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Summary

Atom lithography: creating patterned magnetic layers

Atom lithography is a technique to structure layers of atoms during deposition, using
interactions of near-resonant light fields with neutral atoms. The basic scheme uses
a standing wave light field, aligned just above a substrate, while a beam of atoms
impinges perpendicularly on the standing wave light field. The interaction of the
light field and the atoms focuses the atoms towards the crests or troughs of the
standing wave intensity, dependent on the tuning of the light field. The focused
atoms are subsequently deposited on the substrate, resulting in an array of lines,
whose periodicity is determined by the wavelength of the light field. The standing
wave light field can therefore be seen as an array of lenses, focusing the atom beam
into an array of lines. The first experiments on atom lithography were performed
in the 1990s with sodium and chromium. In this thesis experiments with iron are
described, which is a magnetic element and thus allows for the creation of magnetic
nanostructures.

To focus atom beams into structures using atom lithography, well-colimated atom
beams are required. The most common technique to create collimated atom beams
is transverse laser cooling, but iron has no closed optical transition suitable for laser
cooling. Fortunately Smeets and Te Sligte found that even then atom lithography
of iron is possible. If the standing wave light field is considered to be an array of
lenses, the focusing of the atom beam on a single lens is determined by the local
collimation of the atom beam at that position. This local collimation is determined
by the geometry of the beam source and the distance of the beam source to the
standing wave lens. Using a small beam source (e.g. 1 mm diameter) positioned
far from the standing wave (e.g. 1 m), the geometrically collimated atom beam is
suitable for atom lithography.

Chapter 3 shows what the implications of geometric collimation are on the structure
formation in atom lithography. The geometric effects that locally collimate the atom
beam on the sample also introduce local offset angles of the atom beam with respect
to the focusing light field. Structure formation has been observed with lines of up to 7
nm high on a background layer of 15 nm average height, over areas of up to 400 µm
× 6 mm. This indicates that the offset angles can vary over an 8 mrad range, which is
more than an order of magnitude larger than the local angle of collimation. The offset
angle influence the local geometry of the deposited structures: an increasing offset
angle decreases the local line height, increases the width and creates a skewness
in the local line shape.

The local geometry of the lines has been modelled with a Monte Carlo particle track-
ing model and the results were compared to experiments. It was found that the high-
est and narrowest lines suffer from significant broadening due to surface diffusion
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in experiments, limiting the achievable structure width of iron on SiOx samples to
about 80 nm. We have also found that in atom lithography without laser cooling,
each standing wave lens is effectively imaging the source geometry onto the sub-
strate. We therefore propose using structured atom beam sources to image more
complex patterns on sub-wavelength scales in a parallel way.

The reason to use iron in atom lithography, is the option to create magnetic nanos-
tructures. However, in previous experiments no clear magnetic signature of the atom
lithographic structuring of iron was found. Therefore in Chapter 4 firstly the magnetic
properties of unstructured layers of iron (Fe), nickel (Ni) and FexNi1−x are inves-
tigated. These layers are all ferromagnetic, but with a reduced magnetic moment
compared to bulk values due to contaminations and crystal growth effects. As a ref-
erence for periodic atom lithography structures, periodic line structures are created
with interference lithography in a polymer layer and onto these structures thin layers
of FexNi1−x are shadow deposited, thereby creating a layer periodically modulated
in both height and elemental composition. This periodic modulation in composition
has been observed with SEM-EDX on sub-micron scales. The structures showed
a clear magnetic anisotropy with an easy axis along the direction of the lines, in
accordance with expectations.

In Chapter 5, the magnetic properties of atom lithographic iron line structures are
presented. Using MOKE microscopy, direct comparison of structured and unstruc-
tured parts of a sample is possible, which allows for the observation of clear mag-
netic signatures due to the atom lithographic structuring. In layers of an average
thickness of about 15 nm, no anisotropy is induced by the line structures, while a
magnetic easy axis along the direction of the lines is expected. The line structures
introduce an isotropic increase in the coercivity of the layers, indicating that the line
structures can be considered as isotropic corrugations instead of directional line
structures. For layers of 30 nm average thickness and thus higher line structures, a
clear magnetic anisotropy is observed for the highest line structures. This anisotropy
can be seen as a magnetic easy axis along the direction of the lines, as expected
for line structures. However, we also observe a sharp increase in coercivity for ap-
plied fields perpendicular to the lines. This phenomenon is intriguing and may be
explained by a pinning of head-to-head domain walls along the direction of the lines.

In Chapter 5, we also report on the first results of co-deposition of FexNi1−x, where
the Fe is structured into lines using atom lithography, while the Ni is deposited uni-
formly, thereby creating an alloy of modulating composition. Magnetic analysis of
these structures indicates that these structures are anisotropic, both the coercivity
and the shape of domain walls is dependent on the angle of the applied field relative
to the line structures.

Finally in Chapter 6, we investigate the possibilities to focus a thermal beam of atoms
into a single 100 nm spot using light fields, thereby creating a nanopencil suitable
for deposition of nanostructures. A Monte Carlo particle tracking program was de-
veloped to model the all optical focusing or funneling of 10 µm sized atom beams
to a 100 nm spot. This model included effects of initial beam divergence, magnetic



substructure, laser cooling, and spontaneous as well as stimulated diffusion and it
was applied to a number of promising light field configurations. The best results
obtained for experimentally realistic settings are a beam focused to a full width at
half maximum of FWHM = 0.55 µm in a blue detuned hollow beam where atoms
are focused towards the dark center, or a FWHM = 0.31 µm in a red detuned axi-
con light field, where atoms are focused towards the maximum intensity at the heart
line. However, in the latter case the focused beam has a flux only 25 times larger
than the background flux, which is unpractical for applications. The limiting factors of
all schemes are heating due to stimulated diffusion and the limited interaction time
available for a thermal beam of atoms. A nanopencil could be possible if it were
based on the focussing of a slow and / or monochromatic atom beam, but this would
seriously complicate the practical application of such a device.
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Chapter 1

Introduction

1.1 Light and matter.

The view we have today of matter and light was established at the end of the 19th
and the start of the 20th century and it describes matter and light down to the nanos-
cale. However, already in the Roman Empire did artisans create optical phenomena
caused by gold nanoparticles dispersed in glass, creating wonderful colour effects
in the glass [1]. These craftsmen thus already created optical effects on a nanome-
ter scale, long before a proper knowledge of the nature of light or matter on these
scales was developed.

Our current understanding of light is based on the fact that light has a dual character
of both a wave and a particle. In Maxwell’s equations light is described as a wave,
while Planck and Einstein developed the view that light is composed of particles with
a quantized character, photons. This quantization of the light field formed the basis
for the development of quantum mechanics. In quantum mechanics all particles,
such as atoms, or electrons also have a wave character. Louis de Broglie derived
the wavelength of particles and he found that the wave character of electrons orbi-
ting an atomic nucleus only allowed for discrete orbitals in the Bohr model. As an
electron can only be in specific orbitals, which correspond to specific energy levels,
a change in orbital can take place when a photon is absorbed or emitted, whose
energy (and corresponding wavelength) matches the energy difference of the le-
vels of the electron. This explained why atoms absorb or emit photons of specific
wavelengths that are resonant with an atomic transition.

In 1933 Otto Frisch performed an experiment that showed that the absorption of
single photons can have a mechanical effect on single atoms [2]. A schematic of the
experiment is shown in Figure 1.1. Frisch created a beam of neutral sodium atoms in
a vacuum, that was collimated using slits into a beam of a few mm height and some
tens of µm wide. This beam of sodium atoms was then illuminated from the side
by a sodium lamp, emitting light of 589 nm at the D-line of sodium. Moving neutral
sodium atoms absorb a photon and thereby both the energy and the momentum of
the photon, deflecting the atom from its original path. During illumination about one
in three atoms could absorb a photon and indeed one third of the atom beam was
deflected. Although the deflection found in this experiment was only 0.01 mm, it did
show the basic concept of the manipulation of atom beams with light fields.
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slit

Na source

Na 
atoms

Na 
lamp

undeflected
Na atomsdeflected

Na atoms

photons

Figure 1.1: Schematic of the experiment by Frisch [2] in 1933 to deflect a beam of sodium
(Na) atoms by the absorption of a single photon and its momentum.

