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| Abstract

Using single, hard-magnetic clusters at the naesoay be an important step towards higher
bit densities and improved performance for nextegation data storage systems. In light of this
application, this project investigates the electrsansport properties of ~3 nm FePt
nanoparticles using STM spectroscopy, focusing omle-electron tunneling (Coulomb
blockade) behavior and spin-dependent transportR iikasurements).

The deposition of single, isolated nanoparticlessarfaces is studied and achieved through
control of nanoparticle dispersion concentratiod anbmergence time of adhesive substrates in
this dispersion. The results are verified by STagraphic and spectroscopic measurements.
For single-electron experiments highly conductiv@dgsurfaces were fabricated, while for
TMR experiments Co/AD; and LSMO surfaces were fabricated as ferromagsatbstrates.

Particle immobilization on gold substrates is aebte using 1,9-nonanedithiol self-
assembled monolayers, as demonstrated by STM tapligr imaging. For Co/ADs; and
LSMO substrates a ~3 nm poly(ethyleneimine) polyfilar is used as adhesion layer. On this
material anchoring is found to not be strong endoghllow STM measurements, and strong tip
degradation is observed.

Using the dithiol adhesion layer on flame-annegeld, the Coulomb blockade is reproducibly
observed in STM I-V spectroscopy at low tempera(lire: 40 K). The Coulomb staircase is
used to derive a Coulomb charging energy of ~OM% ® ~1.1 aF total capacitance) for one
nanoparticle. The onset of Coulomb blockade is afsde visible in room temperature
measurements.
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1 Motivation

Since the discovery of giant magnetoresistance (EBMRcurrent-in-plane (CIP) thin-film
structures of alternating ferromagnetic and non+meéig materials [1, 2], the field of spintronics
has gained massive attention from researchers rahgstry alike. The direct application of
GMR junctions in magnetic hard disk drive read fsehds provided a strong push for further
development of spin-sensitive electronics and #iemt"GMR" now appears in thousands of
patents in the US alone.

Looking toward the future, incorporating ferromatimecomponents into electronic
structures enables the combination of electronidctimg behavior and magnetic memory
functionality into single devices, promising exeginew possibilities including non-volatility,
increased processing speed, improved power effigiamd higher integration densities [3, 4].
Specifically the magnetoresistive random accessang(MRAM) has been in development for
some time [5, 6], but although some designs hawgrpssed to the production stage [7, 8] the
miniaturization of these devices is a limiting faccin their competing with other computer
memory systems.

To maintain the long-term integrity of magneticaliyored data the ratio between stored
magnetic energy and thermal energy should be oarther of 40 to 60, which puts a lower limit
on the grain size in magnetic storage media [ighificant amount of interest therefore exists
for the application of patterned media or self-agded nanoparticle arrays, as data storage in
isolated, monodomain particles allows for much bighktorage densities than multi-granular
media [10].

This research project focuses on nanoparticles geetp of an FePt alloy, which are of
particular interest because they offer high magngstalline anisotropy, great chemical
stability compared to other common magnetic madgesach as cobalt or iron, and very large
scales of integration due to their reduced sizq. [Ihus self-assembled monolayers of FePt
nanoparticles are interesting candidates for negneigc media, and isolated particles can be of
interest in miniaturization of MRAM designs.

An FePt nanoparticle-based magnetic tunneling jand¢MTJ) can offer spin-valve behavior at
the nanometer scale. The small dimensions invobgesh a new regime of behavior where new
effects can be observed and harnessed. An impogsatnple of this is single-electron
tunneling, which occurs when tunneling through dectecally isolated quantum dot of
extremely small electrical capacitance. Singletetectunneling has been reported to cause an
enhancement of tunneling magneto-resistance effd@s 13, 14], which may lead to an
increase in readout signal allowing higher stordgesities or operating speeds.

A second concept of interest is the magnetizatwitching of a magnetic material using a
spin-polarized current instead of a magnetic sfialg. This spin transfer torque switching
process has been proposed as a highly efficientfastdalternative to field writing and is
particularly interesting for MRAM applications, @se abolishment of field writing allows
greatly improved integration levels [15, 16].

1 Motivation Page 8



Investigation into the transport properties ofasetl FePt nanoparticles using STM

To provide a platform for investigating these efffec STM tip
in FePt nanoparticles, an experimental setup is
designed consisting of a scanning tunneling
microscope (STM) and samples with isolated FePt
nanoparticles deposited on a ferromagnetic sulstrat

e FePt core

(see Figure 1.1). The double tunnel junction (STM
tip, nanopatrticle and substrate) is required foglg-
electron tunneling. TMR experiments can be surfactant
performed by using a ferromagnetic material for the

substrate layer, so that an MTJ is formed between €

the substrate and the particle. Using the same w ->
ferromagnetic substrate as a source of spin-peldriz
electrons allows investigation of spin transfertar substrate
switching behavior.

Figure 1.1 — Electrons tunneling through

In this project the electron transport propertigs an MTJ structure formed ban STM
FePt nanoparticles are studied using STM, aimec 1iP, @ magnetic FePt nanoparticle
the combination of spin-dependent and sing @nd & magnetic substrate.

electron tunneling. The experimental prerequisiics

for single-electron tunneling are investigated,lidgaspecifically with sample preparation and
practical usage of STM equipment in this contextager 2 of this report will discuss the
theoretical background of single-electron tunnelimxplicitly applied to the system of
nanoparticular samples in a scanning tunneling osmpe. Chapter 3 goes into the details of
sample preparation, considering the need to anfeaBt nanoparticles to the substrate surface
and to isolate those particles from their neighbGfsapter 4 will move on to review the single-
electron tunneling experiment results obtained yipgl the concepts introduced in the
preceding chapters. A concluding discussion wilafiy be presented in Chapter 5.
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|2 Single Electron Tunneling

Since charge is quantized to the elementary cheagger, it may appear at first glance that
single electron tunneling (SET) is a rather triaéflir. In practice however a typical conductor
allows for transfer of any fraction (or non-integaultiple) of the elementary charge, because
the current does not consist of single electronerigmy and exiting the material. Conduction
instead arises from the net movement of the eleattoud with respect to the ionized nuclei of
the material lattice, as illustrated in Figure 2Ak. this movement spans a continuous range,
transferred charge also becomes a continuous pteariidus

current is in fact not quantized. @@@@@@@

There are however systems where single electrospoat

becomes possible. Although one can already recegthie @@@@@@@
quantized character of conduction across a tunmetion, net

current in such a case may still be continuous tie @@@@@@@
accumulation of charges at the junction interfatlesowever Figure 2.1 — Movement of the
one introduces a second tunneling barrier in sexigls the electron gas with respect to the

first, single electron tunneling can be observeuph the lattice ions is not quantized.
effect known as Coulomb blockade.

This chapter will explain the occurrence of Coulobtbckade in double junction systems and
detail the use of scanning tunneling microscopy &ET experiments. Subsequently the
experimental investigation of magnetic nanoparsiclll be discussed, explaining the use of
single electron tunneling to enhance the tunnetiragnetoresistance (TMR) and the possible
application of spin transfer torque for switchitg tmagnetic orientation of a particle.

—(N+2)e
(a) ol (b)
9 — (N+1)e
© I A
S [ Ne
o A
E _— (N—l)e
)
= (N:2)e
o L v v v v
(&)
cC L
@©
-OG -
_g »
- + 5[
@)
Cin Cout i 1 1 1 1 1 1 1 1 1

| —>
Island potential oei=elC

Figure 2.2 — (a) Schematic view of a double turjuettion enabling single-electron tunneling onto an

isolated node. The equivalent electrical schematiosists of capacitive coupling and DC tunneling

resistances. (b) SET leads to an integer numbeel@ftrons on the island, depending on the node
potential [17].
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2.1 Coulomb blockade in a double tunnel junction

The origin of Coulomb blockade of a double tunmnsigtion can be found at the node between
the two barriers (see Figure 2.2a). Recognizingl ¢baduction to and from this isolated node
can only occur through tunneling of individual eteas, it becomes clear that the node can be
charged only by an integer amount of tunnelingtedes:Q = N [ewhereN [1 Z . Because of

electrostatic repulsion of those charges, a cedaiount of energy is required to add an electron
to the node, as illustrated in the band diagrafigdire 2.3a.

If we model the isolated node to be capacitivelygted to its surroundings, the total energy
associated with that node can be expressed asith@fsthe electrostatic charging energy and
the potential energy of the node;
N (@)’
E(N :(—— [N e, (2.1)
(N)=25o ¢

whereN is an integer number of electrons with chagg€ is the total capacitance between the
node and its surroundings apds the electrostatic potential of the node [17].

The critical potential p.x required for adding one electron can be obtaingd b
soIvingE(N +1) = E(N), yielding
_el(2N+1)
Poric = o
For N=0 this result yields the threshold potential reqgifer electrons to tunnel into the first
available state of the isolated node, corresponidirige first charge plateau in Figure 2.2b;

-_€
P = vl (2.3)

(2.2)

As long asy is kept between two critical valugs, (N) < @ < @, (N +1) the charging level

of the node will remain constant. This leads to step-like charge-voltage relationship shown

in Figure 2.2b. Consequently, due to the finiteddeal time of an electron on the island, the

tunneling current will also increase step-wise with voltage (see also Figure 2.3 b and c). For
either case the difference in potential betweendigps can be computed as

Bo (N +2)~ g, (N) = 9(2(sz 1)+1) _ e(2|2\|C+ 1)

e (2.4)

c

At non-zero temperatures the total charge on tbkatesd node is not governed solely by the
electrostatic potential. Thermal activation willoa¥ electrons to tunnel even if the potential of
the island is lower than the critical value. Obs®sgthe Coulomb blockade therefore requires
the thermal energy to be much lower than the Colbloharging energy,

crit E ’
where kg is the Boltzmann constant afdthe temperature in Kelvin. This shows that the
capacitive coupling to the island should be extigreeall; with thermal energy being several

meV for temperatures below room temperature, thgadtance required is on the order of
attofarads.

