large patterns depd$tBA-NPs at the nanoscale would

be desirable.

In this chapter, the family of Ni(ll), Cr(lll) cyade-bridged coordination NPs have
been chosen for their organization on surfacesy Tomsist of a three dimensional
assembly of structural motifs =IC-Cr-C=N-Ni- where the Ni ions are surrounded
by six nitrogen atoms and the''Cions by six carbon atoms. Both have an octahedral
symmetry. Alkaly ions are present in part of theaieedral sites of the structure as
shown in Figure 1. The three unpaired electron€df () and the two unpaired
electrons of the Ni () through the cyanure bridge give rise to ferronedign

interacctions. This family of NPs can be synthetias bare NPs, without the need of
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organic capping, and their size (and thus, theigmetic properties) can be tuned at
will. 11, 16,21

The three differentlternative lithography techniques mentioned in chapter 1 have
been used in this thesis for the controlled pasitio of PBA-MNPs: Local Oxidation
Nanolithography (LON), Dip-pen Nanolithography (DP&hd Soft lithography. All

of them were combined with the formation of specself-assembled monolayers

(SAMs) to functionalize the silicon surfaces whte PBA-MNPs were organized.
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3.2 RESULTSAND DISCUSSION
3.2.1 PBA-NPs structural characterization

The Ni(ll), Cr(lll) cyanide-bridged coordination NRhosen for this work present a
general negative charge that is compensated byalkedine cations Csor K*
(AxNI[Cr(CN)gl,). The Cs based NPs, of general formulaAN§Cr(CN)eJo.o (CsNiCr
NPs), have been deeply studied and there are $guétications that describe their
structure and magnetic properti€$®2t A scheme of their crystal structure is
presented in Figure 2a. The K based NPs were gyzateby the group of Professor
Tallal Mallah some years ago and they have beetifgadly studied in depth for this
work, as collaboration between our research grofbmmental analysis has been
performed and reveals that the composition of KNiIPs recovered with 20
equivalents of polyvinilpirrolidone (PVP) is okNi(Cr(CN)s)o.7a (PVPRo(H20)s6
(KNIiCr NPs). From the 0.22 K equivalents per umitnfula, 0.14 equivalents are

inserted within the network.

Both kinds of NPs are cubic shaped. As can be &ecanning Transmission
Electron Microscopy (STEM) (Figure 2b), KNiCr NPsealmost perfect cubic with
an averaged aspect ratio between 1 and 1.1, les®ouymced than in the case of
CsNiCr NPs that are slighted more elongated, asresrted in refence [21]. They
are stable in aqueous solution at pH = 6-7 andvbelaspecific critical size show

superparamagnetic behavior with blocking tempeest(ifz) above aprox. 4 K&
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() (b)

Figure 2. (a) crystal structure of theo@si[Cr(CN)sJo.s PBA-NPs (black:C, blue: N, Green'Grpink
Ni"). (b) STEM image of the KNiCr-NPs.

When C$ was used as counteranion the size of the CsNiGrWd3 estimated to be
approx. 6 nm, as calculated from dynamic light tecatg (DLS) (Figure 3a).
Whenever Csis not added to the reaction mixture, higher di@m&NiCr NPs were
obtained (approx. 25 nm from DLS (Figure 3b)). B&thds of particles have the
same structure, but as the number of alkaline matidhvanges, so does the number of
Cr(CN)* vacancies, which slightly modifies the anisotragfythe system and the
critical temperature. The well-known magnetic cogggzation of CsNiCr NPs will be
briefly discussed later in this chapter to prove #iability of these NPs after surface
attachment. A more detailed study about the magmetperties of KNiCr NPs will
be presented in chapter 5 for the interpretatiohamagnetic force microscopy

measurements.
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Diam. (nm) % Number Width (nm)
Z-Average (d.nm): 261 Peak 1: 6,46 100,0 1,66
Pdl: 0,396 Peak 2: 0,00 0,0 0,00
Intercept: 0,835 Peak 3: 0,00 0,0 0,00
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Figure 3. Dynamic light scattering measurement$ ofM in Ni PBA-NPs solution:(a) CsNiCr NPs and
(b) KNiCr NPs.
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3.2.2 PBA-NPsorganized by LON

3.2.2.1 Deposition experiments

The approach used to reach the positioning of B#&-RPs on Si surfaces was done
as a combination of self-assembly ‘bottom-up’ apptes with ‘top-down’
lithographic techniques that has shown to be veryalle to selectively deposit
molecular objects onto the nanopatterns fabrictad LON. 22232425The method is
based on the electrostatic interactions establibeégleen a self-assembled monolayer
(SAM) of aminopropyltriethoxysilane (APTES) located SiQ patterned marks and
negatively charged nanoparticles. This method iteaqgeneral and has already been
used for the positioning of any kind of charged oyarticle (either cationic or

anionic) or molecules.

Before performing the LON patterning, an exhaussitely about the affinities of the
PBA-NPs was carried out on two types of self-assedhbnonolayers (SAMs):
(APTES and octadecyltrichlorosilane (OTS)) and ovo ttypes of surfaces (Si
substrate covered with its native Si@nd nanolithographically oxidizesurfaces
(LON-SIO; surfaces)) (Figure 4).

(a) HaN (b) HsC

—Si—,

OEt cl— S‘i ~cl
EtO Cl

APTES: aminopropyltriethoxysilane OTS: octadecyltrichlorosilane

EtO—

Figure 4. (a) and (b) Schematic structures of SAMs.

The anionic nature of PBA-NPs suggests a preferehdke particles by the amino
groups in the APTES monolayers, which are knowpe@asily protonated giving rise
to cationic surfaces, while the high hydrophobicfates obtained with OTS SAMs

imply that the NPs should not get attached ontantheFirst experiments where
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performed by drop casting 50 pL of a freshly prepasolution of CsNiCr NPs (1mM
in Ni(ll)) for 2 minutes on the different surfacesd rinsing with ultrapure water
before NPs solution dried under & Btream (see section 3.3). Regardless of the
surface, only few NPs were fixed and high prefeeemeeded for the specific

deposition on LONSs patterns was not reached (Figure

Figure 5. AFM topography images of different suelaavhere the CsNiCr NPs has been deposited by
drop casting (a) SiPsurface. (b) APTES functionalized surface. (c) OtSctionalized surface. No
prefferential attachment could be seen.

As a next step, we forced the protonation of th&'BB® SAM by acid pretreatment
and again, all the other surfaces were tested éensdime conditions. In a typical
experiment the different surfaces were preparedrdatg to the procedure described
in section 3.3. Briefly, the substrates were sdeit#n a pH = 1 aqueous solution for 7
minutes and dried underzNvithout rinsing. The NPs were then deposited dudn
minute over the substrates by drop casting 50 pa tEshly prepared 1 mM in Ni
aqueous PBA-NPs solution. Next the substrates viesed with ultrapure water and
dried under a hstream. Finally, the number of deposited nanogastiwas studied by
AFM. The obtained results are shown in Figure 6.
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Figure 6. Columns graphic about the number of CsNi®s Mer square micrometer adhered onto
different surfaces: Native oxide (SIQ OTS, APTES, LON-Si® mark, and LON-SIiQ*tAPTES
functionalized surface. All the surfaces were &dah diluted HCI solution (7 minutes sonicationjdse
NPs deposition.

It can be observed that PBA-NPs scarcely attach gilieon substrates covered either
with native SiQ, LON-SIiG, or OTS. However, functionalization of native Si6r
LON-SIiO; marks with APTES largely increases the number giodited NPs. That
can be explained in terms of electrostatic intéoast While in the case of Si@nd
OTS no protonation is expected at low pH, the zNkbup in the APTES SAM at pH
= 1 will get protonated, at least to some ext&hgo, the surface will be positively
charged attracting the negatively charged PBA-NPwese nanoparticles remain
attached at the surface even after sonication i@mfar some minutes. This result
shows the strong electrostatic anchoring of th@rdaai PBA-NPs to the APTES in
spite of the lack of covalent bonds. Notice thagr¢his no need of covalent
modifications which can be very useful in ordemaintain physical properties of the

particles unchanged
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In the case of PBA-NPs the strength of the intégsachetween the surface and the
NPs cannot be freely modified by changing the pHhaf NPs solution as we did
before for the positioning of ferritine biomolecsfé* nor it is possible to change
drastically their concentration, as this will cormmise the integrity of the NPs, which
are based on coordination compounds. However, g p@ssible to modulate the
strength of the interaction by controlling the tirdaring which APTES substrates
were sonicated in a pH = 1 aqueous solution bejeteng in contact with the PBA-
NPs. In this approach the pH of the PBA-NPs sotuticas not modified, but the
substrates were immersed in acidic agueous sotut@renhance the protonation of
the amino groups of the APTES layer as that maxmiglectrostatic interactions
during the deposition stéfs! With sonication times equal or higher than 7 mésyta
particle density as high as 940-1100 pR? was always obtained, whereas with
sonication times below 7 minutes the density otiplas decreased and the method

became not reproducible (Figure 7.).

The fact that sonication, instead of merely imnarsin the acid solution, yielded
better results can be explained by the presenageihtively high amino density in an
hydrophobic environment which arises from a dismedestructure that exposes
methylene groups at the surface, as previouslyritestcby other&” Once a surface
amine group is exposed, it is protonated and itsitipe charge can suppress the
protonation of neighbouring groups. Moreover, psolvation and bridging between
neighbouring charged groups would also suppre#isuprotonation. In this scenario,
the sonication will help to overcome the kinetionganizations barriers speeding up
the protonation proce&8! Together with the sonication effect an increase in
temperature during the process could be responsititee changes observed, however
the monitoring of the temperature in the sonicatiath indicates that after 7 minutes
of sonication, there is no change in temperaturdy @fter long sonication periods
(>15 min., see 3.3 section) the observed incraasenication bath temperature could

contribute to further speed the protonation process
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Figure 7. AFM topography images and the correspandieight profiles of protonated APTES
functionalized Si surface, showing the CsNiCr NPdgpemtial deposition with the different times of
immersion and/or sonication in HCI solution for giretonation of the SAM.

124



Results and discussion

3.2.2.2 Chemical and magnetic characterization of the grafted PBA-NPs

To prove that the PBA-NPs were not damaged afteatichoring deposition onto the
surfaces, we complemented the AFM measurementsspéhbtroscopic and magnetic
studies. First, attenuated total reflection inflaspectroscopy (ATR-IRRAS) of the
APTES functionalized Si©substrates fully covered with PBA-NPs were caroed
to confirm the presence of the NPs. The spectruswshhe characteristic 2171 €m
peak associated with the existence of bridging @Nups in the PBA-NP framework
(Figure 8).
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Figure 8. ATR-IRRAS of the CsNiCr NPs grafted on licen substrate functionalized with APTES.
Substrate was sonicated at pH = 1 before NPs daposi

For proving the chemical composition of the surfacee complementarily performed
Auger Electron Spectroscopy (AES) measurenigotstwo kinds of samples: Sample
1 formed by a silicon substrate coated with APTEUre 9a), and Sample 2 formed
by PBA-NPs grafted on a silicon substrate coateth WA\APTES (Figure 9b).

Measurements performed on Sample 1 indicate treepee of the SAM of APTES

over the Si@substrate (Si 95 eV, C 294 eV and O 473, 490,881 peaks, due to the
low amount of N it is difficult to detect). In Saiep?2, both the additional detection of
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Ni (717, 783, 851 eV), Cr (531 eV) and Cs (562, BY4 and N (385 eV) peaks along
with an increased amount of C (272 eV), derivednftbe presence of the CN groups,
clearly evidence the presence of the PBA-RIPs.

1 2

15104 15104

1.0 104 1.0 104 ]

5.0 103 4 5.0 103
£00100 A $00100

o

501034 | 5.0 103 1

1.0 104 4 -1.0 104 4

-15104 : : ; : ) 15104 T — T ]

0 200 400 600 800 1000 0 200 400 600 800 1000
Kinetic Energy (eV) Kinetic Energy (eV)
(@) (b)

Figure 9. (a) Sample 1: SEM image and Auger elacBpectra of functionalized Si substrate with
protonated APTES without NPs. (b) Sample 2: SEMgenand Auger electron spectra of CsNiCr NPs on
functionalized Si substrate with protonated APTES.

Magnetic properties of the deposited nanoparticlgsre studied using a
superconducting quantum interference device (SQUtagnetometer. In order to
overcome the problem of the low amount of magnséimple (a sub-monolayer of
PBA-NPs) on a large amount of diamagnetic matésiéicon wafer with an APTES
monolayer) a setup similar to the one proposed byl&ury et af® was prepared (see

3.3 section). In this setup, the contribution te tverall signal of the silicon wafer is
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minimized during the measurement and only the mageignal from the PBA-NPs is
directly recorded. Field-cooled (FC) and Zero-fietubled (ZFC) magnetization
measurements of CsNiCr NPs were performed underQ®@pplied magnetic field.
As can be seen in figure 6, the two curves divéglew T = 14 K and the maximum
of the ZFC is observed at 9 K (slightly higher thha NPs blocking temperature in a
polymer matrix)!®?! This blocking temperature corresponds to magnisticearly
isolated particles. Notice that the high NPs dgnsm the surface prevents the
completely isolated behavior. This limitation couldd easily overcome by preparing
samples with lower density PBA-NPs on the surfdoe éxample by decreasing the
protonation ratio of APTES monolayer or by lowerihg deposition times). Still, the
resulting decrease in the amount of magnetic natavill sharply reduce signal
intensity and will make the experimental measurdamemry difficult to perform
(Figure 10).
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Figure 10. Field cooled (empty circles) and zesbdficooled (full squares) magnetization measuresnent

for the CsNiCr NPs grafted on a silicon wafer preglgufunctionalized with a protonated APTES
monolayer.

127



Chapter 3. Organization of molecular-based magmis on surfaces

3.2.2.3 Patter ning experiments

General procedure

By combining the LON with the functionalization 8iO, with SAMs of OTS and
APTES, we were able to position PBA-NPs with nantimeprecision over Si
surfaces. In Figure 1it is shown the followed protocol. First, silicon subttsawith
markers were freshly cleaned in®:NH,OH:H.O (1:1:2) solution (see section 3.3
for details). Next, they were functionalized wittm ®TS monolayer (i). OTS-
functionalized substrates were patterned by me&ah®©dl with features of different
shapes and heights (ii). The patterned substrages tlven functionalized with APTES
that reacts specifically with the freshly prepak€N-SiO, marks (iii). At this point, a
good quality OTS monolayer is indispensable to @néthe APTES grafting outside
the lithographed zones. After APTES functionalizatthe substrates were immersed
in a diluted pH = 1 acid solution and sonicatedaleast 7 min. (iv). During this step,
amino groups got protonated and therefore the ®i&ks covered with APTES got
positively charged. Without rinsing, a ~50 pL dafpa solution 1 mM in Ni of PBA-
NPs was deposited on top of the substrate for 1 m)n afterwards, the sample was
rinsed with Mili-Q water and dried under & Ntream (vi). Occasionally, as a last

cleaning step, sonication in water for few minuies required.
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Figure 11. Steps: i) OTS monolayer formation, PN pattern by means of a specific applied voltage,
iii) APTES monolayer formation on top of the bar®M pattern, iv) immersion and sonication of the
sample in pH =1 aqueous solution, v) depositioRBA-NPs by drop casting the solution on top of the
substrate and vi) last sample is rinsed with water dried under af\stream.

CsNiCr NPs deposition

CsNiCr NPs were successfully deposited by the phameabove described. Figure 12
shows an APTES-LON modified substrate before (fedia) and after (Figure 12b)
NPs deposition. In Figure 12b one can observe tigh Ipreferentiality and
nanoparticle density obtained during the depositwocess. In some rare cases
CsNiCr NPs could be removed from the patterned sagksonication in the same
acid solution used to protonate the APTES molec(Fggure 12¢). The reason why

they were not always removed under these conditi@rssill unclear for us. In any
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case, whenever particles were removed from theseirfdeposition process could be

repeated (Figure 12d).

€))

Figure 12. AFM topography images (images size: 6®0x 660 nm) representation of different steps of
the CsNiCr NPs deposition process on nanolithograplagieirns. (a) OTS-functionalized substrate was
patterned by LON and then marks were modified withtonated APTES. (b) PBA-NPs solution was
deposited on the substrate and a clear preferemabd modified nanolithographed pattern was shown.
(c) Deposited CsNiCr NPs were removed by sonicatioacid solution. (d) The deposition process was
successfully repeated.

To further highlight the importance of electrogtdtiteractions between the PBA-NPs
and APTES in our grafting protocol (Figure 13) anfirst experiment an OTS
functionalized substrate was patterned with LON-Sitarks (Figure 13a), immersed
into ethanol (without APTES molecules), sonicatechqueous pH = 1 solution and
dried under M Then, CsNiCr NPs were deposited on this subsratirop casting. In
this case, AFM measurements show that a very lawben of NPs got attached to the
surface either inside or outside the mark (Figuse).lin full agreement with our
previous observation (Figure 6). In a second erpamt the same sample was
immersed in an APTES solution to functionalize thark and then sonicated in
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diluted HCI (pH = 1). Then PBA-NPs deposition wapaated and the mark was
imaged again. In this case, the mark appeared edweith NPs (Figure 13c) while

the rest of the surface remained free of them. iBrésclear proof of the essential role
played by APTES during the deposition of PBA-NPPsspite of the fact that in some
cases the precise number of NPs attached to tletidoalized oxide mark was very
difficult to quantify, the accurate measurementg uiirection confirmed that the NPs

were not piled up on top of the lithographed pater

As discussed in the previous section (3.2.2.2)ctedstatic driving forces seem to
control the clear preferential deposition of theyatesely charged PBA-NPs on the
cationic APTES surface. This preferentiality wakiaeed regardless of the shape of
the marks which includes large strips ~400 nm x @@0(Figure 13a), lines ~70 nm X
400 nm (Figure 13d) or even dots of less than 75mdiameter (Figure 13e). Such a
result proves the very precise control achievetherorganization of these negatively
charged nanoparticles on surfaces at length scategng from hundreds to tens of

nanometers.
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Figure 13. AFM topography images and profiles aff LON-SiQ mark patterned on a silicon wafer
previously covered with a OTS monolayer (red pejfilb) the same mark after deposition of CsNiCr
NPs. The substrate was treated with ethanol andedilHCI but without APTES (blue profile); (c) the
same mark after functionalization with APTES antuted HCI and deposition of same CsNiCr NPs
(green profile); (d) and (e) deposition experimentAPTES modified LON-Si®@marks with different
shapes and sizes (red profile: before NPs deposiji@en profile: after NPs deposition).
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KNiCr NPs deposition

To demonstrate the possibility of extending thiegme electrostatic organization
procedure to PBA-NPs of different sizes and chehtompositions PBA-NPs, the
larger KNiCr NPs (approx. 25 nm) were used. Neh¢, 3ame deposition protocol was
applied. As can be seen in (Figure 14), high pesiality and precision were

maintained in this case too.
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Figure 14. AFM topography images of different naholgraphed patterns on a OTS monolayer with
KNICr NPs on top with their corresponding heightfpes (red: before NPs deposition; green: after NPs
deposition). Marks were functionalized as usuahwitotonated APTES before NPs deposition. (a) image

size: 2.7 um x 2.7 um; (b) image size: 3.1 um xag.

3.2.2.4 Preferentiality of the PBA-NPswith the LON size
Interestingly, we realized that the 25 nm KNiCr Nihswed a selective preferentiality
for the larger marks (Figure 15), so we decidesttoly it in more detail. Such a result
was not observed with the smaller 6 nm CsNiCr Ni®ghis case, single NPs were
trapped in marks of about 30 nm width (1.5 nm heigh Figure 15a, Figure 15b).
However, the minimum mark size needed to attach ar@ NP was larger. In fact,
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marks of around 100 nm in diameter (3 nm heightleweecessary to trap these NPs.
Moreover, at least 4 or 5 NPs were usually founé@mgle mark (Figure 15c). So it
seems that it is more difficult to find single N&sto a unique LON mark when they

exceed a certain size.
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X[nm]

30
€15
<
0
0.6 1.2
X[pum]

Figure 15. AFM topography images of: (a) CsNiCr Nisafie size: 1.40 um x 0.23 pum); (b) zoom
image and profile of 7 dot in (a), where one single NP has been atta@iheabe size: 90 nm x 90 nm);
(c) KNiCr NPs on nanolithographed dots (image sizd0 um x 0.23 um). Below/next each image, the
corresponding superposition of height profiles befoed) and after (green) NPs deposition are shown

The interdependence between oxide motives sizéN&sdsize would open the door to
the selective deposition of nanoparticles of speaizes and to the hierarchical
organization of NPs of different sizes on the saufestrate. For a more detailed study

about this particular point, a LON pattern of dafith different sizes was performed
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(Figure 16a and Figure 16b). Then, KNiCr NPs (~25) nvere deposited and we

found again that the large NPs were preferentiattgched onto the larger dots. A
zoom in of topography AFM images of the functiomai LON marks without and

with KNiCr NPs was performed (Figure 16¢ and d) @&nxhn be seen that the marks
presenting larger surface areas were completelyfiNlPs. However, as can be seen
in the profile (Figure 16e), at the smallest oxides there were no particles attached.
Although in some cases, some KNiCr NPs presentimgjler sizes always present in
some degree in the NPs solution, got attach&terefore, it seems that there is
selective attachment of the larger NPs onto thgelat ON patterns and the smaller

NPs onto the smaller patterns.

(e)

Z[nm]

Figure 16. (a) AFM topography image of Sianopattern on OTS functionalized silicon surfa@eide
dots have different size (width and heigth). Imagee: 2.4 um x 1.0 um. (b) Topography image of
KNIiCr NPson top of protonated APTES functionalizeshopattern showed in (a). (c) and (d).Zoom in of
the dotted areas of topography images (a) andnfiages size: 600 nmx 900 nm.

! The thorough control of reaction parameters of RiBA-NPs synthesis (time, temperature,
stirring velocity and concentrations of reactamsgs not always allow narrowing down the
size distribution of the NPs. Therefore it is alwgpssible to get a certain number of NPs with
smaller sizes; even the great majority have theersize.
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The next experiment was performed to check if tiftexent kind of NPs, CsNiCr
NPs (~ 6 nm) and KNiCr NPs (~ 25 nm), could be gneiftially organized on a LON
patterned substrate by controlling the sizes of riieks. If the above explained
condition is fulfilled, the KNiCr NPs would attaamto the largest marks and the
CsNiCr NPs onto the smallest. The topography iméiggure 17a) shows 5
lithographed dots with different sizes onto a Sisttate functionalized with OTS: dot
1 (150 nm x 10 nm), dot 2 (45 nm x 2 nm), dot 31idx 1.5 nm), dot 4 (50 nm x 1.5
nm) and dot 5 (170 nm x 5 nm). Then, the samplefurastionalized with APTES and
sonicated (7 min) in a solution of HCI to protontte SAM.

As the smallest NPs seemed to attach whateverizkeo$ the oxide dot, the NPs
deposition was done in two steps to avoid thathal oxide dots were filled by the
smallest NPs at once. First, a drop of KNiCr NPlitemn was deposited by drop
casting (2 min), rinsed with mili-Q water and drigder N gas. The topography and
phase image of this step is shown in Figure 17b @amd be clearly seen that the
biggest KNiCr NPs are preferentially attached ahtodots number 1 and 5, and small
KNiCr NPs present in the solution got attached dghtosmallest dots, numbers 2 and
3. Second, the sample was sonicated again in H@Iirf2 to assure the attachment of
the anionic NPs, and a drop of CsNiCr NPs solutias deposited by drop casting (2
min), rinse with mili Q water and dried under §as. The topography and phase
image of this step is shown in Figure 17c. As carséen in both images, the 5 dots
are fully covered with the NPs, but unfortunately dhecking the profiles (Figure
17d) we can conclude that large KNiCr NPs were rexdcand all the NPs attached
are CsNiICr type (or small KNiCr NPs). Two differeastplanations could justify this
result. The first one could be that with the somizain the acidic solution the KNiCr
NPs were detached as happened before with the €IS explained in section
3.2.2.3 (Figure 12). However, as was also previoogtntioned, our experience with
several samples indicates that it is not so easyetoove the attached NPs by

sonication, and actually it usually does not océusecond explanation would be that
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in the presence of CsNiCr NPs, they displace th&KNIPs from the oxide dots and

cover all the marks.
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Figure 17. (a) Topography and phase images of th#otS oxidized by LON on a Si substrate
functionalized with OTS. The 5 dots are labelledhwthe corresponding numbers. (b) Topography and
phase images of the KNiCr NPs attached onto theditiphed dots previously functionalized with
protonated APTES. (c) Topography and phase imafyreedCsNiCr NPs attached onto the lithographed
dots. (d) Height profiles of images (a), (b) and (c

Taking a close look on the deposited NPs, it agptieat the highest central part of the
patterns are always decorated with one single MRt Boks like the deposition is
very sensitive to the height of the lithographedkm@he rest of the NPs fulfil the
remaining pattern and it happens for the KNiCr ldPsvell as for the CsNiCr NPs.
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As we are working with NPs of different compositiand size, it could happen that
the preferentiality of the NP deposition would leéated to its surface charge instead
of its size. As was mentioned in the introductitime PBA-NPs are anionic, and
depending on the chemical composition and sizer, tlegative charge may change.
To check this possibility, we decided to work whigger CsNiCr NPs with mean
sizes of ~20 nm (Figure 18) that were synthesirethé group of Dr. L. Catala. As
these NPs maintain exactly the same compositiadhesmall CsNiCr NPs that we
prepared (6 nm), they should have exactly the senaege surface, although the

global charge per particle is larger in the bigone

Size (d.n... % Number: St Dev (d.n...
Z-Average (d.nm): 3127 Peak 1: 21.62 100.0 5.662
pdi: 0.084 Peak2: 0.000 0.0 0.000
Intercept: 0.863 Peak 3: 0.000 0.0 0.000

Result quality Good
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Figure 18. DLS measurements of large CsNiCr NPs.

They were deposited by drop casting onto a pattiesaenple that was prepared as in
the previous experiments. Five dots with differsiaes were lithographed: dot 1 (40
nm x 1 nm), dot 2 (40 nm x 0.5 nm), dot 3 (80 nth.4 nm), dot 4 (90 nm x 1.2 nm)

and dot 5 (105 nm x 1.2 nm).). As can be seendarki19, again only the largest NPs
got attached to the largest functionalized oxides ddots number 3, 4 and 5), while

some small NPs, always present in the NP solutiene deposited preferentially onto
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the smallest dots (number 1 and 2). In this lapegment the height of the dots were
lower than in the previous one and the patterng weroother, so the CsNiCr NPs got
attached covering homogeneously the dots formiogms of NPs in the largest dots
(3, 4 and 5), two small NPs in dot no. 2 and onalsKP in dot no.1.