The results obtained by Frisch can be understood in classic mechanics as a transfer
of momentum of a photon to an atom. Since then, the development of high power,
coherent light sources in the form of lasers allowed for the development of atom
optics, a field of physics that studies the interactions of light and atoms, often in a
quantum-mechanical framework. It has led to many discoveries ranging from laser
cooling of ions [3] and atoms [4] and the magneto-optical trapping of atoms [5] to
Bose Einstein condensates [6] and also to atom lithography [7], the latter being the
subject of this thesis.

1.2 Atom lithography

Atom lithography is a technique that uses interactions of light and atoms to create
patterned atomic depositions. A schematic representation is shown in Figure 1.2.
Here a beam of neutral atoms passes through a standing wave light field located
just above the substrate. The light field is near resonant with an optical transition,
creating an induced dipole moment in the atoms. Such dipoles will interact with the
field, leading to a dipolar interaction energy given by

Udip = −α(ω)

2ε0c
I, (1.1)

where α(ω) is the dynamic polarisability of the atom at frequency ω of the light, I is
the intensity of the light field and ε0 and c are the vacuum permittivity and the speed
of light. The standing wave light field shown in Figure 1.2 has a periodic intensity. It
thus forms a periodic potential for atoms, focusing the atom beam into lines spaced
by λ/2 defined by the wavelength of the light field, λ. The light field should be tuned
close to resonance so that α(ω) is non-zero, but not too close to resonance where
spontaneous emission will occur. As the sign of α(ω) is dependent on the detuning
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1.2. Atom lithography
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Figure 1.2: Schematic overview of atom lithography: a near resonant standing wave light
field forms an array of lenses focusing an atom beam into lines on a substrate spaced by λ/2.

from resonance, ∆ = ω − ω0, where ω0 is the resonant frequency of the atom, a
light field with ∆ > 0 will focus the atoms to the low light intensity regions, while ∆ <
0 will focus the atoms to the high intensity regions.

Atom lithography has several advantages compared to other techniques to create
structured depositions. In atom lithography the optical diffraction limit is not the
limiting factor because the atomic de Broglie wavelength is below a nanometer. A
second advantage is that atom lithography is a single step deposition process, which
in principle allows for the production of very clean structures that are not contamina-
ted during other process steps. Furthermore the structures can be made extremely
periodic, as the standing wave pattern of the light field is reproduced. In this thesis
we use this technique to create periodic structures in thin Fe films. Another unique
option of atom lithography is co-deposition, where two atomic species are deposited,
only one of which is focused by a near resonant light field while the other is deposi-
ted uniformly. This allows for local changes in composition of an alloy. Options for
co-deposition are explored in Chapter 5 of this thesis.

The light field configuration in atom lithography defines the resulting pattern: a single
standing wave gives lines spaced by λ/2. More complex patterns have been rea-
lised such as rectangular grids [8], hexagonal arrays [9] or quasi-periodic patterns
[10]. The quantum mechanical nature of the interaction of neutral atoms and reso-
nant light even allowed for the creation of structures of λ/4 [11] or λ/8 periodicity
[12]. However, for applications the restriction of periodic patterns is highly limiting.
Mützel et al. performed two experiments which can allow for non-periodic patterns.
First they used holographic optical patterns in atom lithography experiments [13].
Holography can be used to create random optical patterns, even though the crea-
tion of arbitrary patterns is technologically challenging. A limit of this scheme is the
requirement of light field gradients for atom lithographic focusing. The distance over
which an atom can be displaced in atom lithographic focusing is restricted by the

3



Chapter 1. Introduction

distance over which a sufficiently large intensity gradient can be maintained, while
the maximum intensity is experimentally limited. This restricts the use of holographic
optical patterns in atom lithography. In a second experiment an “atom pencil” was
created [14], where magneto-optical forces were used to create a single 45 µm sized
atom beam, which was collimated using mechanical apertures to a single 280 nm
sized atom beam, which could write arbitrary patterns. In Chapter 6 of this thesis
we extend this idea by exploring options to create sub-100 nm sized atom beams
without the use of mechanical apertures, using only light to focus atoms and thus
create a true “nanopencil” for atoms in a realistic experimental setting.

Various atomic species have been used in atom lithography. The first experiments
were performed by Timp et al. [7] using sodium in 1992 and by McClelland et al.
[15] using chromium in 1993. Atom lithography was also performed using Al [16], Yb
[17], and Fe [18, 19]. For all these materials so-called direct deposition was used,
where atoms are deposited to form structures. Atom lithography can also be used
to pattern a resist layer. In this case atoms are focussed onto the resist layer the-
reby locally damaging the resist. This has been done with metastable atoms which
have a high internal energy, such as Ar∗[20], Ne∗[21], or He∗[22] and with atoms
that are chemically active such as ground state Cs [23]. However, direct deposition
of chromium is the most common method in atom lithography. A major advantage
of chromium is that it is stable in air, so that structures can be studied ex vacuo.
Another advantage of chromium is that it has a strong, almost perfectly closed op-
tical transition at a wavelength λ = 425 nm, which is accessible with tunable laser
systems. This allows for the use of laser cooling before focusing the atom beam with
atom lithography.

Laser cooling is a technique that can collimate a divergent atom beam, thereby in-
creasing the flux and creating a collimated beam which is more suitable for focusing
in atom lithography. In the experiment of Frisch it was already shown that momen-
tum can be transferred from a photon to an atom. If a two level atom is continuously
irradiated by a near resonant laser, it will absorb photons and spontaneously re-emit
these photons at a scattering rate Ṅ. The spontaneous emission is isotropic, the-
refore the emission has no average momentum transfer. If each absorbed photon
carries a momentum of h̄

−→
k , where~k is the wave vector with

∣∣∣~k∣∣∣ = 2π/λ, a scatte-

ring force of
〈−→

F
〉
= Ṅh̄

−→
k is exerted on the atom. If two counter-propagating laser

beams are applied to a stationary atom, the two scattering forces on the atom can-
cel exactly. However, if the atom has a velocity −→v the laser frequencies are Doppler
shifted leading to an effective detuning ∆−

−→
k · −→v , so that the scattering forces are

velocity dependent. For both laser beams detuned by ∆ = −Γ/2, the sum force is
always opposed to the velocity, so that this scheme can cool the atom in the direc-
tion of the lasers. This Doppler cooling process is limited by the random recoils of
the emitted photons, giving a minimum temperature of TD = h̄Γ/ (2kB), the Doppler
temperature. For a beam of Fe atoms, the element used in this thesis, transverse
laser cooling to TD equals cooling to a transverse velocity spread of 0.1 m/s. This
means that thermal Fe beams can be well collimated as their forward velocity is
typically 103 m/s.
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1.3. Magnetism of ferromagnetic nanostructures
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Figure 1.3: Schematic representation of magnetisation of atom lithographic line structures
on a background. Left: Applied field and uniform magnetisation directed into the plane of the
paper. Center: Applied field and uniform magnetisation in the plane of the paper, inducing
magnetic surface poles. Right: Applied field in the plane of the paper, with magnetisation
forced along the surface structure so that ∇ · −→M 6= 0 in the structure.

The basis of laser cooling is repeated absorption and emission of photons, which is
only possible for atomic species with a closed transition. However, Fe does not have
a suitable closed transition. The transition most suitable for both atom lithographic
focusing and laser cooling, is the 5D4 → 5F5 transition, at λ = 372 nm. This transi-
tion is not completely closed, because atoms can decay to metastable 5F5, 5F4 or 3F4
states with a combined probability of 1/244. Atom lithography and laser cooling on
this transition have been observed [18]. Unfortunately laser cooling was shown to
lead to a negligible increase in useful flux of ground-state atoms [24]. Iron atoms that
decay to other states than the ground state during laser cooling do not interact with
the focusing light field and are deposited as a background layer, severely limiting the
achievable contrast. Smeets [25] and Te Sligte [26] showed that atom lithography of
iron is possible without laser cooling if the atom beam source is small and positioned
far away from the sample. In chapter 3 of this thesis we expand on this idea by a
performing a detailed investigation of the topographical structure of Fe depositions
created by this geometric cooling technique.