E =k O <<E,=elp (2.5)
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(b)

Figure 2.3 — Band diagrams of a quantum dot semararom two metal electrodes by tunnel
barriers. (a) Blockade of current due to Coulomipulsion. (b) Single-electron tunneling when the
potential energy reaches the threshold valti@@. (c) Double-electron tunneling when the potnti
is increased by the charging enerdyGe

In order to observe Coulomb blockade the electraost be strongly confined to the isolated
node. This means that the tunnel barriers musufieiently opaque, or the tunnel resistances
sufficiently high. To obtain a measure for the mMom tunnel resistance, we consider the
energy/time uncertainty due to the principle ofdtetminacy;

EI[Jr =h, (2.6)
whereh is Planck's constant. Strong confinement of tieetedbns means that the average time
an electron resides on the island must be muclerdtan the quantum uncertainty of that
time,7 >> Or . Furthermore the uncertainty of the electron eperannot be larger than the
energy potential of the islandE < el ¢ . Inserting these two relationships into Equatidré)
we obtain

h
) >>e_ﬁ' (2.7)

For low potentials only a small numberof surplus electrons can reside on the islandhat t
same time, so the mean occupation tirhmits the total tunneling curremto

<€ 2.8)
T
Using Equations (2.6), (2.7) and (2.8), the minimefjuired tunneling resistance can be
expressed as
[ h
R{:£z—¢ T>>—2_ (2.9)
I nle €

The constanh/€’~ 26 KQ is the resistance quantuRy, and the condition thaR >> R, is
easily met in the case of tunnel junctions on tlteoof a nanometer thick.

2.2 The Coulomb staircase

Up until now we have assumed that the island chienge is governed entirely by the tunneling
of electrons into the isolated node. However algiobEquation (2.2) holds for any intedérthe
picture of single and double-electron tunnelingd(ao on) as drawn in Figure 2.3 can only be
maintained if the island remains charged. This rme&@ must also consider the tunneling of
electrons out of the island into the low-potengigctrode.

Figure 2.4 shows two cases that take into accoatit the tunneling rate into and out of the
isolated nodel{,, andl,,, respectively). If the outbound tunneling ratesésy high the island
charge will continuously dissipate, leaving evea libwest island states available for tunneling.

2 Single Electron Tunneling Page 12
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This means that beyond the initial threshold vat@gquation (2.3)), the tunneling current will
no longer be blocked (Figure 2.4a).

If on the other hand the outbound tunneling ratewswith respect to the inbound rate, the
outbound tunneling becomes a limiting factor arel tharge state of the island is maintained.
This means that the tunneling current is repeatétibgked until the voltage potential can
overcome the charging level (Figure 2.4b). Thisi¢et the characteristically stepwise current-
voltage relationship known as the Coulomb staircase

Modeling the DC tunneling behavior using only thesistances shown in Figure 2.2a, the
inbound and outbound tunneling rates can be destiily the inverse of the tunnel resistances
Rn and R, With this, the requirement for observing the @oub staircase becomes

simplyR,; >>R;,.

1—‘in >> 1—‘out

Figure 2.4 — Band diagrams of a quantum dot sepatditom two metal electrodes by unequal tunnel

barriers. (a) Node charging cannot be maintainee da a high outbound tunneling rate. (b) Low
outbound rate limits charge dissipation, leadinghe Coulomb staircase.

2.3 Junction capacitance

As has become clear from the previous sectionsjutiietion capacitances play a vital role in
Coulomb blockade experiments. The extremely lowacdances required preclude the use of
thin-film planar tunnel junctions, but isolated n&fands can be fabricated in a number of ways
[11, 17, 18].

In first-order approximation, small islands canrbhedeled as perfectly isolated spherical
conductors, the self-capacitance of which can Inepcted as follows. Applying Gauss' law to a
charged conducting sphere of radiuthe electric field outside of the sphere is dématias

E = L
4Lk, LE, a2’
with r > R the distance from the center of the sphere. THeag® difference between the

sphere (radiuR) and a spherical conducting shell surroundingaitliisA) can be computed by
taking the radial line integral of the electricldie

(2.10)
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A
V:L.[izdr :L[l_lj (2.11)
4Lk, £, L 4, £, \R A

Taking the limitA — o for a perfectly isolated sphere, we can then cateulthe self-
capacitance as

c=2 —anz, R (2.12)
AV

In a practical situation a nanoisland is neverytisblated from its surroundings, so to improve
this model we can compute the capacitance betweesmnducting sphere (the island) and a
metallic plane (a substrate surface). An expredgipthis capacitance has been reported to be

. i 1
C =4k, [, [R8INha) —F—,
o ; sinh(n#)
wherea = cosh’1(1+ Z), { = g/R, gis the particle-substrate gap size &the radius of the
nanoisland [19].

(2.13)

1.25

1.0

0.75

0.5 1

0.25

0.0 : . :
0 1 2 3 4 5
{=g/R —

Figure 2.5 — The right-hand part of Equation (2.1&)n be interpreted as a ‘coupling
factor’ depending on the ratio of the particle-strtae gap g to the particle radius R.

The prefactor in Equation (2.13) equals the expoas®r self-capacitance derived above. The
other half might thus be considered a factor actiogrior the coupling between the island and
the substrate. This right-hand part of the equai®nplotted in Figure 2.5, showing a

monotonous decrease with increasfhg g/R. This means that if the island radigsis

reduced, both the self-capacitance and the cougdicir will decrease. This agrees with the
intuitive notion that in a shrinking system the aecipance should go down. Similarly a
decreasing particle-substrate separagianill lead to a larger coupling factor, which agsesith

a zero-order image of decreasing separation inalg@eplate capacitor.

2.4 Coulomb blockade experiments using STM

Typical devices for studying Coulomb blockade arabricated by embedding, or
lithographically structuring, conducting nanoisland thin insulating films [11, 20, 21]. As it is
very difficult to fabricate a large number of naadjtles with identical properties, the single-
electron tunneling effects in these devices area@esl out due to distributions in particle size
and interparticle spacing. This means that thiseguh is not suitable for actual single-particle
investigations.

2 Single Electron Tunneling Page 14
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A more direct tool for contacting individual pafés is the scanning tunneling microscope, a
schematic representation of which is shown in Eg6. In essence, the STM consists of a
sharp-tipped metal probe (typically either platininidium or tungsten) which is connected to a
(piezoelectric) positioning rod. This piezo rod danused to scan the tip across the X-Y plane
and simultaneously regulates the position of tipeini Z-direction. By applying a voltage
between the tip and a (conducting) substrate aetimgncurrent can be measured. A feedback
loop is then used to regulate the Z-position oftipesuch that this current remains constant at a
specific setpoint. As the tip is scanned acrossirtase, the feedback positioning signal is a
measure for the topography.

An STM offers very fine control over tip positioand the setpoint control of the feedback
loop allows relatively easy variation of (the rabietween) the tunnel resistances. This makes
the STM an effective tool for Coulomb blockade expents. However, as a tunneling current
depends entirely on the amount of free states estreh can tunnel into, the physical quantity
actually measured by an STM is the density of stateghe target material. It should therefore
be noted that a topographical STM image is a ddmesult, where poorly conducting materials
(including nanoparticles in blockade) can adversdfigct the topographical accuracy.

tunneling 7

current
a o)
tip atoms

Piezoelectric
rod

— tunneling
+ Voltage

sample

@
\ @  substrate ato/rrv!

Figure 2.6 —Using a scanning tunneling microscopesingle-electron tunneling experiments on a

spherical nanoparticle [22]. The piezoelectric rasl controlled by the feedback loop in order to

maintain a constant tunneling current between ttabp needle and the sample. The isolated particle
(not drawn to scale) is capacitively coupled to sbstrate and the tip of the STM probe.

Using the STM setup of Figure 2.6 we can give aemspecific estimate of the required
nanoparticle capacitance. Assumiag< 3.5k, T (typical full width at half maximum of the

thermal energy), observing Coulomb blockade at roemperature requires a total capacitance
of at most 1.8 aF (Equation (2.5)). For a nanoglard nm in diameter positioned 1 nm from a

substrate plane, usiay = 2.5 (typical of alkanethiols, as have been used is fiibject for

nanoparticle immobilization), Equation (2.13) ewahs to a capacitance of 0.87 aF.

This result does however not yet take into accdhatcapacitive coupling between the
nanoparticle and the STM tip. If we assume thddipe terminated by a single atom, the tip-
particle system can be approximated by two sphefratifferent radii. While it is possible to
compute the exact capacitance between two conduspheres [23], a simpler model can be
used if we assume the tip radiys to be much smaller than the particle radiygice. In that
case the tip can be thought to hover over the Samsurface of a much larger particle. This
allows the application of Equation (2.13), WiRh= rj; << I paricie. A SmMaller radiuR leads to a
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smaller capacitance, so (at comparable sepajdtertip-particle capacitance should be smaller
than the particle-substrate capacitance. The taiphcitive coupling between the nanoparticle
and the surroundings (substrate and STM tip) caretbre be expected to be no more than
twice the particle-substrate capacitanCgiy < 1.75aF. This would correspond to a Coulomb
charging energy of > 90 meV.

It can be concluded that Coulomb blockade of a qhanoparticle at room temperatukg ¢ 25
meV) might be observable in an STM. This resulhasvever based on a strongly simplified
model, so in practice it may be required to goawdr temperatures in order to decrease the
thermal energy. Cooling down the system to belowwK5@ould increase the maximum allowed
capacitive coupling by a factor of 6 or 7, whiclosld make it significantly easier to observe
the blockade.

2.5 Nanoparticle magnetoresistance

The FePt nanoparticles investigated in this progeetferromagnetic at low temperatures. The
most straightforward aspect of spin-dependent pansds the rise of the magnetoresistance

when two magnetic materials are brought into closetact with each other. In the case of a

magnetic tunnel junction (MTJ), the density of etatit the Fermi level on either side of the

junction is spin-polarized and the tunneling cutfeecomes dependent on the relative magnetic
orientation of the two ferromagnetic layers (seguFé 2.7).

