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Abstract 
 
Using single, hard-magnetic clusters at the nanoscale may be an important step towards higher 
bit densities and improved performance for next-generation data storage systems. In light of this 
application, this project investigates the electron transport properties of ~3 nm FePt 
nanoparticles using STM spectroscopy, focusing on single-electron tunneling (Coulomb 
blockade) behavior and spin-dependent transport (TMR measurements). 
 
The deposition of single, isolated nanoparticles on surfaces is studied and achieved through 
control of nanoparticle dispersion concentration and submergence time of adhesive substrates in 
this dispersion. The results are verified by STM topographic and spectroscopic measurements. 
For single-electron experiments highly conductive gold surfaces were fabricated, while for 
TMR experiments Co/Al2O3 and LSMO surfaces were fabricated as ferromagnetic substrates. 

Particle immobilization on gold substrates is achieved using 1,9-nonanedithiol self-
assembled monolayers, as demonstrated by STM topographic imaging. For Co/Al2O3 and 
LSMO substrates a ~3 nm poly(ethyleneimine) polymer film is used as adhesion layer. On this 
material anchoring is found to not be strong enough to allow STM measurements, and strong tip 
degradation is observed. 
 
Using the dithiol adhesion layer on flame-annealed gold, the Coulomb blockade is reproducibly 
observed in STM I-V spectroscopy at low temperature (T ≈ 40 K). The Coulomb staircase is 
used to derive a Coulomb charging energy of ~0.15 eV ( =̂  ~1.1 aF total capacitance) for one 
nanoparticle. The onset of Coulomb blockade is also made visible in room temperature 
measurements. 
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1 Motivation 
 
Since the discovery of giant magnetoresistance (GMR) in current-in-plane (CIP) thin-film 
structures of alternating ferromagnetic and non-magnetic materials [1, 2], the field of spintronics 
has gained massive attention from researchers and industry alike. The direct application of 
GMR junctions in magnetic hard disk drive read heads has provided a strong push for further 
development of spin-sensitive electronics and the term "GMR" now appears in thousands of 
patents in the US alone. 

Looking toward the future, incorporating ferromagnetic components into electronic 
structures enables the combination of electronic switching behavior and magnetic memory 
functionality into single devices, promising exciting new possibilities including non-volatility, 
increased processing speed, improved power efficiency and higher integration densities [3, 4]. 
Specifically the magnetoresistive random access memory (MRAM) has been in development for 
some time [5, 6], but although some designs have progressed to the production stage [7, 8] the 
miniaturization of these devices is a limiting factor in their competing with other computer 
memory systems. 
 
To maintain the long-term integrity of magnetically stored data the ratio between stored 
magnetic energy and thermal energy should be on the order of 40 to 60, which puts a lower limit 
on the grain size in magnetic storage media [9]. A significant amount of interest therefore exists 
for the application of patterned media or self-assembled nanoparticle arrays, as data storage in 
isolated, monodomain particles allows for much higher storage densities than multi-granular 
media [10]. 

This research project focuses on nanoparticles comprised of an FePt alloy, which are of 
particular interest because they offer high magnetocrystalline anisotropy, great chemical 
stability compared to other common magnetic materials such as cobalt or iron, and very large 
scales of integration due to their reduced size [11]. Thus self-assembled monolayers of FePt 
nanoparticles are interesting candidates for new magnetic media, and isolated particles can be of 
interest in miniaturization of MRAM designs. 
 
An FePt nanoparticle-based magnetic tunneling junction (MTJ) can offer spin-valve behavior at 
the nanometer scale. The small dimensions involved open a new regime of behavior where new 
effects can be observed and harnessed. An important example of this is single-electron 
tunneling, which occurs when tunneling through an electrically isolated quantum dot of 
extremely small electrical capacitance. Single-electron tunneling has been reported to cause an 
enhancement of tunneling magneto-resistance effects [12, 13, 14], which may lead to an 
increase in readout signal allowing higher storage densities or operating speeds. 

A second concept of interest is the magnetization switching of a magnetic material using a 
spin-polarized current instead of a magnetic stray field. This spin transfer torque switching 
process has been proposed as a highly efficient and fast alternative to field writing and is 
particularly interesting for MRAM applications, as the abolishment of field writing allows 
greatly improved integration levels [15, 16]. 
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To provide a platform for investigating these effects 
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 substrate 
(see Figure 1.1). The double tunnel junction (STM 
tip, nanoparticle and substrate) is required for single-
electron tunneling. TMR experiments can be 
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 
ferromagnetic substrate as a source of spin-polarized 
electrons allows investigation of spin transfer torque 
switching behavior. 
 
In this project the electron transport properties of 
FePt nanoparticles are studied using STM, aimed at 
the combination of spin-dependent and single-
electron tunneling. The experimental prerequisites 
for single-electron tunneling are investigated, dealing specifically with sample preparation and 
practical usage of STM equipment in this context. Chapter 2 of this report will discuss the 
theoretical background of single-electron tunneling, explicitly applied to the system of 
nanoparticular samples in a scanning tunneling microscope. Chapter 3 goes into the details of 
sample preparation, considering the need to anchor FePt nanoparticles to the substrate surface 
and to isolate those particles from their neighbors. Chapter 4 will move on to review the single-
electron tunneling experiment results obtained applying the concepts introduced in the 
preceding chapters. A concluding discussion will finally be presented in Chapter 5. 
 

e 

e 

FePt core 

Figure 1.1 – Electrons tunneling through 
an MTJ structure formed by an STM 
tip, a magnetic FePt nanoparticle 
and a magnetic substrate. 

surfactant 

substrate 

STM tip 
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2 Single Electron Tunneling 
 
Since charge is quantized to the elementary charge carrier, it may appear at first glance that 
single electron tunneling (SET) is a rather trivial affair. In practice however a typical conductor 
allows for transfer of any fraction (or non-integer multiple) of the elementary charge, because 
the current does not consist of single electrons entering and exiting the material. Conduction 
instead arises from the net movement of the electron cloud with respect to the ionized nuclei of 
the material lattice, as illustrated in Figure 2.1. As this movement spans a continuous range, 
transferred charge also becomes a continuous parameter. Thus 
current is in fact not quantized. 

There are however systems where single electron transport 
becomes possible. Although one can already recognize the 
quantized character of conduction across a tunnel junction, net 
current in such a case may still be continuous due to 
accumulation of charges at the junction interfaces. If however 
one introduces a second tunneling barrier in series with the 
first, single electron tunneling can be observed through the 
effect known as Coulomb blockade. 
 
This chapter will explain the occurrence of Coulomb blockade in double junction systems and 
detail the use of scanning tunneling microscopy for SET experiments. Subsequently the 
experimental investigation of magnetic nanoparticles will be discussed, explaining the use of 
single electron tunneling to enhance the tunneling magnetoresistance (TMR) and the possible 
application of spin transfer torque for switching the magnetic orientation of a particle. 
 
 

Figure 2.1 – Movement of the 
electron gas with respect to the 
lattice ions is not quantized. 
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Figure 2.2 – (a) Schematic view of a double tunnel junction enabling single-electron tunneling onto an 
isolated node. The equivalent electrical schematic consists of capacitive coupling and DC tunneling 
resistances. (b) SET leads to an integer number of electrons 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 tunnel junction can be found at the node between 
the two barriers (see Figure 2.2a). Recognizing that conduction to and from this isolated node 
can only occur through tunneling of individual electrons, it becomes clear that the node can be 
charged only by an integer amount of tunneling electrons: eNQ ⋅= where Ζ∈N . Because of 
electrostatic repulsion of those charges, a certain amount of energy is required to add an electron 
to the node, as illustrated in the band diagram of Figure 2.3a. 
 
If we model the isolated node to be capacitively coupled to its surroundings, the total energy 
associated with that node can be expressed as the sum of the electrostatic charging energy and 
the potential energy of the node; 
 

( ) ( )
eN

C

eN
NE ⋅⋅−⋅= ϕ

2

2

, (2.1) 

where N is an integer number of electrons with charge e, C is the total capacitance between the 
node and its surroundings and φ is the electrostatic potential of the node [17]. 

The critical potential φcrit required for adding one electron can be obtained by 
solving ( ) ( )NENE =+1 , yielding 
 ( )

C

Ne
crit 2

12 +⋅=ϕ . (2.2) 

For N=0 this result yields the threshold potential required for electrons to tunnel into the first 
available state of the isolated node, corresponding to the first charge plateau in Figure 2.2b;  
 

C

e
th 2

=ϕ . (2.3) 

 
As long as φ is kept between two critical values ( ) ( )1+<≤ NN critcrit ϕϕϕ  the charging level 

of the node will remain constant. This leads to the step-like charge-voltage relationship shown 
in Figure 2.2b. Consequently, due to the finite residual time of an electron on the island, the 
tunneling current will also increase step-wise with the voltage (see also Figure 2.3 b and c). For 
either case the difference in potential between two steps can be computed as 
 ( ) ( ) ( )( ) ( )

C

Ne

C

Ne
NN critcrit 2

12

2

112
1

+−++=−+ ϕϕ  

C

e= . 
(2.4) 

 
At non-zero temperatures the total charge on the isolated node is not governed solely by the 
electrostatic potential. Thermal activation will allow electrons to tunnel even if the potential of 
the island is lower than the critical value. Observing the Coulomb blockade therefore requires 
the thermal energy to be much lower than the Coulomb charging energy, 
 

C

e
eETkE critcBt

2

=⋅=<<⋅= ϕ , (2.5) 

where kB is the Boltzmann constant and T the temperature in Kelvin. This shows that the 
capacitive coupling to the island should be extremely small; with thermal energy being several 
meV for temperatures below room temperature, the capacitance required is on the order of 
attofarads. 
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In order to observe Coulomb blockade the electrons must be strongly confined to the isolated 
node. This means that the tunnel barriers must be sufficiently opaque, or the tunnel resistances 
sufficiently high. To obtain a measure for the minimum tunnel resistance, we consider the 
energy/time uncertainty due to the principle of indeterminacy; 
 hE ≥⋅δτδ , (2.6) 
where h is Planck's constant. Strong confinement of the electrons means that the average time 
an electron resides on the island must be much larger than the quantum uncertainty of that 
time, δττ >> . Furthermore the uncertainty of the electron energy cannot be larger than the 
energy potential of the island, ϕδ ⋅< eE . Inserting these two relationships into Equation (2.6) 
we obtain 
 

τ
ϕ

⋅
>>

e

h
. (2.7) 

 
For low potentials only a small number n of surplus electrons can reside on the island at the 
same time, so the mean occupation time τ limits the total tunneling current I to 
 

τ
en

I
⋅≤ . (2.8) 

Using Equations (2.6), (2.7) and (2.8), the minimal required tunneling resistance can be 
expressed as 
 

2e

h

enI
Rt >>

⋅
⋅≥= τϕϕ

. (2.9) 

The constant h/e2 
≈ 26 kΩ is the resistance quantum RK, and the condition that Kt RR >>  is 

easily met in the case of tunnel junctions on the order of a nanometer thick. 
 