1.3 Magnetism of ferromagnetic nanostructures

The main subject of this thesis is atom lithography of iron, which is a ferromagnetic
element so that magnetic nanostructures are created. The applications of magne-
tism in magnetic data storage have driven an enormous research effort towards a
better fundamental understanding of magnetism on small scales. In this section we
will not provide a complete overview of magnetism, of which many overviews are
available [27, 28], but some key aspects are presented. In Chapters 4 and 5 we
present an experimental study of the properties of magnetic thin films.

The atom lithographic iron structures presented in this thesis can be schematically
represented as infinite parallel lines on top of a background layer. The presence of
the lines on a background can have significant effects on the magnetisation ~M of
this structure. In Figure 1.3 a schematic cross-section of the lines is shown when
an external field ~H is applied parallel (left) or perpendicular (centre and right) to the

5



Chapter 1. Introduction

Figure 1.4: Calculated hysteresis curves in the Stoner Wohlfahrt model, for ~H along the
easy axis Θ = 0◦(left) or ~H along the hard axis Θ = 90◦

line direction. If ~H is parallel to the line direction the energetically favorable magne-
tisation is that ~M is uniform throughout the sample and parallel to both ~H and all
surfaces of the structure. If ~H is perpendicular to the line direction, ~M can be ali-
gned uniformly throughout the sample as shown in the centre of Figure 1.3, but then
the surface magnetisation is not parallel to the surface, inducing magnetic surface
charges. In a situation where ~M is aligned parallel to all surfaces, schematically
shown on the right of Figure 1.3, ∇ · ~M 6= 0 in the bulk, so that this configuration
has magnetic volume charges. Both configurations with ~H perpendicular to the line
direction have magnetic charges and therefore also have an additional magneto-
static energy compared to the configuration of ~H parallel to the line direction. This
is the basis for shape anisotropy, which is an anisotropy of the magnetic properties
due to the shape of a magnetic element. A shape anisotropy can be an input for a
Stoner-Wohlfahrt model [27].

The Stoner-Wohlfahrt model is a model to explain micromagnetic behavior. The
basic assumption is that the magnetization ~M is uniform throughout the system with
constant size Ms and that there is a coherent rotation of ~M during magnetization
reversal. This means that during magnetization reversal the exchange energy is
constant so that the energy of the system is determined by the anisotropy energy.
Anisotropies can be induced by e.g., shape or magneto-crystalline effects. If only a
uniaxial shape anisotropy due to the line structures is included, the energy per unit
volume E/V of the system is given by:

E
V

= K sin2 (θ)− µ0Ms H cos (θ −Θ) , (1.2)

where θ and Θ are the angle between the line direction and respectively ~M and ~H.
K is the effective shape anisotropy energy per unit volume [27].

If H = 0 in Equation 1.2, the energy minimum is at θ = 0◦ or θ = 180◦, so that the
magnetisation is along the direction of the lines, which is then called the easy-axis.
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Figure 1.5: Schematic of racetrack memory as proposed by Parkin [29]. A strip of material
is divided into equally sized regions, where the magnetisation of each region stores a “0” or
“1” bit. By moving all magnetic domains and domain walls through the strip, a static read
device can read the data in the domains.

The two energy minima for H = 0, are the cause of hysteresis of magnetisation. If a
large ~H is applied at an angle Θ = 0◦, ~M is forced along θ = 0◦. If ~H is reduced to
zero and then increased in the Θ = 180◦ direction, the global energy of the system
is lowest for θ = 180◦. However, this global energy minimum can only be reached
if a significantly large field is applied that removes the local energy minimum at θ =
0◦. From Equation 1.2 we find that ~M only reverses sign at an applied field of size
HC =2K/ (µ0Ms), which is known as the coercive field. In Figure 1.4 the calculated
hysteresis curves of the component of ~M along ~H are presented for ~H at Θ = 0◦

and Θ = 90◦. For Θ = 0◦ (along the easy axis) the magnetisation switches at
HC =2K/ (µ0Ms). For ~H applied at Θ = 90◦, which is called the hard axis, the
magnetisation is along θ = 0◦ or θ = 180◦ when no field is applied, so that HC = 0
A/m.

The magnetic switch behavior shown in Figure 1.4 based on a Stoner-Wohlfahrt
model shows clear angular dependence. In Chapter 4 of this thesis, we present
line structures in thin ferromagnetic layers created with a technique called shadow-
lithography. These line structures introduces a strong shape anisotropy leading to
the presence of an easy axis along the direction of the lines. However, in Chapter
5 we find that atom-lithographically structured Fe films do not conform to the simple
easy/hard axis model of magnetisation.

Therefore we also the concepts of domain walls and domain wall movement. If two
adjacent areas of a single structure have a different magnetisation, the boundary
of these areas is a domain wall. Domain walls have recently attracted significant
scientific attention amongst others because Parkin devised a new magnetic memory
called “race track memory” [29]. In traditional magnetic data recording media, infor-
mation is stored in the local magnetisation of individual areas on a sample, that we
refer to as bits. These bits are read or written by mechanically positioning a read-
write device on top of each bit. In the race track memory data is still stored in a
series of bits on a wire or line, but now these bits can be shifted along this wire by
moving all domains and domain walls while the read-write device has a fixed posi-
tion as shown in Figure 1.5. In a race track memory, the domains and domain walls
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Chapter 1. Introduction

are moved using spin-polarised currents, which is beyond the scope of this thesis, a
description can be found in [29]. The basic concept of domain walls and domain wall
movement are invoked in Chapter 5 to explain our observation of unusual magnetic
properties of thin Fe films created with atom lithography.

1.4 Thesis outline

In this thesis results will be presented both regarding atom lithography as a tech-
nique as well as regarding the magnetic properties of structures created with atom
lithography. In contrast with previous reports [25, 19] we find that atom lithographic
structuring of Fe does influence the magnetic properties of the deposited Fe layers.

In Chapter 2 an overview of the atom lithography setup is provided, highlighting
the improvements since the work of Smeets [25] and Te Sligte [26]. In Chapter
3 the structure formation in atom lithography is discussed when laser cooling is not
applied to collimate the atom beams before focusing. As it is shown that laser cooling
is indeed not required, the implications for atom lithography with other elements are
presented and a new method to create more complex patterns is proposed.

In Chapter 4 we describe the results of reference experiments on the magnetic pro-
perties of unstructured thin layers of Fe and FexNi1−x. Secondly, an alternative me-
thod is presented to produce periodic magnetic FexNi1−x line structures based on
interference lithography and shadow deposition. The magnetic properties of these
structured layers are also explored in Chapter 4 as a second reference to the atom
lithographic structures that are presented in Chapter 5. In Chapter 5 we show that
such structuring of Fe layers influences the magnetic properties. Structuring thi-
cker layers of Fe induces anisotropies in the magnetic properties and that cannot
be explained using only shape anisotropy in a Stoner Wohlfahrt model, but seem to
indicate domain wall effects. In this chapter also the first results of co-deposition of
FexNi1−x layers structured with atom lithography are presented.

Chapter 6 presents an investigation of options to focus and compress atom beams
below a 100 nm size without the use of mechanical apertures, investigating the pos-
sibilities to create a true “nanopencil” with a high writing speed. Using simulations it
is shown that heating effects unfortunately prevent the creation of such small atom
beams in realistic experimental settings.
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Chapter 2

Experimental Setup

This chapter describes the experimental setup used to create atom lithographic
structures. The basis was already described in the theses of Smeets [25] and Te
Sligte [26]. This chapter is therefore brief, highlighting only the main changes to
the setup. As the setup consists of generally two parts, the laser system and the
deposition setup, they are discussed in separate sections.

2.1 Laser system

For atom lithography of iron a light field is required resonant with the 5D4 → 5F5
transition at λ = 372 nm. To create this wavelength, a three step process is used as
described by Smeets [25]. A diode-pumped solid state laser (Verdi 18 from Coherent
Inc.) pumps a Titanium:Sapphire (Coherent 899-21) laser set at 744 nm, whose light
is frequency doubled in a doubling cavity built at the Free University of Amsterdam.
It should be noted that the diode pumped solid state laser has replaced the Ar+ laser
that was described by Smeets. A schematic of the setup is shown in Figure 2.1.