FM1 —p> FM1 —p>
FM2 —P> FM2 €—

AAE 1AE

DOS FM1 DOS FM2 DOS FM1 DOS FM2

Figure 2.7 — Magnetic tunnel junctions consistirigvao ferromagnetic contacts separated by an isofat
barrier. A spin-polarized density of states, indexhby the arrows, leads to high tunneling conducta
for the parallel orientation (left) and low tunnedi conductance for the anti-parallel orientationgfrt)
[24].

In the case of an STM experiment on ferromagneditoparticles, a magnetic substrate layer
and some form of tunnel barrier become necessarjotm a complete MTJ. As small
nanoparticles typically require large magneticd#eto switch magnetization below their Curie
temperature, the magnetic substrate should hawe adercivity so as to be able to differentiate
between substrate and nanoparticle switching. TM&efined as the relative resistance change
between parallel (P) and anti-parallel (AP) magnetientations,

TMR =" e (2.14)

P
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so a typical TMR experiment would consist of meagpthe tunnel resistance in the parallel
state, reversing the magnetic orientation of thessate layer (anti-parallel state) and measuring
the tunnel resistance again.

Bulk ferromagnetic materials generally form mukipdomains to minimize the magnetic
free energy. As system dimensions decrease howthee comes a point where the domain
wall energy is greater than the magnetostatic gramg the magnet forms only a single domain.
In the case of magnetic nanoparticles a few narensiéh size, this situation can be readily
achieved.

On one hand this means that below the Curie temperaall nanoparticles can be
spontaneously magnetized. On the other hand thenetiagtion orientation of individual
nanoparticles will be random, unless the partieles cooled below Curie temperature in the
presence of a (strong) external magnetic fieldelgfi cooling’). In the case of random
nanoparticle magnetization the alignment of mostigdas will be only partially parallel or anti-
parallel to the substrate layer, as illustrateHigure 2.8.

It should be noted that magnetic switching of aglgirdomain nanoparticle can only occur
through direct magnetization rotation and not tigflowdomain wall propagation or domain
nucleation. Physical rotation of the particle, huare will also effectively rotate the magnetic
orientation.

—> «—
R.(6)= 1+ gioos(e) R.(6)= 1- glzoos(e)

Figure 2.8 — Random magnetization orientation ef tlanoparticle will lead to partial misalignmentttwi
the substrate layer. In the extreme case#=af90° switching the substrate layer has no effenttbe
tunneling resistanceR, = R_) and the TMR vanishes.

Reference [25] derives an expression for the degpeed of the tunneling conductance on the
angled between the magnetization orientations of thertvagnetic contacts in an MTJ;

G =G, (1+£cod8)), (2.15)
whereG, is a base conductance depending on geometric atetied properties and the scaling
factore is a measure for the effective spin polarizatiothie device. In a perfect system (100%

spin polarization} would be unity, with the conductance going to zemoa fully anti-parallel
orientation.

Defining R, (R_) as the tunneling resistance when the substrateagnetized to the right
(left) in Figure 2.8,

- R
R O)=—"F=
0= o) (2.16)
_ Ro - R

R (8)= = , (2.17)

(@) 1+ecodf+m) 1-£cod)
the TMR dependence on the alignment angle (assw@w<90) can be computed as

TMR(6) = R_-R. _1+ecodd) 1

R. 1- £codd)

(2.18)
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Plotting Equation (2.18) foe=0.1 ande=0.9 (Figure 2.9) illustrates the advantage of using
high+ materials in an MTJ. For very large spin polaizat such as obtainable in half-metals,

the TMR can reach much higher valuélél\/(R(H) - as€ - 1). It is also visible that the

TMR is highest when the particle is completely aéig ¢=0), and decreases with increasing
angle. In the extreme case where the nanoparti@atation is perpendicular to the substrate

the TMR completely vanisheﬁ'[\/IR(% 7T) =0).

0.35 : 20
0.3 1 e=0.1| | 18
] ¢=0.9| [ 16
025 F14
— ] 5 S
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0.1 £ 6
] F4
0.05 ] :
] F 2
001 &=———— ———— —_———— RN -0
-0.5 -0.25 0.0 0.25 0.5
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Figure 2.9 — Tunneling magnetoresistance as a fonatf particle-substrate alignment andlefor two
values of effective spin polarization factorThe TMR signal goes to zero as the angle appr=dhll
misalignment (particle magnetization perpendicuiarthe substrate). A higherstrongly increases the
TMR.

2.6 Combining TMR experiments with SET

Since observing a TMR between a nanoparticle anthgnetic substrate requires electrons to
tunnel through the nanoparticle, it can be combiwél single electron tunneling as described
in Section 2.1. It has been reported that at thaldbab threshold voltage the TMR signal of a
magnetic nanoparticle can be significantly enharjé@d 13, 14], which is of particular interest
when considering data storage applications as@aease in TMR corresponds to an increase in
readout signal.

A common explanation of the TMR enhancement is dasethe concept of spin-sensitive
cotunneling. For a small nanoparticle in strong IGou blockade, first-order tunneling
becomes very unlikely as electrons do not have ginahermal energy to overcome the
Coulomb charge repulsion. This means that cotungekvents, which are higher-order
tunneling processes, are the only way to transgectrons through the double barrier system.

Figure 2.10 illustrates an electron tunneling frima STM tip to the substrate through a
cotunneling process. Although its thermal energglassically not high enough to overcome the
Coulomb blockade, the Heisenberg uncertainty poiecallows the electron to tunnel into what
is called a virtual state in the nanoparticle, rafidich it tunnels out to a state in the low-
potential electrode. As long as there is a netggngain in tunneling across the double tunnel
junction, the energy conservation law is not bro&ara system-wide scale and current can flow
even if first-order tunneling is suppressed [26].

At voltages above the Coulomb blockade thresholdiro@ling events can generally be
seen as a hoise source, turning a sharp stairo&seaismoother line. Because of the spin
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sensitivity of these cotunneling processes howetlez, relation between parallel and anti-
parallel tunneling resistances changes and andNtie effect can be enhanced [14].

Figure 2.10 — Energy diagram for cotunneling. Atwal state on the island allows an
electron to tunnel despite the Coulomb blockade.

In light of possible application of ferromagneti@noparticles in memory systems, the
investigation of nanoparticle switching behavioraiso of great interest in this project. One
aspect specifically relevant to data storage aptilins is the use of spin-transfer torque to
switch the magnetization direction of a nanopagticl
The spin-transfer torque effect was predicted iedepntly by two groups in 1996 [27, 28],

who calculated that a spin-polarized current flgyvperpendicular to the plane of a metallic
multilayer can exert a spin torque on the magmabment of a magnetic layer strong enough to
reorient the magnetization.

A simplified model explaining this effect is preseh in reference [31] (‘toy model #1') which
regards the magnetic layer as a closed box, integawith a spin flow through spin-dependent
electron reflection and transmission coefficientsr, andt;, t;,. A single-electron state with
wavevectork in theX direction is considered with spin orientation ieXh Z plane, at an angle
6 with respect to the magnetization vector of thgmnedic layer (see Figure 2.11).

Z
0 M [Zy
y —>» X
—>
<+— tT’ tl
M, 1y
Figure 2.11 — lllustration of ‘toy model #1’, showi an electron

incident with a magnetic layer M, spin-polarizedaat angled with
respect to the magnetization vector [31].

For this system the flow of spin density in theirection for the incident, transmitted and
reflected parts of the wavefunction are derived, Qyans andQ;en respectively, not reproduced

here), the sum of which is nonzero meaning that &pinot conserved due to the filtering
properties of the magnetic layer. Conservation rudar momentum then dictates that the
magnetic layer experiences a spin transfer tof§yesqual to the net flux of spin current,

computed as
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Nst = A)’Z [qun + Qrefl _Qtrans)
= g%sin(e)[l— Ret t7+r, QD)])A(

AR o e 1
O o sm(t?)lm(tTtl +ror )y,

(2.19)

where A is the surface area of the magnetic layas, a normalization volumaé,is the reduced
Planck constant armu is the electron mass [31].

If there is no spin filteringt( =t andr, =r ) the above equation evaluates to the general

solution (zero torque). Similarly there is no spiansfer torque if the orientation of the
incoming spin is collinear with the magnetic layeientation ¢ = 0 ord = x). For any other
orientation however the magnetic layer experiemewero torque caused by the absorption of
spin angular momentum.

Because this torque is perpendicular to the mazptain it is possible to switch the
magnetic orientation of the layer if the spin catrdensity is high enough. Reported minimum
values of spin-polarized current densities arehenorder of 10A/cn¥ [28, 29, 30].
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\ 3 Nanoparticle deposition

This research project utilizes §=gP1 42 nanoparticles several nanometer in diameter, |tedbi

by oleic acid (bonds with Fe sites) and oleyl anmipends with Pt sites), dispersed in hexane.
Transmission electron microscopy reveals that apprately 75% of these particles have a size
distribution of 3 £ 0.5 nm (see Figure 3.1). As laiped in Section 2.4 particles of these
diameters could ideally exhibit Coulomb blockadeoam temperature.

Count (%)

0 1 2 3 4 5 6 7 8
Diameter (nm)

Figure 3.1 — Transmission electron microscope (THiage and size histogram of FePt
nanoparticles stabilized with oleic acid and olayhine molecules.

The magnetic properties of (a layer of) these nartmbes were measured using a vibrating
sample magnetometer (VSM) at room temperature avitm-plane magnetic field, the results of
which are shown in Figure 3.2. The curve shows thatparticles are superparamagnetic at
room temperature and the magnetization saturaté$ at 20 kOe. However, because of the
distribution in particle size and composition, tmeagnetic reorientation of individual

nanoparticles occurs over a range of magnetic filengths. The magnetization curve shows

that at a field of 10-15 kOe most particles shdudd(almost) fully aligned with the external
magnetic field.
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Figure 3.2 — Magnetic behavior of ~3nm FePt nandiples at room temperature,

measured by VSM. The particles are superparamagmeti at 10-15 kOe most particles
are (mostly) aligned to the external magnetic field
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As will be explained in more detail in the next ptea, the substrates used for sample
fabrication in this project are covered either wittmooth gold layers or metal oxides. This
chapter will discuss the methods used for depagsitinnoparticles on those substrates and
explain how immobilization of the particles is smbed. AFM and STM imaging results will be
presented showing the densities achieved withgbardieposition, and some conclusions will be
drawn concerning the growth processes.