2.2 The Coulomb staircase 
 
Up until now we have assumed that the island charge level is governed entirely by the tunneling 
of electrons into the isolated node. However although Equation (2.2) holds for any integer N, the 
picture of single and double-electron tunneling (and so on) as drawn in Figure 2.3 can only be 
maintained if the island remains charged. This means we must also consider the tunneling of 
electrons out of the island into the low-potential electrode. 
 
Figure 2.4 shows two cases that take into account both the tunneling rate into and out of the 
isolated node (Γin and Γout, respectively). If the outbound tunneling rate is very high the island 
charge will continuously dissipate, leaving even the lowest island states available for tunneling. 

EF EF 

EF 

EF 
EF 

EF 

Figure 2.3 – Band diagrams of a quantum dot separated from two metal electrodes by tunnel 
barriers. (a) Blockade of current due to Coulomb repulsion. (b) Single-electron tunneling when the 
potential energy reaches the threshold value e2/2C. (c) Double-electron tunneling when the potential 
is increased by the charging energy e2/C. 
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This means that beyond the initial threshold voltage (Equation (2.3)), the tunneling current will 
no longer be blocked (Figure 2.4a). 

If on the other hand the outbound tunneling rate is low with respect to the inbound rate, the 
outbound tunneling becomes a limiting factor and the charge state of the island is maintained. 
This means that the tunneling current is repeatedly blocked until the voltage potential can 
overcome the charging level (Figure 2.4b). This leads to the characteristically stepwise current-
voltage relationship known as the Coulomb staircase. 
 
Modeling the DC tunneling behavior using only the resistances shown in Figure 2.2a, the 
inbound and outbound tunneling rates can be described by the inverse of the tunnel resistances 
Rin and Rout. With this, the requirement for observing the Coulomb staircase becomes 
simply inout RR >> . 

 

 
 

2.3 Junction capacitance 
 
As has become clear from the previous sections, the junction capacitances play a vital role in 
Coulomb blockade experiments. The extremely low capacitances required preclude the use of 
thin-film planar tunnel junctions, but isolated nanoislands can be fabricated in a number of ways 
[11, 17, 18]. 

In first-order approximation, small islands can be modeled as perfectly isolated spherical 
conductors, the self-capacitance of which can be computed as follows. Applying Gauss' law to a 
charged conducting sphere of radius R the electric field outside of the sphere is described as 
 

2
04 r

Q
E

r ⋅⋅⋅
=

εεπ
, (2.10) 

with Rr >  the distance from the center of the sphere. The voltage difference between the 
sphere (radius R) and a spherical conducting shell surrounding it (radius A) can be computed by 
taking the radial line integral of the electric field: 

EF 

EF 

Figure 2.4 – Band diagrams of a quantum dot separated from two metal electrodes by unequal tunnel 
barriers. (a) Node charging cannot be maintained due to a high outbound tunneling rate. (b) Low 
outbound rate limits charge dissipation, leading to the Coulomb staircase.  
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

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⋅⋅
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⋅⋅

=∆ ∫ AR
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r

Q
V
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4
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4 0
2

0 εεπεεπ
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Taking the limit ∞→A for a perfectly isolated sphere, we can then calculate the self-
capacitance as 
 

R
V

Q
C r ⋅⋅⋅=

∆
= εεπ 04 . (2.12) 

 
In a practical situation a nanoisland is never truly isolated from its surroundings, so to improve 
this model we can compute the capacitance between a conducting sphere (the island) and a 
metallic plane (a substrate surface). An expression for this capacitance has been reported to be 
 

( )∑
∞

= ⋅
⋅⋅⋅⋅=

2
0 sinh

1
sinh4

n
r n

RC
α

αεεπ , (2.13) 

where ( )ζα += − 1cosh 1 , Rg=ζ , g is the particle-substrate gap size and R the radius of the 
nanoisland [19]. 
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Figure 2.5 – The right-hand part of Equation (2.13) can be interpreted as a ‘coupling 
factor’ depending on the ratio of the particle-substrate gap g to the particle radius R. 

 
The prefactor in Equation (2.13) equals the expression for self-capacitance derived above. The 
other half might thus be considered a factor accounting for the coupling between the island and 
the substrate. This right-hand part of the equation is plotted in Figure 2.5, showing a 
monotonous decrease with increasing Rg=ζ . This means that if the island radius R is 
reduced, both the self-capacitance and the coupling factor will decrease. This agrees with the 
intuitive notion that in a shrinking system the capacitance should go down. Similarly a 
decreasing particle-substrate separation g will lead to a larger coupling factor, which agrees with 
a zero-order image of decreasing separation in a parallel plate capacitor. 
 

2.4 Coulomb blockade experiments using STM 
 
Typical devices for studying Coulomb blockade are fabricated by embedding, or 
lithographically structuring, conducting nanoislands in thin insulating films [11, 20, 21]. As it is 
very difficult to fabricate a large number of nanoparticles with identical properties, the single-
electron tunneling effects in these devices are averaged out due to distributions in particle size 
and interparticle spacing. This means that this approach is not suitable for actual single-particle 
investigations. 

Rg=ζ    → 
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A more direct tool for contacting individual particles is the scanning tunneling microscope, a 
schematic representation of which is shown in Figure 2.6. In essence, the STM consists of a 
sharp-tipped metal probe (typically either platinum-iridium or tungsten) which is connected to a 
(piezoelectric) positioning rod. This piezo rod can be used to scan the tip across the X-Y plane 
and simultaneously regulates the position of the tip in Z-direction. By applying a voltage 
between the tip and a (conducting) substrate a tunneling current can be measured. A feedback 
loop is then used to regulate the Z-position of the tip such that this current remains constant at a 
specific setpoint. As the tip is scanned across a surface, the feedback positioning signal is a 
measure for the topography. 

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

 
 
Using the STM setup of Figure 2.6 we can give a more specific estimate of the required 
nanoparticle capacitance. Assuming TkE BT 5.3< (typical full width at half maximum of the 
thermal energy), observing Coulomb blockade at room temperature requires a total capacitance 
of at most 1.8 aF (Equation (2.5)). For a nanoparticle 4 nm in diameter positioned 1 nm from a 
substrate plane, using 5.2=rε  (typical of alkanethiols, as have been used in this project for 
nanoparticle immobilization), Equation (2.13) evaluates to a capacitance of 0.87 aF. 

This result does however not yet take into account the capacitive coupling between the 
nanoparticle and the STM tip. If we assume the tip to be terminated by a single atom, the tip-
particle system can be approximated by two spheres of different radii. While it is possible to 
compute the exact capacitance between two conducting spheres [23], a simpler model can be 
used if we assume the tip radius r tip to be much smaller than the particle radius rparticle. In that 
case the tip can be thought to hover over the semi-flat surface of a much larger particle. This 
allows the application of Equation (2.13), with R = rtip << r particle. A smaller radius R leads to a 

Figure 2.6 –Using a scanning tunneling microscope for single-electron tunneling experiments on a 
spherical nanoparticle [22]. The piezoelectric rod is controlled by the feedback loop in order to 
maintain a constant tunneling current between the probe needle and the sample. The isolated particle 
(not drawn to scale) is capacitively coupled to the substrate and the tip of the STM probe. 
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smaller capacitance, so (at comparable separation) the tip-particle capacitance should be smaller 
than the particle-substrate capacitance. The total capacitive coupling between the nanoparticle 
and the surroundings (substrate and STM tip) can therefore be expected to be no more than 
twice the particle-substrate capacitance; Ctotal < 1.75aF. This would correspond to a Coulomb 
charging energy of > 90 meV. 
 
It can be concluded that Coulomb blockade of a 4 nm nanoparticle at room temperature (ET ≈ 25 
meV) might be observable in an STM. This result is however based on a strongly simplified 
model, so in practice it may be required to go to lower temperatures in order to decrease the 
thermal energy. Cooling down the system to below 50 K would increase the maximum allowed 
capacitive coupling by a factor of 6 or 7, which should make it significantly easier to observe 
the blockade. 
 

2.5 Nanoparticle magnetoresistance 
 
The FePt nanoparticles investigated in this project are ferromagnetic at low temperatures. The 
most straightforward aspect of spin-dependent transport is the rise of the magnetoresistance 
when two magnetic materials are brought into close contact with each other. In the case of a 
magnetic tunnel junction (MTJ), the density of states at the Fermi level on either side of the 
junction is spin-polarized and the tunneling current becomes dependent on the relative magnetic 
orientation of the two ferromagnetic layers (see Figure 2.7). 