The doubling cavity is based on the design described in [31]. For the frequency
doubling a 10 mm long non-linear crystal made of Lithium Triborate (LBO) is placed
in the cavity. To obtain a longer lifetime of the crystal, an anti-reflection coated crystal
cut at 90◦ angles was installed to replace an uncoated crystal cut at Brewster’s
angle. The coated crystal has been used for over two years, showing no sign of
degradation. The new crystal does require the use of an optical isolator between the
Ti:S laser and the doubling cavity to prevent back reflections into the Ti:S laser. The
doubling cavity is locked using Hänsch-Couillaud locking [30].

To lock the frequency of the doubled output at 372 nm to the 5D4 → 5F5 transition
in iron, polarization spectroscopy [32] is used. To obtain an atomic vapor of iron
suitable for spectroscopy, an Fe-Ar hollow cathode discharge is used, where atomic
Fe is sputtered off the iron cathode by Ar ions from the discharge. Both the Fe-
Ar hollow cathode discharge and the locking setup are discussed in detail in [33].
For the polarization spectroscopy, a circularly polarised pump and linearly polarised
probe laser beam, counter-propagate through the iron vapor as shown in Figure 2.1.
The circular pump beam changes the population of the magnetic substates of the
iron atoms, creating a Doppler-free birefringence for the probe beam. By analysing
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Figure 2.1: Schematic top view of the optical setup on the optical table, showing the lasers
and optics. A DPSS laser at λ = 532 nm pumps a Ti:S laser set at λ = 744 nm. This beam
is frequency doubled to λ = 372 nm. The 372 nm light is sent through an acousto-optical
modulator, creating a first order beam with a detuning of 150 MHz, which is sent to the
polarisation spectroscopy setup. The fundamental beam is sent into an optical fiber to the
deposition setup. The frequency doubling cavity is locked using Hänsch-Couillaud locking
[30], the Ti:S is locked to the resonant iron transition with a detuning of 150 (2 π) MHz
using the polarisation spectroscopy setup.
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the polarisation of the probe beam a dispersive signal is obtained as function of
laser frequency, which can be used to lock the Ti:S laser to the transition, limiting
the frequency drift to 0.2 MHz over the time scale of the deposition experiments,
which is a few hours.

For the atom lithography experiments the light field is detuned by ∆ = 150 (2π)
MHz. To this end an acousto-optical modulator (AOM) is placed in the optical path
of the λ = 372 nm beam, as shown in Figure 2.1. The first order beam out of the
AOM, detuned by -150 (2π) MHz, is locked to the transition at resonance, so that the
fundamental beam which is used for atom lithography has an effective detuning of
+∆ = 150 (2π) MHz from resonance. To create a standing wave light field that has
a well-defined profile and to limit effects of vibrations between the optical setup and
the deposition setup, the light is transported to the deposition setup via an optical
fibre. For proper in- and out-coupling the light field out of the fibre is single mode
and has power levels up to 55 mW.

2.2 Deposition setup

The deposition setup was previously described in the thesis of Te Sligte [26]. This
section is therefore brief on the general description and only expands on the ad-
ditions to the setup. New are the option to deposit Nickel, an improved electronic
control over the vacuum system as well as an improved vacuum during deposition,
the use of a different type of samples and a better scheme to align and control the
standing wave light field during deposition. Furthermore the deposition rates of the
atom sources have been calibrated.

The deposition setup is schematically shown in Figure 2.2. It can be used to deposit
thin layers of either or both Fe and Ni, from effusive sources positioned respecti-
vely perpendicularly and at 45◦ with respect to the sample. The sample consists of
500 µm thick Si〈100〉 with a 100 nm thick oxide layer, so that the surface is SiOx,
to prevent any ordered growth of Fe, which was reported on the previously used
crystalline Si〈100〉 with only native oxide [25]. Samples are cut to about 5 × 8 mm
and ultrasonically cleaned for 15 minutes in ammonia (25% in H2O), then in aceton
and finally in isopropanol. Finally the sample is blown dry with N2. The samples are
clamped in a sample holder which also holds a mirror for the λ = 372 nm light field.
The mirror is aligned ex vacuo to be perpendicular to the sample within 1 mrad. As
shown in Figure 2.2, the sample holder can be placed in the vacuum so that the λ =
372 nm light can be focused onto the mirror to create a standing wave light field just
above the sample, while Fe and Ni are deposited onto the sample.

The λ = 372 nm beam which is retro-reflected off the mirror in the vacuum is aligned
to the incoming beam to less than 1 mrad deviation. To create a standing wave
directly over the substrate, the substrate is positioned in the standing wave, such
that the power in the retro-reflected beam is 50% of the maximum power reflected
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Figure 2.2: Schematic top-view of the vacuum deposition setup. Two effusive sources of Fe
and Ni deposit on the sample in the deposition chamber. The λ = 372 nm light field from
the optical setup is focussed on a mirror on the sample holder in vacuum creating a standing
wave just above the sample. Out of vacuum the power of incoming and reflected beam is
measured using photo detectors (PD). The load lock holds up to four samples. The effusive
Ag source allows for capping of the samples to protect against corrosion.
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Effusive source

         source opening surface   A
         temperature             T
         vapor pressure             p(T)φ

Ψ r

e

Figure 2.3: Schematic overview of deposition from an effusive source on a sample.

off the mirror. The retro-reflected power can be monitored during deposition. A
window is placed in the light field outside the vacuum at 45◦ as shown in Figure
2.2, reflecting part of both the incoming and retro-reflected light field in opposite
directions. The power in the retro-reflected beam deviates less than 10% during
depositions of several hours.

To allow for multiple depositions without breaking the vacuum to remove samples,
the setup contains a load lock which can hold up to four samples. Samples can be
transported from the load lock to the deposition chamber using a linear magnetic
drive. To prevent oxidation of the samples ex-vacuo, a third effusive source shown
in Figure 2.2 can deposit Ag on the samples before these are removed from the
vacuum. To limit oxidation and contamination of the samples in-vacuo, the vacuum
system has been improved compared to the setup of Te Sligte, specifically to de-
crease the pressure in the deposition chamber during deposition. The improvements
include on the one hand the integrated digital control of the vacuum system and the
deposition sources and on the other hand an upgrade of the types of vacuum pumps
and the flow restrictions used in the setup. The resulting pressure in the deposition
chamber during deposition is now about p = 5·10−9 mbar which is an improvement
of a factor 10.

To calibrate the Fe and Ni sources, all deposition rates have been measured using
RBS (Rutherford Back-scattering spectrometry) with a He+ beam in the singletron
facility at Eindhoven University of Technology. RBS allows for an elemental analysis
in a quantitative manner. This method is used to measure the amount of deposited
material as function of deposition source setting as well as the content of materials in
each sample. Measurements of both the deposition rates of the Fe and Ni sources
and on the composition of FexNi1−x layers are presented in the remainder of this
section. These measurements were performed on layers of Fe or Ni deposited on
SiOx samples during two hours at different rates and capped with approximately 5
nm Ag, by depositing Ag at a rate of about 1 nm/min at a temperature of 860 ◦C of
the Ag source.

In Figure 2.3 a schematic of deposition on a sample using an atom beam from an
effusive source is given. The deposition rate R (the deposited film height per unit
time) from an effusive source is given by [34]:
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Table 2.1: Values for the geometry of the effusive deposition sources for Fe, Ni and Ag. Note
that values for ψ only include the part of the atom beam reaching the sample.

Fe Ni Ag
ψ 0±5 mrad π/4±0.005 rad 0±50 mrad
ϕ 0±5 mrad 0±5 mrad 0±50 mrad
Ae 0.8±0.1 mm2 0.8±0.1 mm2 3.1±0.3 mm2

r 0.74±0.01 m 0.38±0.01 m 0.07±0.01 m

R = p
√

m
2πkBT

Ae

ρπr2 cos (ψ) cos (ϕ) (2.1)

where ψ is the angle of the normal of the substrate with the atom beam, φ is the
angle of normal of the source opening and the atom beam as indicated in Figure
2.3. The surface area of the source opening is given by Ae, r is the source-substrate
distance, m is the mass of the evaporated element, ρ is the density of the element in
the deposited layer, T is the source temperature and p is the partial vapor pressure,
which is a known function of T for each atomic species [35].