3.1 Immobilizing nanoparticles on a metal oxide surface

For scanning probe imaging of nanoparticles on $latfaces it is important to anchor the
particles so that the bonding between particlesamtace is stronger than eventual attractive or
repulsive forces between particle and probe tihdfattraction to the probe tip is dominant, the
particles will likely end up being dragged acrobhe surface or even lifted off the surface
completely.

For anchoring particles on metal oxide substrdiegptocedure described in reference [32]
was followed, which consists of depositing a thimfof poly(ethyleneimine) (PEI) as an
adhesion layer. PEI is a branched polymer with mighly terminations, which can bond to Pt
[33]. When an FePt nanoparticle arrives at thepelysurface it can therefore bond to the PEI
through ligand exchange, whereby an amine groupdarPEI takes the place of an oleyl amine
surfactant molecule on the particle.

To prepare a substrate for deposition of a PEIr|ayés first ultrasonically cleaned in acetone
and isopropyl alcohol (10 minutes each at room tmatpire) and treated with oxygen plasma to
activate the surface (2 minutes at 0.25 mbar pres§8% Q flow and 300 W power). It is then
submerged for 5 minutes in a 20 mg/ml solution BF i chloroform, after which the surface is
rinsed with ethanol. Previous AFM measurements Isnavn this process to result in a PEI
layer thickness of approximately 3 nm [32].

S.0nm
7.0
40 _
E 6.0
35 =
s
30 g 5.0
[@2]
8
25 240
2.0
3.0

o
o ]

3 . . 20.0 40.0 60.0 80.0 100.0
- (T x ]
- E 1.0
Figure 3.3 — STM topography scan of a nanopartiatenolayer with a height profiles taken
along the marked path (I = 0.5 nA, V = 2.75 V), wirg relatively dense packing with

some open sites.

The performance of PEIl was verified by growing df-aesembled monolayer (SAM) of
nanoparticles on a Co/&b; substrate, as described in aforementioned refereftter PEI
deposition the substrate is submerged for 10 minutea 10 mg/ml nanoparticle dispersion in
hexane. It is then washed in hexane twice and gulesdly dried in a flow of nitrogen.

An STM topography scan of the resulting monolagedisplayed in Figure 3.3, showing a
semi-continuous layer of nanoparticles with sometiglas apparently deposited as a secondary
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layer. It is clear that there are still gaps in ldnger. It has been suggested that packing density
can be improved with a longer deposition time [3&2hich suggests that these holes can be
filled by prolonged submergence of the substrat¢han nanoparticle dispersion. Due to tip-
sample convolution the particles appear larger thanaforementioned 3-4 nm, but the height
profile shows that the layer thickness is very waditched to this value. The above results were
reproducible across several scans, showing thaPHEiepolymer effectively immobilized the
nanoparticles

A second performance parameter for the anchoriper I the surface roughness. Figure 3.4
shows AFM topography images of a Si/giCp(10nm)/AbO5(3nm) surface with and without a
thin PEI layer deposited. The scans show equivaleaghness profiles (2 nm peak-peak),
indicating that the PEI forms a very smooth layet tfollows the shape of the substrate. Low
roughness is an important requirement for furthiévl$neasurements, as it can become difficult
to differentiate between a surface grain and a pamnicle if the surface roughness becomes
comparable to the particle size.

4.0nm
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Figure 3.4 — AFM topography scans of an empyDAkurface (a) and a ~3 nm PEI layer
on an identical AO; surface (b), with height profiles measured alohg marked paths.
The identical roughness properties show that the BEI layer conforms to the underlying
substrate.

The smoothness of the PElI was however not congtariss all experiments, as a later
deposition run revealed the formation of triangubsotrusions, shown in Figure 3.5. The
dimensions of these hillocks differed somewhat kbetwthe four samples in this batch. The
sample shown on the left shows hillocks approxitgeienm in height spaced 1 um apart, while
the formations in the right-hand image are aboot8in height and 2.5 pm apart. The width in
both cases is approximately 0.5 um. The scans gqir&i3.5 were made after deposition of
(low-concentration) FePt nanoparticles, so thersoime particulate matter visible in between
the hillocks. Ignoring these details, the backgmbuughness appears to be the same as that of
the empty PEI layer shown in Figure 3.4b.
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Figure 3.5 — AFM topography scans and cross-seationeight profiles of hillock
formations on two samples of PEI on@d, measured after nanoparticle deposition. The
smooth, wide shape suggests the hillocks are péarthe PEI layer, rather than
agglomerations of nanoparticles.

The cause of this hillock growth was not clear, thatir height being larger than the intended
PEI layer thickness of 3 nm suggests that the l#yiekness may not be as expected. It was
considered that these hillocks are not formed duR&l deposition at all, but are in fact

agglomerations of nanoparticles. The smoothnedbeivide cross-sectional profile seems to
preclude this however, as the particle diameted o is already half of the hillock height and

thus should lead to more step-like shapes.

3.2 Immobilizing nanoparticles on a gold surface

As will be demonstrated in detail in the followimtpapter, STM imaging and spectroscopy
measurements on substrates with a PEI layer wasdftu not be trivial due to the relatively
thick tunnel barrier between nanoparticles and tsates For this reason a thinner anchoring
layer was selected for gold substrates, basedkamedlithiol molecules. In organic chemistry it
is common practice to use alkanethiols to form-asfembled monolayers on noble metal
surfaces, and the use of dithiol molecules as aharbetween a gold surface and a noble metal
nanoparticle has been reported for STM-based swlgltron tunneling experiments in
literature [34, 35].

Dithiols being SH-terminated on both ends, the faton of a self-assembled monolayer
can be disturbed by dithiol molecules bonding ®ghbstrate with both thiol groups, forming a
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back-looping or lying-down phase
instead of the required standing-u
phase (see Figure 3.6). It has be
reported that occurrence of th
looping phase increases wit
increasing chain length [36], an
SAM junction tunneling current
increasing for molecules longer tha
1,14-tetradecanedithiol has bee Figure 3.6 — Illustration of a self-assembled mayet of
attributed to this effect [37]. This alkanedithiol molecules on gold, forming both stageup
suggests a maximum allowed cha phase and looping phase grains [37].

length for SAM growth of mostly

standing-up phase dithiols. Kinetic studies of a#thiol adsorption onto gold(111) surfaces
have however shown that the initial growth rateeases with concentration [38], which means
that in highly concentrated solutions there willless free sites for a molecule to loop back to
after initial adsorption. The quoted reports shdwatta dithiol concentration on the order of
millimolars leads to fast initial growth and a metd standing-up phase of SAM growth up to
at least 16 carbon atoms long [37, 38].

The formation of the standing-up phase is commatityibuted to the Van der Waals
interaction between two adjacent molecules [39]s Tlan be thought to give a lower boundary
on the dithiol chain length, as for very short allyains the Van der Waals energy gained in the
standing-up phase may not be enough to overcont@rideng energy of the second thiol group.
Despite this, highly packed standing-up dithiol S&\lgrown by simple immersion of a gold
surface in a dithiol solution have been reportethwikyl chains as short as 4 carbon atoms
[40].

It should be noted that for this project an enfirglanding-up phased SAM is not specifically
required, as the goal is not to create a largeedcainel junction. If the majority of molecules is
standing up, still having one thiol group availalite bonding, anchoring of nanoparticles
should not be problematic.

The process followed for fabrication of a dithigh\i on gold is based on the large number of
publications on this topic [35, 37, 41-44]. The swmlle selected for the anchoring SAM is 1,9-
nonanedithiol (HS-(ChHy-SH, 'C9"), which is well below the maximum cha@mdith discussed
above. Assuming a molecule tilt angle of 30 degréesn the gold surface normal, a
nonanedithiol SAM should be approximately 1.1 niokf37, 42].

The C9 molecule is dissolved in absolute ethanal ZnM concentration. Using ethanol as
a solvent is a common choice because of its loveitgxand its availability in high purity at low
costs. Also it has a low tendency to be incorparatéo the monolayer [38]. The concentration
of 3 mM should be sufficient to obtain a mostlyrsting-up phase SAM, as explained above.
After cleaning procedures the gold substrates @vensrged in the C9 solution and stored in an
argon atmosphere for 17 hours. Then the samplesresed with ethanol in order to remove
physisorbed layers and molecules from the surfaod,the substrate is blown dry with pure
nitrogen gas.

Following the SAM formation, the samples are immagely processed for nanoparticle
deposition (discussed in the following section) éatled into the ultra-high vacuum chamber
of the STM.
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A By

Figure 3.7 — Optical microscopy images of 40 nnmdgwnoparticles drop-cast on a gold surface from a
saline dispersion. The salt crystals (left) wereilyaremoved by gently washing the sample in water,
revealing gradually decreasing particle densitiestbe surface (right).

3.3 Isolating nanoparticles on a surface

In order to see a clear Coulomb blockade in SIFMspectroscopy it is important to isolate
particles from their surroundings as much as ptessibstead of a densely packed monolayer it
is therefore preferable to deposit isolated, uriehesl nanoparticles. The application of drop
casting to obtain this particle isolation has beemstigated by casting 5 pl buffered (saline)
dispersion of 4.0 ppml 40nm Au nanoparticles on an empty, sputtgad surface, chosen
because the large diameter renders these paréakdly distinguishable in STM topographic
imaging. Optical microscopy images of the resultswgface are shown in Figure 3.7. The
deposited salt crystals were easily removed byfalrevashing the sample in water, leaving
large amounts of (agglomerations of) particleshengurface.

The decreasing particle density towards the emgtgsasuggests that in these regions single
isolated particles may be found, which is verifisgd STM imaging as shown in Figure 3.8.
Spherical particles approximately 40 nm in diameter visible. The granular structure of the
gold layer is faintly visible as smooth shapes hie background, so the low-profile island
growth across the surface is thought to be salluedrom the solution.