 
 
In the case of an STM experiment on ferromagnetic nanoparticles, a magnetic substrate layer 
and some form of tunnel barrier become necessary to form a complete MTJ. As small 
nanoparticles typically require large magnetic fields to switch magnetization below their Curie 
temperature, the magnetic substrate should have a low coercivity so as to be able to differentiate 
between substrate and nanoparticle switching. TMR is defined as the relative resistance change 
between parallel (P) and anti-parallel (AP) magnetic orientations, 
 

P
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R

RR
TMR

−
= , (2.14) 

Figure 2.7 – Magnetic tunnel junctions consisting of two ferromagnetic contacts separated by an isolating 
barrier. A spin-polarized density of states, indicated by the arrows, leads to high tunneling conductance 
for the parallel orientation (left) and low tunneling conductance for the anti-parallel orientation (right) 
[24]. 
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so a typical TMR experiment would consist of measuring the tunnel resistance in the parallel 
state, reversing the magnetic orientation of the substrate layer (anti-parallel state) and measuring 
the tunnel resistance again. 

Bulk ferromagnetic materials generally form multiple domains to minimize the magnetic 
free energy. As system dimensions decrease however, there comes a point where the domain 
wall energy is greater than the magnetostatic energy and the magnet forms only a single domain. 
In the case of magnetic nanoparticles a few nanometers in size, this situation can be readily 
achieved. 

On one hand this means that below the Curie temperature all nanoparticles can be 
spontaneously magnetized. On the other hand the magnetization orientation of individual 
nanoparticles will be random, unless the particles are cooled below Curie temperature in the 
presence of a (strong) external magnetic field (‘field cooling’). In the case of random 
nanoparticle magnetization the alignment of most particles will be only partially parallel or anti-
parallel to the substrate layer, as illustrated in Figure 2.8. 

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

 
 
Reference [25] derives an expression for the dependence of the tunneling conductance on the 
angle θ between the magnetization orientations of the two magnetic contacts in an MTJ; 
 ( )( )θε cos10 += GG , (2.15) 
where G0 is a base conductance depending on geometric and material properties and the scaling 
factor ε is a measure for the effective spin polarization in the device. In a perfect system (100% 
spin polarization) ε would be unity, with the conductance going to zero for a fully anti-parallel 
orientation. 

Defining R→ (R←) as the tunneling resistance when the substrate is magnetized to the right 
(left) in Figure 2.8, 
 ( ) ( )θε

θ
cos1

0

+
=→

R
R  

( ) ( ) ( )θεπθε
θ

cos1cos1
00

−
=

++
=←

RR
R , 

(2.16) 
 

(2.17) 

the TMR dependence on the alignment angle (assuming -90<θ<90) can be computed as 
 ( ) ( )

( ) 1
cos1

cos1 −
−
+=

−
=

→

→←

θε
θεθ

R

RR
TMR . (2.18) 

 

θ 

( ) ( )θε
θ
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+
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R
R  ( ) ( )θε

θ
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0

−
=←

R
R  

θ 

Figure 2.8 – Random magnetization orientation of the nanoparticle will lead to partial misalignment with 
the substrate layer. In the extreme case of θ=±90° switching the substrate layer has no effect on the 
tunneling resistance (R→ = R←) and the TMR vanishes. 
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Plotting Equation (2.18) for ε=0.1 and ε=0.9 (Figure 2.9) illustrates the advantage of using 
high-ε materials in an MTJ. For very large spin polarization, such as obtainable in half-metals, 
the TMR can reach much higher values ( ( ) ∞→θTMR as 1→ε ). It is also visible that the 
TMR is highest when the particle is completely aligned (θ=0), and decreases with increasing 
angle. In the extreme case where the nanoparticle orientation is perpendicular to the substrate 
the TMR completely vanishes ( ( ) 02

1 =πTMR ). 
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Figure 2.9 – Tunneling magnetoresistance as a function of particle-substrate alignment angle θ for two 
values of effective spin polarization factor ε. The TMR signal goes to zero as the angle approaches full 
misalignment (particle magnetization perpendicular to the substrate). A higher ε strongly increases the 
TMR. 
 

2.6 Combining TMR experiments with SET 
 
Since observing a TMR between a nanoparticle and a magnetic substrate requires electrons to 
tunnel through the nanoparticle, it can be combined with single electron tunneling as described 
in Section 2.1. It has been reported that at the Coulomb threshold voltage the TMR signal of a 
magnetic nanoparticle can be significantly enhanced [12, 13, 14], which is of particular interest 
when considering data storage applications as an increase in TMR corresponds to an increase in 
readout signal. 

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

Figure 2.10 illustrates an electron tunneling from the STM tip to the substrate through a 
cotunneling process. Although its thermal energy is classically not high enough to overcome the 
Coulomb blockade, the Heisenberg uncertainty principle allows the electron to tunnel into what 
is called a virtual state in the nanoparticle, after which it tunnels out to a state in the low-
potential electrode. As long as there is a net energy gain in tunneling across the double tunnel 
junction, the energy conservation law is not broken on a system-wide scale and current can flow 
even if first-order tunneling is suppressed [26]. 

At voltages above the Coulomb blockade threshold cotunneling events can generally be 
seen as a noise source, turning a sharp staircase into a smoother line. Because of the spin 
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sensitivity of these cotunneling processes however, the relation between parallel and anti-
parallel tunneling resistances changes and and the TMR effect can be enhanced [14]. 
 

 
Figure 2.10 – Energy diagram for cotunneling. A virtual state on the island allows an 
electron to tunnel despite the Coulomb blockade. 

 
 
In light of possible application of ferromagnetic nanoparticles in memory systems, the 
investigation of nanoparticle switching behavior is also of great interest in this project. One 
aspect specifically relevant to data storage applications is the use of spin-transfer torque to 
switch the magnetization direction of a nanoparticle. 

The spin-transfer torque effect was predicted independently by two groups in 1996 [27, 28], 
who calculated that a spin-polarized current flowing perpendicular to the plane of a metallic 
multilayer can exert a spin torque on the magnetic moment of a magnetic layer strong enough to 
reorient the magnetization. 
 
A simplified model explaining this effect is presented in reference [31] ('toy model #1') which 
regards the magnetic layer as a closed box, interacting with a spin flow through spin-dependent 
electron reflection and transmission coefficients r↑, r↓ and t↑, t↓. A single-electron state with 
wavevector k in thex̂ direction is considered with spin orientation in thex̂ - ẑ plane, at an angle 
θ with respect to the magnetization vector of the magnetic layer (see Figure 2.11). 
 

 
 
For this system the flow of spin density in thex̂ direction for the incident, transmitted and 
reflected parts of the wavefunction are derived (Qin, Qtrans and Qrefl respectively, not reproduced 
here), the sum of which is nonzero meaning that spin is not conserved due to the filtering 
properties of the magnetic layer. Conservation of angular momentum then dictates that the 
magnetic layer experiences a spin transfer torque Nst equal to the net flux of spin current, 
computed as 
 

x̂  

ẑ  
ŷ  M 

t↑, t↓ r↑, r↓ 

θ 

Figure 2.11 – Illustration of ‘toy model #1’, showing an electron 
incident with a magnetic layer M, spin-polarized at an angle θ with 
respect to the magnetization vector [31]. 
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where A is the surface area of the magnetic layer, Ω is a normalization volume,h is the reduced 
Planck constant and m is the electron mass [31]. 

If there is no spin filtering ( ↓↑ = tt and ↓↑ = rr ) the above equation evaluates to the general 

solution (zero torque). Similarly there is no spin transfer torque if the orientation of the 
incoming spin is collinear with the magnetic layer orientation (θ = 0 or θ = π). For any other 
orientation however the magnetic layer experiences nonzero torque caused by the absorption of 
spin angular momentum. 

Because this torque is perpendicular to the magnetization it is possible to switch the 
magnetic orientation of the layer if the spin current density is high enough. Reported minimum 
values of spin-polarized current densities are on the order of 107 A/cm2 [28, 29, 30]. 
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3 Nanoparticle deposition 
 
This research project utilizes Fe0.58Pt0.42 nanoparticles several nanometer in diameter, stabilized 
by oleic acid (bonds with Fe sites) and oleyl amine (bonds with Pt sites), dispersed in hexane. 
Transmission electron microscopy reveals that approximately 75% of these particles have a size 
distribution of 3 ± 0.5 nm (see Figure 3.1). As explained in Section 2.4 particles of these 
diameters could ideally exhibit Coulomb blockade at room temperature. 
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Figure 3.1 – Transmission electron microscope (TEM) image and size histogram of FePt 
nanoparticles stabilized with oleic acid and oleyl amine molecules. 

 
The magnetic properties of (a layer of) these nanoparticles were measured using a vibrating 
sample magnetometer (VSM) at room temperature with an in-plane magnetic field, the results of 
which are shown in Figure 3.2. The curve shows that the particles are superparamagnetic at 
room temperature and the magnetization saturates at 15 – 20 kOe. However, because of the 
distribution in particle size and composition, the magnetic reorientation of individual 
nanoparticles occurs over a range of magnetic field strengths. The magnetization curve shows 
that at a field of 10-15 kOe most particles should be (almost) fully aligned with the external 
magnetic field. 
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Figure 3.2 – Magnetic behavior of ~3nm FePt nanoparticles at room temperature, 
measured by VSM. The particles are superparamagnetic and 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 chapter, the substrates used for sample 
fabrication in this project are covered either with smooth gold layers or metal oxides. This 
chapter will discuss the methods used for depositing nanoparticles on those substrates and 
explain how immobilization of the particles is achieved. AFM and STM imaging results will be 
presented showing the densities achieved with particle deposition, 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 flat surfaces it is important to anchor the 
particles so that the bonding between particle and surface is stronger than eventual attractive or 
repulsive forces between particle and probe tip. If the attraction to the probe tip is dominant, the 
particles will likely end up being dragged across the surface or even lifted off the surface 
completely. 