If only the surface charge were the reason of teépentiality with the patterns size,
the big CsNiCr NPs (20 nm) should have attachea @ghe smallest patterns (until
balance the charge of the cationic pattern), asthal CsNiCr NPs (6 nm) did. By
analysing again the former results with 25 nm KNiSPs and although the
electrostatic interactions are the driving foraeanchor the NPs on the functionalized
patterns (as has been proved in the previous ssgtizwe could conclude that the NPs
attachment depends on the sizes of NP and pattenwever, this is a complicated
subject where several factors can influence, ane meperiments would be needed to

get final conclusions.
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Figure 19. (a) Topography and phase images of th#otS oxidized by LON on a Si substrate
functionalized with OTS. The 5 dots are labelledhwthe corresponding numbers. (b) Topography and
phase images of the CsNiCr NPs attached onto theglidéiphed dots previously functionalized with
protonated APTES. (c) Height profiles of imagesa@ad (b).
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3.2.2.5 Chemical characterization of the PBA-NPs deposited on the marks

The chemical characterization of PBA-NPs depositednarks patterned on a silicon
wafer covered by an OTS monolayer is a challenge uthe small size of the
patterns and the small amount of material to amalyfhese limitations make
impossible the use of ATR-IRRAS. Instead, the stanmES technique, that is
especially suited for investigation of small suddeatureswas used for the chemical
analysis. This technique provides the possibilitysimultaneously produce physical
images and element distribution maps of the surfigceombining Scanning Electron
Microcopy imaging and AES analysis capabilities.

We have performed AES on top and outside the LOeps (Figure 20). Compared
with the experiments on full substrates (sectidh232), longer exposition times and a
special care to avoid degradation of the sample wequired in this case in order to
get enough amount of signal. Inside the LON pasteapart from the C (275 eV), O
(473, 491, 512 eV) and Si (96 eV) peaks coming fitke APTES SAM and the
substrate, Ni (720, 778, 783, 849 eV), Cs (559, &74 and N (386 eV) Auger peaks
were detected. This result proves the presenckeoPBA-NPs on the functionalized
nanopatterned marks (Figure 21c-1). Outside th&snéne Auger peaks coming from
OTS and the substrate were measured (C (276 e378® 492, 513 eV), and Si (95
eV). Traces of N (386 eV), but no Ni peaks wer® alstected (Figure 22c-2) further
proving the preferentiality of our deposition prosg®!

The presence of N traces could come from some gradentamination due to the
contact with different nitrogen containing impuggi in the solventgluring sample
preparation or to the presence of a small amounfARTES defects inserted in
between the SAM of OTS.
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Figure 22. (a) and (b) SEM images of a Si markdassate. (C)Auger electron spectra of : (1) PBA-NPs
on top of a LON-Si@ mark modified with protonated APTES; (2) a regminthe surface far from the
nanolithographed mark.

In Table 1 are summarized the most important Aygeks of the spectra showed in
Figure 23 (NPs layer), Figure 22c-1 (NPs on LONkpaFfigure 22c-2 (outside LON
mark) and compared with the values found in liten@{Reference [29]).
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Peak position
Element Reference 29 NPs layer NPson LON mark Outside LON mark
Si 96 96 96 95
C 275 272 275 276
N 389 385 386 386
O 473/489/510 474/490/512 473/491/512 475/492/513
Cr 531 531 530 -
Cs 559/572 562/574 559/574 -
Ni 718/777/785/849 717/--/783/851 720/78/783/849 -

Table 1. Summary of Auger peaks positions.

3.2.2.6 Study on the evolution of LON nanalithographed SiO, patterns

under sonication

During our studies we tracked the height profilehd marks in close detail to check
the effect of the different steps during the degpmsiprocess, especially for prolonged
times of sonication used for the APTES SAM prepanatnd sonication. For this
propose we prepared LON marks and measured adgurtiir height profile;
afterwards, we followed the procedure commonly usegirow the APTES SAM, but
before the sonications steps in ethanol (cleartieys$ we measured the height profile
again (Figure 24a and b). In a different experinveatprepared the LON patterns and
measured the topography image, then we attachedABEES SAMs (including
sonication in ethanol for cleaning proposes), aedsured again. Finally we sonicated
the sample in acid solution for 30 minutes and meskthe final height (Figure 24c
and d). All the height profiles correspond to AFbpography images performed for

each step of the experiment (not shown).
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The study of this effect in different solvents arwhditions led us to conclude that
although the effect is general, no easy correlatetween height decrease and
sonication time can be established. But it wasrlyleabserved that a prolonged
sonication in acidic solutions produced a decr@aslee height of the mark. This fact
moved us to progressively reduce sonication tinmesliluted HCI for the APTES
protonation until a compromise was achieved. Seimgahe samples in diluted HCI
for 7 minutes slightly affects the height of therkgawhile still assures an effective
protonation of the APTES monolayer and thereforgh INPs deposition densities
(see Section 3.2.2.1). A decrease in the heigthemmark may wrongly indicate that
during the sonication process at pH = 1 the APTESatayer has been removed
along with part of the Si©In this scenario the protonation of the Si@ark and the
presence of trapped ionic speciésvould be the ones that induce the electrostatic
attachment of the PBA-NPs onto the surface makingeoessary the APTES
monolayer. Still, it has been previously shown fisec3.2.2.1, Figure 5 and section
3.2.2.3 Figure 12) that the presence of APTESLsial for the attachment of the NPs.
From our point of view, we can assume that evesoihe APTES molecules are
removed from the surface during the sonicationsstépey may be trapped again in
the remaining Si®@ Moreover, the non-stoichiometric and porous ctteraof the

fabricated oxid® can favor such a trapping.
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Figure 24. Height profiles of fourON-SiO: marks after different treatments: (a) and (b) redshly
prepared mark; green: after immersion in ethan@RTES solution, rinsed with ethanol and blow dried
with N2. (c) and (d) red: freshly prepared makftue: after immersion in ethanolic APTES solution,
sonication in ethanol (twice 5 minutes) and blovedmwith Ng; yellow: SiG: mark treated with APTES,

sonication in ethanol and sonication 30 minuteilnteld HCI.

3.2.3 PBA-NPs organized by DPN

As done in the so-called dip-pen nanolithographi?XIp technique, the organization

of the PBA-NPs was carried out by coating an AFNber (tip functionalization) with

a solution containing the NPs, commonly referredimas solution”. As introduced in

chapter 1, in the non-direct method, the ink (males to form a SAM) is used as a

carrier system for the later deposition of the NPsour case, we use the direct

method where the deposition is made in one single as the ink is formed by the

PBA-NPs that is directly deposited onto the tasyaface (direct patterning). In most

144



Results and discussion

cases, the transport of ink molecules from thetdiphe substrate is mediated by a
water meniscus which is formed through capillarmdEnsation. Under typical DPN
conditions, water is always present in the tip—sabs gap, and its impact on pattern
formation is closely related to the solubility okimaterials in water. In our case, the
NPs (our “ink™) are transferred by scanning thectionalized AFM tip in contact
with the surface. As the PBA-NPs are dispersedatewy the formation of the water
meniscus at the nanoscale tip-sample junction wéadditate the deposition of the

NPs from the tip to the surface.

While the functionalization of AFM tips may seemitgueasy, it quickly becomes
clear that a lot of chemical skills are neededital bhe right species to the right place
with the desired amount.In our case, the functionalization of the probeswiane
taking advantage of the knowledge acquired in tlexipus section (3.2.2) based on
the bottom-up self-assembled method. It was suftdBsschieved by creating a
SAM of protonated APTES on a Si tip to further foarlayer of anionic PBA-NPs
that got attached to it driven by electrostaticés. The selected probes were MSNL
tips from Bruker, where a Silicon (Si) tip is moeadton a Silicon Nitride (SiNi)
cantilever (specifications detailed in section 3 Bjese tips were selected for two
reasons: First, to perform the functionalizatiolyan the tip side of the probe (Si)
and not on the cantilever side (SiNi), and sectmdise soft cantilevers to be able to
apply low forces (as it will be discussed belowyudlly, the commercially available
soft probes are all made by SiNi (lever and tipi, the tip functionalization depends

on the tip composition and a Si surface is needethé APTES assembling.

The functionalization by coating the tip with theNICr NPs, was made in four
consecutive steps summarized in Figure 25a: In (§tefhe tip was gently dipped 30
min in APTES solution, then (step (ii)) it was slgwemoved from the APTES
solution and directly immersed in absolute ethdopl5 minutes. Then, in step (iii),
the tip was carefully immersed into a diluted HGlusion (pH=1) for 7 minutes. The

tip was removed from the acidic solution and lefed in ambient conditions. At this
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point of the process, the tip was already funcfiaad with a protonated layer of
APTES. Finally, in step (iv), the tip was immersked 2 minutes in a KNiCr NPs
solution and after removal from the NPs solutianyas left it dried under ambient
conditions. The probe obtained was a Si tip fumatized with a layer of KNiCr NPs
mounted on a SiNi cantilever not covered by any(NBure 25).

® = KNiCr NPs

APTES Ethanol HCl KNiCr NPs solution
(@)
" KNiCr NPs

Functionalized tip

(b)

Figure 25. (a) Cartoon that represents the consecsteps of the functionalization of the Si tip) {the
resultant probe is a SiNi cantilever with a Siftipctionalized with a layer of KNiCr NPs.

The direct patterning was made by combining congamt dynamic modes of the
AFM. The deposition of KNiCr NPs is summarized iigufe 26. The selection and

characterization of the surface was made in dynantide while the combination of
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both modes permitted the organization of the NPspirific positions on the surface.
A clean surface of previously functionalized Si stdtite with protonated APTES was
scanned in dynamic mode (step (i)) then, a smaltea was selected for the NP
deposition and the system was brought to work imaxi mode (step (ii)). The ink
(KNiCr NPs) was delivered in direct contact witle tturface while the tip scanned the
area (previously selected) applying a certain fgstep (iii)). Finally, the tip scanned
over the surface in dynamic mode to characterigedéposition. All the experiment,
deposition and characterization, was made wittsémae tip.

(i) Scanningin dynamic mode (ii) Selecta smaller area to (iii) Scanningin contact mode

« scan in contact mode
x\"“*w

NPs deposition in
contact mode

200nm
[l

Figure 26. Different steps of the process of NRmdiion by DPN.

Some experimental parameters were studied in dodenprove the deposition of the
PBA-NPs by DPN. Considering the AFM cantilever likespring that responds to a
normal force k, according to the Hooke’s lawnFE k-Az, where k is the cantilever
force constant anfz the deflection of the cantilever (see Apendix).rBeasuring the

cantilever deflection it is possible to measure thece on the cantilever, and
therefore, it is possible to study the depositibrihe NPs with respect to the force
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applied while scanning in contact mode. Differeahtdevers would exert different
forces because the force is directly related tocdngilever force constant, so softer

cantilevers (low values of k) would produce lowerces.

DPN with a soft tip (k = 0.1 N/m)

The first experiments were performed with a verfg 8p (SiNi lever and Si tip), with
resonance frequency# 38 KHz and k = 0.1 N/m, data provided by the ofaaturer.
The tip was functionalized with KNiCr NPs with a amesize of ~25 nm that were
deposited on a Si substrate functionalized withiqurated APTES to facilitate the
anchoring to the surfacé.Two different parameters were studied, the fonggliad
during the contact scan and the speed of the 3tenexperimental values of énd k
were found to be 36.58 KHz and 0.09826 N/m, re$palgt the last one calculated by
the method developed by Sader et®alhe tip displacementAg), measured by the
AFM photodiode is given by the set point paramétethe AFM, which is an input
value given in volts. The force applied is theredily related to the set point, so the

higher the value of the set point, the more fosceding applied to the tip.

The results are shown Figure 27 (a, b and c¢) wiheréopography images acquired in
dynamic mode with the same functionalized tip drews with the corresponding

values of the deposition process: set point (SB)saan speed (v). Below it is shown
a height profile of each case. The scan was maue fop to down in case (a) and
from down to top in cases (b) and (c). In all casesh scan line was performed twice

(forward and backward).
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Figure 27. a), (b) and (c): Topography images (top)eposited KNiCr NPs with their values of
deposition: set point (SP) and scan speed (v) tl@dorresponding height profiles (down). Images:si
2 um x 650 nm.

From Figure 27a to Figure 27b both parameterspsitt (force applied) and scan
speed, were increased. It can be seen that thelé@sited in Figure 27a and Figure
27b present more or less the same sizes and scoNarage. Nonetheless the heights
of the NPs are not the expected for the KNiCr N&g¢cted to be around 25 nm),
then it could happen that the NPs would be brokedegraded. From Figure 27b to
Figure 27c, the force applied in the depositiothes same but the scanning speed was
increased from 2Hz to 3Hz. It can be seen thattverage is much higher when the
speed is increased (Figure 27c¢) although it loidesthe KNiCr NPs did not withstand
the high speeds and degraded or broke even manetliaprevious cases, showing

lower values on the NPs height profiles.
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DPN with a harder tip (k = 0.5 N/m)

This time, the experiments were performed with edéatip (SiNi lever and Si tip),
with resonance frequency ¥ 125 KHz and k = 0.6 N/m, both data provided g t
manufacturer. The tip was functionalized with thene KNiCr NPs and the substrate
was again Si functionalized with protonated APTHESe experimental values of f
and k were found to be 113.86 KHz and 0.5664 N/he force applied to the tip in
this experiment will be larger than the previous drecause the cantilever force

constant is 5 times larger (0.5 N/m) than the nesione (0.1 N/m).

The results are shown in Figure 28. Topography @aagquired in dynamic mode are
shown from Figure 28a to Figure 28d, with the cgpmnding deposition parameters
and height profiles. From 20a to 20c, it is showweé lines of NPs deposited at the
same speed (1Hz) but with increasing set pointgligbforces). As can be seen in the
height profiles, applying more force, only a slightrement in the heights profile
were observed. These lines were done by scanniGgnB0x 40 nm several times
from top to down, and vice versa, to get more cagerof deposited NPs. However,
the low values of the height profiles suggest 8wnning several times in the same
line produce a high coverage but destroy the NBs. rlext deposition was made by
scanning very small areas (5 consecutive dots afrB 50 nm) from top to down,
only one scan, at low speed (1Hz) and the highlerevaf the force applied (SP = 1.5
V). As can be seen in Figure 28d, five consecutingas with few KNiCr NPs were

successfully deposited showing the expected hemhes for the KNiCr NPs.
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Figure 28. (a), (b) and (c): Topography images)(mipdeposited KNiCr NPs forming lines with their
values of deposition, set point (SP), scan spegdr(® the corresponding height profiles (down). dma
size: 1 um x 350 nm. (d) Topography image (topdiedosited KNiCr NPs in 5 dots of 50 nm x 50 nm,
with the corresponding parameters of depositiontaadorresponding height profile (down). Imagesiz
2 um x 500 nm.

Finally, force-distance curves of the hardest {lbss 0.5 N/m) with and without
functionalization were performed on a clean Si sals (Figure 29). An AFM force-
distance curve is a plot of tip-sample interactiorces vs. tip-sample distance. The
difference between the approach and the withdramatact lines is called "loading-
unloading hysteresis*.Once the tip has contacted the surface, it isguligigainst the
surface with some force in which case, the visatielgproperties of the sample can be
investigated. When the tip is pulled away from theface, adhesion forces can be
measured. If we compare the two force-distanceesu(ffigure 29a and b), different
values of adhesion forces could be measured: thetitunalized tip presents more
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adhesion (102.7 nN) than the non-functionalized(2@.4 nN). This would indicate
the presence of the KNiCr NPs on the functionalizedhat causes the increment in

the adhesion between the tip and the substrate.
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Figure 29. (a) Force-distance curve for a non-fienetized Si tip with k= 0.5 N/m on a Si substrate. (b)
Force-distance curve for a functionalized Si tiphvKNiCr NPs on a Si substrate.

Our results suggest that by employing the knowrttionalization procedures for flat
substrates, we are now able to attach KNiCr NPtheotip surface, thus providing
numerous possibilities for the further attachmdra wide variety of different anionic
NPs. This NP-functionalized tips can be used lftethe organization of the NPs on
specific regions surfaces for their characterizatio their integration on sensors and

devices®
3.2.4 PBA-NPs or ganized by soft lithography

The two methods described in sections 3.2.2 (LONJl 8.2.3 (DPN) for the
organization of the PBA-NPs on surfaces were deimatesl to be very accurate and

efficient although they are serial methods thay guérmits the controlled deposition
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of the NPs in very small areas of the sample. Itadainly very useful because it
allows the study of the NPs at the individual (orai number) level and also would
permit their integration in devices, where the Nfase to be deposited in specific
areas. But for many other applications, large-gratiernings are required to form
structures with features that range from nanometersmicrometers in size to

incorporate them as active parts of micro or naggigdnic circuits, for example.

To be able to scale up the process of the PBA-NBanization all over the surface
(up to areas of cfjy three different routes based on soft lithograptamp-assisted
methods have been used. The first method was basetie direct microcontact
printing (UCP) approach. The second one was a modificatioth@fwell-known

Lithographically Controlled Wetting (LCW) and theind one was an indirect method
also based on stamps. A real AFM topography imafga polydimethylsiloxane

(PDMS) stamp and its schematic representation, el a8 the crystal structure of

PBA-NPs and its schematic representation, are sliwwigure 30.

I—
[—
<>
750 nm

(a) (b)
Figure 30. Schematic representations of PDMS stanth PBA-NPs. (a) AFM topography image of a

PDMS stamp and its schematic representation. (blictte of PBA- NPs and its schematic
representation.

For all the methodologies, PDMS stamps were usian(s preparation described in

section 3.3). This type of stamps presents regulspbhced parallel lines separated
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around 750 nm (Figure 30a), so the features trenesfewill be in all cases parallel
lines of PBA-NPs.

3.2.4.1 Method 1

Method 1 is based on the use of soft stamps tkean&ed in a NPs solution and then,
the NPs are transferred from the stamp to a subdigapressing the stamp against the
substrate. This standard method was successfudly fies example, by R.V. Martinez
and coworkers for the organization of ferritine pwlles on a functionalized Si
substraté® The deposition process (by method 1) of the PBA-MPsummarized in
Figure 31. The stamps were slightly pressed agairssteet paper impregnated with
CsNiCr NPs solution for several seconds (stepdi)l then, the inked stamp was
pressed against a silicon surface functionalizeti yiotonated APTES. Both stamp
and substrate were mounted on the nanopress syg&seribed in chapter 2 (section
2.2.1) to be able to exert a known pressure (sigp A pressure of 0.16 Nvas
applied during 1 minute (step (iii)) and then thang was removed from the Si
surface. The patternings obtained were parallekliof PBA-NPs (step (iv)).

(i) (i) (iif) (iv)

,,,,,, P ..
: P ......
Stamp 040 900 00 000 050
& mH)NH yoe NH°9°‘N H:.;\'JO”HJN H?“N HN HaN HyN HaN HaN HaN HyN
9699 c® 000 %P o e ubstrage § § § 5 § § § § § 5 §
mE - e

Figure 31. Different steps of the process of NRmdiion by stamp assisted method number 1.

The results of the patterning of CsNiCr NPs arewshin Figure 32. Well defined
parallel lines of CsNiCr NPs were obtained althoitgivas also found some empty

areas and areas with aggregates of NPs.
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2.0pm

() (b)

Figure 32. (a) Topography image of the CsNiCr NPssfiexred to a functionalized Si substrate by the
method number 1. (b) Phase image correspondirg) tdnfages size: 10 um x 10 pm.

This methodology was found to be little reprodugilaind the lines were not fully

covered with the NPs.

3.2.4.2 Method 2
The second method is an adaptation of LCW repdste€avallini et af” LCW is
based on a stamp-assisted deposition of a solubteri@ from a solution. As the
stamp is placed in contact with a liquid thin fispread on a surface, the capillary
forces drive the liquid to distribute only undee throtrusions of the stamp producing
an array of menisci. The stamp is then removed asdhe solvent evaporates, the
deposited solute forms a pattern on the surfach thie same length scale of the
stamp. The concentration of the solution, the &ffin between
stamp/solution/substrate, the pressure betweenpstand surface, are different
parameters that can be modified to originate dffepatterns of the same compound
without modifying the stamp features.

The method 2 is summarized in Figure 33: The KNNBss aqueous solution (ImM in
Ni) were spread directly on a Si substrate preWofimctionalized with protonated
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APTES (step (i), letting it dry with a PDMS starsgrongly placed on top. To assure
the contact the substrate/drop/stamp system wasequebetween two magnets (step
(if)). After the time needed for water to evaporate stamp was removed and non-

uniform NPs stripes were formed over the surfatep(§ii)).

(i) (ii) (iii)

...... P ..
e?e ‘to ?o ?°?°?f" 699 0% %0 %P o 000 900 ©00 ©00 000
H3N§H3N§H3N§H3§H3§HJ§HJ? H3I:J§ ng; Har; Ha,} HaN HgN HaN Hs? Hﬁ; HJ? ng} Hal HaN HaN
[ si ] I |

Si Si

Figure 33. Different steps of the process of NRsodition by stamp assisted method number 2.

The results for the organization of KNiCr NPs inels by method 2 are shown in the
next figure (Figure 34). The AFM topography imagdew that the height profiles
never exceed sizes of 30 nm, which means that Bewere not piled up. This could
be justified by the high pressure between the stamgpsurface and due also to the

dilution of the solution.

(c)

Z[nm]

2.011{1

Figure 34. (a) and (b) topography images of theG¢NNPs organized by the method number 2. Image
sizes: 10 um x 10 um and 6 pum x 6 um respectiv®@l{Corresponding height profile of the topography
image shown in (b).
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Due to the close contact between the stamp andubstrate forced by the pressure
produced by the magnets, one can image a diff@ietire for the solution behavior,
closer to the micro-injection molding in capillai¢gMIMIC) method (a well-known
unconventional lithographic method), than to theW.Gnethod. In MIMIC the
grooves between the protrusions in contact withstiéace form microcavities, which
once in contact with the substrate delimit the sutrometric channelsu¢channels).
When the solution is deposited at the open entiestamp, the liquid spontaneously
fills the u-channels under the effect of capillary forceseAthe complete evaporation
of the solvent the stamp is gently removed. Theaehanization of the solute enters
into play at the later stages of shrinking, whea $lolution reaches supersaturation.
Following our strategy, the solution could fill treavities instead of forming a
meniscus under the stamp protrusions. The finalltrés parallel lines although they

are irregular and not completely filled with NPs.

3.2.4.3Method 3
To improve the organization of the NPs we finatljyldwed an indirect method based
on the formation of aluminum oxide stripes all owbe surface and the direct
attachment of the PBA NPs on top of the aluminuraditaking advantage of the high
preferentiality of these NPs that electrostaticatlieract with the aluminum oxide

better with the native silicon oxide.

In order to prepare the aluminum oxide ABd) lines, wet lithography was also used.
The same approach followed for the direct orgaitinabf NPs (method 2) was used
to form polymethyl metacrylate (PMMA) lines all ovile surface. Afterwards, a thin
layer of Al was evaporated and once exposed tthaipoxide was formed. After a lift
off process in acetone, well defined aluminium ex#dripes covered the surface, and
the direct contact between the patterned surfatfeamliluted aqueous solution of the

NPs gave rise to well organized NPs bands all theesubstrate.
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The method 3 is described in detail in Figure 3D stamps were prepared as in
previous methods. Then, a diluted solution of PMsdm Aldrich, Mw 350000) in
acetone (1.25% in weigth) was spread over a cléiaarssubstrate and the polymeric
stamp was placed on top. In step (i) it is showa shicon/PMMA solution/stamp
sandwich that was pressed between to magnets dinendrying time (few minutes).
Next, the magnets were removed and the stamp wafulta taken off from the
substrate. Parallel lines of PMMA were then forneedthe silicon surface (step (ii)).
A thin layer of aluminium (1-2 nm) was evaporateght after (step (iii)) and a lift-off
process was achieved by sonicating the sampleseitorge solution for 5-10 minutes.
At this step, parallel aluminium lines were formem the silicon (step (iv)). Then, a
drop of KNiCr NPs aqueous solution (ImM in Ni) waaced on the patterned surface
for 1 minute (step (v)) and finally, it was rinsedth water and dried under a;N
stream (step (vi)). Perfect lines of PBA-NPs webtamed on top of the aluminium

stripes.

(i) (ii)

magnet
vk P o
_] J B l pmma pattern
pmma so[ution_

L s ] [ s

Siee

~ magnet

(L) g p—p—— (iv) Al pattern
Si Si
v) (vi) NPs pattern

:°°°°°:°f°°o oo
Si Si

Figure 35. Different steps of the process of NRsodition by stamp assisted method number 3.
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The results for the organization of KNiCr NPs inelé by the method number 3 are

shown in Figure 36.

Z[nm]
9
=
T

Figure 36. (a-c) AFM topographic images of KNiCr NIRees on modified silicon surface by indirect
method. (b) and (c) large areas of 50 pm x 50 pean3@npum x 30 um respectively; (d) 5um x 5 pm scan
area with its corresponding profile (e).

Regularly spaced parallel lines with a high coverad nanoparticles were found.
Checking the height profile, it can be deduced thatKNiCr NPs were not piled up,

forming a homogeneous layer all over the lines.

This method was successfully used also to orgah&zesNiCr NPs of the two sizes,
the smallest ones (6 nm) shown in Figure 37a arab byell as the biggest ones (20

nm), shown in images Figure 37c and d.
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Figure 37. (a) and (b) topography image of CsNiCr K&?am) organized in lines by method 3. Image
sizes: 6.7 um x 6.7 um and 2.2 um x 2.2 um resmdgtilnset in (b): height profile (c) and (d)
Topography image of CsNiCr NPs (20 nm) organizedniesl by method 3. Image sizes: 10 pm x 10 pm
and 5.5 um x 5.5 um respectively . Inset in (dighieprofile.

The results evidence that between native silicadeoand native aluminium oxide the
KNiCr NPs, show a high preferentiality for the sedmne. This can be demonstrated
by simply putting in contact both kinds of surfacggh a solution of the anionic
KNiCr NPs, the AlO; surface get completely covered with NPs while loa $iQ
surface only few NPs are found. These tests arevrsho Figure 34 with an

aluminium surface and in previous Figure 38, secli@.2.1 with silicon substrates.
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(c)
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T

Figure 39. Preferentiality of PBA- NPs on the@®@d surface. (a) Si substrate with 2nm of Al evapatate
The AkOs is formed naturally by exposure to ambient copdgi (native oxide layer). (b) KNiCr NPs
deposited onto the ADs surface by drop casting

Even though the nature of the stabilizing forcesveen NPs and oxide surface should
be electrostatic, we have not any explanation fer preferentiality between both

oxides; however, as has been demonstrated, on@kamdvantage of this difference
and use it to organize the NPs in perfect strifiesvar the surface.
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3.3MATERIALSAND METHODS
Synthesis of PBA-NPs

A solution of Csz Ni[Cr(CN)s]o.onanoparticles was prepared on base of the synthetic
procedure previously described by L.Catala et a]J150 mL 2.10-3 M aqueous
solution of KCr(CN) was quickly added to 50 mL of 2;:3® NiCl..6H,O and 4.16

M CsCI aqueous solution. The suspension was stioedt least 1 hour at room
temperature before using it. KNiCr nanoparticlespgmsion was prepared following
exactly the same procedure except for the CsC] g&t was not included in the

reaction mixture.