This result suggests that drop castir
while applicable, introduces the risk cf
polluting the surface with contaminants froi
the solution. A test with drop casting of Fel
nanoparticles from hexane dispersion show
considerable  contamination even  aft
washing, so this method was not pursu
further.
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A second method for achieving particl
isolation is modifying the monolaye
deposition process. By decreasing the parti
concentration of the dispersion it is possible
reduce the particle-surface reaction ra
Similarly the submergence time of the samp!le

can be shortened in order to limit th Figure 3.8 — STM microscopy image of 40

substrate’s exposure. nm gold nanoparticles drop-cast on gold (I =
0.4 nA, V =0.4V, room temperature).
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Topography [nm]

As described at the beginning of this chapter #godition of an FePt nanoparticle monolayer
uses a 10 mg/ml dispersion of nanoparticles in hexa which the sample is submerged for 10
minutes. After decreasing the submergence tim&@ 80 and 23 seconds the resulting particle
densities were found to be considerably lowersassible when comparing the AFM results of
the 23 seconds sample with those of an FePt mosold@ygure 3.9 a and b, respectively).
Despite the lower particle density the cross-seali@nalysis illustrates that the visible details
are most probably agglomerations of particles, rnmgathat true particle isolation is not yet
achieved.
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Figure 3.9 — AFM topography scans of FePt nanogtet deposited on a PEI polymer layer from a 10

mg/ml nanopatrticle dispersion, with height profiledken along the marked paths. (a) Densely packed
monolayer, grown by 10 minute submergence. (b) Loemrsity layer, 23 seconds submergence. Isolated
features are visible on this sample, despite anasgm decrease in resolution caused by tip imaging.
Large topographical amplitude suggests however features are agglomerations rather than single

particles.

To further improve on these results the nanopartitispersion was diluted to 1 mg/ml and
samples were submerged for 5, 10 and 20 secorglseslts of which are shown in Figure
3.10. The 5 seconds deposition produces a padisigbution similar to that of the 23 seconds
10 mg/ml sample, while the topography is reducel-onm which lies in the range of single
particle dimensions.

The reproducibility of this result is however cdllato question by the longer submergence
times, which reveal very different outcomes. Fig8r&Ob (10 seconds submergence) shows a
very loosely packed but already nearly closed mayesl forming on the surface, with some
large agglomerations of particulate matter randomelgosited on top. The openings in the layer
reveal that the layer is approximately 3 nm thimkone monolayer of nanoparticles. Comparing
this to the 20 seconds sample (Figure 3.10c) itbmaseen that the monolayer packing density
increases with submergence time. Interestinglyogenings in the layer are much larger in the
latter case, which might indicate movement of pées along the surface as the layer self-
arranges in a denser packing phase.
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It is also quite obvious that the layer openings fimmed in a circular pattern, with some
particle agglomeration occurring at the edges. Altfh this pattern suggests some magnetic
interaction between the monodomain nanopartictesiy superparamagnetic behavior at room
temperature would seem to preclude this: Usingrasotropy constariKa on the order of 10
JIn[45] and an attempt periag of 10° s [46], the Néel relaxation time at room tempemafor

a 4 nm FePt nanoparticle can be computet,as 7, exI:(KaV/kBT) ~ 10° s, whereV is the

nanoparticle volumekg is the Boltzmann constant anid the temperature in Kelvin. This
extremely short relaxation time should render arggmetic interactions irrelevant on the
timescales involved in particles arranging thenmeglon a surface.

The circular patterning may instead be a resulhefsample drying process (nitrogen flow)
which could cause the particles to clump togetherthee solvent film is evaporating. The
somewhat circular clustering of nanoparticles adotimre PEI hillocks shown in Figure 3.5b
could be seen to support this, as it is probalaé tthe hexane solvent starts evaporating at the
hillocks causing the particles to flow down thepgdowards the valleys.

05 1,0 1,5 00 0,5 1,0 15 00 0,5 1,0 15
X [um] X [um] X [um]

Figure 3.10 — AFM topography scans of FePt nandpks$ deposited on a PEI polymer layer from a
1 mg/ml nanopatrticle dispersion, with height prediltaken along the marked paths. (a) Isolated featu
in the single-particle range (5-6 nm), 5 secondsnsergence time. (b) Very loosely packed monolafyer o
nanoparticles showing some gaps and second-layecifitates, 10 seconds submergence. (c) Denser
monolayer of particles with large, circular gaps daragglomerations along the edges, 20 seconds
submergence.

The above results illustrate the very high senigjtiof the growth process to the submergence
time. It appears that the self-assembly process the first few seconds governed by high-

speed adsorption of large amounts of particles hwigjgickly cover the entire service, after

which growth switches to an ordering process winicheases the packing density.

To obtain a more controllable deposition, the namntigle dispersion was diluted to 50
png/ml to further slow down the nanoparticle deposikinetics. Figure 3.11 shows the result of
300 second submergence using this concentratimealiag 3-5 nm features that strongly
suggest single particle deposition. This notioreidorced by a significant decrease in the
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Figure 3.11 — AFM topography scans of ket nanapees deposited on a PEI polymer layer from a
50 pg/ml nanoparticle dispersion, with (a) 300 setxy (b) 60 seconds and (c) 15 seconds submergence.
The height profile (d) shows isolated features betw2 and 6 nm, which is evidence for single partic
deposition.

number of agglomerations compared to previous t®sélfurther decrease in particle count is
also possible, as illustrated by the 60 and 15rmsceubmergence samples (Figure 3.11 b and c,
respectively).

This shows that at 50 pg/ml the dispersion conaéintr is low enough to prevent
immediate large-scale adsorption, limiting the defian process to the speed of nanoparticle
diffusion to the substrate surface.

3.4 Anchoring layer performance

The performance of the two anchoring methods desdrin the previous sections can primarily
be measured against their ability to keep isoldteBt nanoparticles immobile during STM
topography scanning. Two room-temperature scatfseo€9 dithiol system are shown in Figure
3.12. These scans were taken at very low setpairemt in order to increase tip-sample
separation, which prevents damage to the dithiadlSfuring imaging. The bias voltage was
also kept relatively low, partially for protectiah the SAM, but also to prevent the Ptlir tip from
attracting stray dithiol molecules, which wouldaatt themselves to the Pt material and reduce
tip quality.

The spotted pattern on the surface is typical doth{iol monolayers on gold and has been
identified as monatomic steps in the gold substratther than imperfections in the dithiol
SAM. The formation of these single-step holes im giold layer is thought to be caused by an
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Topography [nm]

etching effect inherent to the molecular self-adsgnprocesses of thiol adsorption [47-50].
When taking the cross-sectional profile along amehsdepression (Figure 3.12b, profile 1), the
depth indeed equals one Au atomic step (25 nm).

Nanopatrticles are visible in both scans of Figu23In the case of subfigure b the particle
remained stationary during multiple successive scaimowing that it was firmly attached to the
dithiol SAM. As is visible in Figure 3.12a howevesther nanoparticles were not as well
anchored and were dragged across the surface ISTitip.

It is interesting to note that the height profifetle stationary particle is only about 0.4 nm,
whereas the measured height of the moving paréia®unts to more than 1.5 nm. This,
together with the fact that the expected particgemeter is around 3 nm, suggests that the
anchored particle is in fact embedded in the ditlaiger. When a particle is partially buried in
the monolayer, for example at one of the dithioMs8epression sites, it strongly increases the
chance of multiple thiol molecules being adsorbedhe nanoparticle surface and the anchoring
becomes much stronger. This could however mearstiatgly anchored particles are closer to
the gold substrate than the SAM thickness of thei@8ol SAM would suggest.
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Figure 3.12 — STM topography scans and height [@®®f nanoparticles on a C9 dithiol monolayer on

gold (V =0.1V, | =50 pA). (a) Monatomic stepAaf with a nanoparticle dragged across the surfage b

the STM tip. The cross-sectional profile measungsreximately 1.5 nm in height. (b) Close-up of a

strongly anchored nanoparticle, measuring only ab@4 nm. Both scans show the typical SAM 'holes’,
which are the same height as one atomic step.

Repeating the experiment at low temperature ledgproximately the same results. The
topography scans in Figure 3.13 were performed at40 K and show a strongly anchored
nanoparticle, with a measured height of about @8 &as well as a loose nanoparticle being
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pushed away by the STM tip, measured at about.9The low temperature appeared to have
no influence on the particle immobilization, as oparticles could be seen moving across the
surface in about half of all topography scans, ketthow and room temperature. Anchored
nanoparticles, although resolved less commonly tmabile ones, were also found equally
often in both experiments.
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Figure 3.13 — Low-temperature STM topography sdans 50 pA, V = 0.5 V, T= 40 K) and height
profiles of (a) fixed and (b) mobile nanoparticlasa C9 dithiol SAM.

In the case of Figure 3.13a, some barely visiblaildecan be discerned that may be the
depressions in the gold layer described abovepbertall it is clear that these scan results are
not as detailed as the ones shown in Figure 3rit2rdstingly this problem occurred for all
scans at cryogenic temperatures, even when meaaustightly higher voltages to compensate
for lower electron energies. As the piezoelectrisifioning system of the STM tip should
become more stable at lower temperatures, the dasece noise and low resolution in low-
temperature scans is probably caused by low tifitguat stronger tip-sample interaction.

This effect may be explained by the higher tunmgliesistance one can expect at lower
temperatures. When cooling down the system anyridigr activated hopping conduction, for
example through defect states present at the aueidr in the SAM, is suppressed. This would
force the feedback loop to approach the tip cltsdhe surface, increasing its interaction with
the surface. It is also possible that pollutantshsas organic molecules or small nanopatrticles
are more easily adsorbed onto the STM tip at loveenperature (gettering effect). Such
pollutants can introduce secondary conduction patlisgreatly reduce scan resolution.
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Figure 3.14 — Two sequential STM topography scaiesving poor nanoparticle anchoring
on an LSMO/PEI surface (1 =50 pA, V =1V, roomrmperature).