For all three sources, values of the geometry of the source are given in Table 2.1.
Values for m, ρ and p(T) are known from literature [35], and for the Ni and Ag
sources T is monitored during deposition. However, the home-built Fe source can
only be controlled by setting the current to the heater of the source, as there is no
direct measurement of its temperature. Using the Stefan-Boltzmann radiation law,
the source temperature T and heating current I for ohmic heating current are related
using:

T (I1) /T (I2) = (I1/I2)
1/2 (2.2)

Using this relationship and Equation 2.1, Te Sligte modelled the deposition rate of
the Fe effusive source. However, Equation 2.1 requires a conversion constant from
I to T that Te Sligte used to fit the model to the measurements. In Figure 2.4 the
fitted values of Te Sligte are presented, together with the new results from RBS
measurements. It is clear that these results do not overlap, which is a result of a
replacement in the effusive Fe source of both the heating coils, the heat shielding
and the crucible. Using a new conversion constant from I to T the measurements
have been fitted, as shown in Figure 2.4. The average deviation of the measured
data to the fit is 20%, but for currents I ≥33 A, used in all further depositions of Fe,
the fit is accurate to within 5%.

The Ni deposition source that was added to the setup is a commercial effusive cell
(HTC-40-2-180-WK-Hor, Createc Fischer & Co. GmbH), that is suitable for hori-
zontal use, meaning that the effusive beam is in the horizontal plane. A pyrolithic
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Figure 2.4: Deposition rate of the effusive Fe source on the samples, as modelled by Te Sligte
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Figure 2.5: Deposition rate of the effusive Ni source measured with RBS.

graphite crucible is used, allowing for source temperatures up to T = 2000 ◦C. The
measured deposition rate for the Ni source is shown in Figure 2.5. The measure-
ments follow the shape of the model curve, but have significant deviations. These
deviations can be as large as 40% of the deposition rate or indicate an uncertainty in
temperature of up to 25◦. A likely explanation for these errors is a partial clogging of
the opening of the effusive cell, which is supported by the fact that the larger errors
are found for higher deposition rates and that the errors are a decrease in depo-
sition rate compared to the model. During refilling of the effusive cell any deposit
obscuring the opening is therefore routinely cleaned.

In the RBS measurements the composition of the deposited films has also been
investigated. Traces of carbon and oxygen have been observed in layers of more
than 10 nm thick. They are less than 2 at% for carbon and less than 2.5 at% for
oxygen. The origin of these traces can be either from the background gas in the
deposition chamber, or from the deposition sources. The Fe source has a source
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Figure 2.6: Measured at% of Fe in FexNi1−x as function of composition aim based on the
Fe and Ni source calibrations.

of carbon in the carbon heating coils and a source of oxygen in the Al2O3 crucible.
As both the heating coils and the crucible show visual signs of degradation after
prolonged use, they are a likely candidate to contribute to the carbon and oxygen
contaminations observed in the samples.

Based on the calibrations of the Fe and Ni source, 10 nm thick layers of FexNi1−x
have been deposited on SiOx samples and capped with Ag varying the composition
over 0.4 ≤ x ≤ 0.8. The actual composition of these samples was measured using
RBS; the results are shown in Figure 2.6. We find that the trend of the composition
is according to expectations, but that the value for x is lower than expected for high
Fe content (up to 13 percent point lower for xaimed = 0.8). This indicates that the
calibrations of our Ni and Fe sources have an error margin, which is further sup-
ported by the non-monotonous behavior in Figure 2.6 at xaimed = 0.6, but that the
composition of FexNi1−x layers can be tuned to within 13 percent point.
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Chapter 3

Structure formation in atom
lithography using geometric
collimation

Atom lithography uses standing wave light fields as arrays of lenses to focus neu-
tral atom beams into line patterns on a substrate. Laser cooled atom beams are
commonly used, but an atom beam source with a small opening placed at a large
distance from a substrate creates atom beams which are locally geometrically col-
limated on the substrate. These beams have local offset angles with respect to the
substrate. We show that this affects the height, width, shape and position of the
created structures. We find that simulated effects are partially obscured in experi-
ments by substrate dependent diffusion of atoms, while scattering and interference
just above the substrate limit the quality of the standing wave lens. We find that in
atom lithography without laser cooling the atom beam source geometry is imaged
onto the substrate by the standing wave lense. We therefore propose using structu-
red atom beam sources to image more complex patterns on subwavelength scales
in a massively parallel way.1

1* Published as: Structure formation in atom lithography using geometric collimation. T. Meijer, J.P.
Beardmore, C.G.C.H.M. Fabrie, J.P. van Lieshout, R.P.M.J.W. Notermans, R.T. Sang, E.J.D. Vreden-
bregt and K.A.H. van Leeuwen, Applied Physics B: Lasers and Optics, 105 (4), 703-713, (2011), doi:
10.1007/s00340-011-4743-5
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Figure 3.1: Schematical overview of atomic nanofabrication using (a) laser cooling, crea-
ting a globally collimated atom beam, compared to (b) geometric cooling, creating a locally
collimated atom beam. D is the diameter of the opening of the atom source, L is the atom
source-sample distance and ϕ is the angle under which the atom beam locally impinges on
the sample.

3.1 Introduction

Atom lithography is a technique to structure atomic depositions, based on the use
of dipole interactions of neutral atoms with near-resonant light fields. As the dipolar
interaction energy is intensity dependent, a standing wave light field leads to a per-
iodic potential. This potential can be used as an array of lenses for neutral atoms,
with a periodicity of λ/2, where λ is the wavelength of the light. Pioneering experi-
ments were performed by Timp et al. using sodium atoms [7] and by McClelland et
al. using chromium [15]. In these experiments, beams of atoms were transversely
laser cooled and then focused on a substrate into nanolines spaced exactly λ/2.
Atom lithography experiments were also performed with other elements: Al [16], Yb
[17], and Fe [18, 19]. Experiments using light fields other than a one-dimensional
standing wave have been used to create structures such as rectangular grids [8],
hexagonal arrays [9], quasi-periodic patterns [10] or holographically created pat-
terns [13]. The quantum mechanical nature of the interaction of neutral atoms and
resonant light allows for the creation of structures of λ/4 [11] or λ/8 periodicity [12].
Reviews of atom lithography are given in [36, 37].

In previous atom lithography experiments, atomic beams were transversely laser
cooled to increase beam brightness and to minimise transverse velocity spread.
The use of laser cooling can increase brightness by orders of magnitude [38], but
brightness increase is much lower in many setups. Atomic species that do not have
a closed atomic transition from the ground state, such as Al, Ga or In [39], are not
suitable for laser cooling in atom lithographic experiments as atoms that decay to a
different atomic state no longer interact with the light fields. Complex laser cooling
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Figure 3.2: 2 × 2 µm AFM image (left) and average line cross section (right) of atom
lithographic deposition of Fe without laser cooling.

schemes can be applied, but these are experimentally challenging. The second
reason for laser cooling, the minimisation of transverse velocity spread, was thought
to be a key requirement for atom lithography [36], but was shown not to be essential
by Smeets et al. [40].

For atom lithography the local transverse velocity spread of an atom beam impinging
on a single atom lens needs to be small to enable sharp imaging. This can be
achieved by geometric collimation, shown schematically in Fig. 3.1: an atom beam
from a small beam source opening (e.g., 1 mm) with a large source-sample distance
(e.g., 1 m), has a small local transverse velocity spread on the sample. In Fig. 3.1
we find a distinct difference between laser cooling and geometric collimation. A
laser cooled beam aligns uniformly to the array of focussing lenses in the optical
standing wave. However, with geometric collimation the atom beam aligns perfectly
orthogonal to the focussing field at one point, but not over the entire standing wave.

In a setup without laser cooling, the transverse velocity distribution of the atom beam
near the substrate is determined by the longitudinal velocity of the atom beam, the
size of the atom beam source, the source-sample distance and the position on the
substrate. The longitudinal velocity distribution is that of an effusive beam, with ave-
rage longitudinal velocity 〈vlong〉. At a point on the substrate the angular distribution
of an atom beam emerging from a circular hole with diameter D at a distance L from
the substrate, as shown in Fig. 3.1, is in good approximation characterised by a
Gaussian angular distribution with a root-mean-square width of D/ (4L). The trans-
verse velocity distribution thus has an RMS spread of σvtrans = D/ (4L) 〈vlong〉. The
local average transverse velocity, 〈vtrans〉, is a function of position on the substrate.
At each position where the beam impinges under an angle, ϕ, as seen in Fig. 3.1,
〈vtrans〉 = ϕ〈vlong〉, as ϕ is small in the experimental setup.