Substrates

The substrates used for the NPs deposition on L{ON-Barks were silicon wafers
(p-type) with a marker code made by means of dplittegraphy, in this way it was

possible to localize exactly the same positionhensample (Figure 40).

Figure 40. Top view optical image of the Si@arked sustrate.
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These substrates were prepared by optical lithdgrapm the Instituto de
Microelectronica de Barcelona. For experiments whécalization of specific
positions was not required, common silicon wafegstype<100>from DXL

enterprises, INC) were used.

Substrates cleaning process

Silicon wafers with or without photolithographed nked code were cleaned always
just before any experiment was performed. Samplexe v8onicated 10 minutes in
freshly prepared ¥D.:NH4,OH:H,O (1:1:2) solution three times. Then they were
rinsed with mili-Q water, sonicated 5 minutes idi+@ water twice and dried under a
N, stream. Substrates with the photolithographed oedes briefly sonicated in

organic solvents before the cleaning process withaxidant mixture to assure the

elimination of any photoresistor residue.

Ultrasonic cleaner

A BRANASONIC MTH-5510 ultrasonic cleaner (power 188 was used. During
different experiments we monitored the temperatfr¢he sonication bath, but no
significant change in temperature was observegddarcation times below 15 minutes

(approx. +15 min. +1°C).

Self-assemble monolayer (SAMSs) preparation

OTS (90+%), APTES (99%) molecules and solvents \warehased from Aldrich and
used without previous purification. Once OTS andlrEB bottles were opened, they
were kept always under:Natmosphere to avoid any degradation. OTS mondiayer
were prepared inside a glove box. Clean silicorssates were dipped in 2.8 mM

OTS in toluene (puriss, over molecular sieve) agpt kn solution for three days, then
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they were rinsed with toluene and sonicated inetody chloroform and 2-propanol to
remove any physisorbed material/molecules and dneter N stream. The quality of
the SAMs was evaluated by Advancing-Receding CorAagle measurements in a
Ramé-hart automatized goniometer and by AFM imagiABTES SAMs were
prepared by dipping the substrates in 1 mM APTESthanol (absolute, reagent
grade) for 45 minutes, then rinsed with ethanol somicated twice in this solvent for

5 minutes. Finally, substrates were dried undsestidam.

Atomic force microscopes (AFM) and local oxidation nanolithography (LON)
equipment

For all the experiments, two different microscopesre utilized, a Nanoscope llla
AFM (Veeco) with a home-made voltage amplifier floe development of LON and a
Nanotec Cervantes Full Mode AFM (Nanotec ElectrarficL.). Sharp silicon probes
without coating (dynamic mode, k ~42 N/m;f320kHz) were purchased from two
different suppliers: TESP probes (Veeco) and PPPH{Tanosensors). Lab humidity
was increased by means of a humidifier for housklgle. All AFM images were

processed with WSxM software from Nanotec Electrars.L28

Super conducting quantum interference device (SQUI D) measurements

Magnetic data were collected with a Quantum DedifMS XL-5 susceptometer
equipped with a SQUID sensor. In order to avoid dieemagnetic contribution of
silicon surface, three pieces of Si were introducedthe SQUID measurement
cannula. Bottom part: 4 cm x 0.8 cm piece of cl8amiddle: 0.8 cm x 0.8 cm piece
of functionalized silicon with a monolayer of PBAPN and top: 4 cm x 0.8 cm piece
of clean Si. DC Field-cooled and Zero-field-cootedgnetization measurements were

performed under 100 Oe applied magnetic field.
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Dynamic light scattering (DL S) measur ements

Size distribution of the NPs samples was determiyedLS of 1 mM in Ni PBA-NPs

solution with a Marlvern Zetasizer instrument.

PBA-NPs deposition

Nanolithographed patterns were drawn on siliconssates covered with a good
quality OTS monolayer (which removed OTS molecuasthe patterned area). The
substrates were immersed in 1 mM APTES ethanotiealand all the steps for the
growing of an APTES self-assembled monolayer wetmwed. Next, they were
sonicated between 7 and 30 minutes in diluted Hition (pH approx. 1). Then the
substrates were dried under adtream and covered with a drop of PBA-NPs solution
(1 mM in Ni) (approx. 50 yL) for 1 minute. Afterwds, the nanopatrticles solution was
removed by rinsing the substrate with mili-Q waaed dried with M When a more
precise cleaning procedure was needed, the sudsstratre sonicated in mili-Q water

(between 1 and 5 minutes) and dried once more Usder

Scanning transmision electron microscopy (STEM)

The shape of the NPs was evaluated by scanningntiasion electron microscopy
with a multi-user 200 kV instrument Tecnai G2 F20WIN (FEI Company) with a
point resolution of 0.24 nm. The sample was prepéne drop casting of PBA-NPs

solution (1 mM in Ni) onto a grid.

Attenuated total reflection infrared spectroscopy (ATR-IRRAS) measurements

A VeeMax Il sampling stage (Pike Technologies) ppad with a 60° germanium

(Ge) ATR crystal and a high-pressure clamp waseplag the sample compartment of
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a NICOLET 5700 Transformation-Infrared Spectromet&r high-pressure swivel
clamp (diameter! 7.8 mm) was used to apply even and constant peedeuthe
sample during FTIR data acquisition. The anglenofdent infrared was set ~60° with
respect to the surface normal of Ge crystal. Silisobstrates with APTES and a PBA-
NPs monolayer film were placed (face down) betw&enGe crystal and the tip of the
high-pressure clamp. Each FTIR spectrum repredbetsiverage of 120 scans at 4
cm?! resolution. A p-polarized infrared beam (by meaha manual polarizer ZnSe)

was used and the output signal was collected witlireyerated MCT/A detector.

Auger analysis (AES) measur ements

The Auger analysis was carried out using a Phydidattronic PHI 680 Auger

Nanoprobe with a Schottky emission cathode andiiodnnel plate detector. The
beam voltage acceleration was 10 kV, the beam rufi@ nA and the incident angle
30 degrees. For short beam exposition times, tbesditions allowed the analysis of

single oxide motives without substantial degradatibthe organometallic.

Preparation of stamps

PMDS stamps were prepared by replica molding oV® @sed as master. Thus, the
protruding equidistant 750 nm width lines in the @Yecome parallel grooves in the

replica.

The PDMS stamps fabrication was done employing kitenamed: "Kit Silicon
Elastomer Sylgard 184" (Down Corning GMBH). Sylgat84 is a bicomponent
system for the fabrication of silicone stamps tisaformed by a base and a curling

agent. The fabrication of the PDMS stamps was nradeveral steps:

1. In adisposable glass, 2.5 g of curling agent vdaled to 25 g of base.
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2. The resulting elastomer compound was vigorouskyestito assure a good

mixture. At this step, multiple air bubbles werenhed into it.

3. The created air bubbles were removed by degasdicabnicating 20 minutes
on an ultrasonic cleaner. This process allowedimbiia complete degased

and transparent elastomer mixture.

4. A commercial DVD was opened and was generoushneleéavith ethanol and
acetone. Then, the prepared mixture was carefdlygyd onto the DVD, to
avoid the formation of new air bubbles.

5. Then it was introduced on an oven at 90°C duringmitutes to harden the

elastomer mixture. Then the PDMS is created.

6. PDMS stamps were prepared by cutting small piedepending on the
experimental requirements. The resulting stampe laaquired the same sub-

micrometric patterns of the DVD.
Tipsused for dip-pen nanolithography (DPN)

MSNL probes are multi-tip chips with six types o&ntilevers with different

geometries and spring constants (see Figure 41).

(a) (b)

Figure 41. (a) Silicon Nitride cantilevers mountaa a chip. (b) Triangular Silicon tip mounted on a
Silicon Nitride cantilever.
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The MSNL cantilever multi-tip has the "A" cantilegeon one side of the probe, and
"B,""C," "D," "E," and "F" cantilevers on the other side of the probe. Eaalileger
has different specifications, summarized in thet figure:

Resonant Freq. kHz Spring Const. N'm
A Triangular 22 15 30 0.07 0.025 0.14 175 180 170 22 17 27
B Rectangular 15 10 20 0.02 0.005 0.04 210 205 215 20 15 25
C Triangular 7 = 10 0.01 0.005 0.02 310 305 315 20 15 25
D Triangular 15 10 20 0.03 0.01 0.06 2256 220 230 20 15 25
E Triangular 38 26 50 0.1 0.05 0.2 140 1356 145 18 13 23
F Triangular 125 20 160 0.6 0.3 14 85 80 20 18 13 23

Figure 42. Table with cantilevers specidications.
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3.4. CONCLUSIONS

In this chapter, three different lithography methdthve been successfully used for

the organization of PBA nanopatrticles on functioread surfaces.

The first lithography method, the local oxidaticemolithographyl{ ON), allowed the
selective deposition and accurate organizationB# Ranoparticles into very specific
positions of a native silicon surface with submioetric precision. In fact, one single
PBA-NP has been anchored onto a LON nanometric mfa8iO, for the first time.
This method combines a top-down approach (LON) witfottom-up approach based
on the functionalization of a silicon surface wiAMs of neutral OTS and cationic
APTES selectively deposited onto the LON-gifharks. A deep study of the
preferential deposition of PBA-NPs onto differeahétionalized substrates has been
presented. Compared with the reported general mstfor positioning NPs by LON,

the method developed in this thesis has introdtivedollowing improvements:

i) An increase of the electrostatic interactiorotigh sonication in acidic solution of
the sample, leading to an enhancement in the mttonof the SAM of APTES, has
been achieved. This step has shown to be crucistlectively attach the PBA-NPs
onto the oxide patterns; moreover, one single namicfe on a ~30 nm LON-SiO

mark has been achieved.

i) The influence of the combination of applied d&ivoltage, oxidation time and
sonication has been highlighted. The first two peaaters are useful in order to control
the size of the Si©mark?® while we have observed that the sonication time is
important for the final size of the Si(attern functionalized with APTES. In this
context, we have shown that, even after strongcation the APTES molecules,
originally assembled onto the Si@hark, prevail in the oxide motifs maintaining thei
recognition properties. It has been also showndiberease of the oxide patterned

during each step of the LON experiment.
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iii) Thanks to the possibility of tuning nanopaltis diameter we have demonstrated a
relevant interdependence between nanoparticles/sipxide pattern size. A detailed
study with three different PBA-NPs has been presknt

iv) The electrostatic nature of the method grahts électronic decoupling from the
surface of the PBA-NPs, assuring the prevalencehef physical and chemical
properties of the particles as demonstrated by stagmetry, ATR-IRRAS (on bulk)

and AES (on a single mark).

The second lithography method used, the dip-penlithography DPN), allowed for

a rapid and easy organization of PBA-NPs with & Vegh accuracy. By applying the
expertise acquired by the study of the PBA-NPs guegtftiality on different
functionalized surfaces, the deposition experimanild be carried out without the
need of specific DPN instrumentation. It was parfed by the direct deposition of the
PBA-NPs onto the surfaces by scanning in AFM cdmamde with NP-functionalized
commercial tips. The posterior characterizatiorihaf deposited NPs can be ddne
situ with the same functionalized tip, probing that thethod is efficient and simple.
A detailed description of the tip functionalizatitvas been presented as well as a
study of the experimental parameters that influetiee correct deposition of the
KNiCr NPs.

Finally, three possible approachessoft lithography have been presented for the
organization of PBA-NPs on large surface areasoAlhem have been described in
detail although only the last one has been prowebet a reliable and reproducible
method. Although this indirect method involves was steps, the three types of PBA-
NPs used in this thesis were successfully orgarfizeding nanometric parallel lines
over surface areas of émwith homogeneous topographies confirmed and aedlyy
AFM. In particular, the possibility of the formaticof arrays of these magnetic NPs
will be decisive for their magnetic characterizatiby means of low temperature

magnetic force microscopy that will be presentedatail in chapter 6.
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Conclussions

Unprecedented results for the accurate organizafi®#8A-NPs have been presented,
from the precise positioning of one single partiyemeans of LON, to the possibility
of upscaling their organization over large surfaceas by the smart use of soft
lithography. The direct and fast methodology depetb by DPN permits the
positioning of the nanoparticles in specific pasis of the surface without the need of
additional instrumentation. All of them represeragtical routes that could allow the

integration on PBA-NPs in devices.
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Introduction

4.1 INTRODUCTION

Due to the interestingroperties of magnetic PBA-NPs presented in previthapters
and focusing in their capability for their poteitsoplication in patterned magnetic
recording media for example, one can infer the okesmall NPs aggregates as
addressable information units or, even in the lirtlie use of one NP as a single
magnetic bit It has been presented already in chapter 3, diffqpossible routes for
their accurate organization onto surfaces whicha idasic requirement for their
application in such technologies. However, befbesé potential applicability become
real, there are several points that have to beiextuoh detail like: (i) the local
detection and modulation of their physical promsti (i) the influence of the
neighbouring particles which could block, enhancslightly modify the property that
we are detecting/tuning and (iii) the fact that ewnllar-based NPs usually have

Curie/blocking temperatures below room temperature.

Whenever the physical property to be measured awdified is a magnetic signal,
there are several magnetic characterization teaksigthat can be proposed.
superconducting quantum interference devices (SQUiRgnetometer) or Hall
sensors traditionally used for magnetic bulk matsricharacterization have been
miniaturized to increase their sensitivity dowratsingle magnetic nanoparticlengh
moment2 Also technigues commonly used in surface sciermse ltbeen adapted for
characterizing magnetic nanostructures, for exampdgnetic resonant techniques,
from EPR or NMR using microwaves, to magnetic daculichroism (MCD) or
magneto optical Kerr effect (MOKE) using optical wea, and also X-ray magnetic
circular dichroism (XMCD) studies performed with rAy radiation obtained from
synchrotron facilities.Indeed, there are several experimental technithaspermit
the imaging of the magnetization of nanometric ofsieas Lorentz microscogy,
electron holography, X-ray microscopy, spin-polarized scanning tunneling

microscopy (SP-STM),scanning hall probe microscopy (SHPMiagnetic force
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microscopy (MFM) magnetic exchange force microscopy (MExEM)r nitrogen-
vacancy (NV) based magnetomethyAmong all these techniques, MFM has a strong
potential to detect and tune the properties ofviddial MNPs, as it does not need of a
previous specific positioning of the magnetic peti(as required for example in
nano-SQUID measurements), it does not require thdiesi magnetic units to be
prepared under ultra high vacuum conditions andosiggd specifically on
conducting/semiconducting materials (as neededgim fesolution STM), or does not

need synchrotron facilities as required for XMCD.

The utility of MFM to characterize high dense magmeecording systems in a non-
invasive manner has been already highlightetlo probe the possibilities of this
technique in the detection and modification of PBRs, and in order to characterize
their magnetic behavior after being anchored onsoréace, we have chosen KNiCr
NPs among this family of PBA-NPs. These particlldi#s were selected for some
important reasons: they can be prepared by a \mples synthetic procedure, they
present electrostatic stabilization leading to atmmerfect cubic MNPs with sizes of
~20-25 nm and they are water-soluble nanopartielitis no capping layer. In this
range of sizes, a very rich variety of magnetitestare coexisting within the sample:
from curling (single domain NPs with non-homogergeaunagnetization) to multi
domain behaviors. The smallest CsNiCr NPs alreattpduced in chapter 3, would
be more difficult to detect due to the decreasei magnetic moment, which would
generate a too weak magnetic signal to be detegibdthe MFM. Moreover, the
magnetization reversibility in very small MNPs sdim@s can be impeded due to the

related increase of the surface effééts.

For this study, envisioning the possibilities ofngsone single NP or well defined NPs
aggregates as information units, both situationse leeen simulated transferring the
NPs to a surface by two different approaches: wganized in controlled stripes by
means of soft-lithography, (NPs uniform aggregates) and randomly dispersed by

drop casting (isolated particle) . For the firaindi the detection and magnetic
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characterization of individual PBA-NPs, will be dad out by means of a commercial
Low Temperature MFM (LT-MFM).

4.1.1 M agnetic for ce microscopy

Magnetic force microscopy is an imaging technique based on atomic force
microscopy (AFM) in which magnetic forces or force gradients areasmeed to
image the magnetic structure of a sample. In thé/iM& cantilever with a magnetic
tip is used to measure the interaction producethbymagnetic stray field from the
sample. As soon as the magnetic tip interacts thighsurface, generally at distances
between 10 to 100 nm, the cantilever state chamgesed by magnetostatic

interactions which can be optically detected byraerferometer (Figure 1).

4 )

Optical fiber

p

MFM cantilever A Dither piezo
Sample

L% e

Figure 1. Schematics of the MFM tip-sample intaoactietection with an optical fiber.

The MFM is a very powerful tool to study a wide ety of magnetic structures such
as ferromagnetic domain patterns (Figuré’ 2pmain walls!® magnetic nanoparticles
(MNPs)® and magnetic vortice’8,as well as flux lines in superconductdrélthough

the majority of MFM experiments are performed inazer rather small magnetic
fields, there are some MFM configurations that banoperated in variable external

applied field (B). That permits to study the B-degence of domain patterns in
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ferromagnetic thin films?2? single nanowirg$?4 nanoparticle$ as well as the B-
dependence of static and dynamic flux-line configiens in high-temperature

superconductor®, for example.

Magnetic coated tip /
|
D £ £ Y
\l/}\(‘ /1,\ _ /\,\S\l 4

f/l (D
A A AL /4

> y \/

Hsample \I/ \\/

@

) ('/\:\\ /\/\/‘//
Domain Structured Material

Figure 2. Schematic representation of the magmetted tip with a sample structured in domains. The
magnetic tip senses the stray field emanating ftersample.

Although room temperature (RT) measurements are rfest common, the
development of more sophisticated MFM which are noammercially available
allowed the measurements at low temperature (LTJ wmariable field?” Low
temperature MFM (LT-MFM) is an important extensiai MFM which local
magnetic characterization at liquid helium tempeed down to the miliKelvin
regime. The advantages of operating the MFM attlwperature are related not only
to the improved sensitivity and stability, but alsm the possibility of studying
guantum mechanical effects, e.g., in magnetic rnadserand superconductofs.
Among the magnetosensitive low temperature scanpitodpe technigues such as
scanning Hall probe microscofdy spin polarized STM (SP-STMJ and scanning
superconducting quantum interference device miomg® LT-MFM reveals a very
high lateral resolution which ranges between 10 2@ nm?3! only surpassed by SP-
STM.
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The principles of operation of the MFM at LT areethame than at RT but some
considerations have to be taken into account likebtehavior of the magnetic tips at
LT or the magnetic properties of the sample, théithe deeply discussed in chapter
5. In the present chapter, a brief introductiorthef MFM modes of operation and the
magnetic contrast formation will be presented (arerdew of the LT-MFM

instrument is included in Apendix).

4.1.2 MFM principle

If we consider the MFM cantilever like a springtthesponds to a force F according
to Hooke's law (Figure 3), then z = F/ k, whereskthe spring constant of the
cantilever, and z is the deflection at the endcheflever. By measuring the cantilever
deflection it is possible to measure the force lom tantilever, which can then be
related to properties of the sample under studyis Til a broadly applicable

measurement technique and is used to measure alaitrostatic, or in the case of

this thesis, magnetic forces.

Figure 3. Modelled tip-sample interaction, whemekotes cantilever constant and the force derigaftv
/ 0z is schematically depicted here as an additive force interaction constant.
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But cantilevers can also be used to measure faamtiemts. A cantilever driven by a
sinusoidal force & [t] follows the equation of motion for a damped rhanic
oscillator:

Yy k(2 — 20) = Eq. 4.1
mﬁ‘“’aﬁ'k(z ZO)—Fex[t]+Fts[Z] ( g. )

where m is the mass of the cantileveris the damping coefficient, and & the
cantilever position in the absence of an exteroald Ry Fdz] is the force between
the cantilever and the sample under study at aleeert deflection z. The force must
be integrated over the total cantilever volume,thatforce is likely to vary a lot over
that volume. In general the force on a small regibthe cantilever tip dominates the

signal. A Taylor expansion of the force gives:

d? d dFt
md—tJZ/ + yd—i + k(z —zy) = F,[t] + Filz = zp] + dzs - (Eq. 4.2)

And an effective spring constanikan be defined as:

d%y dz dFts
dz

)(Z _ZO) = Fex[t] + Fts[z = ZO]

Z=Zy
(Eq. 4.3)
LY oyt kg (2= 20) = Folt] + Figlz = 2]
mﬁ th eff(z ZO)— ex tslZ = 2o

where ki = k - dRJ/dz. The cantilever resonant frequency in the presef a force

gradient is given b’
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b= \/"ﬂ: J—k—dFtS/dZ (Eq. 4.4)

m m

The right hand side of Equation (4.4) can be Tagdgranded for dfdz << k. The

cantilever frequency shiffo =wo'— wo is then:

Aw _ -1 dFtS dFtS _ A_f
w_o =k dz % s 2k (Eq 45)

wherewe= 2n-fo, fo is the natural resonant frequency of the cantileamedAf = f - fo.

However, equation 4.5 is true only under three gant: first, the damping of the
cantilever oscillation is constant throughout thmeage, second, the oscillation
amplitude of the cantilever is small compared te #iverage tip-to-sample distance
and third, the tip-to-sample distance is constdihe amplitudes (&9 used in this
thesis rarely full the small amplitude approximatibecause at our measuring
conditions (low temperature and low pressure), disviound that snap to contact
phenomenon started to appear at small values dtdeThis phenomenon can cause
severe damages on the tip, so, it was avoided g uarge amplitudes. For large
amplitudes, in the case of an exponentially deapfance, such as a magnetic force,
the equation can be inverted analytically. In drgé amplitude regime, the frequency

shift is dominated by the strong variation of tlerceé near the point of closest

approach and is inversely proportionalAﬁﬁ. In order to be able to compare
interaction forces without converting the frequershift to force, the normalized

frequency shift first introduced by Giessillcan be used:

Lo Akeagl

Eq. 4.6
7 (Eq. 4.6)
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4.1.3 MFM modes of operation

One of the key points that make the MFM a powerhdging technique is that it can
relate the topographic characteristics of a spetiteeits magnetic structure. The
MFM is basically an AFM that performs two scansfigt one to acquire the
topography image and a second one to acquire tgaetia image (Figure 4).

MFM tip -

YT\/A : “

Second scan

\
Zig \

Magnetic image

First scan

Topography image

Figure 4. In this figure it is shown the MFM expeent: At the first scan, the topography image is
acquired, then the tip and the sample are sepasatahstant distance;i#Z and the magnetic image is
recorded in the second scan.

There are two distinct modes of operation for anMMRamely constant height mode
and dual pass mode. tonstant height mode, the tip is scanned across the sample at
a certain distance, (g with the z-feedback switched off. In this modee scanning
plane and the surface plane need to be alignedigatsing an electronic tilt
correction beforehand. During the scan, the MFMyjsically (but not necessarily)
operated in amplitude mode (AM), i.e. the cantifeve excited with constant
frequency § and amplitude @ The phase-shift measured between excitation sourc

and cantilever then reflects the magnetic fielddgmat. Constant height mode is
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restricted to cases where the roughness of thelsauagace is small compared to the
tip-sample separation. For non-flat surfaces thed-gass mode is more suitable than

the constant height mode.

In dual-pass mode, the tip is first scanned over the surface in &lpsoximity to get
the topography image and then retracted by a presteflistance (£). In a second
scan, the tip follows the recorded surface topduwyagt constant separation and the
phase/frequency shift due to magnetic interactiorcds is recorded. To avoid
problems associated with drift, dual-pass modexecated in a line-by-line fashion.

This mode is slower that the constant height mode.

Either in constant height mode or dual-pass, théVMEnses the interaction between
the tip and the sample {Fand this magnetic interaction can be recordedheay
instrument as variations in amplitudam(plitude modulation detection, AM), or
frequency of the cantilever oscillatiofréquency modulation detection, FM). The
amplitude detection technique measures force gredigy measuring changes in the
cantilever’'s amplitude and/or phase. The cantilégadriven at a frequency slightly
off resonance, and as changes in the force gradigfitthe resonant frequency, the
cantilever amplitude and phase change. The frequemmdulation technique uses
positive feedback to oscillate the cantilever air@sonant frequency, by phase shifting
the cantilever vibration signal by 90° and drivithge cantilever with the resultant
waveform. Thus the resonant frequency can be meadlirectly and related to the

force gradient by Equation (4.5) or (4.6) for thegke amplitude regime.

Both modes can be operated in combination with as@hocked loop (PLL). In this
case, the cantilever is always excited at resonamce0° phase shifted with respect
to its detected phase at any time. Due to thidfpdease condition, a frequency shift
Af is then observed (and recorded) whenever this tgganned over the surface at the
corresponding separationixZ This technique is most frequently used at higtuuan
conditions where the Q-factor of the MFM cantilevgrhigh and will be the mode

used in all MFM measurements presented in thisigh&€antilevers with a high
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stiffness (k> 2 N/m) and high values of the amplitude oscillasigA~ 90 nm) will be
used to avoid the problem of unwanted jump-to-ctnf@henomenon (stop of the

oscillation).

The distance between the magnetic tip and the sampface (&) plays important
role. If the tip is brought to the region of shoatiged forces, the resulting image
would be a topographic relic mainly because ther@ane or minimum magnetic
interaction. The origin of forces acting betweea tip and the sample would be then
van der Waals interactions, capillary or quantuncimaaical forces. On the other
hand, if this distance is too large, the sensitiaitd the resolution of the measurement

decrease.

4.1.4. Magnetic contrast formation in MFM.

When attempting to record an MFM image, a fieldgplied to the sample by the tip
and viceversa. This can in principle lead to ddfer situations. There can be
negligible modification of both the tip and the sde there can be reversible
modification of the tip, or the sample, or bothtleere can be hysteretic or irreversible
modification of the tip or the sample or bétilo obtain a reliable MFM image, the
first case is desirable. It is also important toownhow to exclude a possible
modification of either the tip or the sample frohetimages obtained. If no mutual

modification occurs, the force acting on the tigiigen by the interaction of a dipole.

The stray field emanating from the sample generatésrce on the magnetic force
microscope tip. The magnetic force, Fesponsible of the tip-sample interaction is

given by the gradient of the magnetic energy:

Fis = V(1i-B) (Eq. 4.9)
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where generallyn is taken to be the magnetic moment of the carildip andB the
stray field from the sample. Taking as the magnetic moment of the sampleﬁm

the stray field from the tip is equally vaf.