Particle anchoring on the PEI polymer layer wasstigated on a lgaSty sMnO; (LSMO)
conducting oxide sample, the fabrication of whichl we discussed in more detail in the
following chapter. Figure 3.14 shows two successimam-temperature scans of the same area,
imaged at a current setpoint of 50 pA and a voltaige of 1V in order to maintain a large tip-
sample separation.

Some nanoparticle can be seen to move during tha édisappearing either during
scanning or in between the two scans), whereasfispdlg agglomerations of particles remain,
for the most part, stationary. Topographic heightboth moving and fixed nanoparticles
measure approximately 0.7 nm. Isolated nanopastisith strong substrate anchoring were not
readily found on PEI samples, meaning the polymsemuch less suited for single particle
anchoring than for particle monolayers (Figure .3.3)

This difference means that the attractive and/pulsve forces of the STM tip, while not
sufficient to overcome the anchoring of particlesked in a monolayer, is strong enough to
move particles with a larger degree of freedom.sTéuggests an interaction between the
nanoparticles that help the physical stabilizabara surface.

The blurriness of the results above reveals thagtrality of the STM tip is quite low. This is
probably caused by tip-sample interactions, ocegrdespite the use of low current and high
voltage. Measurement resultsTat 40 K (not shown here) were comparable to thosean
temperature, aside from an increase in tip degi@dalhis issue will be discussed in more
detail in the following chapter.
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|4 Experiments

Having established in the previous chapter a rigiaiethod to deposit isolated nanoparticles on
surfaces and immobilize them to some degree, tmpter will detail the STM-based single-

electron tunneling and magnetoresistive experimefiise device structures for these

experiments will be discussed in detail, and Colidrtockade in FePt nanoparticles will be

demonstrated.

4.1 Sample preparation

In order to facilitate magnetoresistance measur&rara later stage, the first experiments were
carried out on samples with a ferromagnetic layeh & tunnel barrier on top. Using a Metal-
600 MBE ultrahigh vacuum electron beam evaporaydDGA Instruments, a ~10 nm thin film
of cobalt was grown on Si/SjCsubstrates. This cobalt layer serves as the bottontact
electrode and can form a magnetic tunnel junctiMiTJ) together with the magnetic
nanoparticles. To prevent atmospheric oxidatioa,dbbalt is capped with a 2.5 nm aluminum
film which is subsequently plasma oxidized to fam3 nm aluminum oxide layer. Following
the methods described in Chapter 3, the surfacésest samples are covered with a PEI layer
and FePt nanoparticles are deposited.
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Figure 4.1 — Room-temperature STM topography sdaa ©o/AbOL/PEI surface with two
(agglomerations of) nanoparticles visible (1 = 58,pv = 3.0 V).

Figure 4.1 shows the result of a surface scan pedd with very low current setpoint at high

voltage, in order to obtain a large distance betwssmple and STM tip. Despite this large
separation the image appears quite blurry, whigvidence of a considerably poor tip quality
caused either by the tip crashing into the surfacparticles or molecules being picked up by
the tip. The large height of the two raised feaushows that, if these details are FePt
nanoparticles, they are probably agglomerated.tiMoedetails were only loosely adsorbed on
the surface as they were no longer visible in &sgbent scan.

The difficulty of maintaining a good tip quality dhese Co/AIOs/PEI samples is caused by
the thick tunneling barrier (AD; and PEI) covering the cobalt electrode. To overdinis high
tunneling resistance the STM tip needs to comeecltusthe surface, which increases the risk of
the tip making physical contact with the surfaceewlit encounters a high topographic feature
during scanning. This problem was found to be sfifonompounded when cooling the system
to cryogenic temperature, to the point of teariffgseveral micrometers of material from the
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Ptir needle during approach or while scanning. Tkeimperature dependence indicates that
conduction through the ADs/PEI barrier is dominated by thermally activategpping. The
lower thermal energy leads to an increase in ttad tesistance and forces the feedback loop to
further decrease the tip-sample separation, caubmdip to make physical contact with the
substrate. The intensity of tip breakdown also sstg that the PEI layer becomes stiffer at
cryogenic temperatures, making the consequencas 8fTM tip crash much more severe.

Because of the above issues, the use of cobalin@gaetic substrate layer was abandoned in
favor of La-SrhMnO; (LSMO). LSMO is an electrically conducting, perkiie complex
metal oxide that can be made to be ferromagnetiooah temperature [51]. The main advantage
of using a conducting oxide is that the high swefsiability obviates the need of a capping layer,
eliminating about half of the barrier thicknesstticaused problems on the Co/Al203/PEI
samples. LSMO specifically has the added advantddeeing halfmetallic in bulk, meaning
that the density of states at the Fermi level Issg to) 100% spin polarized. At the interface
however, where the majority of electrons will tuhrieis polarization may be partially lost.

LSMO layers were epitaxially grown on two Ti@rminated SrTi@ (001) substrates
(STO) using pulsed KrF laser ablation of a stoioiétric La -SrpsMnO; target, at a pulse rate
of 5 Hz and a fluency of about 1.9 Jfcatross a spot of 2.42 rinDeposition was performed
in a 2.6:10 mbar Q ambient at a temperature of 750° C, after whiehsamples were cooled
down at about 10° C/min.

The material properties of LSMO grown in this fashhave been reported on in reference
51, which for a layer thickness above 15 unit céH6 nm) include low electrical resistivity
(<10? Qcm, favorable for STM imaging), low magnetic coeityi (<25 Oe, allows easy
magnetic switching of the layer) and high Curie penature (>300 K, enables room
temperature TMR experiments).
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Figure 4.2 — Room-temperature STM scan of a 50 eglitLSMO layer (I = 100 pA, V = 1.0 V) with
height profile along the four 100-150 nm wide teea, covered with large islands one unit cell ilghe
(d= 0.4 nm). A large number of nanometer-sized spaekalso visible.
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Figure 4.3 — Small-scale STM scan of a 50 unit ¢&MO layer (I = 100 pA, V = 1.0 V, room
temperature) giving a more precise profile of tl@aislands covering the surface. The dimension®are
the same order of magnitude as those of the FeRtperticles.

The first LSMO sample was grown to a thickness @fubit cells (~20 nm), monitored by in-
situ reflection high-energy electron diffractionHRED) measurements. The topography scan
shown in Figure 4.2 reveals atomically flat tersae@proximately 150 nm wide, covered by
large island one unit cell in heighd € 0.4 nm). This shows that growth of the 51st |dyad
already commenced the moment deposition was haltéatge number of nanoislands are also
visible, either one or two unit cells high, whictegrobably the first step in the formation
process of mesoscale islands that, when joinedhtegdorm a new layer.

These nanoislands being only a little smaller tthenFePt nanoparticles (Figure 4.3) gives
rise to some concern for the usability of this stgte in SET experiments, as it may become
difficult to distinguish the two in an STM topogtapscan. For this reason, the LSMO layer
thickness on a second substrate was decreasedunit?2@ells (~8 nm), to obtain a smoother
surface.

Due to an anomaly in the RHEED pattern it was detiduring the growth process to halt
deposition at the peak of the RHEED signal rathentthe bottom. This led to the surface
shown in Figure 4.4, a large number of intercoreg@tlands forming a very open layer. Due to
the non-continuous layer growth the number of nglands is difficult to compare to that of the
earlier sample, but the difference does not apjoelae very large.
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Figure 4.4 —STM topography scan of a 20 unit c&MO layer (I = 100 pA, V = 1.0V,
room temperature). Because deposition was stoppeal RHEED peak instead of at a
bottom the top layer is grown only partially. Thenmber of nanoislands does not appear to
have been decreased with respect to the 50 unitagelr.
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The magnetic properties of the two LSMO layers asasared by VSM at room temperature are
shown in Figure 4.5. It is visible that the totahgnetization is independent of the angle of the
(in-plane) applied field, which means that theradgsin-plane easy axis in the material. The
magnetic coercivity is very low, about equal to theolution of the measurement (5 Oe), but
the film does appear to be ferromagnetic at roonperature.

Comparing the results of the two samples reveals ttie saturation magnetization of the
thicker layer is 40% smaller than that of the tkinrone (about 200 and 340 emuicm
respectively). A similar saturation difference @m temperature was reported in reference [51]
between 23 UC and 70 UC films (15% decrease). TimeeGemperature of thin LSMO layers
being relatively close to room temperature, thisirsdion anomaly may be related to the onset
of superparamagnetic behavior.
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Figure 4.5 — Magnetic properties of two BIOSMO substrates measured using VSM at
room temperature. There is very little angle depsm#d on the magnetization, and the
coercivity is below the measurement resolution € D both cases. The inset shows the
same graph at a larger field scale, showing tha thinner LSMO layer has a higher
saturation magnetization.

Although the use of a magnetic substrate layemigssential requirement for observing any
spin valve-like behavior, this requirement does ragply to single-electron transport
experiments. For this latter case it is therefoossible to use other substrates, specifically
tailored to this application. A highly conductivebstrate can be advantageous for investigation
of conduction effects, as a higher density of statiows for a larger tip-sample separation at
the same current setpoint. This can protect batistinface and the STM tip from damage.

In order to effectively distinguish isolated nandjudes using STM, it is also preferable to
have a substrate surface with very low roughnesistiiese reasons the SET experiments were
performed on flame-annealed gold, which offers ity high conductivity and the property of
forming large, atomically flat terraces on the ordeseveral hundreds of nanometers wide. An
added advantage of the flame-annealing procebsiistte high temperature flame helps remove
contaminants from the gold surface [52,53].

The flame annealed gold samples used in this giejeexperiments are prepared from
prefabricated glass substrates with a >200 nm exattlayer of gold (‘Gold arrandee’). These
substrates are heated in a hydrogen flame for titesrand then allowed to cool down to (close
to) room temperature in air for 1 minute. Immediatgter cooling the samples are submerged
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in a dithiol solution (see Section 3.2), in ord@ptevent surface contaminations from prolonged
exposure in air. Figure 4.6 shows the typical stmgcof the flame annealed surface, consisting
of flat terraces lying between slopes of many sssiwe atomic stepsd(= 0.24 nm). The
observed terrace size lies between 40 and 200 nm.
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igr 4.6 — yical ST™M toporaphy scans of a @aannealed golurface with C9 dithiol SAM (I =
100 pA, V = 0.1 V, room temperature). (a) Monatosta&p separating two >200 nm terraces. (b) Many
successive steps bordering an atomically flat teerabout 40 nm wide.