Experimentally we have found atom lithographic structure formation of Fe over areas
of up to 400 µm × 6 mm on a single substrate. An example of an atomic force
microscopy (AFM) scan is shown in Fig. 3.2, where a 2 × 2 µm2 area is shown with
186 nm periodic line structures of 6 nm height. In our setup L =0.74 m, D = 1 mm,
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〈vlong〉 = 1.0×10 3 m/s and σvtrans = 0.35 m/s. As the total size of the structured
area in x direction (perpendicular to the lines) is up to 6 mm long, ϕ varies over an
8 mrad range, so that 〈vtrans〉 varies over an 8 m/s range, more than an order of
magnitude larger than σvtrans.

In this article we investigate the effects of 〈vtrans〉. We show experimental results
of structure height, width and shape. We will also elaborate on two issues that
influence structure formation on the surface: diffusion of atoms on the substrate
after deposition and the effects of scattering and interference of the standing wave
field grazing over a substrate. When we take these diffusion and interference effects
into account, we can understand structure formation in a geometrically collimated
atom beam using a semiclassical Monte Carlo model.

Our paper is organised as follows: we first discuss a Monte Carlo model for atom
lithographic focussing and present simulations using this model with transverse ve-
locities included. Then we present the experimental setup, show the experimental
results of structure formation and compare them with simulations. We show how
the effect of the light field configuration influences experimental results. Further-
more, we show what the impact on the results is of diffusion of atomic depositions
on the substrate. Finally, we discuss further possibilities and improvements of atom
lithography without laser cooling and propose a novel scheme for a sub-wavelength
patterning technique, based on geometrically collimated atom beams.

3.2 Simulations

The potential of an atom in a near-resonant light field follows from the so-called
dressed state model. The energies of dressed states |1〉 and |2〉 in a light field with
a detuning ∆ from resonance, are [41]:

E1,2 = − h̄∆
2
± h̄

2

√
∆2 + Γ2 I(r)

2Is

2

. (3.1)

Here I(r) is the local intensity, Is is the saturation intensity and Γ is the natural line
width.

The light field intensity in our simulation is modelled as a Gaussian standing wave
(SW):

I(r) =
8P

πw2 sin 2(kx) · exp(−2
z2

w2 ) · exp(−2
y2

w2 ). (3.2)

Here k = 2π/λ, w is the waist of the laser beam, P is the laser power, and x, y, z are
positions as shown in Fig. 3.1. In our experiments we use focused Gaussian laser
beams, but we disregard wavefront curvature because experiments are performed
well within a Rayleigh length of the focus position.
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3.3. Simulation results

Table 3.1: Characteristics for iron and the transition used.

Transition 5D4 → 5F5
Wavelength λ (nm) 372.0
Linewidth Γ/2π (MHz) 2.58

Saturation intensity Is (W/m2) 62
Doppler velocity vd (m/s) 0.1

In the experiment we use light fields with large positive detuning ∆ ≥ 50Γ, so that
ground state atoms entering the light field will initially be in the |1〉 dressed state
adiabatically connected to the atomic ground state. This state has the lowest energy
for the minimum intensity of the light and therefore atoms are focused towards a
local intensity minimum.

We use Fe atoms and a λ = 372 nm light field that is near resonant with the
5D4 → 5F5 transition in Fe. This transition is not fully closed, but as we use light rela-
tively far detuned from resonance, optical pumping to other atomic states is ignored.
Characteristics of the transition are given in Table 3.1.

To simulate the focussing process, we use a Monte-Carlo trajectory calculation.
Each simulation uses 105 atoms which are considered as classical point particles
moving in the dressed-state potentials. Initially all atoms are in the |1〉 dressed state
at z = −2w. The trajectories are calculated by numerically integrating the Newtonian
equation of motion in three dimensions until the atoms reach z = w/2. The atomic
velocity distribution mimicks that of our experimental setup in both longitudinal and
transverse directions.

Spontaneous emission effects are included in our model, although these effects are
not large for the large detunings and moderate intensity levels in our experiments.
Direct heating by the random photon recoils from the spontaneous emissions (‘spon-
taneous diffusion’) is included, as well as ‘stimulated diffusion’ due to dressed state
changing spontaneous emissions. After each spontaneous emission, a random pho-
ton recoil momentum is added to the atom’s momentum and the possibility that the
atom switches to the other dressed state is taken into account.

To include the effects of magnetic substates, the atoms are uniformly distributed
over the magnetic substates and the appropriate Clebsch-Gordan coefficients are
assigned to each atom, assuming a linearly polarized lightfield. The local intensity
is multiplied by the Clebsch-Gordan coefficient, resulting in different potentials and
thus different focal lengths for each magnetic substate. The possibility that the ma-
gnetic substate of an atom changes during spontaneous emission is neglected.
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Figure 3.3: Overview of atomic trajectories in a SW light field of P = 20 mW, w = 90 µm
and ∆ = 150 (2π) MHz.

3.3 Simulation results

In Fig. 3.3 we show some typical atomic trajectories of atoms moving from top to
bottom through the SW potential of a light field with ∆ 150 (2π)MHz, P = 20 mW
and w = 90 µm. Atoms are focused towards the intensity minima at x = 0 nm and
x = ± 0.186 µm, but the trajectories do not share a single focal point. This is partly
due to the effect of the different potentials for the magnetic substates and the large
chromatic abberation, as the RMS spread of vlong is 357 m/s.

In our experiments the substrate is positioned at the point of maximum laser intensity,
z = 0 µm, therefore we take the simulated atomic distribution in that plane. On the
left of Fig. 3.4 we show atomic distributions at z = 0 µm and around x = 0 µm (thus
ϕ = 0 mrad) for a light field of w = 90 µm at several y-positions. We observe that
for nonzero y-positions, where local light intensity is lower, atoms are focused less
tightly resulting in lower and broader distributions. To characterize the simulation
results, we fit the atomic distribution with a Gaussian, an example is shown on the
right-hand panel of in Fig. 3.4. The values we find in the Gaussian fit for peak height
over the pedestal, h, and the full width at half maximum, wh, can be compared to
experimental results. To convert simulated atomic distributions into height values,
we take into account the Fe flux in our experiment and the fraction of atoms that are
in the atomic ground state and therefore interact with the potential.

In the left-hand panel of Fig. 3.5 we show simulation results for focussing by the
same light field at y = 0 µm, but with atom beams with different values for 〈vtrans〉
(thus different offset angle ϕ). For non-zero 〈vtrans〉 the maximum in the atomic
density distribution shifts relative to the potential minima at x (modulo λ/2) = 0 nm
by some value ∆x, shown on the right of Fig. 3.5. The height of the simulated
structures decreases and we find that they are no longer symmetric. To obtain a
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Figure 3.4: Simulated atomic distribution of atoms around x = 0 µm (thus ϕ ' 0 mrad)
in the plane z = 0 µm for atoms focused by a SW light field with w0 = 90 µm, P = 20 mW.
Left: at positions in the light field y = 0 µm (thick black curve), y = 45 µm (dotted red),
y = 90 µm (dashed blue). Right:Gaussian fit of y = 0 µm (thin red), indicating peak height
h and full width at half maximum wh.
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Figure 3.5: Left: Simulated atomic distribution in the plane z = 0 µm and y = 0 µm for
atoms beams with 〈vtrans〉 of 0 m/s (solid black curve), 0.5 m/s (dotted red), 1.0 m/s (dashed
blue) and 1.5 m/s (dashed-dotted green), focused by a SW light field with w0 = 90 µm and
P = 20 mW. Note that 〈vtrans〉 = 1 m/s is equal to ϕ = 1 mrad. Right: Simulated atomic
distribution of 〈vtrans〉 = 1 m/s, fitted with a skewed Gaussian and indicating peak shift ∆x.

numerical value for the asymmetry of the simulated structures, we use the skewed
Gaussian distribution, described by:

f (x) =
1√
2π

exp

((
x− x0√

2w

)2
)(

1 + erf
(

α
x− x0√

2w

))
. (3.3)

The skewness parameter α is a measure for the assymmetry of the distribution. On
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Figure 3.6: Effects of nonzero ϕ on simulated atomic distributions showing on the left ∆x
vs ϕ for light fields of w = 150 µm and P = 55 mW (blue triangle); w = 90 µm and P =
20 mW (red dots); w = 60 µm and P = 50 mW (black squares); indicating ∆x = λ/4 =
93 nm (dashed line) and on the right skewness parameter α vs ϕ of the deposited structures
for w = 90 µm and P = 20 mW.

the right of Fig. 3.5 we show the fit of the atomic distribution for the 〈vtrans〉 =1 m/s
simulation with a skewed Gaussian distribution.