The component actually measured is the componemhaioto the surface of the
cantilever, F = | where Eis the perpendicular component of the force.

JF.
Af = f = fo= - S22

Af = frequency shift
fo=Resonance frequency
K = Spring constant of the cantilever

MFM contrast
Bright'=repulsiveforce

Dark = attractive force

Figure 5. Schematic representation of the maguwetitrast formation in MFM.

In constant height mode at a fixegk Zthe frequency shiftaAf = f — fo, is tracked by
the PLL. It can be negative or positive dependinghe tip-sample interaction (Figure
5). Considering the equation (4.5), a negativeueagy shift will always indicate an
attractive tip-sample interactionf(< 0, dark contrast) while a positive frequenciftsh
will indicate a repulsive tip-sample interactionf ¢ 0, bright contrast). So far, the
orientation of the magnetic moment of the samgie {Ps) can be distinguished.
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Introduction

5.1INTRODUCTION

The magnetization reversal is one of the most itgmbrfundamental processes in
magnetism. It has been studied from the bulk to mlamoscale where it was
theoretically predicted and described more thary&frs agd. In nanomagnetism,

magnetic nanoparticles (MNPs) represent an impbrtdass of nanostructured
materials and the understanding of its magnetiacgtre and spin dynamics is
essential not only from a fundamental point of viewt also in order to design them

for specific applications (Figure 1).

MESOSCOPIC PHYSICS
Macroscopic Nanoscopic
Permanent Micron Nanoparticles Clusters Molecular Individual
magnets magnets Clusters Spins

| | | | | | | | | |
[ I I [ I I [ [ I I

S=102 10 108 106 10° 10¢ 10° 102 10 1

Nucleation, propagation and Uniform rotation Quantum tunneling, quantization
anihilation of domail walls Curling Quantum interference

Figure 1. Scale from macroscopic to nanoscopicssizbe unit of the scale is the number of magnetic
moments in a magnetic system (roughly correspondirige number of atoms).

The magnetization reversal mechanism of the MNPt (same shape and anisotropy)
is known to be size dependent: the smallest NPsnbecsingle domain and the
magnetization reversal takes place by coherentioataclassically described by the
Stoner-Wohlfarth modél, while increasing the size, more complex reversal
mechanisms start to appear provoking non-coheotation like curling® When the
Size particle exceeds a certain limit, they becoméi-domain and the magnetization

rotation takes place via domain-wall motion. Butlaghese basic mechanisms, there
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are others like pinning, localized nucleation, \a@$ and many combinations of them

that may arise from the real-structure dependehtfeeanagnetic materiafs.

5.1.1 Magnetic properties of small NPs (structurerad mechanisms)

The magnetic properties of small MNPs are dominhtethe fact that below a certain
critical size (the single domain limitsd), the MNP contains only one domain and
presents high coercivity. This critical size defindne frontier between multi and
single domain MNPs and is dependent on their diiysastructure. But it is important

to note that the critical single domain size iseguilibrium property, involving the

energies of single- and multi domain states, bdependent of the energy barriers
separating the states. So, the domain structume rahgnetic material is a result of
minimizing the total free energy (or micromagndtiee energy), and it reflects either

a local or an absolute energy minimum.

There is a relative contribution of the differenaignetic energy terms to the free
energy of any magnetic structurg.f, namely, exchangesd), magnetostaticef,),
magnetic anisotropyef) and the Zeeman energy(if there is an external field);
however, for magnetic small objects, the effectbofindaries cannot be neglected
and the shape of the element changes dramatidalyrelative importance of the

different energy terms.

Stotzﬁex+8m+8a+821 (Eq 51)

Leex Itis at the origin of ferromagnetic order. Itscnoscopic origin is related to combination
of the Pauli exclusion principle and Coloumb remrishetween ions. It is minimum when all
spins are aligned parallel to each other, so umifaragnetization states are the lowest in
energy.em:Classical interaction energy between magneticldgadt is responsible for the
existence of magnetic domains, and therefore, ctesmbrectly with the exchange energy
term.em: it refers to variations in the magnetic energihwihe special orientation of the
magnetizationez: it corresponds to the dipole interaction witheagternal applied magnetic
field.
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The term single domaindoes not require a necessary uniform magnetization
throughout the whole particle, but only implies #izssence of domain walls. Figure 2
shows a schematic of the variation in coercivitysofall particles with particle size.
As the size of the NP is reduced from the bulk, ¢bercivity initially increases as

single-domain particles are formed.

H 1 Single domain Multi domain
c
& s
<—> :
SP :
i -~
>
Icoh ls[) NP size
7N ~ ”
Homogenous  Inhomogeneous Structutation in
magnetism magnetism magnetic domains
Curling

Figure 2. Sketch of the dependence of the magtietizhysteresis loop coercive field (Hc) with th& N
size. Below a critical size, a particle containsyomhe domain. This limit is usually called the dag
domain limit (ko). In the region of the single domain, another iappears and this is the size at which
the NP rotates its magnetization by coherent mati is then, the coherent rotation limiof).

The fact that the large coercivity of small paggis the result of single domains was
first demonstrated in by Kittel et al in the 198@elow the critical size, however, the
coercivity decreases and eventually drops to ZEne.drop in the coercivity for very
small NPs is the result of a corresponding reduactipanisotropy energy with size.
The anisotropy energy.Fholds the magnetization along an easy directtas.given

by E: = K-V, where K is the anisotropy constant and this volume of the NP. As
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the volume is reduced, KV becomes comparable totithamal energy, . As a
result, thermal energy can overcome the anisotfome and then, the magnetization
of a particle spontaneously reverses from one dasygtion to the other, even in the

absence of an applied field. This phenomenon ledaluperparamagnetism (SP).

Magnetic domains are caused by strongly geometiysae- dependent magnetostatic
self-interaction and the width of a domain wall éiegs on the balance between the
exchange energy (which prefers a wide wall) and rtfagnetic anisotropy energy
(which prefers a narrow wall). When the MNP becomaltidomain, they present
lower magnetostatic energy but higher exchangeggnseo above a certain size, it can
be found that a two-domain state is more favordbbn the single domain state
(Figure 3).

a . b)
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Figure 3.( @) Magnetic field lines for a NP as &ndomain. (b) Magnetic field lines for a two-domai
NP, that have been formed due to high magnetostagogy.

Typical domain-wall widths are much smaller thae thomains themselves (from
about 1 nm in extremely hard materials to seved@l dim in very soft materials), so
when the size of a particle is smaller than the alanwvall width, as encountered for
example in soft magnetic nanodots, then the digtindetween domains and domain
wall blurs, and the determination of the micromdgnespin structure requires

additional considerations as for example, the ngrtiype flux-closure (Figure 4).
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Figure 4. Nucleation modes in homogeneous mag(@tsoherent rotation in a sphere, (b) curling in a
sphere and (c) curling in a cylinder. From SkondgsKPhys.: Condens. Matter 15 R841 (2003)

The transition from coherent to curling state, takéace at a certain MNP size: the
coherent length {n in Figure 2). For MNPs with sizes below the cohetength, | <
lcoh, the exchange energy dominates and the magnetizaversal of these MNPs is
realized by coherent rotation, whereas for MNPshwit> l.on the magnetization

reversal is dominated by flux closure and it idired by curling.

The coherent length is related to the exchangehenbich is defined &s

A
I, = |[— Eqg. 5.2
ex = | (Eq. 5.2)
where A is the exchange constani,igithe permeability of free space and islthe

saturation magnetization of the MNP.

Typical values of d vary from 2.4 nm for Fe to 4.9 nm for &k and define the
shortest scale on which the magnetization can l&dsvin order to minimize the
dipolar interaction. The transition from cohereatation to curling occurs atoh =
3.655 Ly, in spheres and atol = 5.099 L, for wires5 Note that Jon is anisotropy-
independent, in contrast to the critical single donsize 4p. Since don « lIsp in hard

magnets, there is a broad regigm £ 10 nm anddp = 1 um, where single-domain

2 Other definitions of exchange length can be fomitie literature, such a§2A/oMs?) or V(A/Keff),
whereKeffis an effective anisotropy constant.
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particles can demagnetize incoherently. On therdtaed, {on, is directly related to A,
which is temperature dependent in the form: A s Tk)/2a, where k is the
Boltzmann contact, cTis the Curie temperature angia the lattice parameter of the
MNP.

Typically, in the regime below the maximum singtaehin particle size (I <sp) there
are no domain walls. The magnetization reversaMdPs, therefore, occurs by
rotation of the magnetization upon application shagnetic field. Before application
of an external field, the magnetization of a sirdpenain MNP lies along an easy
direction which is determined by the shape and mgnystalline anisotropies. When
an external field is applied in the opposite diattthe particle is unable to respond
by domain-wall motion, and instead, the magnetirathust rotate through the hard
direction to the new easy direction. The anisotrojpyces which hold the
magnetization in an easy direction are strong, smdhe coercivity is large. This
mechanism is known as coherent rotation descrilpesittner and Wohlfarth in 1948.
They theoretically determined that the coercivityls), of these particles along the
anisotropy axis should follow the relationship:

2K,

H
c M,

(Eq. 5.3)

where K is the uniaxial constant anisotropy and islthe saturation magnetization.
Even when a nanoparticle has a defect-free crydtaicture, the different local
environments of atoms at the particle boundaryiasidle the particle result in a non-
uniform magnetization in the particle and distantiaf the perfect collinear magnetic
structure. Under the action of an external magnf¢icl, the spins of the atoms
forming the MNP can rotate not only coherently blgo in a more complex manner
via curling rotatiort. Curling rotation is more favorable from the pooftview of

magnetostatic self-interaction, because it fornfispaclosure, although it costs some
exchange energy, becausd # 0, and takes place for MNPs with k) as discussed

before.
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The magnetization reversal via domain nucleatiod growth is the most common
mechanism in ferromagnetic materials and takesepiadMNP with | > kp. But real
materials are inhomogeneous to some extent and tleme a surface. The
magnetization reversal can be initiated in a smatlleation volume around a surface
defect. Surface defects are sources of strong tEalagnetizing fields and often act
as nucleation centers. Once a small nucleus oivelM = 5,2 has been formetthe
wall may propagate outwards, growing from the natten volume until the
reversibility is reached by annihilation of the domwalls. It can also happen that the
wall propagation may be blocked by one of theseatsf which is known gsinning
The domain wall gets trapped in the pinning ce(defect) and the reversibility of the

MNP does not take place (Figure 5).

(a) . (b)

1 | <o

< |
R

Pinning centers Activation volume

Figure 5. Pinning and nucleation. a) A scheme NP with two defects on the surface (pinning
centers) that impede the domain-wall motion. b)cAesne of a MNP with an activation volume that has
reversed its magnetization.

5.1.2 Magnetization mechanisms on cubic NPs
The orientation of the magnetization inside a cudhiaped magnetic nanoparticle is
determined as in the general case by the minimizatf its total magnetic free energy
stored inside. As mentioned before, the most sSiamt contributions to the total
energy of the ferromagnetic materials are thedeftfiagnetizing energy, the exchange
energy, the magnetocrystalline anisotropy energy the external field energy and

there are many possible strategies for magnetiicfes to reduce self-energy. If the

35w = V(A/K,) where A is the exchange constant andsithe uniaxial constant anisotropy.
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MNP parameters and the shape of the MNP are givem the minimum energy
configuration only depends on the size of the plai Micromagnetism simulations
allow studying the state of magnetization insidegnedic nanoparticles and the study
of the size dependence of the magnetic ground istaigbic MNPs became a standard
problem (UMAG Standard Problem No.3) started upheypMAG group at NIST in
order to obtain reliable tests of numerical aldoris reported by independent grodps.
In 2002, R. Hertel and H. Kromuller presented apdstedy on the calculations on the
single domain limit of a ferromagnetic cube, prawgl a comparison with other
groups8 Important definitions as flower state, twistedwier state and vortex state

were described (Figure 6).

Flower state (c) . \ Twiste flower state

\

SISO

Vortex state

Figure 6. (a) Three-dimensional representation lé flower state in a cubic-shaped magnetic
nanoparticle. The magnetization is mainly homogeseand oriented parallel to the easy axis. (b) &hre
dimensional representation of the magnetic strecfor the twisted flower state in a cubic-shaped
magnetic nanoparticle. (c) Three-dimensional reprigion for a vortex state in a cubic-shaped miagne
nanoparticle. This vortex is represented twistemnfithe vortex axis, which is perpendicular to theye

axis. Figures extracted from referen8g [
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But much before, in 1998, W. Rave et al. had aygadvided a description of the
magnetic states of small cubic particles with uisibbanisotropy® Although the
dynamics of the magnetization reversal is not sidh these two reports as they only
model the zero field states, they serve as a gudellow the more energetically
favored magnetic states of cubic MNPs with incregdhe particle size (Figure 7).
There are other groups that have reported on tlieomagnetic modeling of the
dynamics of cubic pseudo-single domain particles nwignetite which is very
interesting in the fields of paleoclimatic measueats and geophysics that also agrees
with the previous mentioned studies and servesousupport our experimental

resultst!

— —
tol
- -
® ®
O] ®|O O(®(© ®
® ®
Single domain Two domain states Three domain states
or Flower state  Symmetrical vortex Twisted vortex  [100] double vortex [110] double vortex
a) b) c) d) e)

Figure 7. The energetically favored one, two anddtdomain states: (a) flower state, (b, c) two-giom
states for high and low anisotropy, (d, e) thresdim states for high and low anisotropy. The sketdh
the second row always show the central slice inzth@ection indicating the walls and domains. Feu
taken from reference [10].

More recently, in 2010, P. Krone et al. presentecremagnetic simulations of the
magnetization reversal mechanism of individual cut@nomagnets studying them as
bits for the application of bit patterned metfia.

From all these theoretical studies for cubic MNPsan be summarized the different
possible magnetic states of the KNiCr PBA-NPs stddn practise by LT-MFM in
this thesis (Figure 8).
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a)

(i) Single-domain (ii) Single-domain (iii) Single-domain (iv) Two-domain
Flower state Twisted-flower state Vortex state
Z Easy axis or curling state
= N7 s
Pl Rl
< VAR N AN -
Ve
b) N 7 N 7
©) O] O p—
Pe \ 7 7

Figure 8. a) Sketches of the more energeticallyored states of cubic nanoparticles with uniaxial
anisotropy with easy axis in the z direction. (lppTview of the XY plane representation of each case
From ref [14].

For the smallest MNPs magnetized along the eass; axiformly magnetized state
prevails, conforming the single domain or floweatst(Figure 8a, cases i and ii) that
carries only little anisotropy energy. With incre@s nanoparticle size,
inhomogeneous states become energetically favoeaidetwisted flower or curling
state appears (Figure 8a, case iii) near the bimibe single domain. For larger sizes,
two magnetic domains become more energeticallyréa@nd the so-called vortex

state appears (Figure 8a, case iv).

Regarding the dynamics, it is important to introeltice switching field that is defined
as the applied field at which the magnetizatiorersgs. The switching takes place via
coherent rotation for the single domain NPs and bél non-coherent for the rest of
the cases presented in Figure 8. The twisted fletade aligned with the field applied
(aligned with the MNP easy axis) reverses its mtgaton to a similar antiparallel
structure via curling. When the two domain stateeitergetically favored, the
magnetization reversal mechanism will take place \myrtex formation and
annihilation. As the MNPs can have real-structwefedts at the core or at the surface,

it can also induce inhomogeneous reversal mechanasnlocalized nucleation or
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domain wall pinning? The localized nucleation is produced when the ratigation
reversal starts from a very small activation voluatea certain value of the field
(switching field) which has reversed its magnetaatwhile the rest of the particle
remains at the initial state. This small reverse@ gropagates when the external field
is increased until the whole NP is reversed compleOn the other hand, the domain-
wall pinning is produced by strong structure defemtpinning centersat the surface
of the MNP that blocks the domain-wall motion whitereasing the external applied
field.

5.1.3 Experimental measurements of magnetization versal of MNPs

The first clear demonstration of uniform (or cohmyemagnetic reversal mode of a
single NP was found by the group of Prof. Wernseloifi Cobalt NP'$ and BaFeO
NP<® measured with a micro-SQUID. The same group aksponted on the
experimental evidence of magnetization reversalcbsling on isolated nanoscale
wires with a diameter smaller than 100*fmand some years later, they were capable
to measure the switching of magnetization of a @otlaster of 3 ni¥ and on a
single 20 nm Cobalt NP,by nor linear resonance. Although the micro-SQURa
powerful tool that can resolve the angular depeodesf the switching field or its
dependence with the temperature down to the miiKalange, it does not allow the
imaging of the magnetization reversal process witkhhe nanoparticle. Other
techniques as Mossbauer spectrosédpsiso allows the characterization of the
magnetization reversal at the nanoscale but agais,an indirect measurement not
capable to image the process. The magnetizatioersal mechanism of individual
and isolated nanoscale systems have been mainlgrilmes and modeled by

micromagnetic simulatior?s.

There are several experimental techniques for ieging of the magnetization of

nanometric objects already mentioned in 5.1. Howewmst of them require highly
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complex sample and/or tip preparation. The imprcemnof the resolution of these
magnetic techniques has been challenging and goaswadays. The results of all of
them have confirmed fundamental concepts in naanseisuch as the single-domain
state, superparamagnetism, magnetic vortices oshre polarized tunneling among
others, but still the imaging of the magnetizatiewersal mechanisms inside a single,

small (< 50 nm) and isolated MNP has not been paed.

Among these magnetic imaging techniques, the mxtended and well-known tool
for the magnetic mapping at the nanoscale is thgneta&c force microscope (MFM)
that can record the magnetic stray field generbied magnetic sample without any
specific sample preparatioft. During the last years, major efforts have beensed
on the magnetization reversal studies by MFM droliraphed structures of permalloy
22 Niguel 2 or Cobalt,*?*?4 put not in synthesized MNPs. Some examples of the
detection of MNPs by MFM in ambient conditions danfound in the literature. For
example the magnetic imaging of agglomerates ofi iogide superparamagnetic
nanoparticle® or NPs clusters embedded in a silica matrix haaenbsuccessfully
performed?® although no MFM signal (in ambient conditions)af individual iron
oxide NP was observed for particles smaller thamm5’ The detection of a 5 nm
ferritin molecule was possible working in liqutland the imaging and magnetic
moment estimation of single domain MNPs within agmetotactic bacterium has
been also achieve.Only a few works present the switch of the magaion of
small, single and isolated nanopatrticles: C.E. Blieh al. showed the switch of the
magnetization induced by an in-plane variable ewséfield on a single domain 50 nm
crystal of magnetifé and T.M. Nocera et al. detected FeO superparartiagiies of
20 nm in different remanent states by applying @trod-plane external field produced
by a permanent magn&tHowever, none of these works show the dynamicgzses

of the magnetization reversal of small, single msothted nanopatrticles.

From all these works it can be deduced that the Mé&® suitable technique to detect

MNPs, although the lateral resolution of the MFMaimbient conditions is not enough
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to resolve the magnetic configuration within snidPs. In ambient conditions, the
MFM resolution depends on the tip-sample separadioth the effective probe size.
While the tip-sample distance can be easily sevary measurement, the size of the
magnetic tip is a technical problem more difficltresolve. Trying to overcome this
limit, many groups have reported on the use of @ananotubes as a MFM probe:
Magnetically coated carbon nanotuBgsron-filled carbon nanotubes which can be
used for the quantitative MFM measurements indegethyl of the sample stray field
geometry’® or magnetic coated CNT by sputtering a magnetierlanto it and then
mounted on a Si cantilever. In these cases, thmaléx of the resulting magnetic tip is
about 40 nm and the lateral resolution was fourioetd0-20 nni! Also, magnetic Ni
nanowires of 40 nm have been used for the latergravement of the MFM
imaging® Other nano-objects as spherical magnetic parfiti@scubic Co clusters,
obtained tips from 50 nm to 240 nm. High aspedbraips fabricated by ion focus
beam can reach a resolution of 10 fivlore recently, Cambel et al. have fabricated
low momentum and low-coercive switching magnetaatnagnetic force microscopy
(SM-MFM) probes with triangular magnetic elementingle-domain magnetic state
suitable for imaging flat surfaces operating in $NM.* Resolution of sub-10 nm
range was also obtained by controlling the multidomstate of a nanomagnetic
probe’® But note that all these tips have been testedyusimagnetic recording tape,
taking the magnetic domains as patterns to cakeube best resolution. Then, more
complex magnetic structures or nanoparticles hatebaen inspected with this kind
of tips. Just few groups have reported on the fispecial tips to resolve MNPs. For
example Wiesendanger et al. obtained single-dotiasnwith a lateral resolution of
10 nm by only coating the side face perpendicutathie surface and they were
capable to image isolated circular out-of-planeappéd magnetic domaifsAlso,
ferritin molecules with a magnetic core have beseduo functionalize an AFM tip to
reach a resolution up to 10 nm. However, the fonetization implies a complex

process with the use of DNA sequences for thetii@immobilization on a substraté.
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Developments of functionalized tips thus improve tiFM resolution although it

implies dedicated tip preparation.

Further improvements of the lateral resolutionref MFM may lead to measurements
under typical low-noise conditions involving highouum (or low pressure) and low
temperatures that would enhance the sensitivitypenohit the detection of very small

gradient forces, even working with commercial tips.

Although it is known that the MFM tip can interfemne the magnetic states of the

sample, choosing carefully the measurements conditihis effect can be minimized

and the resolution can be enhancédrhis is possible thanks to the use of a low
temperature MFM working in low pressure and rekltivhigh tip-sample distances,

which has been successfully used to measure magvatices in superconducting

layers, for examplé& These features make LT-MFM a very promising tegheifor

the characterization of MNPs.

So, we can conclude that the current state of thehmws that experimentally, it is
possible to detect small magnetic nanoparticlestiagitd magnetic moment directions,
describe their reversibility and even distinguisioag the different magnetic reversal
mechanisms through many techniques. However, tiéyrés that the imaging of the
process of the magnetization reversal within alsisgiall MNP (< 50 nm) predicted

more than 60 years ago, has not been performeat so f

In this chapter, it will be presented high resanotmagnetic imaging by LT-MFM of
the magnetic switching driven by an out-of-planteeal field of a collection of small
molecular-based PBA-NPs< (25 nm) exhibiting different magnetization reversal
mechanisms. The chosen NPs are KNiCr NPs with &l slispersion of sizes, which
present a very rich variety of magnetic states istiexy within the same sample: from
single domain and curling, to multi domain behawiofemperature dependence
measurements will be presented as well as magtietizaeversal imaging in

individual and isolated NPs. Among the differensgible reversibility processes, it
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will be shown the image sequence of the formatioth @volution of the curling state
in a 19 nm NP and the image sequence of the creatid annihilation of a vortex in a
25 nm NP with the change of the polarization of ¢re. Finally, the in-situ
functionalization of the MFM tip has allowed usdetect the magnetization direction
of the individual and isolated PBA-NPs.
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5.2.RESULTS AND DISCUSSION

5.2.1 Magnetic Characterization of the KNiCr NPs ina Polymeric Matrix

KNiCr NPs present a magnetic moment intermediatievden that of the largest
molecules and of the smallest oxide or metallidigi@s because of the low metal

density due to their coordination nature. Typicales of S aré’

Single-molecule magnet (Mnacetate) S=10

Cyanide-bridged Nanoparticles
100 < S <1000
(2 nm < NP size<5nm)

Metallic particles (NP size 3 nm) S> 1000

Table 1. Values of S for different materiafsimilar size.

Taking into consideration the ratio Ni:Cr 1:0.74r pmit formula obtained from the
elemental analysis, the size of the cubic NPs, sh@ ground states ng)=1,

Scram=1.5, and assuminggi)=1.9 and g=2.2 g values for Ni(ll) and Cr(lll) cations,
the maximum magnetic moment of NPs between 20 tmr@5side will lie in the

1.4-10'8-2.7-10'8 A-m?range by spin-only approximation.

AC susceptibility measurements were performediera applied dc field at different
frequencies. A frequency dependence of the in-plgased of the out-of-phasg”
magnetic susceptibilities was observed which shtves characteristic behavior of
MNPs. Even at the highest dilution ratios in PVRyper, two families of broad
peaks were observeétrom the ZFC/FC dc measurements an estimation abeut
Curie temperature can be extracted, Tc ~ 40 K, lwbannot be considered with high

precision due to the broadness of the ZFC maxinCumie temperatures between 60
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and 90 K have been reported in bulk samples foferdifit derivatives of
AxNI[Cr(CN)¢]y (Figure 9.
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Figure 9. (2) SQUID measurements of thermal vanatf the out of phase ac susceptibility for KNiCr
NPs in a PVP matrix at different frequencies; (KpWBD zero field cool-field cool (ZFC-FC)
measurements of KNiCr NPs diluted in a PVP matrix.

The magnetization hysteresis loops performed betweeTl at 5 K showed values of
coercive field of ~135 Oe. This value is more stivesito the sample than to the
amount of PVP inside the matrix, and changes drdnibh sample to sample (Figure
10).
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Figure 10. Magnetization hysteresis measuremerkNoCr MNPs diluted in a polymer matrix (300 eq),
at 5K.
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This bulk magnetic characterization of diluted KNi€Ps points out the presence of
different magnetic contributions. First, interpeles interactions cannot be avoided
even at high dilutions. There are two families ebks observed iac measurements

centered at 20 K and 40 K approximately (figure, &ad as DLS and SEM rule out
the presence of two populations within the sampI#sS and SEM measurements
shown in chapter 3, section 3.2.1), the two peaks lze attributed to presence of
nearly-isolated particles and closer interactingtiglas within the samples, even

highly diluted samples.

The precise single domain critical size for KNiCP&is not known, however, it has
been recently published a detailed study abousite dependent magnetic behavior
of the CsNiCr NPs (NPs size ~ 25 nm), that in spfteome structural differences, is
the closest system to KNiCr NFsIn this paper it is shown that 12 nm size is the
frontier between single and multidomain behaviod &#fom 12 tol6 nm, NPs with

single domain or curling may be encountered.

A brief approximation about the reversal magneiiratature can be interpreted
applying the Néel-Brown thermal activated model rehemn estimation of the attempt
time 1o value and the Mydosh parametercan be performed. This study can help us
to evaluate if there are single- or multidomainaged NPs or interacting with each
other?” Thetoand® values, that can be calculated from the frequempeddence of
the out of phase susceptibility maxima with tempem (family of peaks at lower
temperature), indicate a non-uniform magnetizatime to curling effects or to a
multidomain situation combined with the incomplatancellation of the dipolar

interactions.

The values ofp and ® for different KNiCr NPs dilutions are summarizedthre next

table:
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Table 2.10and® estimatedralues for two different NPs dilutions.