For anchoring particles on metal oxide substrates the procedure described in reference [32] 
was followed, which consists of depositing a thin film of poly(ethyleneimine) (PEI) as an 
adhesion layer. PEI is a branched polymer with many NH2 terminations, which can bond to Pt 
[33]. When an FePt nanoparticle arrives at the polymer surface it can therefore bond to the PEI 
through ligand exchange, whereby an amine group in the PEI takes the place of an oleyl amine 
surfactant molecule on the particle. 
 
To prepare a substrate for deposition of a PEI layer, it is first ultrasonically cleaned in acetone 
and isopropyl alcohol (10 minutes each at room temperature) and treated with oxygen plasma to 
activate the surface (2 minutes at 0.25 mbar pressure, 18% O2 flow and 300 W power). It is then 
submerged for 5 minutes in a 20 mg/ml solution of PEI in chloroform, after which the surface is 
rinsed with ethanol. Previous AFM measurements have shown this process to result in a PEI 
layer thickness of approximately 3 nm [32]. 
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Figure 3.3 – STM topography scan of a nanoparticle monolayer with a height profiles taken 
along the marked path (I = 0.5 nA, V = 2.75 V), showing relatively dense packing with 
some open sites. 

 
The performance of PEI was verified by growing a self-assembled monolayer (SAM) of 
nanoparticles on a Co/Al2O3 substrate, as described in aforementioned reference. After PEI 
deposition the substrate is submerged for 10 minutes in a 10 mg/ml nanoparticle dispersion in 
hexane. It is then washed in hexane twice and subsequently dried in a flow of nitrogen. 

An STM topography scan of the resulting monolayer is displayed in Figure 3.3, showing a 
semi-continuous layer of nanoparticles with some particles apparently deposited as a secondary 
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layer. It is clear that there are still gaps in the layer. It has been suggested that packing density 
can be improved with a longer deposition time [32], which suggests that these holes can be 
filled by prolonged submergence of the substrate in the nanoparticle dispersion. Due to tip-
sample convolution the particles appear larger than the aforementioned 3-4 nm, but the height 
profile shows that the layer thickness is very well matched to this value. The above results were 
reproducible across several scans, showing that the PEI polymer effectively immobilized the 
nanoparticles 
 
A second performance parameter for the anchoring layer is the surface roughness. Figure 3.4 
shows AFM topography images of a Si/SiO2/Co(10nm)/Al2O3(3nm) surface with and without a 
thin PEI layer deposited. The scans show equivalent roughness profiles (2 nm peak-peak), 
indicating that the PEI forms a very smooth layer that follows the shape of the substrate. Low 
roughness is an important requirement for further STM measurements, as it can become difficult 
to differentiate between a surface grain and a nanoparticle if the surface roughness becomes 
comparable to the particle size. 
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Figure 3.4 – AFM topography scans of an empty Al2O3 surface (a) and a ~3 nm PEI layer 
on an identical Al2O3 surface (b), with height profiles measured along the marked paths. 
The identical roughness properties show that the thin PEI layer conforms to the underlying 
substrate. 

 
 
The smoothness of the PEI was however not constant across all experiments, as a later 
deposition run revealed the formation of triangular protrusions, shown in Figure 3.5. The 
dimensions of these hillocks differed somewhat between the four samples in this batch. The 
sample shown on the left shows hillocks approximately 5 nm in height spaced 1 µm apart, while 
the formations in the right-hand image are about 8 nm in height and 2.5 µm apart. The width in 
both cases is approximately 0.5 µm. The scans of Figure 3.5 were made after deposition of 
(low-concentration) FePt nanoparticles, so there is some particulate matter visible in between 
the hillocks. Ignoring these details, the background roughness appears to be the same as that of 
the empty PEI layer shown in Figure 3.4b. 

(a) (b) 
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Figure 3.5 – AFM topography scans and cross-sectional height profiles of hillock 
formations on two samples of PEI on Al2O3, measured after nanoparticle deposition. The 
smooth, wide shape suggests the hillocks are part of the PEI layer, rather than 
agglomerations of nanoparticles. 

 
 
The cause of this hillock growth was not clear, but their height being larger than the intended 
PEI layer thickness of 3 nm suggests that the layer thickness may not be as expected. It was 
considered that these hillocks are not formed during PEI deposition at all, but are in fact 
agglomerations of nanoparticles. The smoothness of the wide cross-sectional profile seems to 
preclude this however, as the particle diameter of 3 nm 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 following chapter, STM imaging and spectroscopy 
measurements on substrates with a PEI layer was found to not be trivial due to the relatively 
thick tunnel barrier between nanoparticles and substrate. For this reason a thinner anchoring 
layer was selected for gold substrates, based on alkanedithiol molecules. In organic chemistry it 
is common practice to use alkanethiols to form self-assembled monolayers on noble metal 
surfaces, and the use of dithiol molecules as an anchor between a gold surface and a noble metal 
nanoparticle has been reported for STM-based single-electron tunneling experiments in 
literature [34, 35]. 

Dithiols being SH-terminated on both ends, the formation of a self-assembled monolayer 
can be disturbed by dithiol molecules bonding to the substrate with both thiol groups, forming a 
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back-looping or lying-down phase 
instead of the required standing-up 
phase (see Figure 3.6). It has been 
reported that occurrence of the 
looping phase increases with 
increasing chain length [36], and 
SAM junction tunneling current 
increasing for molecules longer than 
1,14-tetradecanedithiol has been 
attributed to this effect [37]. This 
suggests a maximum allowed chain 
length for SAM growth of mostly 
standing-up phase dithiols. Kinetic studies of alkanethiol adsorption onto gold(111) surfaces 
have however shown that the initial growth rate increases with concentration [38], which means 
that in highly concentrated solutions there will be less free sites for a molecule to loop back to 
after initial adsorption. The quoted reports show that a dithiol concentration on the order of 
millimolars leads to fast initial growth and a preferred standing-up phase of SAM growth up to 
at least 16 carbon atoms long [37, 38]. 

The formation of the standing-up phase is commonly attributed to the Van der Waals 
interaction between two adjacent molecules [39]. This can be thought to give a lower boundary 
on the dithiol chain length, as for very short alkyl chains the Van der Waals energy gained in the 
standing-up phase may not be enough to overcome the binding energy of the second thiol group. 
Despite this, highly packed standing-up dithiol SAMs grown by simple immersion of a gold 
surface in a dithiol solution have been reported with alkyl chains as short as 4 carbon atoms 
[40]. 
 
It should be noted that for this project an entirely standing-up phased SAM is not specifically 
required, as the goal is not to create a large-scale tunnel junction. If the majority of molecules is 
standing up, still having one thiol group available for bonding, anchoring of nanoparticles 
should not be problematic.  
 
The process followed for fabrication of a dithiol SAM on gold is based on the large number of 
publications on this topic [35, 37, 41-44]. The molecule selected for the anchoring SAM is 1,9-
nonanedithiol (HS-(CH2)9-SH, 'C9'), which is well below the maximum chain length discussed 
above. Assuming a molecule tilt angle of 30 degrees from the gold surface normal, a 
nonanedithiol SAM should be approximately 1.1 nm thick [37, 42]. 

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

Following the SAM formation, the samples are immediately processed for nanoparticle 
deposition (discussed in the following section) and loaded into the ultra-high vacuum chamber 
of the STM. 
 
 

Figure 3.6 – Illustration of a self-assembled monolayer of 
alkanedithiol molecules on gold, forming both standing-up 
phase and looping phase grains [37]. 



Investigation into the transport properties of isolated FePt nanoparticles using STM 

 
3  Nanoparticle deposition Page 26 

  
 
Figure 3.7 – Optical microscopy images of 40 nm gold nanoparticles drop-cast on a gold surface from a 
saline dispersion. The salt crystals (left) were easily removed by gently washing the sample in water, 
revealing gradually decreasing particle densities on the surface (right). 
 

3.3 Isolating nanoparticles on a surface 
 
In order to see a clear Coulomb blockade in STM I-V spectroscopy it is important to isolate 
particles from their surroundings as much as possible. Instead of a densely packed monolayer it 
is therefore preferable to deposit isolated, unclustered nanoparticles. The application of drop 
casting to obtain this particle isolation has been investigated by casting 5 µl buffered (saline) 
dispersion of 9·1010 ppml 40nm Au nanoparticles on an empty, sputtered gold surface, chosen 
because the large diameter renders these particles easily distinguishable in STM topographic 
imaging. Optical microscopy images of the resulting surface are shown in Figure 3.7. The 
deposited salt crystals were easily removed by carefully washing the sample in water, leaving 
large amounts of (agglomerations of) particles on the surface. 

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

This result suggests that drop casting, 
while applicable, introduces the risk of 
polluting the surface with contaminants from 
the solution. A test with drop casting of FePt 
nanoparticles from hexane dispersion showed 
considerable contamination even after 
washing, so this method was not pursued 
further. 
 
A second method for achieving particle 
isolation is modifying the monolayer 
deposition process. By decreasing the particle 
concentration of the dispersion it is possible to 
reduce the particle-surface reaction rate. 
Similarly the submergence time of the sample 
can be shortened in order to limit the 
substrate’s exposure. 

Figure 3.8 – STM microscopy image of 40 
nm gold nanoparticles drop-cast on gold (I = 
0.4 nA, V = 0.4 V, room temperature). 
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As described at the beginning of this chapter the deposition of an FePt nanoparticle monolayer 
uses a 10 mg/ml dispersion of nanoparticles in hexane, in which the sample is submerged for 10 
minutes. After decreasing the submergence time to 120, 60 and 23 seconds the resulting particle 
densities were found to be considerably lower, as is visible when comparing the AFM results of 
the 23 seconds sample with those of an FePt monolayer (Figure 3.9 a and b, respectively). 
Despite the lower particle density the cross-sectional analysis illustrates that the visible details 
are most probably agglomerations of particles, meaning that true particle isolation is not yet 
achieved. 
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Figure 3.9 – AFM topography scans of FePt nanoparticles deposited on a PEI polymer layer from a 10 
mg/ml nanoparticle dispersion, with height profiles taken along the marked paths. (a) Densely packed 
monolayer, grown by 10 minute submergence. (b) Lower density layer, 23 seconds submergence. Isolated 
features are visible on this sample, despite an apparent decrease in resolution caused by tip imaging. 
Large topographical amplitude suggests however that features are agglomerations rather than single 
particles. 
 