4.2 Experimental methods

In order to perform the single-electron tunnelixgperiments described in Chapter 2 a number
of practical issues need to be considered. Sireavtihrking of a scanning tunneling microscope
is based on a feedback loop keeping the tunnelingiot constant by adjusting the tip-sample
separation, the first concern when measuring aentsoltage dependence is the need to
prevent this feedback from reacting to the chamgihé tunneling current. For amy sweep
the feedback must therefore be disengaged untivaitage sweep is completed, in order to
keep the tip at a constant height from the sample.

In theory, the tunneling current should exactlyretto the current setpoint once the voltage
sweep is completed and the bias is returned topisational value. In practice this is however
never the case, as thermal, mechanical and eldiuctuations in the STM will always lead to
a changing tip-sample separation during the measnt In particular any fluctuation in the Z-
piezo will directly lead to a change in tip-samglkeparation, greatly affecting the tunneling
current. Only when the feedback loop is reengagedite STM compensate for these drifts and
will the tip height return to its previous value.

Figure 4.7 shows the flow and timing diagram of/gidal I-V measurement. The moment the
feedback is disengaged the software begins rantpiedias voltage to the selected starting
value. After a short stabilization time the biasweept through the measurement range at a set
ramp rate, pausing at set intervals where the oursignal is to be sampled. At each
measurement point the system can be set to wad fme-sample delay before the current is
measured. A measurement point can also be avemagedc number of samplings to increase
the signal to noise ratio.
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Once the measurement sweep is finished, the volsageturned to the bias setpoint and the
feedback loop is reengaged. When acquiring mulspleeps in sequence, a waiting period can
be set to allow the feedback loop to stabilizettmmeling current in between measurements.

As mentioned previously it is essential to note tha stability of the tunneling current can be
greatly impaired by drifting effects once the feack loop is disabled. This means that for a
reliable -V measurement the total measurement time shouldepieds short as possible. The
settings used in this project are listed in Tahle 8y using a large setup and sweep rate a
larger fraction of the measurement time can be tspenactual sampling. Using the printed
settings a measurement containing 81 data poimt$eaxecuted in about 100 ms, which is in
most cases sufficient to prevent destabilizatiotheftip.

Table 4.1 — Timing parameters for |-V spectroscap@asurements.

Samples per point 50
Pre-sample delay 400 us
Sampling time 5us
Voltage stabilization 10 ms
Voltage setup rate 100 V/s
Voltage sweep rate 50 V/s

A second consideration for practical SET experimestthe bias and current setpoint settings
used during measurements. Because the Coulomb ddeckffect is visible symmetrically
around zero bias, the settings must be such tleat a/low bias the tunneling current remains
measurable. For a large bias setpoint in combinatith a small current setpoint the tip-sample
separation can be so great that, as the voltag@asped down, the current signal will drop to
zero regardless of whether or not an actual bloeksaideached.

Figure 4.8 illustrates this problem, showing tw® measurements on a Cof@k/PEI
surface which, due to the thick barrier layer, waemasured at a high bias setpoint and very low
current setpoint. In both cases the measured dug@ss to zero when the voltage drops to
about one third of the setpoint. This shows thi idinot the Coulomb blockade effect, as the
threshold voltage should be independent of the d@gzoint (Equation (2.3)).

4 Experiments Page 38



Investigation into the transport properties ofasetl FePt nanoparticles using STM

In order to prevent this problem, the bias setpsimuld be kept on the order of the expected
blockade voltage. To sweep a larger range it isipssto start measuring at a voltage higher
than the bias setpoint, using the voltage setypistEigure 4.7.
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Figure 4.8 — Room-temperature current-voltage s@scbpy measurements at a current setpoint of 50
pA and a bias setpoint of 3 V (left) and 1 V (r)gBoth curves are averaged over 10 measuremeitts, w
the standard deviation shown as vertical bars. bthbcases the current approaches zero when the
voltage drops below one third of the bias setpaghtwing that this is not the Coulomb blockadeceffe
but rather a loss of tunneling current due to tamke tip-sample separation.

Similar to sweeping the voltage in SET measuremepis-dependent transport experiments in
an STM consist of sweeping the magnetic field whileasuring the tunneling current. In the
equipment used in this project the magnetic fisldpplied by running DC current through a
Helmholtz coil pair, controlled by two 400W powarpplies. Because these power supplies
experience a very heavy inductive load the switglipeed of the magnetic field is limited by
the maximum voltage output (x50 V).

For the coils in use it was found that using theapeeters listed in Table 4.2 a field sweep
can be executed that takes about half a secondeacties a peak coil current of about 1.2 A.
The magnetic field strength at this current wassuezd to be 13.6 Oe outside of the vacuum
chamber. Because Helmholtz coils are designed namize the non-uniformity of the magnetic
field between the coil planes, the field at the glenmolder (inside the vacuum chamber) can be
expected to be similar to the measured value.

As was shown in Figure 4.5 the room temperaturecoaty of the LSMO layers is well
beneath 10 Oe, meaning that reversing the subsieer magnetization for TMR
measurements at that temperature is possible etkettings shown. For experimentJ at40
K a slightly stronger field may be required, as tioercivity of LSMO layers of at least 20 UC
atT = 10 K was reported to be about 20 Oe [51].

Table 4.2 — Timing parameters for |-V spectroscap@asurements.

Samples per point 25

Pre-sample delay 200 us

Sampling time 5us

Voltage stabilization 0 ms

Control signal to BOP 50- 1.85V to -1.85V, 47mV,
8M power supply step, bidirectional sweep
Control signal setup rate 50 VI/s

Control signal sweep rate 50 V/s
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In order to facilitate spin transfer torque expennts a spin-polarized tunneling current can be
injected into the nanopatrticle by reversing the Shisls voltage, so that electrons no longer
tunnel from the STM tip but from the magnetic sulist. As was mentioned in Section 2.6, a
typical current density required for spin trandfenque switching is on the order of 1&/cn.
If we assume that the tunneling current flows axtbg entire cross-sectional surface area of a
3 nm nanoparticle, an estimate for the requiredichivig current can be calculated to be
ls=Jsmr’~ 10° A.

The STM equipment used in this project is desigieedperate at setpoint currents up to
10 nA, meaning that with standard equipment theckivig current density probably cannot be
reached. This problem may be alleviated by applgngagnetic field to partially reorient the
nanoparticle magnetization, lowering the energyibarequired for spin torque switching. The
maximum field strength available in the used sétupowever on the order of 100 Oe, which is
much lower than the saturation field strength & ttanoparticles (see Figure 3.2), so a large
current may still be required in this case.

Lowering the energy barrier for magnetization shiitg is also possible by increasing the
thermal energy through local heating of the nanigpar Joule heating caused by large local
current densities has been reported to aid STMebapm torque switching of Fe nanoislands
grown on a W surface, which however still requieesipin-polarized current pulse on the order
of 10° A for ~100 ms to switch magnetization [54]. An ofarized current pulse of the same
magnitude was also reported to be able to reverhtagnetization in most cases, which means
that reverting the nanoparticle magnetization camidne either by switching the magnetization
of the substrate or by reversing the directionusfent flow (from the STM tip).

It should however be noted that, since all conductd and from an isolated nanopatrticle
occurs through tunneling, there may not be enowghl/ classical flow of electrons in the
nanoparticle to cause significant Joule heatingldttron-phonon interactions are not likely to
occur in the island, the electrons will not be abléransfer any energy before they tunnel out.
In this case all Joule heating will take placehea substrate and STM tip, where the energy can
easily flow away into the bulk.

4.3 Single electron tunneling experiments

The first evidence of single-electron tunneling ved¢ained on a flame-annealed gold sample
with C9 dithiol SAM. Thel-V curves shown in Figure 4.9 are each averaged 6ver
measurements at the same location, performed at temperature. All spectra are measured
during topographic imaging, meaning that the STpvsanning the surface is paused for a short
time while the spectrum is measured, after whiéhttipographic scan continues from the same
location. This enables very accurate control ofltlmation where each spectrum is measured, as
there is no time for drifting processes to influetiee tip position.

The on-particle and off-particle curves reveal gngicant shape difference, with the on-
particle spectrum showing lower current at low ag#s (V < 0.1 V). At higher voltages the two
curves cross and the on-particle current becong®ehithan the off-particle current. The two
curves remain separated even after consideringstdwedard deviation of the measurement
averaging, particularly at low voltages.

These results are verified in repeat measuremieotis at the same and at different locations.
This suggests that at room temperature the nanclpaate at the onset of Coulomb blockade, in
this case with a threshold voltage of approximaelyVV. The Coulomb charging energy would
then be 0.2 eV, which is within reasonable rangethaf estimated 90 meV for a 4 nm
nanoparticle in Section 2.4.
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Figure 4.9 — Room-temperature STM topography sdaRe®t nanoparticles on flame-annealed gold
with C9 dithiol SAM (I = 50 pA, V = 0.1 V), withM-spectroscopy measurements performed at the
marked locations. Both I-V curves are averaged &vareasurements, with the standard deviation shown
as vertical bars. The on-particle spectra showwdo current at low voltage, suggesting partial Goab
blockade.

Similar spectroscopic measurements were perforimedhe same sample, after cooling down
the system td@ =~ 40 K. The spectroscopic curves in Figure 4.10 shiear Coulomb blockade
behavior of the nanoparticle, with the slope abaitage virtually flat (zero conduction). The
topography profile of the nanoparticle has beersgmted before in Figure 3.13a, showing a
height of 0.8 nm.