3000 eq 6000 eq
To 6.5-10's 1.2-16%
) 0.065 0.071

Taking into consideration thas expected value for single domain NPs lies in & 1
10"% s range ané@ is supposed to be higher than 0.1, one can asthaneur samples
are not pure single domain and present a non-umifoagnetization. Comparing to
the previous mentioned study on CsNiCr NPs, the@®NNPs showto and® values
similar to the corresponding values of CsNiCr NPsimilar sizes' We could expect
then, that the single domain critical size for Ki¢iCr NPs would lie around a similar
value obtained for the CsNiCr NPs (12 nm), andiegrand multidomain behaviors

may coexist within the sample.

Obviously, in a bulk magnetometric measurement\hisety of behaviors cannot be
distinguished. Hence, it is mandatory to perforralaneasurements if one wants to

detect the magnetic response of each NP indiviguall

5.2.2 Randomly dispersed KNiCr NPs on a silicon stace

KNiCr NPs were randomly dispersed on the surfaceliop casting using a method
based on the formation of a protonated amminoprtgsthoxysilane (APTES) self-
assembled monolayer (SAM) on a passivized silicorfase, before putting it in
contact briefly with the aqueous NPs solution (desd in detail in section 5.4). As

discussed in chapter 3, the modification of thaveasilicon oxide by a protonated

41oand® values for our maximum dilution sampleof KNiCr NiRgach the values for 18 nm
CsNiCr NPs, then we could expect single domairncatisizes a bit larger than 12 nm for
KNiCr NPs. However, we must be careful when compadlose but different PBA
derivatives.

213



Chapter 5. LT-MFM characterization of single anolased molecular-based magnetic NPs

amino-SAM was proved to be very efficient for thalslization of anionic Prussian

blue analogue NPs.

To perform local LT-MFM measurements of isolatedsNPis necessary to reach an
appropriate coverage over the substrate: not fudlered and enough dispersed. For
that purpose, the NPs solution concentration aagéniod of time for the substrate to
be in contact with the NPs solution can be deccka&g can be seen in Figure 11, the
topography image of dispersed KNiCr NPs shows tedlgarticles as well as small
aggregates that probably were formed in the salwiroduring the deposition process.

PBA-NPs drop on
functionalized Si

() 400nm
Tl

Z[nm]

I I

o 1 I
0 100 200 300 400 500
X[nm]

Figure 11. (a) Schematic representation of drofirgafor the deposition of randomly dispersed NRso
functionalized silicon surface. (b) Topography img8um x 2um) of randomly dispersed KNiCr-NPs (c)
Topography image (1um x 1um) and the correspontuight profile (d).

5.2.3 LT- measurements of randomly dispersed KNiCNPs

The magnetic characterization of the KNiCr NPs wdme with a LT-MFM
(Attocube) working at 4.2 K in a He gas environmana very low pressure (30 mbar

at RT) with a commercial magnetic-coated cantil§dfMR Nanosensors;75 KHz
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resonant frequency and@ N/m force constant). In these conditions, thdityuactor

of the cantilever dramatically increases up to 50@ich enhances the sensitivity of
the technique allowing the detection of very sngafidient force4® The instrument
senses the dipolar interaction between the tip twedsample and this magnetic
response can be recorded either as variations phitade, phase, or frequency of the
cantilever oscillation. Because of magnetostatgséimple interactions, the free
resonant frequency of the cantileveid shifted byAf, whereAf = f - fo. In our case,
the frequency shiftAf) is tracked by a Phase Locked Loop (PLL), whieledback
parameters have to be set for every measuremenaranextremely sensitive to the
environment conditions. A negative frequency shificates an attractive tip-sample
interaction Af < 0, dark contrast) while a positive frequenciftshdicates a repulsive
tip-sample interactionAf > 0, bright contrast), as introduced in chapteYWhenever
an external magnetic fielBex is applied, it is important to consider that tio¢at
magnetic fieldB that the scanned sample feels is the resultattieomagnetic field
produced by the tip plus the external field applid= Bip = Bex. SO both fields are
added when they point in the same orientation amtigily/totally compensated when
they are opposite. For the same magnitude of eaftéieids in opposite orientations,
the stray field of the tip will cause dark contrabtiays to be more intense than bright

one.

Previously any magnetic characterization, the samy@s scanned in dynamic mode
to acquire the topography and compensate theliile to the relatively large tip-
radius of the magnetic-coated tip<(r50 nm) it is not possible to resolve the cubic
shape of the PBA-NPs. Although the height of ismlatanoparticles can be accurately
characterized with the tip of the MFM, the apparateral dimensions of the NPs
whose size are comparable or even smaller thantitheadius curvature, are
substantially increased by the well-known tip-saengbnvolution effect® From now

on we will consider the real size of the cubic KNiEPs, the measurement of the
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height with an error of £11 % coming from considgrithe maximum value of the

aspect ratio, which is aprox. 1.1.

To record the MFM data, we worked @onstant height modehere the sample is
retracted at a constant distancer}4rom the tip. At this distance, the tip scans a
plane over the sample obtaining a magnetic mapestanned area given by the
caused by the tip-sample magnetostatic interactfoosstant height modeas chosen
because it has the best signal to noise ratio éedidack noise) and the potential of
increased scan speeds. All the images were takem fdown to top and

forward/backward scans were performed and recardedery line of the scan.

At such distances (@), long-range forces can be detected by the tip;amly the
magnetic interactions but also the electrostatiesothat could be mixed with the
magnetic signal and even hide it. In our case, sereal field Bex is applied
perpendicular (out-of-plane, see Figure 12) toghmple, and the magnetic response
is recorded by varying the intensity and orientatad Bex.. (Bext = Bext Uz) SO the

magnetic contribution can be clearly distinguished.

v
. sample

z
.v:x B

ext

Figure 12. Scheme of relative position of samplé e MFM tip. The external applied field is apglie
perpendicular to the sample.
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5.2.4 Calibration of the magnetic tip at low tempeature

MFM images depend on the magnetic interaction betvitbe magnetic-coated tip, the
magnetic sample and the external magnetic fieldieghpThe magnetization reversal
of the sample may be detected with the MFM via geanin the image contrast
resulting from the reorientation of the directiohnoagnetization of the sample with
respect to the magnetization of the tip. Howevkg interpretation of the image
contrast may be ambiguous, since the applied magfield may also affect the
magnetization direction of the MFM tip to some uowm extent. Thus, in order to
differentiate the contributions arising from thenientation of magnetization of both,
tip and sample (the KNiCr NPs in this case), dethknowledge of the magnetization
reversal of the tip is needed. Moreover, all thasueements (NPs characterization as
well as the calibration of the MFM tip) need to tene at the same value of the

temperature to ensure a correct interpretation BfNMmages.

A commercial MFMR-Nanosensor tip with a CrCo cogtiof 40 nm was used, but all
the technical data provided by the company wemamn temperature (coercivity of

app. 300 Oe, remanence magnetization of app. 30¢cer) (Figure 13).

(a) (b)

Figure 13. Technical data provided by manufactyerSEM image of a PPP-MFMR tip (side view). (b)
SEM image of a PPP-MFMR tip (close-up).
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As far as our measurements are performed at lowdsmature and it is well known
that the magnetic coercivity increases when tentperaecreases, a calibration at low
temperature needs to be performed. The magnetisureraents were performed at
4.5 K with external applied field in-plane and aditplane the sample, following the
procedure proposed by M. Jaafar ef’ @b calibrate the coercive field of the
commercial MFM probes. Using a commercial hard giglce as reference sample,
the changes of the magnetic images contrast onbiise were measured when
sweeping the . Due to the broad coercive field of the hard dibk, changes in the
magnetic contrast give us information about the matigation of the MFM tip since
in this case, the magnetization of the tip is rwed with the change of.Bwhile the
magnetization of the hard disk remains unmodififedm the analysis of the evolution
of the MFM contrast versus magnetic field, we dedudhe out and in-plane

coercivity of the MFM probes.

The value obtained for the out-of-plane measuresnahtt.5 K was He: £ 750 Oe.
(Figure 14)
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Working
Range = 750 G

-2000-1500-1000-500 0 500 1000 1500 2000
H (Gauss)

Figure 14. Magnetic calibration of MFMR Nanosenggsvith an out-of-plane applied field. Four MFM
images are shown at +1000 G, -500 G, -1000 G anf &

For in-plane applied fields, the magnetic contrestresponds to the stray fields
coming from magnetic walls instead of from domdfH¥o significant change in the
contrast was observed while sweeping the exteigldl, 0 it seems that the tip cannot

be orientated by applying parallel fields.

Magnetic coercive field of Nanosensors-MFMR tipsrgases from 300 Oe at room
temperature to 750 Oe at low temperature (4 K) hin principle, makes them
suitable for measuring the magnetic reversibilifykiNiCr NPs, as will be later

discussed.
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5.2.5 Temperature dependence measurements in is@diKNiCr NPs

Apart from the tip used, there are several paramdtet have to be optimized in
order to be able to resolve the magnetic interastfoom individual small particles, as
for example the working temperature. The minimuntedi@ble force gradient is

temperature dependent in the form:

df 1 |a4kk, BWT
_] e il Rkl (Eq. 5.4)
dz min A U)OQ

where T is the working temperature, BW is the meswent bandwidth, k is the force
constant of the cantilever, ks the Boltzman constanéy is the natural resonance
frequency of the cantilevew = 2rtfo), Q is the quality factor, and A is the amplitude
of oscillation of the cantilever. Taking A~ 90 n@,~ 5000, §~ 7500 Hz, k ~ 2.8 N/m
as typical values for our instrument and type aftibaver, the minimum detectable
force measurable at 4.2 K is theoretically ~ 0.M/\iHz. This would lead to a
minimum detectable frequency shift of 0.025 m¥#, if only considering the
thermal noise. The reduced thermal noise and the theermal drift confer high
stability of the tip—sample gap and a better sigoaloise ratio (noise levels are

discussed in detail in Appendix I).

But the working temperature is not only chosen i aim of the best signal to noise
ratio and stability. Another important aspect retatwith the specific properties of the
sample need also to be taken into account. For jgheart is very important to know
that PBA materials generally present Curie tempeest(T) lower than 100 K. When
these materials are prepared as NPs, thevalues decrease as the NP size does,
becoming blocking temperaturegTwhen a single domain size is reached and pure
superparamagnetic behavior takes place. So wolkehow the Curie temperature is
crucial in order to be able to freeze the magneibenents of the NPs to detect them
by the MFM without the need of applying strong metgmfields.
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As deduced from SQUID magnetic characterization KiNiCr NPs the T is around
40 K. But this value is probably a little bit ovstinated due to interparticles
interactions that are not completely avoided inghl/meric matrix used for SQUID
measurements. As can be observed in the hystdoegs at different temperatures
(Figure 15a), with the same value of the appliettfihigher magnetization values are
reached by decreasing the temperature, meaninghé are more NPs with their

magnetic moments oriented parallel to the exteialal.

A deep study about the temperature dependenceh@tinagnetic tip-NP interactions
was performed to probe that only working below @wie temperature the remanent
magnetization of the NPs can be detected with tR&MRoutine topographic images
of 1 um x 1 um at 4.2 K were taken to charactettizedispersed NPs just prior all
magnetic measurements. To acquire the MFM image&ithwas set to 100 nm in all
cases and the tip was previously magnetized inirectibn. In step (1) an external
out-of-plane field of +200 Oe was applied and tregnetic interactions of the tip and
the NPs show dark and white contrasts (attractiverapulsive interaction) because at
this value of the B not all the NPs are oriented with it, so both casis are detected
by the tip. Then, the temperature was increasetb (80 K (step 2) without external
field applied and again, both topography and MFMages were acquired. The
magnetic image at 0 Oe still shows dark-bright @sts, although much weaker and
blurry. This points out that the field applied tettip is high enough to maintain the
magnetization of the NPs because we are workingwoéhe Curie temperature. In
step (3), the temperature was set to 50 K, aboweCilrie temperature estimated by
ZFC-FC measurements. Topography and MFM images teéen then at 0 Oe. No
magnetic interaction was observed in the 50 K miagmaage because the magnetic
moments of the NPs are not aligned any more evesidexing the magnetic field
from the tip. The magnetization at this temperatuoeld give a too weak signal and
no appreciable magnetic contrast can be found &t 9Wen, an external field of +200

Oe was applied to magnetize the sample. The MFMyén@oes not change, and no
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magnetic contrast can be detected even at thi$ f&ep 4). Then, the sample was
finally field cooled at +200 Oe to 4.2 K (step S)daagain, a large tip-sample
magnetic interaction was observed. In this case ctintrast is only dark due to the
field cooled. Thus, the NPs were aligned by themnsl field and got frozen when the
temperature was decreased down to 4.2 K ({j<s® the magnetic moments of the
NPs and the tip were parallel (+z direction) givinge to a tip-NP attractive
interaction (dark contrast). It was also measurgdout external field applied (step 5)
and dark contrast was measured again.

It is important to point out that due to the thelahdft, it was not possible to measure
exactly in the same area when the temperature m@eased but, due to the high
homogeneity of the sample, we can extrapolate thesdts to all the KNiCr NPs in
the surface. All these MFM measurements are in gagibement with the data
extracted from the hysteresis measurements of Nferded on a PVP polymer
matrix (4500 eq), measured at different temperatlng a SQUID magnetometer
(Figure 15a). In general, the magnetization dees@s the temperature increases,
which explains the decrease in the intensity ofntlagnetic signal in the MFM images
without external applied field even below the From 30 K at 0 Oe (step 3) to 4 K at
0 Oe (step 6) the intensity of the magnetic sigmadeases a 60 %.
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Figure 15. a) SQUID measurements of hysteresisslaatpdifferent temperatures showing how the
remanent magnetization decrease while the temperdhcreases. (b) Topographic image of the
dispersed KNiCr NPs corresponding to step (1) of fillowing set of MFM images. (c) A set of
magnetic images of an area of 1 um x 1 um of rahgalispersed KNiCr NPs at different values of
temperature and external applied out-of-plane field

According to the SQUID measurements, one couldktiiat applying high enough
fields (more than +200 Oe applied for the previonsasurements), it should be
possible to align the magnetic moment of the narimtes (mwp) and be able to detect
them by the instrument, even above the Curie teatper at least in the range
between 40 K and 80 K. The next figure correspotalsthe result of MFM
measurements applying a high value of out-of-pleregnetic field, 1T, at 4.2 K
(Figure 16a) and 40K (Figure 16b). As can be seetihé images, at 40 K with an
applied field of 1T it was possible to detect thagmetic contrast of the KNiCr NPs
even at 40 K. But in this case, the intensity @ tietected tip-sample interaction was

82% lower than at 4.2 K. Hence, using this ordemaignitude of Bt one cannot
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detect the magnetization reversal of the KNiCr Nfegause the tip would have

reversed its magnetization as well.
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Figure 16. (a) Magnetic image of randomly disperg@diCr NPs taken at 1T and 4.2 K with the
corresponding Z scale. b) Magnetic image of rangaidpersed KNiCr NPs taken at 1T and 40 K with
the corresponding Z scale. Size of the images:nms& 750 nm

5.2.6 Magnetic reversal measurements in isolated K8Ir NPs
I. Previous considerations: the B« working range

It is very important to highlight that to be abterheasure the magnetic reversal of the
KNiCr NPs, the condition:

Ms® > Bex > MdVP 5)

has to be accomplished, beingMthe saturation magnetization of the tipxBhe
external applied field and §f the saturation magnetization of the KNiCr NPs sTiki
the real key point of this experiment. As previgusientioned, the selection of the tip
is very important; otherwise, it could happen thia external applied field would
change the magnetization orientation of the tip #medreversibility measured would
come from the tip, not from the sample (as obseindle experiment performed with

a hard disk to calibrate the tip). On the otherdhahthe magnetization saturation of
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the KNICr NPs were higher than the magnetizatidnrasion of the tip, it would be
impossible to measure their reversibility. Thesgeshents leave a narrow window of
possible values of the external field to measuee rtfagnetization reversal of the
KNiCr NPs. From the tip calibration measurementd.&tk we know that it is almost
saturated at £750 Oe then, values gf Below this limit were always employed. From
the SQUID measurements of the KNiCr NPs dispersea polymer matrix at 2 K, we
know that the NPs are almost fully saturated arau680 Oe. Then, applying external
fields between +750 Oe should allow us to succégsfoeasure the magnetization
reversal of the KNiCr NPs.

I. Previous considerations: real isolated NPs

As the sample is prepared by drop casting, welaisd NPs are dispersed all over the
surface. However, it can be found couples of NPsmall aggregates that are not
always easy to differentiate due to the small eizthe KNiCr NPs compared with the
size of the tip apex (~ 50 nm). To be able to sty magnetization reversibility of
single and isolated KNiCr NPs one has to distingwidether an aggregate of two
closed NPs is formed, or they are real isolated BIN®S an example, two possible
cases named dsand?2 in Figure 17 has been chosen. The height profitést out,
thatl is a single isolated KNiCr NP of (18.0 £ 1.8) neidht and? is actually formed
by two different NPs. In this case, the real heigithe two NPs cannot be measured
with high precision because they seem to be slightiounted but as an
approximation, we can estimate two KNiCr NPs of.§# 2.1) and (22.2 £ 2.2) nm.
For their magnetic characterization, the MFM tipswareviously aligned in the +z
direction and the magnetic moment of the NPs welly saturated in the same

direction applying an external magnetic field of ¥.
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MFM contrast

0.00 mHz

- 600 Oe -300 Oe +300 Oe +600 Oe

Figure 17. (a) Topography images of KNiCr NPs dispdron modified silicon, with the height profiles
of some of these particles (Image size: 500 nmOr&@). Blue and green dotted lines have been adsled a
guide for the eyes. (b) Schematic representatioth®fmagnetic contrast in MFM (c) Set of magnetic
force images of 1 and 2 in (a) (Image sizes: 114xrith4 nm) at Bext of -600 Oe, -300 Oe, 0 Oe, +300
Oe and +600 Oe respectively.

A set of magnetic images were recorded sweepingxternal magnetic field from —
600 Oe to + 600 Oe to check the reversibility @& MPPs. NPL shows bright contrast
at Bs = -600 Oe reflecting magnetic repulsion betwegm dnd NP, so the
magnetization of the KNiCr NP is pointing to -zelition (opposite to the MFM tip).
At Bex: = -300 Oe, almost the same bright contrast isrebsle so the magnetization
reversal of the NP has not taken place yet. Oneetiiernal field is decreased down
to 0 Oe the resultant magnetic moment of the NRBgms dark contrast. In this
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situation the magnetic moments of tip and NP aritipyg in the same direction
(attractive interaction). So at a field betweenO-8e and 0 Oe, the magnetic reversal
of the KNiCr NP has started becausg Boes not compensate the stray field of the tip
(Btip) anymore. The intensity of the dark contrast inees as & reaches positives
values and at & = +600 Oe the KNiCr NP seems to be fully rotated.

The change of the magnetic moments of the two lathd\Ps with the external
applied field presents more complexity. AfB= -600 Oe, an overall bright contrast is
detected which reflects that both NPs are poiniinghe same orientation (-z) and
opposite to the tip (+z). However, atB8= -300 Oe, bright and dark regions appear
which indicates that the magnetization reversathie two NPs has started to take
place, but not homogeneously. At 0 Oe, general darkrast is observed but two
regions can be differentiated. This is more cldaB.a = +300 Oe where only a full
dark contrast is reached at the biggest NP invastiy(22.2 nm), which could reflect
a complete reversal of its magnetic moment. ThelestaNP (20.8 nm) seems to be
influenced by the big one probably due to dipotdeiaction, showing a less intense
and inhomogeneous dark contrast. This situatiohithaot modified even atB =
+600 Oe. The magnetic profiles bfand2 are shown in the Figure 18, where one can

clearly distinguish the magnetization reversal.
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Figure 18. Case 1: Magnetization reversibility imggeBx + 600 Oe and the corresponding profile. The
intensity of the signal at -600 Oe is lower thar-@®0 Oe. Magnetic images sizes of 110 nm x 110 nm.
Case 2: Magnetization reversibility images akB 600 Oe and the corresponding profile. Again, the
intensity of the signal at -600 Oe is lower thar@G®0 Oe. Magnetic images sizes of 120 nm x 120 nm.

[ll. Previous considerations: the alignment of themagnetic moments

Finally, one more consideration is needed to urndeds completely the reversal
mechanism of our KNiCr NPs: the alignment of thegn&tic moment of the
nanoparticle (i) with the external field, B, depends not only on the.Bstrength
but also on the angle between the easy axis oMiN@, the external field and the
magnetic tip. The maximum magnetic response froentif-NP interaction will be
measured only when theymis perfectly aligned along the direction ofxBand the

alignment of the tip (which would be the +z direai).
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Deep study of the magnetization reversal mechanisnsingle and isolated KNiCr
NPs

Taking into account the previous considerationsleap study of the magnetization
reversal mechanism within single and isolated KNiIPs was performed. The
inspected sample was formed by a group of dispedesl easily prepared by drop
casting as previously mentioned, presenting a manddistribution on easy
magnetization directions. The KNiCr PBA-NPs are @dimperfect cubic particles with
an aspect ratio between 1 and 1.1 and this slighgation induces shape anisotropy,
so the easy axis of magnetization would lie onlding axis of elongation and the hard
axes would be along the two directions perpendictdathe easy axis. All the
magnetic measurements were performed at 4.2 K,bedbw their Curie temperature
in such a way that the ymof all the KNiCr NPs could be frozen and driven doy
external magnetic field. The measurements at 42n# at very low pressure also
allowed us working with the best signal to noisioraeaching high spatial resolution.
Another important experimental aspect is the inflieeof the stray field of the tip on
the magnetic state of the sample, which can bestatjuand minimized by the tip-
sample distanc®.In order to prevent as much as possible the effetite stray field
from the tip apex, a 100 nm tip-sample distance sehs

In general, PBA materials are soft magnetic masgfiand so are the KNiCr NPs
used in this work. From now on, we will consider &Ps as cubic particles with
uniaxial anisotropy with a low relative anisotroggeating this nanosized magnetic
volume as an effective magnetic momentwfmthat is the sum of all magnetic

moments of the spins of the magnetic NP.

In this scenario, a field of +10000 Oe (1T, oufpt#ne field) was applied. This way,
both tip and sample were strongly magnetized aighed in the +z direction. A
topography image of 900 nm x 900 nm was first aeglithat shows randomly
dispersed NPs over the surface as isolated unitsrioning small aggregates (Figure

19a). For the study of the correlation between ratigation reversal mechanism and
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the MNP size, only individual and isolated MNPs &ehosen (highlighted in Figure
19b). An area of 520 nm x 520 nm was selected, v Ps of heights from (13.2 +
1.3) nmto (32.1 £ 3.2) nm can be distinguished.

Figure 19. (a) Topography image of 900 nm x 900 simawing the NPs deposited over the silicon
surface. (b) Topography image of the selected watesae only the isolated and individual NPs are liedbe
with number and size. Scan area: 520 nm x 520 nm.

Then the experiment was carried out by varyingaheof-plane external field (&)
from -600 Oe to +600 Oe in consecutive steps aadrthgnetic images were recorded
at every value of the field as snapshots of thertization process. A general view is

shown in Figure 20.
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+300 Oe +100 Oe +50 Oe 00e

Figure 20. Set of magnetic high resolution imagedifferent out-of-plane B In the center, topography
image with the selected NPs labelled by numbeee &fimages: 520 nm x 520 nm.

A closer look on each individual MNP at each stdpthe external field can be
performed and the magnetic reversal process cdrableed in more detail. Magnetic
high resolution imaging was successfully achieved \ae were capable to resolve the
internal magnetic configuration of the nanopartclat various steps of the
magnetization reversal (Figure 21).
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NP1 (13.2 nm)
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Figure 21. Sequence of high resolution magnetiqgasaof the selected NPs at different values of the
external out-of-plane applied field. Scan area88%hm x 98 nm.

Different magnetic contrasts were measured in tHeMMimages. In the present
configuration, with the tip aligned in the +z ditien, a dark contrast means an
attractive tip-sample interaction so th@ps oriented with the external applied field
in the +z direction, while a bright contrast meangepulsive tip-sample interaction
and the e would be then pointing to the opposite orientatiandirection). When all
the spins are oriented with the external field, thagnetic contrast presents a
symmetric and more confined configuration and readhe maximum intensity. It is
important to remember that the intensity of thelrisignal is always lower than the
intensity of the dark one at the same value ofreateapplied field (but in opposite

orientation). This can be explained by the inflleent the stray field of the tip which
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cannot be completely avoided. Wheg:Bs applied in the same orientation than the
magnetization of the tip, both fields are addedngjwise to a total field higher than
Bex, hOowever when B points to the opposite orientation, there willdbdecrease in

the resulting field acting over the KNiCr NPs.

The low temperature MFM images of deposited KNiG?sNpresented in this work
show high resolution imaging of real examples ofheane of the magnetization
reversal mechanisms described in the introductioherent rotation, curling, pinning,
localized nucleation and domain wall, domain-walbtimn, and vortex formation.

Following, a deep discussion of each case willlesgnted.

233



Chapter 5. LT-MFM characterization of single anolased molecular-based magnetic NPs

NP2

+300 O
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-300 Oe -250 Oe =200 Oe -150 Oe -100 Oe
-50 Oe 0 Oe +50 Oe +100 Oe +300 Oe

Figure 22. Nanoparticle 2, h = (17.8 £ 1.8) nm.T8pt of images of 98 nm x 98 nm. The first image
corresponds to the topography and the rest qoonels to magnetic images at consecutive valuesef B
at 4.2 K. Down: Schematic representation of the metigation reversal of the MNP where the arrow
simbolize the magnetic moment of the nanoparticle.
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NP 2: Size (17.8 + 1.8) nimThe magnetic reversal process starts at -60vere no
magnetic contrast could be recorded (Figure 22). discussed before, the
compensation of & with the stray field of the tip (pointing in opptesorientation, at
+z direction) originates a lower negative resulthelid over the NP. The resultant
applied field could be, in this case, not enougprtwvoke the complete magnetization
reversal of the NP and this is why at -600 Oe, rifagnetic image does not show
bright contrast. In this situation, the absenceaginetic contrast could be explained if
the mwp would be canted from the +z axis caused by thecefff negative B: ,not
enough to reverse it but enough to have a tiltaebbplane component too small to
be detected by the magnetic tip. Then, the extdigldl was gradually changed and at
-350 Oe, a smoothed dark contrast started to appbar means that the out-of-plane
component of the pa is rotating following the external field in the dane. The out-
of-plane component of thenm(shown as a dark spot) was gradually aligned thi¢h
external field while it was swept from -350 Oe td0® Oe without jumps or
discontinuities. Finally, at +300 Oe, a more inteaad confined dark area is shown in

the magnetic image, so theswas fully rotated and aligned with the externaldi

It is known that the coherent rotation of the spissaccompanied by a
substantial increase of the switching field comgate the incoherent switching
mechanisni? On the other hand, Stoner-Wohlfarth theory predibat the energy to
rotate a single domain NP would be higher if thiemal applied field is aligned with
the easy axis of the NP. These two facts wouldamplhy the magnetization reversal
of this MNP was not completed. This homogeneous rzation reversibility
observed by MFM points out that this is an exangdlsingle domain NPwith a Z-
easy axis and the reversal mechanism would becofeerent rotation. This case
could be also a flower state that is mostly a haeenegus state and only at the vicinity
of the corners or edges the magnetization spregiddue to the inhomogeneity of the

stray field8
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Figure 23. Nanoparticle 3, h = (19.3 £ 1.9) nm .T8pt of images of 98 nm x 98 nm. The first image
corresponds to the topography and the rest qunels to magnetic images at consecutive valuesof B
at 4.2 K. Down: Schematic representation of the matigation reversal of the MNP where the arrow
simbolize the magnetic moment of the nanoparticle.
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NP 3: Size (19.3 + 1.9) nmThe starting magnetic state at -600 Oe presargbtb
contrast meaning that theypis pointing down (-z direction) (Figure 23). Thisght
contrast decreases as thg B gradually changed denoting that the- s rotating. At
-350 Oe, an activation volume appears, probablytdwe defect at the MNP surface,
and this small domain starts to reverse (showidgrl contrast). This is seen in the -
350 Oe MFM image as a small dark spot that, onateated, tends to expand via
domain-wall motion under the action of the appliledd. The magnetization reversal
evolves via domain-wall propagation of two oppositenains that rotate and expand
by the effect of B, as can be seen in images from -300 Oe to -20(A000 Oe a
domain-wall clearly appears showing two domaingrad in opposite orientations
(dark/bright region). At -150 Oe one of the domaiitsight one) continues its
propagation but at -100 Oe, this expansion is lddadue to a strong defectminning
center that avoids the domain-wall movement. A brightkdaontrast of the two
opposite magnetic domains is clearly observed frb@® Oe to +300 Oe. Then, the
magnetization reversal has not taken place contpleten increasing the strength of

the applied field.