 
To further improve on these results the nanoparticle dispersion was diluted to 1 mg/ml and 
samples were submerged for 5, 10 and 20 seconds, the results of which are shown in Figure 
3.10. The 5 seconds deposition produces a particle distribution similar to that of the 23 seconds 
10 mg/ml sample, while the topography is reduced to 5-6 nm which lies in the range of single 
particle dimensions. 

The reproducibility of this result is however called into question by the longer submergence 
times, which reveal very different outcomes. Figure 3.10b (10 seconds submergence) shows a 
very loosely packed but already nearly closed monolayer forming on the surface, with some 
large agglomerations of particulate matter randomly deposited on top. The openings in the layer 
reveal that the layer is approximately 3 nm thick, or one monolayer of nanoparticles. Comparing 
this to the 20 seconds sample (Figure 3.10c) it can be seen that the monolayer packing density 
increases with submergence time. Interestingly the openings in the layer are much larger in the 
latter case, which might indicate movement of particles along the surface as the layer self-
arranges in a denser packing phase. 

(a) (b) 
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It is also quite obvious that the layer openings are formed in a circular pattern, with some 
particle agglomeration occurring at the edges. Although this pattern suggests some magnetic 
interaction between the monodomain nanoparticles, their superparamagnetic behavior at room 
temperature would seem to preclude this: Using an anisotropy constant Ka on the order of 105 
J/m3[45] and an attempt period τ0 of 10-9 s [46], the Néel relaxation time at room temperature for 
a 4 nm FePt nanoparticle can be computed as ( )TkVK BaN exp0ττ =  ≈ 10-9 s, where V is the 

nanoparticle volume, kB is the Boltzmann constant and T the temperature in Kelvin. This 
extremely short relaxation time should render any magnetic interactions irrelevant on the 
timescales involved in particles arranging themselves on a surface. 

The circular patterning may instead be a result of the sample drying process (nitrogen flow) 
which could cause the particles to clump together as the solvent film is evaporating. The 
somewhat circular clustering of nanoparticles around the PEI hillocks shown in Figure 3.5b 
could be seen to support this, as it is probable that the hexane solvent starts evaporating at the 
hillocks causing the particles to flow down the slope towards the valleys. 
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Figure 3.10 – AFM topography scans of FePt nanoparticles deposited on a PEI polymer layer from a 
1 mg/ml nanoparticle dispersion, with height profiles taken along the marked paths. (a) Isolated features 
in the single-particle range (5-6 nm), 5 seconds submergence time. (b) Very loosely packed monolayer of 
nanoparticles showing some gaps and second-layer precipitates, 10 seconds submergence. (c) Denser 
monolayer of particles with large, circular gaps and agglomerations along the edges, 20 seconds 
submergence. 
 
The above results illustrate the very high sensitivity of the growth process to the submergence 
time. It appears that the self-assembly process is in the first few seconds governed by high-
speed adsorption of large amounts of particles which quickly cover the entire service, after 
which growth switches to an ordering process which increases the packing density. 

To obtain a more controllable deposition, the nanoparticle dispersion was diluted to 50 
µg/ml to further slow down the nanoparticle deposition kinetics. Figure 3.11 shows the result of 
300 second submergence using this concentration, revealing 3-5 nm features that strongly 
suggest single particle deposition. This notion is enforced by a significant decrease in the 

(a) (b) (c) 
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number of agglomerations compared to previous results. A further decrease in particle count is 
also possible, as illustrated by the 60 and 15 seconds submergence samples (Figure 3.11 b and c, 
respectively). 

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

3.4 Anchoring layer performance 
 
The performance of the two anchoring methods described in the previous sections can primarily 
be measured against their ability to keep isolated FePt nanoparticles immobile during STM 
topography scanning. Two room-temperature scans of the C9 dithiol system are shown in Figure 
3.12. These scans were taken at very low setpoint current in order to increase tip-sample 
separation, which prevents damage to the dithiol SAM during imaging. The bias voltage was 
also kept relatively low, partially for protection of the SAM, but also to prevent the PtIr tip from 
attracting stray dithiol molecules, which would attach themselves to the Pt material and reduce 
tip quality. 

The spotted pattern on the surface is typical for (di)thiol monolayers on gold and has been 
identified as monatomic steps in the gold substrate, rather than imperfections in the dithiol 
SAM. The formation of these single-step holes in the gold layer is thought to be caused by an 

Figure 3.11 – AFM topography scans of FePt nanoparticles deposited on a PEI polymer layer from a 
50 µg/ml nanoparticle dispersion, with (a) 300 seconds, (b) 60 seconds and (c) 15 seconds submergence. 
The height profile (d) shows isolated features between 2 and 6 nm, which is evidence for single particle 
deposition. 
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etching effect inherent to the molecular self-assembly processes of thiol adsorption [47-50]. 
When taking the cross-sectional profile along one such depression (Figure 3.12b, profile 1), the 
depth indeed equals one Au atomic step (d ≈ 0.25 nm). 

 
Nanoparticles are visible in both scans of Figure 3.12. In the case of subfigure b the particle 
remained stationary during multiple successive scans, showing that it was firmly attached to the 
dithiol SAM. As is visible in Figure 3.12a however, other nanoparticles were not as well 
anchored and were dragged across the surface by the STM tip. 

It is interesting to note that the height profile of the stationary particle is only about 0.4 nm, 
whereas the measured height of the moving particle amounts to more than 1.5 nm. This, 
together with the fact that the expected particle diameter is around 3 nm, suggests that the 
anchored particle is in fact embedded in the dithiol layer. When a particle is partially buried in 
the monolayer, for example at one of the dithiol SAM depression sites, it strongly increases the 
chance of multiple thiol molecules being adsorbed on the nanoparticle surface and the anchoring 
becomes much stronger. This could however mean that strongly anchored particles are closer to 
the gold substrate than the SAM thickness of the C9 dithiol SAM would suggest. 
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Figure 3.12 – STM topography scans and height profiles of nanoparticles on a C9 dithiol monolayer on 
gold (V = 0.1 V, I = 50 pA). (a) Monatomic step of Au with a nanoparticle dragged across the surface by 
the STM tip. The cross-sectional profile measures approximately 1.5 nm in height. (b) Close-up of a 
strongly anchored nanoparticle, measuring only about 0.4 nm. Both scans show the typical SAM 'holes', 
which are the same height as one atomic step. 
 
Repeating the experiment at low temperature led to approximately the same results. The 
topography scans in Figure 3.13 were performed at T ≈ 40 K and show a strongly anchored 
nanoparticle, with a measured height of about 0.8 nm, as well as a loose nanoparticle being 

(a) (b) 

(a) (b) 
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pushed away by the STM tip, measured at about 0.9 nm. The low temperature appeared to have 
no influence on the particle immobilization, as nanoparticles could be seen moving across the 
surface in about half of all topography scans, both at low and room temperature. Anchored 
nanoparticles, although resolved less commonly than mobile ones, were also found equally 
often in both experiments. 
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Figure 3.13 – Low-temperature STM topography scans (I = 50 pA, V = 0.5 V, T ≈ 40 K) and height 
profiles of (a) fixed and (b) mobile nanoparticles on a C9 dithiol SAM. 
 
 
In the case of Figure 3.13a, some barely visible details can be discerned that may be the 
depressions in the gold layer described above, but overall it is clear that these scan results are 
not as detailed as the ones shown in Figure 3.12. Interestingly this problem occurred for all 
scans at cryogenic temperatures, even when measured at slightly higher voltages to compensate 
for lower electron energies. As the piezoelectric positioning system of the STM tip should 
become more stable at lower temperatures, the increased noise and low resolution in low-
temperature scans is probably caused by low tip quality or stronger tip-sample interaction. 

This effect may be explained by the higher tunneling resistance one can expect at lower 
temperatures. When cooling down the system any thermally activated hopping conduction, for 
example through defect states present at the interface or in the SAM, is suppressed. This would 
force the feedback loop to approach the tip closer to the surface, increasing its interaction with 
the surface. It is also possible that pollutants such as organic molecules or small nanoparticles 
are more easily adsorbed onto the STM tip at lower temperature (gettering effect). Such 
pollutants can introduce secondary conduction paths and greatly reduce scan resolution. 
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Figure 3.14 – Two sequential STM topography scans showing poor nanoparticle anchoring 
on an LSMO/PEI surface (I = 50 pA, V = 1 V, room temperature). 

 
Particle anchoring on the PEI polymer layer was investigated on a La0.7Sr0.3MnO3 (LSMO) 
conducting oxide sample, the fabrication of which will be discussed in more detail in the 
following chapter. Figure 3.14 shows two successive room-temperature scans of the same area, 
imaged at a current setpoint of 50 pA and a voltage bias of 1V in order to maintain a large tip-
sample separation. 

Some nanoparticle can be seen to move during the scan (disappearing either during 
scanning or in between the two scans), whereas specifically agglomerations of particles remain, 
for the most part, stationary. Topographic height of both moving and fixed nanoparticles 
measure approximately 0.7 nm. Isolated nanoparticles with strong substrate anchoring were not 
readily found on PEI samples, meaning the polymer is much less suited for single particle 
anchoring than for particle monolayers (Figure 3.3). 

This difference means that the attractive and/or repulsive forces of the STM tip, while not 
sufficient to overcome the anchoring of particles packed in a monolayer, is strong enough to 
move particles with a larger degree of freedom. This suggests an interaction between the 
nanoparticles that help the physical stabilization on a surface. 