In Fig. 3.6 on the left we show ∆x as a function of ϕ for simulations with different
light field configurations. All three curves give a linear behaviour for small ϕ, until ∆x
levels off at ∆x = λ/4 = 93 nm. Although we found in Fig. 3.3 that there is no single
focal length of our focussing potential, the linear regime of Fig. 3.6 can be modelled
with the formula ∆x = f · sin ϕ, with f an effective focal length of the lens, resulting
in e.g., f = 66 µm for w = 150 µm and P = 55 mW. It should be noted that the
shift of the peak positions will be nearly impossible to observe experimentally, as the
change in distance between two neighboring structures will be on the order of 10−11

m.

For larger ϕ, ∆x moves towards λ/4 = 93 nm, the position where the SW potential
is maximal. If atoms move beyond ∆x = λ/4, they move through the SW potential
maximum towards a neighboring potential minimum. In that case an atom is no
longer focused by a single lens, but is moving through a periodic potential. Atoms
are then more likely to be near the maxima of the potential where their kinetic energy
and thus speed is lower. At higher values of ϕ, the peak position therefore remains
near the maximum of the potential, thus at ∆x = λ/4 = 93 nm.

A second effect of non zero 〈vtrans〉 was observed in the skewness of the lines. In
the right-hand panel of Fig. 3.6 we show the skewness parameter α of line structures
modelled for a SW potential of w = 90 µm and P = 20 mW; other standing waves
give similar results. We find that for small ϕ, α increases linearly with ϕ up to ϕ =
1.5 mrad. At this angle where we showed on the left of Fig. 3.6 that ∆x changes
from a linear regime to the ∆x = λ/4 level, the skewness also changes behaviour.
For larger values of ϕ, the skewness is ill determined and fluctuating around α = 0.
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3.4. Experimental setup

Table 3.2: Characteristics of the atom beam

atom source diameter D (mm) 1
atom source - sample distance L (m) 0.74

atom source temperature T (K) 2000
average longitudinal velocity 〈vlong〉 (m/s) 1.0·103

longitudinal velocity spread (RMS) σvlong (m/s) 357
transverse velocity spread (RMS) σvtrans (m/s) 0.35

3.4 Experimental setup

A schematic of our setup is shown on the right-hand side of Fig. 3.1. To be able to
deposit Fe at a reasonable flux, we require temperatures up to 2000 K for which we
use a home-built effusive Knudsen cell [42]. This Knudsen cell has a circular opening
of 1 mm diameter and is located 740 mm from the sample. The characteristics of the
atom beam and the beam geometry are given in Table 3.2. The thermal population
of Fe atoms at 2000 K gives an occupation of the ground state of 47%, which is the
only state that has an interaction with the light field. Substrates are exposed to the
atom beam for two hours, resulting in deposited Fe films of an average thickness of
approximately 15 nm.

The 372 nm light needed to excite the 5D4 → 5F5 transition of Fe produced by a
titanium-sapphire laser, frequency doubled with an LBO crystal in a ring cavity and
frequency locked using the method described in [33]. An acousto-optical modulator
is used to introduce a detuning ∆ = 150 (2π) MHz. The 372 nm light is passed
through a single mode fiber and is then focused onto a mirror in the vacuum to
create a standing wave with waist sizes between 60 and 150 µm. The retroreflected
beam is aligned to the incoming beam to less than 1 mrad deviation. The substrate
is positioned in the standing wave as shown top right in Fig. 3.7, such that the power
in the retroreflected beam is 50% of the maximum power reflected off the mirror.

In Fig. 3.7 we show the sample holder, on which the samples are clamped and a mir-
ror is mounted.Substrates are SiOx, which is amorphous to prevent ordered growth
effects due to crystalline substrates. The mirror can be aligned perpendicular to the
substrate within 1 mrad ex vacuo. The sample holder is placed in the deposition
chamber, which has a typical pressure below 10−8 mbar. In the deposition cham-
ber, the atom beam has a diameter of 7 mm and it impinges normal to the substrate
near the centre of the substrate. In the bottom right of Fig. 3.7 we show that line
structures can be created where the laser field overlaps the area of Fe deposition.

The resulting structures have been imaged using atomic force microscopy (AFM).
We measured under ambient conditions on a Digital Instruments Dimension 3100
AFM in tapping mode, using Si cantilevers with a radius of curvature less than 10 nm.
As our structures have typical ratios of h/wh below 10−1 we disregard tip artefacts.
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Figure 3.7: Left: Sample holder. Top right: View along laser field showing 50% cut-off.
Bottom right: View along Fe atom beam showing overlap of laser and deposition area on
sample where line structures are created.

Measuring along the y direction gives information of the influence of the local laser
intensity, where we take y = 0 at the position of maximum laser intensity. Measuring
along the x direction gives insight in the effects of the transverse velocity of the Fe
atom beam, where x = 0 corresponds to 〈vtrans〉 = 0. AFM measurements are
performed on areas of 250 nm along the lines and 2 µm perpendicular to the lines,
so that 11 lines are visible. The image is averaged over the y-direction and in the
resulting cross section of the line structures each line is fitted with a Gaussian giving
average and spread values of h and wh.

3.5 Experimental results

In Fig. 3.8 we present experimental and simulation results for h and wh of deposited
lines as a function of y-position, while x = 0 (thus 〈vtrans〉 = 0). Three settings of P
and w are shown. In Fig. 3.9 we present experimental and simulation results of lines
deposited at y = 0 mm, thus at the maximum intensity level of the laser field as a
function of x-position, which is proportional to 〈vtrans〉. In our simulations the highest
lines are found for the highest laser power and for an atom beam with 〈vtrans〉 = 0.
This behaviour is confirmed in our experiments.

In Fig. 3.8 we find that structure formation is influenced by the local intensity of the
laser field. The simulation results show bell-shaped dependence of h on y-position,
which is wider and more flat topped than the intensity profile. This indicates that the
focussing is less sensitive to intensity changes at high intensity. This is confirmed
by the simulation values of wh, which are reasonably constant for |y| . w, while for
larger y, corresponding to lower intensities, wh increases. The experimental results
for h match the simulations for the outside positions, but differ greatly for |y| . w.
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Figure 3.8: h (left) and wh (right) of simulated (red dots) and experimentally measured lines
(black squares) for different y positions and different laserfield settings, from top to bottom
w = 60 µm and P = 50 mW; w = 90 µm and P = 20 mW; w = 150 µm and P = 55 mW.
A laser intensity profile normalized to the maximum intensity of the measurement is shown
in the left-hand images (grey area).
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At y =0, h is two to three times smaller than expected. Experimental values of
wh hardly depend on y-position. Values of wh are between 80 and 120 nm, which
corresponds to simulation values at the extreme y-positions, but simulation values
of wh around y =0 are significantly smaller, down to 35 nm.

The influence of local 〈vtrans〉 on structure formation is shown in Fig. 3.9. Experi-
mentally we observe structures even for large values of x >4 mm, corresponding
to 〈vtrans〉 =6 m/s. This is more than an order of magnitude larger than σvtrans and
nearly two orders of magnitude larger than the transverse velocity associated with
Doppler cooled beams where σvtrans = vd =0.1 m/s (Table 3.2). At those values
for 〈vtrans〉, atoms in the atom beam can pass through a maximum in the focussing
potential and are therefore no longer restricted to interact with a single lens.