From the sequence of high resolution magnetic image conclude that the
nanoparticle is awo-domain MNP that starts to rotate via domaiocalized
nucleation on a surface defect although is not completelensad due talomain-

wall pinning.
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Figure 24. Nanoparticle 4, h = (19.7 £ 2.0) nm .T8pt of images of 98 nm x 98 nm. The first image
corresponds to the topography and the rest quonels to magnetic images at consecutive valuesef B
at 4.2 K. Down: Schematic representation of the metigation reversal of the MNP where the arrow
simbolize the magnetic moment of the nanoparticle.
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NP 4: Size (19.7 £ 2.0) nmAt the initial state at -600 Oe, they#ris pointing down
although slightly tilted with respect to the z aascan be seen in the magnetic image,
where a non-symmetric bright contrast is shown yf@g24). The bright contrast
intensity gradually decreases as the external feelhried from -600 Oe to -250 Oe
and this means that the out-of-plane componertiefrir is rotating. At -200 Oe, the
magnetic image presents a dipolar contrast (dagkirthat would indicate an in-
plane mp that will successively rotate in three steps, @s lse seen in the images
from -200 Oe to -100 Oe. Between -150 Oe and -1@0tli@ mp rotates 180°,
presenting a chiral symmetry that evolves withekternal field. The mp is following
the external field and tends to align with it so%Q Oe, the e presents an out-of-
plane component, showing a smooth dark contrast.olitrof-plane component of the
mye continuously rotates following the external fieddd showing a dark contrast
more intense at each step (images from -50 Oe @0 €le). Finally, at +300 Oe it
presents a non-symmetric dark magnetic contrasthvibuld mean that thenmis a

little bit canted with respect to the z axis.

Figure 25. Top: Simulation of the different stefisragnetization reversal of a cubic NP of 10 nmOx 1
nm x 10 nm by curling. Taken from reference [1Zb).Experimental measurements of the magnetization
reversal of NP4 by curling.

If we consider the easy axis on the z directioas¢éhimages could correspond with a
twisted flower state where the twist of the magragion tends to maintain a
homogeneous state parallel to the easy axis amddice the stray field energy by
forming a structure similar to a vortex. The twiktower state or curled state
presents by definition a chiral symmetry that eeslwith the external field and
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finally the myp rotates completely. This nanoparticle is thesirgle domainnear the
single domain limit, and the magnetization reversathanism would be vieurling.
The magnetic reversal via quasi-coherent (curlinf)a cubic nanoparticle was
simulated by Kron&® and matches quite well with our experimental d&tgure 25).

NP 5: Size (23.8 + 2.4) nmThe magnetic reversal of this NP (Figure 26) eésyv
similar to NP 3. At -600 Oe, thenmis pointing down (-z direction) showing an
overall bright contrast. The bright contrast desesaslightly from -600 Oe to -350 Oe,
meaning that the out-of-plane component @f B rotating only a little by the effect
of the Bx. At -350 Oe, a discontinuity is shown as a dagiae crossing the NP. This
can be explained if a defect is positioned on tiréase of the NP and the tip strongly
interacts with it. At -300 Oe, an activation volurnas appeared as a localized area
with reversed magnetization (a squared dark regian means that the spins have
rotated to an orientation opposite to the inittalte). This is consistent with a defect
that starts to reverse as previously mentionedRaBNvia localized nucleation. Then,
the magnetization reversal evolves via domain-pwedipagation that can be seen in
the consecutive magnetic images from -300 Oe t® -@8. The reversed region
becomes larger until at -200 Oe, the domain pajnwown (bright contrast) is
completely annihilated. From -200 Oe, only remaine domain with an out-of-plane
component (dark contrast) that successively rotayasy to align with the B« while
increasing it. Finally, the magnetic image at +8B® shows an irregular shape of the
dark magnetic contrast that could be explainech& €asy axis of the yw is not
completely aligned with the external field.

From the magnetic images we infer that this NPtisadomain NP that has reversed
its magnetization bgomain-wall nucleation caused by a defect on the MNP surface
and the reversal was done damain-wall motion. In comparison with NP 3, the
defect on the NP surface was not so large to lloelpropagation of the domains and
the MNP was reversed completely. In this casenthgnetization has taken place by
discontinuous and continuous processes: a combimafi rapid rotation of discrete
regions of the particle (nucleated region) and gahdnovements of domain walls
regions.
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Figure 26. Nanoparticle 5, h = (23.8 * 2.4) nm .T8pt of images of 98 nm x 98 nm. The first image
corresponds to the topography and the rest qguongeis to magnetic images at consecutive values»of B
at 4.2 K. Down: Schematic representation of the matigation reversal of the MNP where the arrow
simbolize the magnetic moment of the nanoparticle.
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Figure 27. Nanoparticle 6, h = (25.5 + 2.5) nm.T8pt of images of 98 nm x 98 nm. The first image
corresponds to the topography and the rest qoonels to magnetic images at consecutive valuesof B
at 4.2 K. Down: Schematic representation of the matigation reversal of the MNP where the arrow
simbolize the magnetic moment of the nanoparticle.
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NP 6: Size (25.5 + 2.5) nniThis NP present a bright/dark contrast at thigairstate (-
600 Oe), meaning that theypis pointing down but a little bit canted from thexis
(Figure 27). It then starts to rotate as tha B increased (from -350 Oe to -250 Oe),
and the same two regions (dark/bright) are distsigad slightly modifying their
contrast and shape. At -250 Oe, one domain-wah wérk contrast appears. In the
next step, two domain walls pointing up are reslae -200 Oe (two centered dark
lines in the magnetic image forming a 120° angh).150 Oe the domain-walls have
slightly rotated and at -100 Oe, the magnetic imagsolves a complete vortex
structure. The high resolution magnetic image shtwvestypical contrast of an in-
plane magnetization (dark/bright regions) and atdénter it is shown the core of the

vortex as an out-of-plane bright central dof) (

Figure 28. Magnetic images showing the first stagkshe vortex formation. The formation of the
domain-walls is pointed by arrows: at -250 Oe oomain-wall appears and at -200 Oe it appears two
domain-walls forming a 120° angle. At -150 Oe tleendin-walls blur and the domains start to appear
more clearly. At -100 Oe, the magnetic vortex imptetely formed with its core pointing down (bright
contrast). Size of all images: 98 nm x 98 nm.

By varying the applied external field, the intepsif the core is gradually reduced
(images from -100 Oe to +50 Oe). At +100 Oe, theevocore is completely reversed
presenting a dark contras®). Finally, the vortex state is annihilated duethe
saturation of the NP presenting a non-homogeneats région that would indicate
again that the vortex axis is not completely alyméth the By axis. The magnetic
images reveal that this NP is a two domain NP whh easy axis pointing in the X
direction and the magnetization reversal takes epha@ vortex formation and
annihilation (Figure 28).
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A magnetic vortex is defined as an in-plane clobax-magnetization with a central
dot called the vortex core. The magnetization viitg of vortices takes place via
nucleation, propagation and annihilation and thvengal of its core involves complex
processes widely study for the last years. Thetenxig of vortex cores was already
predicted more than 40 years &gout the first experimental evidence was shown in
2000 by T. Shinjo et al. where core vortices oowtar permalloy dots were observed
by MFM.>* The vortex core is known to be a nanometric stingctonfined in an area
of few exchange length of diameteand can be characterized by a polarization p =
+1, that defines if it is orientated up or doWni’ Together with the polarization, the
in-plane circulation that can be clockwise or ceuclockwise ¢ = %1, defines the

vortex structur@®242.58
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Figure 29. (a) Topography and (b) magnetic imageinbd with spin-polarized scanning tunnelling
microscopy of a single nanoisland of Fe. The arrawgicate the orientation of the domains. From
reference [68] (c) MFM image of an array of Permalliots with 1um of diameter and 50 nm thick. The
central dot in each disk shows the evidence of/treex formation. Figure extracted from refereng@][

(d) The magnetization distribution and correspogdialculated MFM contrast of a Co elliptic dot, for

= +1. Figure adapted from reference [57]. (e) Maignferce image of a single 18 nm thick Co dot after
saturating the sample in the hard-axis directidguife adapted from referencggfror! Marcador no
definido.]. (ff MFM image of elliptical dots, where the widts 1 mm along the short-axis and increases
gradually from 1 pm (1) to 2 um (8) along the langs. Figure extracted from reference [58].
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The mechanism of polarity reversal generally ineslthe creation and annihilation of
a vortex—antivortex pair, followed by the formatioha core with opposite polarity.
Nowadays, this reversal process is a well-knowrafdst mechanisthithat seems to
be independent of the type of excitation and tleatoon of the vortex-antivortex pair
determines the sense of rotation of a freely gygatiortex¢®*¢ The reversibility of the
core vortex have been achieved by applying diffeeetternal stimuli like pulsed
magnetic field$?6! alternating magnetic field$, spin-polarize current and spin-
waves$* or even induced by the non-homogeneous magnetit fiom the probe of a
MFM.% It has been also probed that a field-driven swiighof the vortex core
polarization in circular permalloy lithographed slas possible by applying a static
magnetic field perpendicular to the vortex planewaver, this process requires high
values of the field on the order of 500 #¥TSuch large field values indicate that a
high energy barrier must be overcome to switch grmetic vortex core. Recently, it
has been also demonstrated that pulsed switchingres approximately half the field
strength compared with static switching and fieldtching scales strongly depend on
the disk geometry. But note that all the studies (theoretical angegimental) of the
reversal of vortex cores were focused on lithogeaphthin-film elements of
permalloy® or Co’ with lateral dimension of 150 nm x 200 nm in test casé In
these types of magnetic structures, there is golame magnetization due to the
magnetic shape anisotropy, characteristic of feagmetic films with thicknesses
below the magnetic exchange lendth3he reversal of the vortex core through the
creation and annihilation of the pair vortex-anttea in lithographed dots is a process
driven by the exchange field, unlike the precesdi®dwitching typical for small
magnetic NPs that is driven by the demagnetizireydfi The magnitude of the
exchange field is about 100 times larger than thmabnetizing field, so we could
think that in principle, for vortices in magnetid®hl the field required to reverse the
core should be lower than for lithographed d®ts our case, the vortex core switch
was achieved by applying a small value of out-afgl external field of 50 Oe (5

mT), as shown in Figure 30, which is 100 times lo#n the values reported up to
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now for lithographed dots of permalloy or cobaltoifd the orientation of the in-plane
dark/bright regions it can be deduced that theutatmon is clockwise (c=+1) and the

vortex polarization has been switched from p =o-p & +1%7

Figure 30. Top: Magnetic images of the vortex aeneersal. (size of all images: 98 nm x 98 nm). Down
The gradual change of the core polarization istetbin the graphic until at +100 Oe the polarizati®
completely reversed.

On the other hand, the switch of the vortex corméle through the creation of the
pair vortex antivortex that has been describechadteafast process that takes place in
the range of picoseconds (ps). Note that all tlvemdks concerning the pair vortex-
antivortex formation, were performed at room terapgne. In 2006, R. Wieser et al.
reported on the thermodynamic behavior of nanomagneith a vortex
configuration®® First, the finite temperature dynamic behavionahomagnets with a
vortex configuration was studied numerically uslrangevin dynamics simulations,
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putting special emphasis on the behavior of théexocore. The simulations started
from one of the ground states with the core magagtin pointing upwards. For
lower temperatures the magnetization of the core stable over a long time period
before an abrupt switching event to the oppositection occurs. For the case of
single-domain nanoparticles this kind of behavsoknown as superparamagnetism. In
this report, analogously, the two energetically sdgstates of the vortex core is
separated by a finite energy barrier which can\erapme by thermal fluctuations.
The switching time decreases with increasing teatpegs and at the same time the
fluctuations of the magnetization increase. To dbechis effect in more detail they
investigated the mean first switching time, defireedthe time between starting the
simulation with up magnetization and switching twwmh magnetization. They were
able to fit the low temperature data obtained bgtraight line showing that the
switching time could be described rather well bytharmal activation law. The

switching time could be described then as:

T = 1oelE/kpT (Eq. 5.5)

with an energy barrierg=and valid for T<< Tc. In the low temperature lipthe

energy barrier is given by the energy differencevben a vortex configuration and a
transient state with the highest energy duringéversal. This way, for sufficient low
temperatures, the magnetization of the core woseldtable over a long time period
before an abrupt switching event to the oppositection may occur by thermal
activation. This could explain why we can see amtlice the switching of the vortex
core even at scales of time much larger than thealuseported values (several

minutes, required to acquire the MFM image).
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Figure 31. Nanoparticle 1, h = (13.2 = 1.3) nm .8kimages of 98 nm x 98 nm. The first image
corresponds to the topography and the rest qunels to magnetic images at consecutive valuessf B
at4.2K

NP 1: Size (13.2 + 1.3) nninally, we present a MNP where the magnetic esjr
bright in this case, does not change so the mamatietn in this NP does not reverse
(Figure 31). Although the images show slight difeces in the bright magnetic
contrast, this is probably due to slight changeth@alignment of magnetic tip with
the external field that at negative values couldseaa small canting. But the fact is
that this MNP shows in all magnetic images a bragttrast that means that it has not
reversed at any point of the experiment. Two pdésskplanation of this behavior are
discussed: 1- As the NP size decreases, a largemeage of all the atoms in a
nanoparticle are surface atoms, which implies thaface and interface effects
become more important. Then, the non-reversibdftyhis particular MNP would be
due to the presence of surface defects that cauldechigh stress fields impeding the
rotation of the magnetic moments and thereforengnement of the anisotropy, in

both cases leading to an increase of the coerdelel.§ 2- Another possible
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explanation is that a coherent reversal procedgisvn to be accompanied by a
substantial increase in the switching field, coregato the incoherent reversal
mechanismg?52 As already discussed, the smallest sizes tendrésept single

domain and coherent rotation, so by consideringstke of this particular NP, h =
13.2 nm, it would be in this range. To rotate thegnetization of the smallest NPs,

Bext much higher than +600 Oe would be needed as shogcheme of Figure 2.

5.2.7 Magnetic measurements with a functionalizedp

In the last part of the experiment we present é&selts from magnetic measurements
performed with a functionalized-MFM tip. The intsifunctionalization occurred by
serendipity and took place as follows: After the aswwements at +300 Oe
(topography and magnetic image was recorded), thevBs increased up to +600 Oe.
Then at this value of theB and at & = 100 nm, the magnetic image was acquired.
All the images (topography and magnetic), were gdnacquired from down to top,
and forward and backward scans were performedeénydine of the scan. When the
regular MFM tip was scanning (forward) just above ttwo-domain pinned NP
(labeled as No.3 in the previous section) at thpécgl lift value of 100 nm, it was

“fished” by the magnetic tip. The process is shawthe Figure 32:
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+300 G +600 G +600 G

Figure 32. Three steps of the MFM tip functiondii@a showing the experimental topography (top) and
magnetic images (down). NP3 is tagged with a g@re in the topography and a blue circle in the
magnetic image. (1) Regular situation in MFM whemagnetic-coated tip scans over the sample to get
the topography image and magnetic image at outasfgpmagnetic field of +300 Oe. (2) Topography
image taken with the functionalized MFM tip. Theaige shows the empty area where the “fished” NP3
should be placed. The magnetic image at out-ofeplaagnetic field of +600 Oe clearly shows the scan
line where the “fishing” takes place. (3) Topograpmage taken with the functionalized MFM tip. The
magnetic image at out-of-plane magnetic field 0®6-@®e shows the new magnetic contrast. Images size:
520 nm x 520 nm.

As described before, this particular NP seemeddegnt a strong defect at the surface
that acted as a pinning center and impeded the letengwitch of its magnetization.
The irregularity of NP number 3 is probably thes@awhy this NP and not another,
got attached to the magnetic tip while it was saaprabove it. The magnetic
configuration of the NP3 at +300 Oe, and presumabl600 Oe, was formed by two
domains with opposite orientations. This configiaratis equivalent to an in-plane

effective myp as shown in Figure 33.
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MFM
FUNCTIONALIZED TIP

NP 3: Two-domain
pinned NP

Figure 33. Schematic representation of the chafhffgeeanagnetic structure of the tip. When the NB8 g
attached to the regular MFM tip that was initialiagnetized in the Z axis, the resulting tip is meged
in the X axis

From then on, the magnetic configuration of the wipgs completely changed and
according to the experiments performed by Kleitiexl ¢ the new contrast observed is
compatible with an in-plane magnetized MFM#ipThis fortuitous fact converted the
~50 nm tip into a ~19 nm functionalized-tip with effiective magnetic moment in the

+x. The functionalization is displayed in the négtre (Figure 34).

o

NP sizeh =19 nm

i A

o

Zi =100 nm Zix = 85 nm

\1 | Q Q .
. 3 " =

+300G +600 G +600 G

Figure 34. Schematic view of the three steps offtinetionalization process. (1) The regular magneti
coated tip of ~50 nm tip radius is scanned ovelPBA-NP at a fix tip to sample distance of 100 n2). (
The external magnetic field is increased 300 Otou00 Oe, and when the tip scans this partiddRy
the “fishing” takes place and the NP3 gets attadioethe MFM tip. (3) A new effective tip of 19 nm
radius is created, with an in-plane magnetic camégon
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In the magnetic images acquired with the functizeal tip (Figure 36), each NP
presents two or three alternated dark/bright labatantrasts. According to Kleiber
(see Figure 35) these features would be charaiten$ the interactions of the
different poles of a magnetic NP with an MFM tipgnatized in the +x direction.

200 nm
D —

(b)

o (d)

Figure 35. (a) and (b) MFM images of dots (diame2&0 nm, thickness: 17 nm), that have
been magnetized in plane (+x direction) under angtrexternal field ~400 kA/m outside the
microscope. After scanning (a) the field has beepliad in the opposite direction (-x
direction). The small figures show the results ddimulation for the MFM contrast of dots
magnetized in the (+x) and (-x) direction and seshiy using a tip magnetized in the z
direction (perpendicular to the plane of the saifl=an size: 1.1 pym x 1.1 um. (c) and (d)
MFM images of same dots magnetized again in pleneposite orientations (+x and -x) and
scanned with a tip magnetized in the x directiottaghed are the results of the simulation for a
tip magnetized in the x direction. Scan size: Imixul.1 um. Figures extraxted from reference
[74].

This lobular contrast could not be resolved befeith the conventional magnetic

coated tip because this tip cannot be magnetizealaine (as mentioned in section
5.2.4). Looking carefully in the MFM image (Figudé), one can observe some NPs
showing 2 lobes at the magnetic contrast. This dibel the result of the interaction of

the x-magnetized tip with a perpendicular magnetilk®. Taking as example NPs 1
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and 2 (Figure 36) and comparing their magnetic esagefore and after the fishing
moment, we can deduce the orientation of the magnetment of the fished NP.

MFM z-tip MFM x-tip
contrast contrast

NP1: {m,

t-m)u()u

MEM x-tip

Figure 36. 3D magnetic images acquired with thelleegMFM tip (left) and the functionalized-NP tip
(right). Three NPs are highlighted and a zoom inld® nm x 115 nm show the different magnetic
g:;r;;[tr;sts for each case. A schematic of the magwetitrast for the different situations is shown fo
Before fishing, the magnetic moment of the tip wadoubtedly in the z direction, so
the contrast at +300 Oe of NP 1 was clearly a sitgight lobe ©) and of NP 2 a
single dark lobe@®). This one single lobe contrast indicates thatrntfagnetization of
NPs 1 and 2 were in the same direction of tip maggigon (but pointing in opposite
orientations). After the "fishing" moment, each gien lobe appears as two lobes,
bright/dark for NP1 O @) and dark/bright for NP2&O). Some other NPs show 3
lobes contrast, for example the NP 5. As was preshodiscussed, this NP would be a
little bit canted with respect to the z axis thatswexplained because at +300 Oe the
NP showed an irregular dark contrast. This cansngonfirmed by the MFM image

acquired with the functionalized tip that showsoatcast of three consecutive lobes
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dark/bright/dark @ O @), with the last right lobe less intense than #if¢ dne. This
indicates that the direction of thewsris in between the +z and the -x axes. When the
external applied field was set to -600 Oe, theltegumagnetic contrast was the same
as for +600 Oe, although less intense, this indgdhat the NP of the tip was also
affected by the external field. Therefore, the fioralized tip is not suitable for
magnetization reversal measurements. Howeverntidane functionalized magnetic
tip permitted us to assign the magnetic directiohsdividual and isolated NPs with
more detail than with the use of an out-of-plage With this criterion, it has been
possible to allocate the magnetization directians6®0 Oe for all the NPs studied in
this experiment, as can be seen in Figure 37. Taeréwo NPs that present canting
on their magnetization directions: NPs 5, 6. As barseen in the topography image,
these two NPs are located close to a neighboring T¥ile inerparticle interactions
could have affected their magnetization configorsi causing the canting of their

magnetization directions.

Figure 37. 3D magnetic image acquired with the fionalized-NP tip. The arrows assign the

magnetization directions of the NPs. Blue means anagnetization direction while red means a -z
magnetization direction. The inset shows the cpording topography image. Image sizes: 520 nm X
520 nm.

254



Results and discussion

Unfortunately, further inspection of the MFM furantialized tip by high resolution
electron microscopy for example, was not possileleabse the NP was detached as
the temperature was increased above the Curie tatope (for T > 40 K) and the
regular magnetic-coated tip was then recovered.riMhe system was set again to
4.2K, the magnetic images showed the typical magrmintrast for a MFM tip
magnetized in the z axis. Due to the thermal dné image was acquired in another
location of the sample. (Figure 38)

-252.48 mHz

-975.71 mHz

Figure 38. Magnetic image acquired at 4.2 K with thcovered MFM tip without any NP attached to it.
Size: 750 nm x 750 nm.
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5.3.MATERIALS AND METHODS
Low temperature magnetic force microscope (LT-MFM)

All the MFM measurements were done with a commetoia temperature magnetic
force microscope, attoMFM | (Attocube Systems A®)e instrument is a cantilever
based SPM with interferometric deflection detectbrpermits to work in various

modes and includes a PLL for working in frequenaydoiation. The range working
temperature varies from 4.2 K to 300 K. It is eqai@ with two superconducting
magnets that allow applying variable magnetic fialthvo directions: out-of-plane up
to 8 T and in-plane up to 2 T. Both directions ¢encombined to apply a vector
magnetic fieldupto 1.5 T.

Magnetic tips

The tips used were magnetic coated cantilevers @niailly available MFMR tips
with hard magnetic coating of CoCr alloy (40 nnckmiess), spring constant okk3
N/m, and resonance frequency a@f~f 70 KHz from Nanosensors. To avoid the
unwanted jump-to-contact phenomenon and to enhémeeSNR, relatively high

amplitude oscillations were used £20 nm).

Ramdomly dispersed KNiCr NPs on silicon

KNiCr NPs were attached to the surface by dropirmgsising the method described
previously in chapter 3. The method is based oridhmation of a protonated SAM of
APTES on a silicon surface, and then a drop of agsi&KNiCr NPs solution is put in
contact with the functionalized silicon surface 1@ seconds. Finally, it is rinsed with

mili Q water and dried under & Ntream.
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5.4.CONCLUSIONS

In this chapter a very detailed and dedicated stofdyhe magnetization reversal
processes of single and isolated magnetic cubic-RBA has been presented. All the
measurements were performed below the Curie temyperaf the NPs. This feature
permitted the manipulation of the magnetizatiorection of the individual NPs by a

variable out-of-plane external magnetic field.

Previously any MFM measurement of the NPs, a commpbbaracterization of the
magnetic tip was performed to assure the correéetpretation of the results and to be
able to detect the reversibility of the NPs. Somestderations about the effect of the
stray field of the tip, the tip-sample distance dnel cantilever amplitude oscillation

were discussed as well.

Unprecedented studies of the change in the straxigtiagnetic signal by varying the
working temperature were presented. It was foundsmements at 4.2 K were
needed not only to be able to manipulate the magmetments of the NPs, but also to
achieve enough signal to detect them. Even apphyigig external magnetic fields the

magnetic response at 40 K was found to be 80% lthetrat 4.2 K.

For the first time, the reversibility of the mageenoment of individual NPs based on
molecular materials was imaged. We could go furthgr saying that these
measurements are the first experimental resultth®imaging of the different cases
for the magnetization reversal mechanisms of magnaibic nanoparticles. As
highlighted in the introduction, these importantgesses were already predicted more
than 60 years ago and, more recently, simulatedibjomagnetic modelling, but they
were never seen experimentally in magnetic nanicpest The magnetic reversibility
of NPs is a size-dependent phenomenon. The naimavdgstribution of the KNiCr
NPs prepared by the synthetic procedure presentetidpter 3, allowed us to select
MNPs centered in the critical size limit for singlemain NP. In this region, a rich

phenomenology of magnetic switching behaviors waentered, which allowed to
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study for the first time, various cases of magmiin reversal in the border between
the single and two domain NPs. Six of these caaes heen studied in detail: (NP2)
single domain NP presenting coherent rotation, (N&&fective two-domain NP
which magnetic moment rotation was pinned by stmattdefects, (NP4) single-
domain NP with non-coherent rotation arrling, (NP5) two-domain NP that starts
switching via localized nucleation and evolves lmmain wall propagation, (NP6)
two-domain NP which magnetization reversal takesglvia vortex formation and
annihilation and finally (NP1) single domain NP tthdoes not reverse its

magnetization.