 
The blurriness of the results above reveals that the quality of the STM tip is quite low. This is 
probably caused by tip-sample interactions, occurring despite the use of low current and high 
voltage. Measurement results at T ≈ 40 K (not shown here) were comparable to those at room 
temperature, aside from an increase in tip degradation. This issue will be discussed in more 
detail in the following chapter. 
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4 Experiments 
 
Having established in the previous chapter a reliable method to deposit isolated nanoparticles on 
surfaces and immobilize them to some degree, this chapter will detail the STM-based single-
electron tunneling and magnetoresistive experiments. The device structures for these 
experiments will be discussed in detail, and Coulomb blockade in FePt nanoparticles will be 
demonstrated. 
 

4.1 Sample preparation 
 
In order to facilitate magnetoresistance measurements at a later stage, the first experiments were 
carried out on samples with a ferromagnetic layer with a tunnel barrier on top. Using a Metal-
600 MBE ultrahigh vacuum electron beam evaporator by DCA Instruments, a ~10 nm thin film 
of cobalt was grown on Si/SiO2 substrates. This cobalt layer serves as the bottom contact 
electrode and can form a magnetic tunnel junction (MTJ) together with the magnetic 
nanoparticles. To prevent atmospheric oxidation, the cobalt is capped with a 2.5 nm aluminum 
film which is subsequently plasma oxidized to form a ~3 nm aluminum oxide layer. Following 
the methods described in Chapter 3, the surfaces of these samples are covered with a PEI layer 
and FePt nanoparticles are deposited. 
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Figure 4.1 – Room-temperature STM topography scan of a Co/Al2O3/PEI surface with two 
(agglomerations of) nanoparticles visible (I = 50 pA, V = 3.0 V). 

 
Figure 4.1 shows the result of a surface scan performed with very low current setpoint at high 
voltage, in order to obtain a large distance between sample and STM tip. Despite this large 
separation the image appears quite blurry, which is evidence of a considerably poor tip quality 
caused either by the tip crashing into the surface or particles or molecules being picked up by 
the tip. The large height of the two raised features shows that, if these details are FePt 
nanoparticles, they are probably agglomerated. The two details were only loosely adsorbed on 
the surface as they were no longer visible in a subsequent scan. 

The difficulty of maintaining a good tip quality on these Co/Al2O3/PEI samples is caused by 
the thick tunneling barrier (Al2O3 and PEI) covering the cobalt electrode. To overcome this high 
tunneling resistance the STM tip needs to come closer to the surface, which increases the risk of 
the tip making physical contact with the surface when it encounters a high topographic feature 
during scanning. This problem was found to be strongly compounded when cooling the system 
to cryogenic temperature, to the point of tearing off several micrometers of material from the 
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PtIr needle during approach or while scanning. This temperature dependence indicates that 
conduction through the Al2O3/PEI barrier is dominated by thermally activated hopping. The 
lower thermal energy leads to an increase in the total resistance and forces the feedback loop to 
further decrease the tip-sample separation, causing the tip to make physical contact with the 
substrate. The intensity of tip breakdown also suggests that the PEI layer becomes stiffer at 
cryogenic temperatures, making the consequences of an STM tip crash much more severe.  
 
Because of the above issues, the use of cobalt as a magnetic substrate layer was abandoned in 
favor of La0.7Sr0.3MnO3 (LSMO). LSMO is an electrically conducting, perovskitic complex 
metal oxide that can be made to be ferromagnetic at room temperature [51]. The main advantage 
of using a conducting oxide is that the high surface stability obviates the need of a capping layer, 
eliminating about half of the barrier thickness that caused problems on the Co/Al2O3/PEI 
samples. LSMO specifically has the added advantage of being halfmetallic in bulk, meaning 
that the density of states at the Fermi level is (close to) 100% spin polarized. At the interface 
however, where the majority of electrons will tunnel, this polarization may be partially lost. 

LSMO layers were epitaxially grown on two TiO2-terminated SrTiO3 (001) substrates 
(STO) using pulsed KrF laser ablation of a stoichiometric La0.7Sr0.3MnO3 target, at a pulse rate 
of 5 Hz and a fluency of about 1.9 J/cm2 across a spot of 2.42 mm2. Deposition was performed 
in a 2.6·10-1 mbar O2 ambient at a temperature of 750° C, after which the samples were cooled 
down at about 10° C/min. 

The material properties of LSMO grown in this fashion have been reported on in reference 
51, which for a layer thickness above 15 unit cells (~6 nm) include low electrical resistivity 
(<10-2 Ωcm, favorable for STM imaging), low magnetic coercivity (<25 Oe, allows easy 
magnetic switching of the layer) and high Curie temperature (>300 K, enables room 
temperature TMR experiments). 
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Figure 4.2 – Room-temperature STM scan of a 50 unit cell LSMO layer (I = 100 pA, V = 1.0 V) with 
height profile along the four 100-150 nm wide terraces, covered with large islands one unit cell in height 
(d ≈ 0.4 nm). A large number of nanometer-sized specks are also visible. 
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Figure 4.3 – Small-scale STM scan of a 50 unit cell LSMO layer (I = 100 pA, V = 1.0 V, room 
temperature) giving a more precise profile of the nanoislands covering the surface. The dimensions are of 
the same order of magnitude as those of the FePt nanoparticles. 
 
The first LSMO sample was grown to a thickness of 50 unit cells (~20 nm), monitored by in-
situ reflection high-energy electron diffraction (RHEED) measurements. The topography scan 
shown in Figure 4.2 reveals atomically flat terraces approximately 150 nm wide, covered by 
large island one unit cell in height (d ≈ 0.4 nm). This shows that growth of the 51st layer had 
already commenced the moment deposition was halted. A large number of nanoislands are also 
visible, either one or two unit cells high, which are probably the first step in the formation 
process of mesoscale islands that, when joined together, form a new layer. 

These nanoislands being only a little smaller than the FePt nanoparticles (Figure 4.3) gives 
rise to some concern for the usability of this substrate in SET experiments, as it may become 
difficult to distinguish the two in an STM topography scan. For this reason, the LSMO layer 
thickness on a second substrate was decreased to 20 unit cells (~8 nm), to obtain a smoother 
surface. 

Due to an anomaly in the RHEED pattern it was decided during the growth process to halt 
deposition at the peak of the RHEED signal rather than the bottom. This led to the surface 
shown in Figure 4.4, a large number of interconnected islands forming a very open layer. Due to 
the non-continuous layer growth the number of nanoislands is difficult to compare to that of the 
earlier sample, but the difference does not appear to be very large. 
 

 
Figure 4.4 –STM topography scan of a 20 unit cell LSMO layer (I = 100 pA, V = 1.0 V, 
room temperature). Because deposition was stopped at a RHEED peak instead of at a 
bottom the top layer is grown only partially. The number of nanoislands does not appear to 
have been decreased with respect to the 50 unit cell layer. 
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The magnetic properties of the two LSMO layers as measured by VSM at room temperature are 
shown in Figure 4.5. It is visible that the total magnetization is independent of the angle of the 
(in-plane) applied field, which means that there is no in-plane easy axis in the material. The 
magnetic coercivity is very low, about equal to the resolution of the measurement (5 Oe), but 
the film does appear to be ferromagnetic at room temperature. 

Comparing the results of the two samples reveals that the saturation magnetization of the 
thicker layer is 40% smaller than that of the thinner one (about 200 and 340 emu/cm3, 
respectively). A similar saturation difference at room temperature was reported in reference [51] 
between 23 UC and 70 UC films (15% decrease). The Curie temperature of thin LSMO layers 
being relatively close to room temperature, this saturation anomaly may be related to the onset 
of superparamagnetic behavior. 
 

 
Figure 4.5 – Magnetic properties of two TiO2/LSMO substrates measured using VSM at 
room temperature. There is very little angle dependence on the magnetization, and the 
coercivity is below the measurement resolution (5 Oe) in both cases. The inset shows the 
same graph at a larger field scale, showing that the thinner LSMO layer has a higher 
saturation magnetization. 

 
Although the use of a magnetic substrate layer is an essential requirement for observing any 
spin valve-like behavior, this requirement does not apply to single-electron transport 
experiments. For this latter case it is therefore possible to use other substrates, specifically 
tailored to this application. A highly conductive substrate can be advantageous for investigation 
of conduction effects, as a higher density of states allows for a larger tip-sample separation at 
the same current setpoint. This can protect both the surface and the STM tip from damage. 

In order to effectively distinguish isolated nanoparticles using STM, it is also preferable to 
have a substrate surface with very low roughness. For these reasons the SET experiments were 
performed on flame-annealed gold, which offers both very high conductivity and the property of 
forming large, atomically flat terraces on the order of several hundreds of nanometers wide. An 
added advantage of the flame-annealing process is that the high temperature flame helps remove 
contaminants from the gold surface [52,53]. 
 
The flame annealed gold samples used in this project’s experiments are prepared from 
prefabricated glass substrates with a >200 nm sputtered layer of gold (‘Gold arrandee’). These 
substrates are heated in a hydrogen flame for 5 minutes and then allowed to cool down to (close 
to) room temperature in air for 1 minute. Immediately after cooling the samples are submerged 
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in a dithiol solution (see Section 3.2), in order to prevent surface contaminations from prolonged 
exposure in air. Figure 4.6 shows the typical structure of the flame annealed surface, consisting 
of flat terraces lying between slopes of many successive atomic steps (d ≈ 0.24 nm). The 
observed terrace size lies between 40 and 200 nm. 
 

 
Figure 4.6 – Typical STM topography scans of a flame-annealed gold surface with C9 dithiol SAM (I = 
100 pA, V = 0.1 V, room temperature). (a) Monatomic step separating two >200 nm terraces. (b) Many 
successive steps bordering an atomically flat terrace about 40 nm wide. 