Apart from the Coulomb blockade, also the Coulonthirsase is observed in this
measurement. The on-partid/ curve is repeated in Figure 4.11 together witHoa pf the
derivative of the tunneling currerd)/dV. At each point where the derivative approaches zer
the electrons are blocked from tunneling by thectebas occupying the nanoparticle at that
energy level (voltage).
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Figure 4.10 — Low-temperature STM topography sdaReft nanoparticles on flame-annealed gold with
C9 dithiol SAM (I =50 pA, V = 0.5 V, ¥ 40 K), with I-V spectroscopy measurements perfdratehe
marked locations (5 averages, standard deviatimwshas vertical bars).
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Figure 4.11 — On-particle 1-V spectrum of an FeBhaparticle at T~ 40 K , repeated from

Figure 4.10, plotted with its 3-points numericalriglative. The conductivity peaks are
spaced approximately 0.15 V apart.

The Coulomb staircase allows us to easily extrapdlze Coulomb charging energy and from
that calculate the capacitance of the nanoparfidie. peaks in the current derivative plot of
Figure 4.11 are spaced approximately 0.15 V apdrthese peaks the conductivity is high,
meaning that the tunneling electrons have enoughggrto overcome an extra unit of charging
energy &C. This allows conduction to go from single eleatrtunneling to double electron
tunneling, then to triple electron tunneling, ands.

This means the Coulomb charging energy of the remtiofe is 0.15 eV, which is close to
the results obtained at room temperature and \eaganable when compared to the 90 meV
estimated for a 4 nm nanopatrticle. Using Equat@#d)(the total capacitance of the double
tunnel junction can be calculated to®e 1.1 aF.

An immediate repeat measurement at the same ndiotgagives thel-V spectra shown in
Figure 4.12. The separation between the on-pardiateoff-particle curves is particularly clear
in this measurement and the previously obtainedkalde voltage is verified/tg = 2Vy, = 0.15

V). The fact that the Coulomb staircase is no longsible means that the inbound tunneling
resistance has become high compared to the outbhmsmstance (see Section 2.2). It may be
that the nanoparticle was moved by the STM tiprekesing the outbound resistance. In order to
maintain a constant tunneling current the STM feedoop would then have to increase the
tip-sample separation, increasing the inbound turesstance and thus amplifying the initial
change.
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During the course of the STM experiments, the Qobldlockade was observedTat 40 K on
more than ten different nanoparticles. In all cadesresult was reproducible by immediately
repeating the measurement, and identical resuits algained for over 10 repeat measurements
on some nanoparticles. The Coulomb blockade cowddrdadily achieved at cryogenic
temperatures for almost all nanoparticles foundb imaging. This is probably because the
particle size distribution quickly drops to zera thameters greater than 4 nm (see Figure 3.1),
meaning that the Coulomb charging energy is greagar the thermal energy in almost all cases.
It also illustrates the importance of strong nambgla anchoring, as finding immobile particles
seems to be the limiting factor in this experiment.
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Figure 4.12 — On and off-particle I-V spectra, maa&sl at the locations marked in Figure
410 (1 =50 pA, V = 0.5V, ® 40 K). Each curve is averaged across 20 measuremen
with the standard deviation shown as vertical baise threshold voltage is approximately
75 mV.

4.4 Magnetic substrates

As has been explained in Section 4.1, the samed for magnetic experiments are based on
STO/LSMO substrates in order to decrease the bathiekness and thus the tunneling
resistance. The effectiveness of LSMO can be datednby comparing the topography scan
results to those of the Co/&; samples. Figure 4.13 shows a room-temperaturel@md
temperature STM topography image of the 20 UC LS8#mple covered with PEI, using a
newly cut STM tip for both scans. Comparing thesages to the scans of the empty samples
(Figure 4.4, without PEI) the results are decidel#lys clear, but the large-scale surface
structure is still resolved in both cases.

In the room-temperature scan (Figure 4.13a) the gpricture of the half-grown top layer
is partially visible, as are a large number of rsmate details that appear to be the nanoislands
seen before on the clean surface. At low temperdtawever most of these details appear to be
washed out by tip bluntness, which can be recognigethe almost closed appearance of the
LSMO layer. This indicates that tip degradatiostii a severe problem when using PEI as an
anchoring layer, even on LSMO substrates. The as&@ noise visible in Figure 4.13b shows
that, similar to the results on cobalt, more tipndge is incurred during low-temperature
scanning.
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Figure 4 13 STM topography scans of az20 UC LSM,@r covered wrth a PEI Iayer and |solated FePt
nanoparticles (I = 100 pA, V = 1.0 V). (a) Room-parature scan showing the open structure of thé hal
grown top layer, as well as sparse nanoisland ghowb) Low-temperature scan showing evidence of a
blunted tip (T= 40 K).

On the 50 UC sample a similar problem occurs, abdsvn by the scan result in Figure 4.14. In
this scan the tip can actually be seen to degradiheascan progresses, with the noise level
strongly increased further down in the image. Fibins it can be concluded that the tunnel
barrier is still too thick to allow good qualityat images to be made. Nevertheless the results
are much better than what has been obtained o€l O; samples, which could not be
imaged at all. This shows that decreasing barh@kness is the main concern for these
experiments.

Because of the very short STM tip lifetime on theamples it was not possible to find isolated,
immobilized nanoparticles on the substrate surfacespin-dependent transport experiments.
Mobile nanoparticles were however observed, whatifies the conclusion made in Section 3.4
that the anchoring of FePt nanoparticles on PBobtsvery strong.
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Figure 4.14 — STM topography scan of a 50 UC LSlstly@1 covered with a PEI layer and
isolated FePt nanoparticles (I = 100 pA, V = 1.0 V5 40 K). The tip quality can be seen
to degrade as the scan progresses (from the topdavds).
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|5 Conclusions and recommendations

The goal of this project was to investigate thetete transport properties of FePt nanoparticles
using STM spectroscopy, focusing on single-electtomeling (Coulomb blockade) behavior
and spin-dependent transport (TMR measurements)thi®the isolation of nanoparticles on
various surfaces was investigated and achievedighraontrol of the nanoparticle dispersion
concentration and the submergence time of adhasibstrates in this dispersion. The results
were verified by STM topographic and spectroscopieasurements. For single-electron
experiments highly conductive gold surfaces wereriéated, while for TMR experiments
cobalt and LSMO surfaces were fabricated as fergmmtic substrates.

To obtain particle immobilization on gold substeageC9 dithiol SAM was applied as adhesion
layer. Nanoparticle anchoring was found to be stramough to allow spectroscopic
measurements, although the immobile particles apgea be partially embedded in the SAM.
This is an unwanted effect, as a decreased pasiitistrate separation leads to a higher
outbound tunneling ratg,, which is at odds with the requirement for obsagvihe Coulomb
staircasel(j,>>I,, See Section 2.2).

It is possible that a better particle immobilizatican be obtained using molecules with a
longer alkyl chain. The C9 dithiol molecule is sfgrantly smaller than the oleic acid and oleyl
amine surfactants on the nanoparticle, which makemae ligand exchange process more
difficult. On the other hand longer dithiol moleeslmay give rise to a stronger prevalence of
the looping phase during SAM adsorption, so camulshbe taken to maintain the desired
(standing-up) growth mode. A longer alkyl chainhailso lead to a thicker adhesion layer with
a higher tunnel resistance, so the chain lengtluldhbe optimized such that the tunnel
resistance is low enough to allow STM imaging.

On metal oxide substrates a thin PEI layer was tsechmobilize nanoparticles. Using STM
topographic imaging it was observed that anchodhgndividual particles on PEI was very
poor, whereas the self-assembly of a particle naymol on PEI was quite effective. This
suggests that interaction between the particlgsshtae physical stabilization.

Low-temperature STM topography imaging of subssatgth PEI was found to be very
difficult due to severe tip degradation. This issmn@robably caused by the feedback loop
approaching the tip too closely to the surfacengyo overcome the high tunneling resistance
of the ~3 nm PEI batrrier.

In view of the success of the C9 dithiol systerbetter performance should be obtainable
by using a self-assembled monolayer of moleculés fer example phosphate groups to bond
to an oxide substrate, as described in referergg &d thiol termination to bond to an FePt
particle. The thiol groups should allow for betparticle immobilization than observed on PEI,
while the reduced thickness of a molecular monaolayié allow the STM tip to approach to
tunneling range without making contact with theface.

Using STM spectroscopy the Coulomb blockade of ntbam ten different FePt nanopatrticles
on flame-annealed gold / C9 dithiol SAM surfacesswabserved reproducibly at low
temperaturesI(~ 40 K), and a clear Coulomb staircase was measuisdg the latter result the
Coulomb charging energy of that nanoparticle wasndbto be approximately 0.15 eV,
corresponding to a total junction capacitance ofl-aF. At room temperature a significant and
reproducible difference between on-particle andpaifticle I-V spectra suggests the onset of
Coulomb blockade, with a charging energy estimated-0.2 eV. Both results are in good
agreement with the estimated charging energy ofia éanoparticleizc > 90 meV.
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On the magnetic Co/AD4/PEI and LSMO/PEI substrates no isolated nanopestiwere found
with strong enough anchoring to allolaV spectroscopy measurements. This means that
improving the adhesion layer is the most importaquirement for future magnetic experiments.
The properties of LSMO (chemical stability, low odigity, strong spin polarization) make it a
more interesting choice than cobalt, especiallyabee cobalt requires a protective oxide layer
which increases the tunnel resistance.

It was found that the measurement setup used # gfoject can supply a magnetic field
strength of >13 Oe if sweeping the field for ab@1& s. The room temperature coercivity of the
LSMO layer was measured to be below 5 Oe, butghtsfi stronger field may be required for
switching the layer at low temperature. The maximtime the feedback loop can be
disengaged before tip-sample separation drift effeecome disruptive was found to be ~100
ms, so the sweep rate will probably have to beeswed as well. This means that stronger
Helmholtz coil power supplies will probably be réga to support the TMR measurements
described in this report.

The monodomain structure and favorable magnetic emeimical properties make FePt
nanoparticles interesting candidates for future meéig data storage systems such as highly
integrated MRAM. To further assess their appliggbih this context it is very interesting to
investigate spin transfer torque switching of tlnaparticles using a spin-polarized current
tunneling from the substrate. The required curdemsities for full current-driven switching are
not trivial to obtain in the STM equipment usedths project, so the use of field assisted or
thermally assisted switching may be more viabletsmhs.
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