Among them, two of these cases could be standtisetmagnetization rotation in a
single-domain NP viaurling and the magnetization rotation in a two-domain i
vortex formation. Thecurling mechanism has been widely studied, modelled by
micromagnetic simulations and experimentally meaduin magnetic wires, for
example, but the imaging of the process of magmetiersal via curling presented in
this thesis is unprecedented. On the other hamdmignetic vortex formation is a
well-known magnetic mechanism of reversibility tHzds deeply studied the last
decade by many experimental techniques. Howevkethalresults presented up to
now were magnetic measurements of vortices formddhographed magnetic dots.
For the first time, high resolution images of thartex formation and annihilation
processes has been seen in a three dimensionatnarore, a single and isolated
magnetic nanoparticle of 25 nm. The vortex-core wascessfully resolved, and the
change of its polarity as well as the annihilat@nthe vortex was induced with an
unprecedented small value of the applied field,cwhis 100 times lower that the

typical values obtained for a permalloy lithogragimanodot.

This work is relevant from the point of view of anflamental study about reversal
magnetization processes in nanoparticles and mereawreases the potential

applicability of this large family of magnetic NRs future information storage or
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processing devices, which is still in its earlistidies in comparison with the large

variety of NPs of this nature that has been alrgmdpared and deeply characterized.

Finally, the in-situ functionalization of the MFNptpermitted an enhancement of the
magnetic resolution of the images and it was ptesdi assign the magnetization

directions of the individual MNPs.
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Introduction

6.1 INTRODUCTION

As discussed in chapter 3, the controlled positigrof the MNPs in specific areas of
the surface is a fundamental requirement for thpbogation of their functionalities. In
particular two-dimensional arrays of nanopartickes interesting model systems for
the development of future applications. For exampieultra-high dense magnetic
recording an ordered array of magnetic bits is edgédwhich relies on a size
reduction of these individual nanometric units dhd distance between them. The
magnetic state of the system formed by these elsngdapends on their magnetostatic
coupling? Magnetic nanoparticles are then good candidatethéir use as individual
bits on this type of recording media. However, wiitterparticle distances smaller
than few nanometers, dipolar interactions are regligible and can become a
problem. The dipolar interactions may induce change the individual NP
magnetization directions, and therefore magnetimatieversal processes can be
affected by the neighbouring nanopartideBhus, it is necessary to know the
minimum distance at which the MNPs should be oghito avoid these interactions
or at least, to know how the magnetization direwtiof individual NPs are altered

when they are arranged in close proxinity.
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Figure 1. Inter-particle interactions in media casgd of small particles. All the particles areialiy
magnetized in the up direction. The field whichtjgde A exerts on particle C acts in the down dii@tt
So when the external field is reversed and apptigtie down direction, the field from particle Ating
on particle C assists the applied external field, sm C reverses its magnetization at a lower agbffikéd
than it would in isolation. Overall the sample ladswer coercivity than a collection of isolatedtfzdes.
Figure extracted from referencé [
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The magnetic characterization of these organizedPMbhn surfaces become essential
for the study of their applicability although it @sdifficult task that involves several
technical handicaps. In particular, as discussegthapter 5, PBA-NPs are challenging
because their characterization require measurensnksw temperatures and they
have relatively low magnetization. As far as we Wnothe closer magnetic
characterization performed in organized PBA-NPs vasied out by A. Guirri et al,
using Scanning Hall Probe Microscopy (SHPMJhe results suggested low
temperature canted ferromagnetism in the anchoBdWPs, as had been observed
previously in the bulk PBA material. But the me&suent and manipulation of the
magnetization of the individual NPs over the orgadi monolayers was not reached.
In fact, these authors only show results for thgdamagnetic ordering within the
monolayers with very poor resolution, so the irgiinmagnetic properties of the NPs
were not discussedll these technical difficulties can be overcome Using LT-
MFM, as has been already probed in the previousose@nd offers the appropriate
scenario (with optimum resolution) to measure thagnetic properties of the

organized PBA-NPs on surfaces.

Another aspect worthy to mention is the difficuitiypositioning the MFM tip over the
locally organized PBA-NPs. Although the regular ARgrmits to position the tip in a
reference area of the surface as it is mounted avithp-view optical microscope, the
set-up of our LT-MFM does not allow this option, kivey really difficult to find the
small localized areas with PBA-NPs organized by LOINDIP-PEN. This is why
organized stripes of NPs have been prepared usgaitdithography method. As in
chapter 5, the study has been focused in the KNi€s. In the present chapter, LT-
MFM characterization of these NPs arrays will bespnted.
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6.2 RESULTS AND DISCUSSION

6.2.1 Organization of KNiCr NPsin lines

The organization of KNiCr NPs was made by the $tfbgraphy method already
described in chapter 3, based in the formationlwhmum oxide stripes. To prepare
the aluminum oxide lines, wet lithography was usedorm PMMA ridges all over

the surface with a PDMS stamp. Afterwards, a thyet of Al was evaporated and
once exposed to air, the native oxide was formést #fe lift-off process. The direct
contact between the patterned surfaces with aedilatjueous solution of the KNiCr
NPs gives rise to well organized NPs forming ssipk over the surface (Figure 2 (a),
(b), (c)). The topography images show that the Né&tsattached onto the aluminun
oxide but they are not piled up. The height profiteggure 2(d)) confirms the presence

of only one layer of NPs on top of the lines.

0.5 1 1.5 2
X[pm]

Figure 2. Images of stripes taken with an MFM tigdpping mode. (a), (b) and (c) Topography image o
5umx5pum, 10 pm x 10 pum, 2.5 pm x 2.5 pm, raspy. (d) Height profile of image (c).

269



Chapter 6. LT-MFM characterization of organized eanllar-based magnetic NPs

6.2.2 Height dependence measur ements

For the detailed magnetic imaging of densely packiéts in stripes, very high
resolution measurements are required to be cagabiesolve the individual NPs
within the lines. Some considerations have to kertanto account as for example the
distance at which the sample is retracted frontihéo acquire the magnetic images.
It is known that the magnetostatic tip-sample it&on in MFM strongly depends on
the working distance (€) so, for an accurate MFM measurement, the selectidhe
Zin is very important. Crucial information can be Idst choosing the wrong tip-

sample value so a detailed study was made in toderlect the appropriaterZ

A set of magnetic images were taken at differerties of Z«. First, the tip was
previously magnetized and the sample was fieldezbalt +200 Oe. A 2.5 um x 2.5
um topography image was acquired to characterzentbrphology of the sample and
the tilt was compensated. An external applied fafld500 Oe (out-of-plane) was set
and a tip-sample separation of 100 nm was fixeds Vhlue of £ was found to be
the minimum distance where the “jump-to-contactépimenon disappeared,~H00
nm was the minimum working distance without thduence of topography in the
magnetic image. Then, in the same area the MFM émeas acquired at 100 nm and
showed very high resolution. As can be seen inrgig(c), the magnetic signal of the
individual NPs could be differentiated inside tives. To check the influence on the
imaging resolution the value of thezAvas varied from 100 nm to 120 nm, 140 nm
and 160 nm and the corresponding magnetic images reeorded at each distance
(Figure 3). The same measurements were performeed 330 Oe and equivalent
results were obtained but with the opposite cohtststhis value of the external field,
the magnetic moments of the organized KNiCr NPsewsompletely reversed as
happened with the isolated KNiCr NPs.
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B 1=+500 Oe B | =-500 Oe

Figure 3. (a) 3D Topography and magnetic imagesSgi of MFM images at & = £ 500 Oe using
different tip-NP distances (©): 100 nm, 120 nm, 140 nm and 160 nm.

In Figure 3(b) it is shown the frequency shift jiliexf of the +500 Oe magnetic images
for different lifts of 200 nm, 120 nm, 140 nm arg@Dlnm, on top of one of the lines. It
can be clearly seen that the intensity of the sigeareases with the height as well as
the confinement, probing that increasing the tipysle distance not only the
sensitivity decreases but also the resolutiorhdfZi is selected close enough (but far
from the topography influence), one can distinguistividual NPs or even small
aggregates and it is possible to detect individiranges in the NPs while changing
the external field. Scanning too high, for examgiet40 nm or 160 nm, may lead to
the conclusion that all the NPs show a homogenemagnetic contrast (tip-sample
interaction) at the same value of the field applilais conclusion is far from the real
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behavior of these NPs. It also avoids the possibitif detecting the magnetic
reversibility of the NPs inside the lines at diffat B, as will be discussed in the next
section (Figure 4).

At +500 Oe

S500nm S00nm 500nm 500nm
ral ™1 e
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Figure 4.Set of MFM images at & = + 500 Oe using different tip-NP distancest{ZFrequency shift
profiles at three different distances: 100 nm, @a@0and 140 nm.

6.2.3 Magnetization r eversal measurements

One of the challenges of this work was to ascerifaih is possible to detect the
influence of the dipolar interaction between clpseked PBA NPs. Actually,

quantitative data with the MFM are really difficuto perform, although some
gualitative results can be extracted from the magmaages at different values of the
external field.
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For the LT-MFM study of magnetic reversibility atite interparticles interactions of

the close organized NPs we have to take into atccmme important factors:

First, the total magnetic field (B) acting over tK&liCr NPs is the resultant of the
sum of the stray field of the tip and the exteagaplied field as discussed in chapter 5.
Considering that the tip was previously magnetizethe +z direction and it is not
influenced by the external field (which it is nttictly truth), at positive values ofg
the total field B would be B =B + Bex and at negatives values ofBthe total field
would be B = B, - Bex. This effect produces that at negatives valueth@fB. the
magnetic intensity signalaf) is lower than at positive values of thexBas was
already mentioned for the isolated NPs. This issshm Figure 5 (a), where one can
see MFM images atdd = -500 Oe, 0 Oe and +500 Oe of the KNiCr-NPs amgthin
lines. The Z was fixed to 100im to get the best resolution and, as discussentehef
it is possible to correlate the magnetic signapecific NPs in the topographic image
thanks to the high resolution achieved. It is @lksown how at B: = £ 500 Oe all the
NPs change completely their magnetic contrast,eatiy for each case the complete
magnetization reversal. As can be observed in Eigufc), the intensity of the bright
signal is lower than the intensity of the dark sigat the same value of external
applied field (but in opposite orientation). Thancbe explained taking into account

the influence of the stray field of the tip.
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Figure 5. (a) MFM images of the lines of NPs afatént external magnetic fields applied out-of-glan
(b) 3D Topography image of KNiCr NPs organized ire§ by indirect stamp method (2.5 pum x 2.5 um).
(c) Frequency shift profiles ateB = +500 Oe (blue profile) andeB= -500 Oe (green profile) in one of
the lines (marked in the corresponding magnetigesan (a).

Second, the magnetic reversibility process is ighlluenced by the MNP size and
the orientation of its easy axis, as has been dekptussed for the dispersed NPs. To
be able to deposit the KNiCr NPs with a preferdneiagnetic orientation onto the
surface, it would be necessary to apply a magtielt at the moment of deposition
but below the blocking temperature. This scenaitechnically impossible as these
nanostructures are prepared from solution. So tRECKNPs are organized in lines
but their easy axes directions are randomly oriedtaOn the other hand, the
preparation of the KNiCr NPs from solution, alwgy®duce a distribution of NPs
with sizes of around (25 £ 5) nm (see DLS measuntsnén chapter 3). The
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occurrence of these two factors together with #uot that the KNiCr NPs are bare NPs
and very close packed in the lines, produce a wide of magnetic responses to the

external field.

The magnetic reversibility of the organized KNiCP&(considering them as perfect
crystals) would then be governed by the influenicthe tip stray field, the NPs size,
their easy axis orientation, the dipolar interatsioamong them and finally, the
external total field. All in all, it was possible tletect how the individual NPs inside

the lines gradually change their magnetic mometit thie external applied field.

A set of magnetic images was recorded at diffevahtes of the out-of-plane.Band

the gradual change of the magnetic signal of theGfNNPs within the stripes was
successfully measured (Figure 6). All the measungsnerere performed again at a
fixed tip-sample distance of 100 nm at the sama afé¢he topography image (2.5 um

X 2.5 um).
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+250 Oe

Figure 6.Set of MFM images of the NPs stripes at differexternal magnetic fields applied out-of-plane. Image:
25umx 2.5 um.
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A zoom in one of the stripes is shown in next feg@Figure 7) where the magnetic
response from the NPs can be better seen. It dhpdiranges with the external field
applied from By = +500 Oe to -500 Oe although not all the KNiCrsN#art changing
their magnetization at the same value of thg Bpart from the small dispersion of
NPs sizes and the different orientations of thasyeaxes, the dipolar interactions of
the very close-packed bare PBA NPs probably playrgortant role in the reverse of
the NP magnetization with the influence of exterineld. But finally, applying high
enough fields (500 Oe) it is possible to beatittileience of the dipolar interactions
and completely reverse the magnetization of all Mfes as happened with the
randomly dispersed KNiCr NPs.

-250 Oe -2000e -1750e -1500e -1000e -500e +2500e
< a &
? . Ly . .

& & ' j j

+500 Oe

-

-250 Oe

Figure 7.(a) Topography image of KNiCr NPs organized iredirby indirect stamp method. Following, MFM images
of the lines of NPs at different external magnéttds applied out-of-plane. (b) In the center,dgmphy image (2.5
um x 2.5 pum) of the organized KNiCr NPs and a zaoma single stripe. Set of MFM images of a singtis at
different external fields applied. Image size: firh x 1.1 pm.
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It is also important to note that for the same galof the B we can find different
magnetic configurations if we come from a negatvdrom a positive value of the
external field applied. For example, focusing oa MFM images at —200 Oe one can
see that both are different (Figure 8). The NPt lthae switched their magnetization
at -200 Oe coming from +500 Oe are not all exatlty same ones than the NPs
reversed at -200 Oe coming from -500 Oe. This ie thuthe intrinsic hysteretic
behavior of the KNiCr NPs at this temperature @) 2besides the dipolar interactions
that may be influencing the hysteretic respongb®tlose-packed KNiCr NPs.

Af (mHz)

" 1 2 1 " i 2 1 M 1 i 1 " 1

3 ]
500 0c  -2000e 0 Oe #5000e B, (Oe)

Figure 8.Histerestic behaviour of the organized KNiCr NRsthe same value of the.g the magnetic image shows
different contrast if coming from -500 Oe or +50@.C’he lines drawn behind the MFM images is a cartof an
ideal hysteresys plot, included to facilitate tiplanation.
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-250 Oe -200 Oe -175 Oe -150 Oe -100 Oe -50 Oe +250 Oe

-250 Oe -200 Oe -175 Oe -150 Oe -100 Oe -50 Oe +250 Oe

Figure 9.Set of magnetic images showing the magnetizagwersal of a single NP of h = 25 nm. In the center
(highlighted with a dashed green circle), the topphy image and a sketch about the theoretical etagoontrast
expected with different orientations of the PBA-MBgnetic moment. Z scale of the magnetic images+150 mHz.

In Figure 9, a closer view of an isolated PBA-NR28.0 + 2.5) nm at the side of one
of the stripes is presented. To measure the hgi$avéthis particular NP, the external
magnetic field was swept from -500 Oe to +500 Oé set to -500 Oe again. The
magnetic switch of the single NP was clearly detgcts can be seen in the magnetic
images. The size of this PBA-NP is above the simet Ifor the single domain
(calculated to be around 19 nm, in chapter 5), Wwhimplies a non-uniform
magnetization reversal. In a fast look one can masa bright spot at & = -500 Oe
(magnetic moment pointing in —z direction, opposiethe tip magnetization) that
changes to dark gradually by changing the intertdithe external magnetic field. In a

closer look to B« = £ 250 Oe magnetic images, a combined dark/bieghtrast is
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observed which points out an effective magnetic emngradually switching from

bright to dark, so the magnetization reversal indpeecorded in every step. At +500
Oe, the magnetic contrast is not a homogeneoussgatkwhich would mean that the
magnetization reversal was not fully completed.tl®® resultant magnetic moment
may be canted due to a curling or non-homogene@agnatization of the NP, to a

crystallographic defect or to the anisotropy of Kfe.

Finally, the influence of the neighboring stripetbe discussed NP could be discarded
as the NP was separated around 120 nm from theAs@®bserved in chapter 5, to
detect interparticle interactions they have to tecexd much more closer (a few

nanometers) to be affected by a neighboring NP.
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6.3. MATERIALSAND METHODS

The synthesis of the KNiCr NPs as well as theiraargation in lines by soft

lithography is explained in detail in chapter 3.eTimagnetic characterization was
performed following the same procedure as in chiaptéor the isolated NPs. The
same magnetic tips were used in this case.
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6.4. CONCLUSIONS

A detailed magnetic characterization of orderecyarof KNiCr NPs organized by
soft lithography has been presented. First, tHeente of the tip-sample distance has
been discussed and, as shown in the results,stlaiscrucial experimental parameter
that has to be carefully set in order to get thst besolution images. The selection of a
too large distance would lead to erroneous cormhssabout the magnetic behavior of
the ordered NPs.

Thanks to the high resolution achieved it was fbssio detect the change of the
magnetization of individual NPs inside the lineeeTmagnetic behavior of these NPs
has been highlighted by performing a complete dtar&ation of the NPs by varying
the external field from -500 Oe to +500 Oe and emmback to -500 Oe. For
intermediate values between +500 Oe and -500 @ex af contrasts within the lines
was found, meaning that the NPs do not reversellgqitge to the dispersion of sizes
and the interparticles interactions. Moreover, sténetic behavior was also observed,
as the magnetization states are not equivalemefommes from +500 Oe or from -500
Oe. Finally, it was observed the magnetization readeof a single NP placed at 120
nm of one of the lines. From this measurement, ttmgewith the measurements
performed in chapter 5, we conclude that the NRotsaffected by the neighboring

line.

Therefore, from these results it can be inferred th spite of the existence of strong
dipolar interactions between the adjacent partitbesiing within the lines, ordered
arrangements of small groups of KNiCr NPs, sepdrdistances in the order of 100
nm, could be formed to be used as single bits faramation that can be switched

completely by an external stimulus (small valuesxiérnal fields (+ 500 Oe)).
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OUTLOOK

Very briefly | would like to give some hints about the perspectives of our future plans

to continue this work.

Taking advantage of the knowledge acquired with the soft lithography and the LON,
we are currently implementing a device for paralel oxidation lithography (POL) that
will allow us to perform local oxidation nanolithography over macroscopic regions.
Metalized stamps will be used to oxidize the surfaces with the same procedure as the
utilized for LON. The system will be integrated in the Nanopress complemented with
avoltage amplifier. This lithographic technique can be very versatile as can be used to
create oxide motives for the controlled positioning of nanoobjects such as NPs and/or
molecules of interest. POL will also permit to perform the large patterning onto the
exfoliated 2D crystals looking for the modification of the physical properties of the

lithographed system and giving rise to new heterostructures.

Envisioning the great chances that offer the molecular-based materias, we would like
to move to other type of NPs, like spin crossover NPs (SC-NPs) that can be switchable
at room temperature. We have already performed some preliminary experiments for
the controlled organization of SC-NPs of iron(I1) triazole salts onto surfaces by means

of soft lithography that show up the possibility to organize them.

Besides, there are some questions that remain unexplained in this thesis like the
oxidation growth behavior onto TaS; and the NbS; surfaces forming concentric rings,
or the nature of the cane-like exfoliated stacks of NbS,. Currently we are collaborating

with the group of Prof. Angel Rubio for finding an explanation of these unprecedented
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formations. Spectroscopic and electron microscopy measurements will be performed

on the NbS; to ascertain their chemical composition.

We would like also to perform a systematic study of the degradation of the metallic
exfoliated layers of different TMDCs that seem to get oxidized, depending on the
environmental conditions. Following with the TMDCs, we will like to study the
formation of magnetic vortices in ultrathin layers of NbSe, that presents a
superconducting transition temperature, of 7.2 K, with the LT-MFM. We will be able
to study the formation of the magnetic vortices at 4.2 K by varying the externd
applied field. The study of patterned NbSe, will be aso performed, to measure the
pinning of the vortices on the surface.
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RESUMEN

El desarrollo de nuevos dispositivos multifunci@sake basa en la posibilidad de
miniaturizacion de sus componentes asi como densanm@blado de una manera
controlada. Conocer el tamafio, la forma y las @agiles de estos nanocomponentes
asi como poder integrarlos y combinarlos a volusiaa factores cruciales a la hora
de disefiar dispositivos inteligentes que integrestase nanoestructuras con
macro(nano) electrodos. El reto que se plantea peies dos vertientes: por un lado la
caracterizacion y manipulacién de nuevos materiahela nanoescala, y por otro, su
organizacién en superficies y/o su ensamblado graax materiales multifuncionales

heteroestructurados.

En esta tesis se ha tratado de abordar estos doblepas mediante la organizacién,
manipulacién y caracterizacion de dos tipos de maeriales: (i) cristales
bidimensionales de espesor atdmico y (ii) nanopdes (NPs) magnéticas de base

molecular.

() Desde el descubrimiento del grafeno en 2004 ctistales bidimensionales de
espesor atdmicchan tenido un creciente interés por sus interesgnbpiedades que
los convierten en potenciales candidatos para suems futuras aplicaciones en
campos como la microelectrénica o en sensores (tal®o componentes electronicos
flexibles, electrodos transparentes o sensoresicpsnultrasensibles). Por otro lado,
son materiales atractivos desde el punto de vistdaimental ya que sus propiedades
varian con su espesor, siendo diferentes las plagés de una sola capa de las del

material en volumen. De entre estos cristales lgidgionales, los dicalcogenuros de

287



los metales de transiciortrdnsition metals dichalcogenides, TMDCs) han sido

estudiados en esta tesis.

(ii) Por otro lado, latNPs magnéticadde analogos de azul de Prusia (PBA) utilizadas
en este trabajo sote base moleculary por lo tanto, comparandolas con las NPs
magnéticas convencionales de metales u o6xidos ioetal(Fe, Co, F©a, etc),
presentan ventajas importantes intrinsecas a awate#a molecular, como baja
densidad, transparencia y sintesis quimica senciilza (originando gran cantidad de
derivados de la misma familia con diferentes prgies mediante pequefias
modificaciones). Ademéas son solubles en agua, earde envoltura organica y son

anionicas lo que permite su inmovilizacion a tradsnteracciones electrostéticas.

El manuscrito esta dividido en dos partes. En imgna parte se ha presentado la
manipulacién de los dos materiales mencionados.etabjetivo de transferir estos
nanoobjetos de una manera eficiente y controladkenrs, para el caso de los
TMDCs, se ha presentado la generacion de hetenomstis a través de la

manipulacion quimica de su superficie.

Esta primera parte esta dividida a su vez, en d¢egdtulos. El primero es una
introduccion general de los tipos de micro y ndaogtafias existentes, prestando
especial atencion a tres tipos de métodos litagrafimenosconvencionales: la
nanolitografia por oxidacion locdlotal oxidation nanolithography, LON) llevada a
cabo con un microscopio de fuerzas atémi@snic force microscope, AFM), la
litografia por Dip-pen (Dip pen lithography, DPN) y la litografia suave sdgft

lithography) con sellos elastoméricos.

En el capitulo 2, se ha presentado una maneraevigbleficaz de fabricar

heteroestructuras de capas atémicas de TMDCs owtalcomo el TaS con su
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correspondiente 6xido, T@s, por medio de LON. Se ha desarrollado un nuevdamno
de oxidacién “estatico” que ha permitido producitivos de tamafios nhanométricos
sobre capas de espesor atomico de T&&S manera precisa y muy reproducible.
Asimismo, este método se ha generalizado y ha ditleado para la creacién de
patrones de 6xido nanométricos en otros TMDCs cehibaSe, NbS y el NbSe.
Durante el estudio de oxidacion local de estos madés con el método tradicional o
“dinamico”, se encontré un crecimiento del 6xidmm@mal para el TaSy NbS. Se
observaron formaciones con forma de anillos comio@st con una protuberancia
central. Este fendmeno no se ha observado en nistggimaterial oxidado con LON.
Ademas, el NbSse exfoli6 de dos maneras distintas, en formalaeap (que es la
manera general de los TMDCs) y en forma de caffatadcafias también se observé
un crecimiento anormal, en forma de dendritas. eBibargo para los casos del TaSe
y el NbSe se observé la formacién de un Unico anillo extefiste fendmeno si habia
sido observado en la oxidacion local en siliciony adgunos polimeros. El estudio
sistematico asi como una explicacién detalladeodest estos procesos de oxidacion
han sido presentados en profundidad en este aapiimalmente cabe destacar que
para la obtencion de las capas de espesor atomitmsdTMDCs se ha desarrollado
una nueva tecnologia que permitid la delaminaciénnthnera controlada de los
materiales expuestos en este capitulo. Esto na Isadp posible hasta ahora con los
procesos de exfoliacion micromecénica convencisnetegno el conocido método de
Scotch Tape. Este nuevo dispositivo llamado “Nanoprensa” l sitilizado para la
exfoliacion de varios dicalgogenuros metalicoscasio para la obtencion de grafeno.
El control y la versatilidad que ofrece el apanaomitieron la deposicion de varios

de estos materiales sobre sustratos de distiptos. ti

En el capitulo 3 se han utilizado los tres métditiograficos introducidos en el tema 1

para la organizacién de manera controlada de NBaétiaas de base molecular sobre
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superficies funcionalizadas de silicio. Estas NResdérivados de azul de Prusia
presentan propiedades magnéticas modulables & td@véstimulos externos, lo que
las convierte en potenciales candidatas para egration en dispositivos electrénicos
0 espintronicos. Como paso previo, se han desadwllas técnicas litograficas
necesarias para organizar estas NPs de manerarauiyapy local (con LON y DPN),
asi como su organizacién a gran escala lograndr parones de lineas paralelas
cubriendo areas de énfcon la litografia suave). Esto fue posible apliamuna
aproximacion hibrida entre técnicas litograficasaridas como técnicas de “arriba a
abajo” top-down) con técnicas de autoensamblado de monocapas tcutas,
denominadas técnicas de “abajo a arribadtdmup) y aprovechando el caracter
anionico de las NPs para controlar su organiza@onravés de interacciones
electrostaticas. El estudio detallado asi comadesltados de todos los casos se han
presentado de manera ordenada y sistematica. Tianseiéha hecho un estudio
detallado de las propiedades quimicas de las nefmpas una vez depositadas y
ordenadas en la superficie demostrando que no sealteradas a pesar de su

manipulacioén previa.