4.2 Experimental methods 
 
In order to perform the single-electron tunneling experiments described in Chapter 2 a number 
of practical issues need to be considered. Since the working of a scanning tunneling microscope 
is based on a feedback loop keeping the tunneling current constant by adjusting the tip-sample 
separation, the first concern when measuring a current-voltage dependence is the need to 
prevent this feedback from reacting to the change in the tunneling current. For any I-V sweep 
the feedback must therefore be disengaged until the voltage sweep is completed, in order to 
keep the tip at a constant height from the sample. 

In theory, the tunneling current should exactly return to the current setpoint once the voltage 
sweep is completed and the bias is returned to its operational value. In practice this is however 
never the case, as thermal, mechanical and electrical fluctuations in the STM will always lead to 
a changing tip-sample separation during the measurement. In particular any fluctuation in the Z-
piezo will directly lead to a change in tip-sample separation, greatly affecting the tunneling 
current. Only when the feedback loop is reengaged can the 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 a typical I-V measurement. The moment the 
feedback is disengaged the software begins ramping the bias voltage to the selected starting 
value. After a short stabilization time the bias is swept through the measurement range at a set 
ramp rate, pausing at set intervals where the current signal is to be sampled. At each 
measurement point the system can be set to wait for a pre-sample delay before the current is 
measured. A measurement point can also be averaged over a number of samplings to increase 
the signal to noise ratio. 
 
 

(a) (b) 
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Once the measurement sweep is finished, the voltage is returned to the bias setpoint and the 
feedback loop is reengaged. When acquiring multiple sweeps in sequence, a waiting period can 
be set to allow the feedback loop to stabilize the tunneling current in between measurements. 
 
As mentioned previously it is essential to note that the stability of the tunneling current can be 
greatly impaired by drifting effects once the feedback loop is disabled. This means that for a 
reliable I-V measurement the total measurement time should be kept as short as possible. The 
settings used in this project are listed in Table 4.1. By using a large setup and sweep rate a 
larger fraction of the measurement time can be spent on actual sampling. Using the printed 
settings a measurement containing 81 data points can be executed in about 100 ms, which is in 
most cases sufficient to prevent destabilization of the tip. 
 

Table 4.1 – Timing parameters for I-V spectroscopic measurements. 

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

 
A second consideration for practical SET experiments is the bias and current setpoint settings 
used during measurements. Because the Coulomb blockade effect is visible symmetrically 
around zero bias, the settings must be such that even at low bias the tunneling current remains 
measurable. For a large bias setpoint in combination with a small current setpoint the tip-sample 
separation can be so great that, as the voltage is sweeped down, the current signal will drop to 
zero regardless of whether or not an actual blockade is reached. 

Figure 4.8 illustrates this problem, showing two I-V measurements on a Co/Al2O3/PEI 
surface which, due to the thick barrier layer, were measured at a high bias setpoint and very low 
current setpoint. In both cases the measured current goes to zero when the voltage drops to 
about one third of the setpoint. This shows that this is not the Coulomb blockade effect, as the 
threshold voltage should be independent of the bias setpoint (Equation (2.3)). 
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Figure 4.7 – Flow diagram of a current-voltage spectroscopic measurement. 
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In order to prevent this problem, the bias setpoint should be kept on the order of the expected 
blockade voltage. To sweep a larger range it is possible to start measuring at a voltage higher 
than the bias setpoint, using the voltage setup step in Figure 4.7. 
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Figure 4.8 – Room-temperature current-voltage spectroscopy measurements at a current setpoint of 50 
pA and a bias setpoint of 3 V (left) and 1 V (right). Both curves are averaged over 10 measurements, with 
the standard deviation shown as vertical bars. In both cases the current approaches zero when the 
voltage drops below one third of the bias setpoint, showing that this is not the Coulomb blockade effect 
but rather a loss of tunneling current due to too large tip-sample separation. 
 
Similar to sweeping the voltage in SET measurements, spin-dependent transport experiments in 
an STM consist of sweeping the magnetic field while measuring the tunneling current. In the 
equipment used in this project the magnetic field is applied by running DC current through a 
Helmholtz coil pair, controlled by two 400W power supplies. Because these power supplies 
experience a very heavy inductive load the switching speed of the magnetic field is limited by 
the maximum voltage output (±50 V). 

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

As was shown in Figure 4.5 the room temperature coercivity of the LSMO layers is well 
beneath 10 Oe, meaning that reversing the substrate layer magnetization for TMR 
measurements at that temperature is possible with the settings shown. For experiments at T ≈ 40 
K a slightly stronger field may be required, as the coercivity of LSMO layers of at least 20 UC 
at T = 10 K was reported to be about 20 Oe [51]. 
 

Table 4.2 – Timing parameters for I-V spectroscopic measurements. 

Samples per point 25 
Pre-sample delay 200 µs 
Sampling time 5 µs 
Voltage stabilization 0 ms 
Control signal to BOP 50-
8M power supply 

1.85 V to -1.85 V, 47mV 
step, bidirectional sweep 

Control signal setup rate 50 V/s 
Control signal sweep rate 50 V/s 
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In order to facilitate spin transfer torque experiments a spin-polarized tunneling current can be 
injected into the nanoparticle by reversing the STM bias voltage, so that electrons no longer 
tunnel from the STM tip but from the magnetic substrate. As was mentioned in Section 2.6, a 
typical current density required for spin transfer torque switching is on the order of 107 A/cm2. 
If we assume that the tunneling current flows across the entire cross-sectional surface area of a  
3 nm nanoparticle, an estimate for the required switching current can be calculated to be  
IS = JS·π·r

2 ≈ 10-6 A. 
The STM equipment used in this project is designed to operate at setpoint currents up to  

10 nA, meaning that with standard equipment the switching current density probably cannot be 
reached. This problem may be alleviated by applying a magnetic field to partially reorient the 
nanoparticle magnetization, lowering the energy barrier required for spin torque switching. The 
maximum field strength available in the used setup is however on the order of 100 Oe, which is 
much lower than the saturation field strength of the nanoparticles (see Figure 3.2), so a large 
current may still be required in this case. 
 
Lowering the energy barrier for magnetization switching is also possible by increasing the 
thermal energy through local heating of the nanoparticle. Joule heating caused by large local 
current densities has been reported to aid STM-based spin torque switching of Fe nanoislands 
grown on a W surface, which however still required a spin-polarized current pulse on the order 
of 10-6 A for ~100 ms to switch magnetization [54]. An unpolarized current pulse of the same 
magnitude was also reported to be able to revert the magnetization in most cases, which means 
that reverting the nanoparticle magnetization can be done either by switching the magnetization 
of the substrate or by reversing the direction of current flow (from the STM tip). 

It should however be noted that, since all conduction to and from an isolated nanoparticle 
occurs through tunneling, there may not be enough local, classical flow of electrons in the 
nanoparticle to cause significant Joule heating. If electron-phonon interactions are not likely to 
occur in the island, the electrons will not be able to transfer any energy before they tunnel out. 
In this case all Joule heating will take place in the 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 was obtained on a flame-annealed gold sample 
with C9 dithiol SAM. The I-V curves shown in Figure 4.9 are each averaged over 5 
measurements at the same location, performed at room temperature. All spectra are measured 
during topographic imaging, meaning that the STM tip scanning the surface is paused for a short 
time while the spectrum is measured, after which the topographic scan continues from the same 
location. This enables very accurate control of the location where each spectrum is measured, as 
there is no time for drifting processes to influence the tip position. 

The on-particle and off-particle curves reveal a significant shape difference, with the on-
particle spectrum showing lower current at low voltages (V < 0.1 V). At higher voltages the two 
curves cross and the on-particle current becomes higher than the off-particle current. The two 
curves remain separated even after considering the standard deviation of the measurement 
averaging, particularly at low voltages. 

These results are verified in repeat measurements, both at the same and at different locations. 
This suggests that at room temperature the nanoparticle are at the onset of Coulomb blockade, in 
this case with a threshold voltage of approximately 0.1 V. The Coulomb charging energy would 
then be 0.2 eV, which is within reasonable range of the estimated 90 meV for a 4 nm 
nanoparticle in Section 2.4. 
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Figure 4.9 – Room-temperature STM topography scan of FePt nanoparticles on flame-annealed gold 
with C9 dithiol SAM (I = 50 pA, V = 0.1 V), with I-V spectroscopy measurements performed at the 
marked locations. Both I-V curves are averaged over 5 measurements, with the standard deviation shown 
as vertical bars. The on-particle spectra show a lower current at low voltage, suggesting partial Coulomb 
blockade. 
 
Similar spectroscopic measurements were performed, on the same sample, after cooling down 
the system to T ≈ 40 K. The spectroscopic curves in Figure 4.10 show clear Coulomb blockade 
behavior of the nanoparticle, with the slope at zero voltage virtually flat (zero conduction). The 
topography profile of the nanoparticle has been presented before in Figure 3.13a, showing a 
height of 0.8 nm. 

Apart from the Coulomb blockade, also the Coulomb staircase is observed in this 
measurement. The on-particle I-V curve is repeated in Figure 4.11 together with a plot of the 
derivative of the tunneling current, dI/dV. At each point where the derivative approaches zero 
the electrons are blocked from tunneling by the electrons occupying the nanoparticle at that 
energy level (voltage). 
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Figure 4.10 – Low-temperature STM topography scan of FePt nanoparticles on flame-annealed gold with 
C9 dithiol SAM (I = 50 pA, V = 0.5 V, T ≈ 40 K), with I-V spectroscopy measurements performed at the 
marked locations (5 averages, standard deviation shown as vertical bars). 
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Figure 4.11 – On-particle I-V spectrum of an FePt nanoparticle at T ≈ 40 K , repeated from 
Figure 4.10, plotted with its 3-points numerical derivative. The conductivity peaks are 
spaced approximately 0.15 V apart. 