Por otro lado, no hay que olvidar que para podigmar estas NPs en dispositivos
funcionales, sus propiedades magnéticas tambittenss que ver inalteradas una vez
ordenadas en superficie y a su vez, estas promedaah de poder detectarse con
claridad y modularse externamente. Para ello deebhbho un estudio en profundidad
de las posibilidades del uso a bajas temperatueasind microscopio de fuerzas
magnéticas de campo variable para la deteccionipmanion y caracterizacion de las
propiedades magnéticas de las NPs de PBA fijadamarsuperficie. Este estudio se
desarrolla en la segunda parte del manuscrito gtée también dividida en tres

capitulos.
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El cuarto capitulo (primero de esta segunda patelna introduccion general sobre
la caracterizacion de nanoparticulas magnéticase ssbperficies. En él, se han
introducido la variedad de técnicas que existea parha caracterizacion en general,

y en particular, con microscopia de fuerzas atésnica

En el capitulo 5, se ha presentado el estudioldétatie la caracterizacibn magnética
de NPs individuales y aisladas. Primero se ha ptade un estudio sobre cédmo varia
la sefial magnética de las NPs con la temperatueags un parametro crucial ya que
el momento magnético de éstas NPs se puede fijadglmajo de su temperatura de
Curie. Se encontré que unicamente trabajando a bejaperaturas (4.2 K) se obtiene
una sefial Optima para poder detectar las NPs dermandividual. Una vez
analizados todos los parametros para obtener ilmégialta resolucion, se llevaron
a cabo experimentos de reversibilidad magnéticairen serie de NPs aisladas de
distintos tamafios. Es sabido que los mecanismogedersibilidad magnética
dependen del tamafo de las NPs. Seis tipos desilglidad se pudieron distinguir y
medir entre los cuales caben destacar la revedsibiviacurling y por formacion de
vortices. Elcurling es un proceso muy estudiado y que ha sido predédhicamente
(en nanotubos de materiales magnéticos, por ej¢naloque esta es la primera vez
donde se ha presentado su creacion y evolucibmageines de alta resolucion. Por
otro lado, la formacion de vértices se ha vist@paicroestructuras y nanostructuras
magnéticas (no mas pequefias de 100 nm) litografipei® nunca en NPs preparadas
desde disolucion. La formacion de vortices en Nftsiocas magnéticas también fue
predicha teéricamente y ha sido simulada mediamglaciones micromagnéticas, sin
embargo, hasta ahora nadie habia presentado erdemperimental en imagen sobre
su formacion y aniquilacién. En este trabajo se i@sentado con éxito estas dos
formaciones magnéticas en NPs de tamafios 20 nm wn25respectivamente.

Finalmente, gracias a la funcionalizaciénsitu de la punta magnética con una sola
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NP, se pudieron obtener imagenes de alta resolumi@n permitieron asignar las
direcciones de los momentos magnéticos de varias dépositadas en superficie y

manipuladas con un campo externo.

En el capitulo 6 se ha presentado las medidas @etedzacion magnética con
microscopia de fuerzas a bajas temperaturas y caangble en NPs organizadas en
lineas con litografia suave. Se hizo un estudialideto de cdmo afecta la distancia
entre la punta magnética y la muestra para podéimiapr los parametros
experimentales y obtener imagenes de alta resolu@oacias a la alta resoluciéon
obtenida se pudo identificar la sefial magnética\Bs individuales dentro de las
lineas. También se ha mostrado la evolucion dentm®entos magnéticos de las NPs
individuales dentro de las lineas variando el camgterno aplicado. A valores de
+500 Oe se observo la reversibilidad total de tddadNPs que formaban las franjas,
mientras que a valores intermedios se observafenedies contrastes debidos a la
dispersion de tamafios de las NPs que formabamé&ssly las interacciones dipolares
entre las mismas. Finalmente, se ha analizadoalad\® que se encontraba a 120 nm
separada de una de las lineas. Con estas medidiat® ycon los resultados obtenidos
en el capitulo 5, se concluye que las NPs de batecoiar se podrian ordenar en
pequefios grupos de NPs separados unos 100 nmedingey cuya reversibilidad

magnética se conseguiria aplicando campos magsdtiwves (+500 Oe).

Como conclusion final podriamos destacar que derahtlesarrollo de esta tesis se
han utilizado metodologias convencionales (tantdodws de litografia como de
exfoliacion micromecéanica) que han sido modificadasmejoradas para su
optimizacién para la organizacion y manipulacionnd@omateriales tan novedosos
como las capas monoatdmicas de cristales bidimeslsi® 0 nanoparticulas
magnéticas de base molecular. También se ha hecbstudio sistemético y detallado

de su caracterizacion con microscopia de campareraestacando en particular la
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caracterizacion magnética de las NPs llevada a cabomicroscopia de fuerzas
magnéticas a bajas temperaturas. En ese aspedta becho un estudio a nivel
fundamental de la reversibilidad magnética de é$Rsque fue predicho hace mas de

60 afios y que hasta ahora, no se habia presergddiomh experimental.
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[.1 Introduction to Scanning Probe Microscopy (SPM)

I.1 Introduction to Scanning Probe Microscopy (SPM)

Scanning probe microscopes (SPM) are a family ofstahat represents a set of
experimental methods developed to study surfacepepties up to the atomic
resolution as well as obtaining 3D topographic iesagrhe SPM family has become
essential tool in almost all laboratories arourel world dedicated to nanoscience as
well as for industrial fabrication. The scanninglpe microscopes use a physical
probe with a very sharp tip that scans the samgdel mot only to image the surfaces
of solids and their characteristics but also to imalate single atoms or molecules and
hence it is possible to create heterostructuregh@atatomic-nanometric scale (for
example by performing local oxidation nanolithodraglL ON)). By modifying the tip

it is possible to measure a wide variety of tip-plaminteractions as for example
electric (CT-AFM: conductive tip atomic force miseoppy) and magnetic properties
(MFM: magnetic force microscopy), and also to perfovarious types of

spectroscopies (Figure 1).

ANIPULATION

Figure 1. Global image of the SPM family: The atorfdrce microscopy (AFM) in the center has
inspired a variety of other scanning probe techesqthat are not only used to image the topography o
surfaces.
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The Scanning Tunneling Microscope (STM)

The starting point of SPM was the invention of #@anning tunneling microscope
(STM). After the very first successful tunnelingpeximent with an externally and
reproducibly adjustable vacuum gap invented by BinRohrer et al. in 1981 the
robust development connected to SPM techniquedéas noted. In 1982 the STM
was presented for the first timeThe principle of STM is based on the electron
tunneling between the metal tip and the conductample separated by insulating
layer (vacuum, gas) where a potential barrier iegated. The tunneling current is the
responsible for the STM image and depends on stardie between the tip apex (~ 1

nm) and the sample surface in the form:

Iy ~ VBiase_CS

Where {is the tunneling current,gés is the constant bias voltage applied between the
tip and the sample, c is a constant and S is fhsaiinple distance. As a consequence

of this invention, Binnig and Rohrer were awardeéthuhe Nobel Prize in 1986.

In a standard STM experiment, a metallic tip is ggbin the three dimensions by
piezoelectric scanners. The tip-sample distans®tido a constant tunneling current
controlled by an electronic unit which is connecteda computer that records the
distance as a function of the lateral movementeftip. This is then displayed as a

topographic image (Figure 2).
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Figure 2. Schematic representation of a STM withtthsic elements of the experiment.

With this example, all the basic elements of théi3Rve been introduced: A short
tip-sample interaction which is sensed with thealqwobe, the scanners to move the
probe on the three dimensions that permits therBging at the atomic-nanoscale
and the electronic controller and computer (soféyahat records, controls and
process all the information acquired in the presisteps. The experiment needs a
rigid construction and very high mechanical stapiin order to allow reproducible

and accurate results on the atomic scale.
The Atomic Force Microscope (AFM)

The family of the SPM is formed by several techesjdepending on the tip-sample
interaction. The main one is the atomic force nscope (AFM) which is the first and

most important extension of the STM and was inwebte Binning, Quate and Gerber
in 1986.3 Unlike the STM is limited to measure conducting semiconducting

samples, the AFM permits to measure also insulatiaterials. Its working principle
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is the measurement of the interactive force betvaetip and the sample surface. The
tip is now mounted on a cantilever and the tip-danipteraction in recorded by
measuring the cantilever deflection caused byititesaction (Figure 3).

Photodiode

Feedback

Sample

b/

3D scanners 7 -
“‘

Data processing & display

Figure 3. Schematic representation of an AFM whih lhasic elements of the experiment.

AFM cantilevers are microfabricated from silicon ailicon nitride using
photolithographic techniques. Typical lateral digsiens are on the order of 1Qén,
with thicknesses on the order ofuin. The force on the tip due to its interaction with
the sample is sensed by detecting the deflectidgheotompliant lever with a known
spring constant.

The tip-surface interactions measured by the @il deflection are dependent on
the tip-sample distance and three regions canfberefhtiated: (1) Repulsion regime.
At very small tip-sample distances (a few angstjomsery strong repulsive force

appears between the tip and sample atoms. Itsnorfyithe so-called exchange
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[.1 Introduction to Scanning Probe Microscopy (SPM)

interactions due to the overlap of the electromiitals at atomic distances. When this
repulsive force is predominant, the tip and samapéeconsidered to be in contact. (2)
Attraction regime (Van der Waals): An instantanepakarization of an atom induces
a polarization in nearby atoms and therefore amdiive interaction. (3) Far away
from the surface long range interactions are thgpoesible of the cantilever
deflection: electrostatic and magnetic forces. &leetrostatic interaction is caused by
both the localized charges and the polarizatiothef substrate due to the potential
difference between the tip and the sample. Magmaigcaction is caused by magnetic
dipoles both on the tip and the samgtegure 4). The force measured by the tip-

sample interaction is ultrasmall, typically in thveler of nanoNewtons.

repulse regime
(contact mode)

Of-%--------- /

attractive regime
(non-contact mode)

far away from surface
(out of feedback)

Tip-Surface Force

Tip-Surface Distance

Figure 4. Dependence of the tip-surace force withdistance between the tip and the sample.

The AFM can be used either in the static or theadyio mode. In thetatic mode,
also referred to as the repulsive or contact medsharp tip at the end of the
cantilever is brought into contact with the surfat¢he sample. During initial contact,
the atoms at the end of the tip experience a vegkwepulsive force due to electronic
orbital overlap with the atoms in the surface @& sample. The force acting on the tip

causes the cantilever to deflect, which is usuabasured by optical detectors. This
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interaction force between tip and sample is measbse monitoring the cantilever

deflection.

In the dynamic mode of operation, also referred to as attractive faroaging or
noncontact imaging mode, the tip is brought intosel proximity to (typical few
nanometers), but not in contact with the sample. ddntilever is deliberately vibrated
in either amplitude modulation (AM) mode or freqogmmodulation (FM) mode.
Very weak van der Waals attractive forces are jprtesiethe tip—sample interface. The
surface topography is measured by laterally scanttie sample under the tip while
simultaneously measuring the separation-dependente f gradient (derivative)
between the tip and the surface. The force gradienibtained by vibrating the
cantilever and measuring the shift in the resofraouency of the cantilever. But the
most used working mode in AFM is the so-callagping mode (intermittent contact
mode). In the tapping mode, during the surface ,stdan cantilever/tip assembly is
sinusoidally vibrated by a piezo mounted abovart the oscillating tip slightly taps
the surface at the resonant frequency of the eamtil(70-400 kHz) with a constant
(20—-100 nm) amplitude of vertical oscillation, amdeedback loop keeps the average
normal force constant. The oscillating amplitud&agt large enough that the tip does
not get stuck to the sample due to adhesive dtira¢tsnap to contact” phenomenon).
The tapping mode is used in topography measurententsinimize the effects of

friction and other lateral forces to measure tlmgpaphy of soft surfaces.

To obtain topographic information, the interactforce is either recorded directly, or
used as a control parameter for a feedback cithait maintains the force or force
derivative at a constant value. Using an AFM omsgtatn the contact mode,
topographic images with a vertical resolution asléghan 0.1 nm (as low as 0.01 nm)
and a lateral resolution of about 0.2 nm have lmd®ained. Forces of 10 nN to 1 pN

are measurable with a displacement sensitivity.@f @m?

There is a third mode- th&orce calibration mode- that can be used to study

interactions between the cantilever and the sarspiface. In the force calibration
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mode, the force—distance curve, a plot of the weti tip deflection signal as a
function of the voltage applied to the piezo tulsepbtained (Figure)5As the piezo
extends, it approaches the tip, which is in midadithis point and hence shows no
deflection. This is indicated by the flat portiohtbe curve. As the tip approaches the
sample to within a few nanometers (point 1), araative force kicks in between the
atoms of the tip surface and the atoms of the sertd the sample. The tip is pulled
towards the sample and contact occurs at pointth@graph. From this point on, the
tip is in contact with the surface, and as the @ieztends further, the tip gets
deflected further. This is represented by the slgpartion of the curve (point 3). As
the piezo retracts, the tip moves beyond the zefleation (point 4) due to attractive
forces (van der Waals forces and long-range mesi$otces), into the adhesive
regime. At point 5 in the graph, the tip snaps é¢he adhesive forces, and is again
in free air. The horizontal distance between pah#d 5 along the retrace line gives
the distance moved by the tip in the adhesive reghultiplying this distance by the
stiffness of the cantilever gives the adhesivedotacidentally, the horizontal shift
between the loading and unloading curves resuits the hysteresis in the piezotube

scanner.
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Cantilaver Set point deflection
Deflection e —
(volts)

Total
contact
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Piezo scanner Z-pasition (nm)

Figure 5. Force distance curve. The approach @ad)withdraw (blue) curves are shown on the right.

Note that the total contact force is dependenteratihesion as well as the applied load.

Almost all SPMs use piezo translators to scan amepde, or alternatively to scan the
tip. The tube scanners are the most used in AFMshaprovide sample scanning
range with a small size. Electronic control systdors AFMs are based on either
analog or digital feedback, although Digital feeclbaircuits are better suited for
ultralow noise operation. Images from the AFMs ntetle processed. An ideal AFM
is a noise-free device that images a sample witfegtetips of known shape and has a
perfectly linear scanning piezo. In reality, scagndevices are affected by distortions
and these distortions must be corrected. In spitbeohigh resolution on the vertical
direction, AFM images are usually affected by até$ decreasing its lateral
resolution. The AFM data require special process$orgeliminating such undesired
effects, which result from very different sourcée Ithe intrinsic non-linearity of the
scanner, an improper tip-sample feedback, elettnogse or the tip convolution

effects (artefacts). AFM manufacturers have gaimeath experience in eliminating
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most of them with the improvement of software, kaae and control electronics. An
example of powerful and user-friendly sotware f@ating SPM images is WSxM
software (Nanotec), which contains many innovateagures suggested by SPM users
world-wide as it is compatible with almost all SPMstruments commercially

available®

Among the large family of SPM, two derivatives oF are used in this thesis: the
conductive-tip AFM (CT-AFM) and the low temperaturegnetic force microscope
(LT- MEM).
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[.2. CONDUCTIVE TIP ATOMIC FORCE MICROSCOPY (CT-AFM)

Very briefly, the CT-AFM is a secondary imaging reoderived from contact mode
AFM that characterizes conductivity variations @sranedium from conducting to
low-conducting and semiconducting materials. ltised to measure and map current

inthe 2 pAto 1 pA range while simultaneouslyleding topographic information.

Conductive tip

Sample '

Figure 6. Schematic representation of the CT-AFM.

~

The conductive tip is scanned in contact with tamgle surface while a voltage is
applied between the tip and the sample, generatiogrrent image (Figure 6). At the
same time, a topographic image is also generatedh, Bhe current and the
topographic images are taken from the same argheobample, which allows the
identification of features on the surface condugrtinore or less current. While the
topography is acquired using the deflection sigoflthe cantilever, the electric

conductivity is measured through an electric curegnplifier.
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I.3. Low temperature magnetic force microscopy (UFM)

|.3LOW TEMPERATURE MAGNETIC FORCE MICROSCOPY (LT-
MFM)

The Magnetic force microscopy (MFRIready presented in chapter 4, is an imaging
technique in which magnetic forces or force graidiesre measured to image the
magnetic structure of a sample. A magnetic coatpdist used to measure the
interaction produced by the magnetic stray fieluhfrthe sample. The magnetic tip-
interaction produces a deflection in the cantiletret can be detected by different

detections systems (an optical interferometerénAtiocube system).

The MFM is a very powerful tool to study a wide ety of magnetic structures.
Despite room temperature (RT) measurements amadise common, the development
of more sophisticated MFM allowed the measuremanisw temperature (LT) and
variable field” Low temperature MFM (LT-MFM) is an important exséon of MFM
which allows locally measuring the magnetic projgsrat liquid helium temperatures
down to the milliKelvin regime. The advantages qfemting the MFM at low
temperature are related not only to the improvetsiseity and stability, but also to
the possibility to study quantum mechanical effectsmagnetic materials and
superconductors.Among the magnetosensitive low temperature scgnmirobe
techniques (Figure 7) such as scanning Hall probierostopy? scanning
superconducting quantum interference device miomgt® spin polarized STM (SP-
STM) and reveals a very high lateral resolutionalhianges between 10 and 100 nm,

only surpassed by SP-STM.
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Spin-polarized Scanning Magnetic Force Microscopy
Tunneling Microscopy (SP-STM) (MFM)

Spin polarized
tunneling current

m Domain Structured Material

Figure 7. Sketches of SP-STM and MFM.

As the general principles and modes of operatiah@MFM at LT were discussed in
chapter 4, in this appendix some details of thekimgr operation in Attocube LT-
MFM system used in this thesis will be described.
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I.4. MFM measurements with the Attocube system

. 4AMFM MEASUREMENTSWITH THE ATTOCUBE SYSTEM

System overview

As with all low temperature scanning microscopks, Attocube LT-MFM is a fairly
complicated instrument. It incorporates a high wasiwchamber, cryogenics, vibration
isolation, superconducting magnets, temperatur&adaT, a fiber optic sensor, MFM

electronics and control software.

To perform low temperature microscopy, the AttocubeMFM is cooled by a
controlled exchange gas atmosphere in a liquidurelbath cryostat. Alternatively,
the MFM head, mounted in a long rod, is inserted itube that can be pumped to

operate under vacuum conditions. In Figure 8, tammarts of the system are shown:

1. LT and HV compatible feedthroughs, 2: vacuumdein, 3: microscope insert, 4:
superconducting magnets, 5: liquid He dewar, @niitm housing for the MFM head
and scanners, 7: Xyz coarse positioners, 8 xyzngtan9 sample heater and sample
stage, 10: optical fiber for interferometric deflen detection, 11: cantilever.

\e

Figure 8. Scheme of a cryogenic LT-MFM insert imihg cryostat, superconducting magnets and the

MFM head. Figure taken from Attocube.
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There are two superconducting magnets that allglyaqm variable magnetic field in
two directions: out-of-plane up to 8 T and in-plareeto 2 T. Both directions can be
combined to apply a vector magnetic field up toTL..he temperature working range
of the system is 4.2 K to 300 K.

The tip is mounted on a cantilever holder that lsarmoved in and out of a precision
positioning sample stage (Figure 9a). The cantile@ligned with the fiber and it is
place just above the sample (Figure 9b). The cbakgnment of the infrared light
onto the tip is crucial in order to get good resullhe get better performance, the
system was complemented with a digital optical oscope that allowed a direct view

of the ferrule and the cantilever.

The instrument works by scanning the sample beldiweal magnetic cantilever. The
sample is usually glued with silver paste on a darhplder that is placed just on top
of a sample heater. The sample holder and headpeated on top of the scanners

(Figure 9c).

Figure 9. (a) Real picture of the tip mounting af iFM. The MFM is mounted on the stage just above
the diether piezo and aligned with the opticalfil{p) The tip and fiber on top of the sample.G@&neral

view of the MFM head and sample holder.
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I.4 MFM measurements with the Attocube system

There are many important issues concerning to tloding process like making the
vaccum and filling the tanks in the correct ord&e used to insert the sample into the
dewar (for its operation at low temperature) in dfternoon and wait over the night to
stabilize the system. Concerning to the variableprature measurements, one have
to take into account that the response of the pseanners is temperature-dependent.
A complete calibration of the Attocube system wadgrmed at various temperatures

with a grid because the system was only calibriie®T and 4.2 K.

Modes of operation

All the LT-MFM measurements presented in this thesere performed working in
dynamic mode, amplitude modulation (AM) and foraeling the magnetic signal, the
constant height mode was chosen. This way, thegtapby was acquired by
performing the feedback on the amplitude value (Av)l the magnetic response was
recorded by measuring the frequency shift§ ©perating in combination with a
phase-locked loop (PLL). Sometimes, the PLL was adsabled to track the

topography which conferred more stability to thedgraphic measurements.

In amplitude modulation mode the cantilever is #ciat its resonance frequency by
an AC voltage. Correspondingly, the photo-detectédl signal at the resonance
frequency reflects the oscillation amplitude of tbentilever. As the cantilever
approaches the sample, this vibration amplitudeedses rapidly with diminishing
tip-sample distance. This signal serves as thetinpua feed-back loop which
maintains the cantilever oscillation amplitude ats@ called “set level”, which
corresponds to a given force between the sampletf@dantilever. The vibration
amplitude of the cantilever (A) serves as the inpw feedback loop, which maintains
the cantilever oscillation at the set level by atipg the voltage on the z-scanner
(amplitude feedback). Alternatively, the amplitugled the phase of the oscillation

resonance can be kept constant (phase feedbadl)gRie scan, the output signal of
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the feedback loop is recorded (z piezo voltage)pviging the topographic

information. The error signal is the oscillationg@itude of the cantilever.

We usually used magnetic coated cantilevers witfness constant of k 3 N/m and
high values of the amplitude oscillations ¢A90 nm) to avoid the problem of
unwanted jump-to-contact phenomenon. Figure 1Gti#tes the interference signal
measured by an interferometric deflection detecsgstem. The output signal is
largest if the cantilever vibrates around the pofimhaximum slope of the interference
signal (working point). The working point is set applying an offset DC voltage to
the dither piezo which is the responsible of thetitaver oscillation.

Intensity (a.u.)

A

Working point

| EETAW AN SRR S v

1
]
i
(
% %
1
S Distance ¢

Figure 10. Schematic drawing of the interferengeai. Figure taken from Attocube.

In AM, the tip-fiber cavity has to be adjusted twetpoint of highest interference
sensitivity, i.e. at which the change in the tipefi distance gives the largest (linear)
change in the interferometric signal. After theigahas been adjusted to this point,
the cantilever must be excited at its resonanaguéecy (§) and the photo-detected
AC voltage signal, which is the.4, will be used as measuring signal for the feedback

loop (Figure 11).
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0scC

Figure 11. Resonance curve of a cantilever. The ggham resonance frequencM, is induced by the

interaction with the surface. Figure from Attocube.

It is possible to extract the real oscillation aitygle, A in nm, of the cantilever from
the resonance curve with the help of the calibnatibthe interference signal (Figure
10):

4 4
o= —=246 nm —
2m AV av

whereX = 1,545 nm is a given parameter from the interfexter, V is the photo
detector signal at resonance akM is the peak-peak amplitude of the interference
signal. The amplitude A is typically chosen to bighia 80 nm to 100 nm, depending

on the working conditions.

Besides the oscillation frequency of the resonaiee the Full Width at Half

Maximum (FWHM) can also be deduced from the resoeaturve which allows
calculating the cantilever’s Q factor, Q #/fFWHM. Typical values of Q, between
5000 and 40,000 are obtained at low temperaturdgidvacuum.
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Apart from AM mode, constant height can be oper@tecombination with a phase-
locked loop (PLL). In this case, the cantileveal&ays excited at resonance, i.e. 90°
phase shifted with respect to its detected phasaatime. Due to this fixed-phase
condition, a frequency shiftf is then observed (and recorded) whenever thestip
scanned over the surface at the correspondingaeparss. This technique is most
frequently used at high vacuum conditions whereQHactor of the MFM cantilever
is high.

The distance between the magnetic tip and the sasupface (#) plays an important
role in the MFM. The 4 is a value that is set by the user for every measent. In
practice, the & value given to the Attocube MFM is the reak Only in contact
mode when no force is exerted to the tip (step Kigure 12). Working in non-contact
and constant height mode (step iv in Figure 13,rtal 4 value can be calculated

from the following approximation:
~ AOCS
aREyipe ===+ Ziife

(iv)
Non-contact mode
Far from the sample

(iii)
(i) (ii) Non-contact mode L
A = -

Contact mode Zero position
Force on the tip NO FORCE i Real st

Figure 12. Schematic representation of the MFMatiprarious steps of the scan. Contact position is
shown in step i. The zero position is defined wttentip is in contact with the sample but no cantf
deflection is detected (zero force, step ii). Whiea tip is brought to non-contact mode, the MFM is
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operating in AM and the cantilever is oscillatingagy from the sample at a certain distance that is

approximately Acd2 (step iii). In step iv, the sample is retracteckrtain distance,iZ, from the step iii.

Noiselevels

The system frequency noise lewét is due to the contributions from noise in the PLL

detectofqe, cantilever thermal nois¥, and interferometer noisdin:

8fr = /(8fin)2 + (8fn)? + (Sfger)?

In our case, for the Attocube system, the interfegter noise is 0.78 pN‘Hz.

The minimum detectable force gradient for thermbithited measurements 18:

s _[df] 1 |4kk, BWT
th_dz min_A U)OQ

where T is the working temperature, BW is the mesasent bandwidth, k is the force
constant of the cantilevery ks the Boltzman constanty is the natural resonance
frequency of the cantileve, = 2rtfy, Q is the quality factor and A is the amplitude of

oscillation of the cantilever.

For cantilevers with high quality factors at lowrigise from the deflection sensor will
likely dominate the measurement. Lek be the cantilever deflection sensor noise

density, which yields a minimum detectable forcadignt of:

df 2k n
fger = || >
min

3
—| = =X pwh
dz V3w, A
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Note that in both limits: thermodinamical and dedemoise, increasing the oscillation
amplitude A and using softer cantilever (smaller vii)l improve the detection

sensitivity. However, as the spring constant isuced, the tip-sample separation at
which the cantilever will jump into contact with ehsample surface (snap-in)
increases. So it is needed to reach a compromiseeée k and A to select the

appropriate cantilever and working conditions tbtge better signal to noise ratio.

All the magnetic measurements presented in thisishevere performed at low
temperature and high vacuum operating in AM workiith the PLL to track theaf,
and at constant height mode. The tips used werenetiagcoated cantilevers
commercially available MFMR tips with hard magnet@ating of CoCr alloy (40 nm
thickness), spring constant okkK3 N/m, and resonance frequency o 70 kHz from
Nanosensors. To avoid the unwanted jump-to-copfaehomenon and to enhance the
signal to noise ratio, relatively high amplitudecitiations were used (A 90 nm).
With these conditions, the total RM® noise of the instrument is around 2 mHz
(RMS value).
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