 
 
The Coulomb staircase allows us to easily extrapolate the Coulomb charging energy and from 
that calculate the capacitance of the nanoparticle. The peaks in the current derivative plot of 
Figure 4.11 are spaced approximately 0.15 V apart. At these peaks the conductivity is high, 
meaning that the tunneling electrons have enough energy to overcome an extra unit of charging 
energy e2/C. This allows conduction to go from single electron tunneling to double electron 
tunneling, then to triple electron tunneling, and so on. 

This means the Coulomb charging energy of the nanoparticle is 0.15 eV, which is close to 
the results obtained at room temperature and very reasonable when compared to the 90 meV 
estimated for a 4 nm nanoparticle. Using Equation (2.4) the total capacitance of the double 
tunnel junction can be calculated to be C ≈ 1.1 aF. 
 
An immediate repeat measurement at the same nanoparticle gives the I-V spectra shown in 
Figure 4.12. The separation between the on-particle and off-particle curves is particularly clear 
in this measurement and the previously obtained blockade voltage is verified (VCB = 2·Vth ≈ 0.15 
V). The fact that the Coulomb staircase is no longer visible means that the inbound tunneling 
resistance has become high compared to the outbound resistance (see Section 2.2). It may be 
that the nanoparticle was moved by the STM tip, decreasing the outbound resistance. In order to 
maintain a constant tunneling current the STM feedback loop would then have to increase the 
tip-sample separation, increasing the inbound tunnel resistance and thus amplifying the initial 
change. 
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During the course of the STM experiments, the Coulomb blockade was observed at T ≈ 40 K on 
more than ten different nanoparticles. In all cases the result was reproducible by immediately 
repeating the measurement, and identical results were obtained for over 10 repeat measurements 
on some nanoparticles. The Coulomb blockade could be readily achieved at cryogenic 
temperatures for almost all nanoparticles found by STM imaging. This is probably because the 
particle size distribution quickly drops to zero for diameters greater than 4 nm (see Figure 3.1), 
meaning that the Coulomb charging energy is greater than the thermal energy in almost all cases. 
It also illustrates the importance of strong nanoparticle 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, measured at the locations marked in Figure 
4.10 (I = 50 pA, V = 0.5 V, T ≈ 40 K). Each curve is averaged across 20 measurements, 
with the standard deviation shown as vertical bars. The threshold voltage is approximately 
75 mV. 

 

4.4 Magnetic substrates 
 
As has been explained in Section 4.1, the samples used for magnetic experiments are based on 
STO/LSMO substrates in order to decrease the barrier thickness and thus the tunneling 
resistance. The effectiveness of LSMO can be determined by comparing the topography scan 
results to those of the Co/Al2O3 samples. Figure 4.13 shows a room-temperature and low-
temperature STM topography image of the 20 UC LSMO sample covered with PEI, using a 
newly cut STM tip for both scans. Comparing these images to the scans of the empty samples 
(Figure 4.4, without PEI) the results are decidedly less clear, but the large-scale surface 
structure is still resolved in both cases. 

In the room-temperature scan (Figure 4.13a) the open structure of the half-grown top layer 
is partially visible, as are a large number of nanoscale details that appear to be the nanoislands 
seen before on the clean surface. At low temperature however most of these details appear to be 
washed out by tip bluntness, which can be recognized by the almost closed appearance of the 
LSMO layer. This indicates that tip degradation is still a severe problem when using PEI as an 
anchoring layer, even on LSMO substrates. The increased noise visible in Figure 4.13b shows 
that, similar to the results on cobalt, more tip damage is incurred during low-temperature 
scanning. 
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Figure 4.13 – STM topography scans of a 20 UC LSMO layer covered with a PEI layer and isolated FePt 
nanoparticles (I = 100 pA, V = 1.0 V). (a) Room-temperature scan showing the open structure of the half-
grown top layer, as well as sparse nanoisland growth. (b) Low-temperature scan showing evidence of a 
blunted tip (T ≈ 40 K). 
 
On the 50 UC sample a similar problem occurs, as is shown by the scan result in Figure 4.14. In 
this scan the tip can actually be seen to degrade as the scan progresses, with the noise level 
strongly increased further down in the image. From this it can be concluded that the tunnel 
barrier is still too thick to allow good quality scan images to be made. Nevertheless the results 
are much better than what has been obtained on the Co/Al2O3 samples, which could not be 
imaged at all. This shows that decreasing barrier thickness is the main concern for these 
experiments.  
 
Because of the very short STM tip lifetime on these samples it was not possible to find isolated, 
immobilized nanoparticles on the substrate surface for spin-dependent transport experiments. 
Mobile nanoparticles were however observed, which verifies the conclusion made in Section 3.4 
that the anchoring of FePt nanoparticles on PEI is not very strong. 
 

 
Figure 4.14 – STM topography scan of a 50 UC LSMO layer covered with a PEI layer and 
isolated FePt nanoparticles (I = 100 pA, V = 1.0 V, T ≈ 40 K). The tip quality can be seen 
to degrade as the scan progresses (from the top downwards). 

(a) (b) 
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5 Conclusions and recommendations 
 
The goal of this project was to investigate the electron transport properties of FePt nanoparticles 
using STM spectroscopy, focusing on single-electron tunneling (Coulomb blockade) behavior 
and spin-dependent transport (TMR measurements). For this the isolation of nanoparticles on 
various surfaces was investigated and achieved through control of the nanoparticle dispersion 
concentration and the submergence time of adhesive substrates in this dispersion. The results 
were verified by STM topographic and spectroscopic measurements. For single-electron 
experiments highly conductive gold surfaces were fabricated, while for TMR experiments 
cobalt and LSMO surfaces were fabricated as ferromagnetic substrates. 
 
To obtain particle immobilization on gold substrates a C9 dithiol SAM was applied as adhesion 
layer. Nanoparticle anchoring was found to be strong enough to allow spectroscopic 
measurements, although the immobile particles appeared to be partially embedded in the SAM. 
This is an unwanted effect, as a decreased particle-substrate separation leads to a higher 
outbound tunneling rate Γout, which is at odds with the requirement for observing the Coulomb 
staircase (Γin>>Γout, see Section 2.2). 

It is possible that a better particle immobilization can be obtained using molecules with a 
longer alkyl chain. The C9 dithiol molecule is significantly smaller than the oleic acid and oleyl 
amine surfactants on the nanoparticle, which may make the ligand exchange process more 
difficult. On the other hand longer dithiol molecules may give rise to a stronger prevalence of 
the looping phase during SAM adsorption, so care should be taken to maintain the desired 
(standing-up) growth mode. A longer alkyl chain will also lead to a thicker adhesion layer with 
a higher tunnel resistance, so the chain length should be optimized such that the tunnel 
resistance is low enough to allow STM imaging. 
 
On metal oxide substrates a thin PEI layer was used to immobilize nanoparticles. Using STM 
topographic imaging it was observed that anchoring of individual particles on PEI was very 
poor, whereas the self-assembly of a particle monolayer on PEI was quite effective. This 
suggests that interaction between the particles helps the physical stabilization. 

Low-temperature STM topography imaging of substrates with PEI was found to be very 
difficult due to severe tip degradation. This is most probably caused by the feedback loop 
approaching the tip too closely to the surface, trying to overcome the high tunneling resistance 
of the ~3 nm PEI barrier. 

In view of the success of the C9 dithiol system, a better performance should be obtainable 
by using a self-assembled monolayer of molecules with for example phosphate groups to bond 
to an oxide substrate, as described in reference [32], and thiol termination to bond to an FePt 
particle. The thiol groups should allow for better particle immobilization than observed on PEI, 
while the reduced thickness of a molecular monolayer will allow the STM tip to approach to 
tunneling range without making contact with the surface. 
 
Using STM spectroscopy the Coulomb blockade of more than ten different FePt nanoparticles 
on flame-annealed gold / C9 dithiol SAM surfaces was observed reproducibly at low 
temperatures (T ≈ 40 K), and a clear Coulomb staircase was measured. Using the latter result the 
Coulomb charging energy of that nanoparticle was found to be approximately 0.15 eV, 
corresponding to a total junction capacitance of ~1.1 aF. At room temperature a significant and 
reproducible difference between on-particle and off-particle I-V spectra suggests the onset of 
Coulomb blockade, with a charging energy estimated at ~0.2 eV. Both results are in good 
agreement with the estimated charging energy of a 4 nm nanoparticle, EC > 90 meV. 
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On the magnetic Co/Al2O3/PEI and LSMO/PEI substrates no isolated nanoparticles were found 
with strong enough anchoring to allow I-V spectroscopy measurements. This means that 
improving the adhesion layer is the most important requirement for future magnetic experiments. 
The properties of LSMO (chemical stability, low coercivity, strong spin polarization) make it a 
more interesting choice than cobalt, especially because cobalt requires a protective oxide layer 
which increases the tunnel resistance. 
 
It was found that the measurement setup used in this project can supply a magnetic field 
strength of >13 Oe if sweeping the field for about 0.5 s. The room temperature coercivity of the 
LSMO layer was measured to be below 5 Oe, but a slightly stronger field may be required for 
switching the layer at low temperature. The maximum time the feedback loop can be 
disengaged before tip-sample separation drift effects become disruptive was found to be ~100 
ms, so the sweep rate will probably have to be increased as well. This means that stronger 
Helmholtz coil power supplies will probably be required to support the TMR measurements 
described in this report. 
 
The monodomain structure and favorable magnetic and chemical properties make FePt 
nanoparticles interesting candidates for future magnetic data storage systems such as highly 
integrated MRAM. To further assess their applicability in this context it is very interesting to 
investigate spin transfer torque switching of the nanoparticles using a spin-polarized current 
tunneling from the substrate. The required current densities for full current-driven switching are 
not trivial to obtain in the STM equipment used in this project, so the use of field assisted or 
thermally assisted switching may be more viable solutions. 
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