The simulation results in Fig. 3.9 indicate that the highest and narrowest lines are de-
posited for x = 0 mm, where 〈vtrans〉 =0 m/s. These results show a sharp decrease
in line height for non-zero 〈vtrans〉. Experimental results indeed have a maximum for
h at x = 0 mm, but this peak is less pronounced than in the simulation. The mea-
sured widths, wh, are all between 80 and 120 nm, well over the simulated values
around x = 0 mm but comparable at the extreme values of x. Both Figs. 3.8 and
3.9 indicate that the simulations predict broad, low structures correctly, but fail in the
case of optimal focussing, with narrow and high lines. This points towards the pre-
sense of an additional broadening mechanism not accounted for in the simulations.

This notion is confirmed by a comparison of the simulated and experimental values
for the product of h and wh, indicating the total amount of focused material. In Fig.
3.10 we show the product for one field setting, results are similar for other settings.
We find that the simulated product of h and wh of the focused lines, compares much
better to the experimental results, with errors of only about 20%.

In atom lithography, broadening of structures has been found previously [43, 44].
Two explanations have been proposed: the distortion of the lightfield by the presence
of the substrate and the mobility of deposited atoms on the surface.

The effect of the substrate on the light field has been modelled by Anderson et al.
[43]. Following their approach we calculated the lightfield near the centre of our
substrate assuming a fully reflecting surface and mirror, from an incoming Gaussian
laser field cut off at maximum intensity by the substrate. We find a dark zone just
above the surface of about 10 µm high, while intensity is nearly two times higher
than expected at about 20 µm from the surface. Further away from the surface the
intensity patterns is more similar to the incoming Gaussian pattern. The assumption
that the substrate and the mirror are fully reflective is an extreme; our experiment
is much more difficult to model as Fe coats our SiOx substrate during the expe-
riment, so that reflection coefficients and associated phase terms change during the
experiment.

The dark area just above the surface can allow for defocussing of the atom beam.
In our simulations we find that σvtrans in the plane z =0 is 0.53 m/s for the strongest
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Figure 3.10: Measured (black squares) and simulated (red circles) product of h and wh for
light field of w = 90 µm, P = 20 mW as a function of y-position (left) and x-position (right).

focused beams, leading to a maximal broadening of 6 nm on both edges of the
focused line structure in a 10 µm high dark area. As the intensity is higher just
above the dark zone over the substrate, the focussing strength might be greater
at some points, thus also leading to stronger defocussing. However, it seems that
the divergence in the dark zone over the substrate alone cannot account for the
broadening of the structures from 35 nm to over 80 nm that we observe in Figs. 3.8
and 3.9.

The mobility of atoms on a surface and the resulting blurring of structures has also
been a subject of study in the field of atom lithography. Ballistic deposition models
[45], terrace and step-edge diffusion [46] and polluted adatom limited diffusion [44]
have been proposed. The latter was consistent with the experimental data of [43],
but there is no complete understanding of atom mobility on the substrate. We have
observed very clear effects in our setup while depositing structures on SiOx and
Si〈111〉. Previously reported Fe structures on Si〈111〉 with native oxide created with
a very similar setup had a typical wh of 50 nm [40], while our current line structures
deposited on SiOx have a typical wh of over 80 nm.

As a reference experiment to the atom lithographic experiments on Si〈111〉 and
SiOx, we have deposited Fe through physical masks with line patterns, to deposit
well defined structures onto Si〈111〉 or SiOx substrates. The masks are made of
100 nm thick silicon nitride which are e-beam patterned with line patterns of 80±5
nm wide and several 100 µm long. The masks are clamped directly on the substrate,
so that the mask-substrate distance is less than 10 µm. We have deposited 15 to 20
nm thick layers of Fe through these line masks and measured their geometry with
AFM. In Fig. 3.11 we show cross-sections of Fe nanolines deposited on SiOx and
Si〈111〉. We find that there is a significant influence of the substrate. This is known
in literature for other materials, e.g., Tun et al. [47] observe very different structure
formation of gold deposited on various substrates through physical masks.

In Fig. 3.11 we have included the expectated deposition profile based on the geome-
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Figure 3.11: Cross-sections of nanolines created by depositing Fe through physical masks
on SiOx (left) and Si〈111〉 (right). Dotted red curve: geometric expected structures from the
80 nm wide mask openings. Solid black curve: measured AFM results. Dashed blue curve:
a model convoluting the geometric expectation with a Gaussian of σ =23 nm (left) and σ =
12 nm (right).

try of the mask, the divergence of the atom beam and the mask-substrate distance
and find that this does not match the experimental results. We model the substrate
influence as a convolution of the expectated profile with a Gaussian function, of
which the standard deviation σ gives a measure for diffusion. In Fig. 3.11 we show
that this gives a good match to measured profiles for σ =12 nm for Si〈111〉and
σ =23 nm for SiOx.

The value of σ is not easily translated into an increase in width of structures in
atom lithography. It should be noted that the full-width at half height in Fig. 3.11
of the expected deposition profile, the model and both measurements are nearly
equal. As atom lithography creates Fe nanostructures on a Fe background, surface
diffusion and broadening effects will be different from the freestanding structures
shown in Fig. 3.11. However, the results indicate that diffusion effects of Fe on SiOx
and Si〈111〉 have a range of tens of nm and we find that the value σ for SiOx is
approximately twice the value for Si〈111〉. This matches well with the length scale
over which the values of wh of atom lithographic lines differs in simulations (wh ≥35
nm) and experimental results on Si〈111〉 (wh &50 nm) [40] and SiOx (wh &80 nm).

Although it is likely that diffusion and broadening affects narrow and high structures
more than broad structures, these results do not indicate how diffusion and broa-
dening affects structure height and width for different deposited flux distributions.
However, we have shown that substrate dependent surface diffusion effects can
contribute significantly to the observed differences in wh of our Monte Carlo model
and the atom lithographic experiments.

The experiments show most of the effects found in the simulations qualitatively, al-
though lines are broadened. We have therefore also investigated the skewness of
our deposited structures, which we found in our simulations to be dependent on
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Figure 3.12: Overview of simulated (left) and measured (right) values of skewness α of
nanostructures deposited with a light field of w =150 µm and P =55 mW.

〈vtrans〉. We show the skewness parameter both for simulated and experimental re-
sults in Fig. 3.12 for structures deposited with a lightfield of w =150 µm and P =55
mW. We clearly retrieve the linear trend for values of 〈vtrans〉 from -1.25 to 1.25 m/s
and for larger values of 〈vtrans〉 both simulation and experimental values break with
the linear trend. Quantitatively the measured values of α are smaller than the simu-
lation results, which is to be expected as the observed broadening of the structures
in experiments will decrease skewness.

3.6 Discussion and conclusions

In this article we have shown that atom lithography is possible with atom beams that
have a local 〈vtrans〉 of up to a few m/s. This local 〈vtrans〉, which corresponds to
an offset angle of the atom beam with respect to the SW, influences height, width
and shape of the deposited structures. These effects have been simulated and have
been qualitatively observed in our samples. However, the observed structures are
broader and lower than in the simulations. We find that this discrepancy can be
partly explained by light scattering and interference of the light field at the reflective
substrate. However, we find that our results are mostly influenced by a substrate
dependent diffusion mechanism. Whereas the simulation resulted in structure sizes
of wh ≥35 nm, we do not find structures of wh <80 nm on SiOx substrates. In our
previous experiments on Si〈111〉 substrates we found smaller structures of wh ≥50
nm [40]. A better understanding of surface effects and choice of substrate could
therefore allow for better defined structures.

As our current structuring technique does not needlaser cooling, we are no longer
limited to atomic species that have closed optical transitions. This allows for the use
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of technologically interesting elements such as Ga, In and Si [39] where laser co-
oling was shown to be experimentally challenging. We calculated the achievable flux
densities without laser cooling for some elements of group III and IV (Al, Ga, In, Si,
Ge, Sn) in our current setup and atom beam source geometry using data from [48].
In all cases the deposition rate is at least 10 nm per hour at beam source tempera-
tures lower than 2000 K, which we use for Fe. As in our Fe experiment, the thermal
occupation of any single (hyperfine) level of these atomic beams is significantly less
than 1. Therefore, e.g., optical pumping might be required to achieve good contrast
in the atom lithographic focussing.

Atom lithography without laser cooling could furthermore be improved by improving
the geometry of the setup and the atom beam source. We currently employ a Knud-
sen cell with a round opening as an atom beam source, the size of which determines
the local σvtrans on the sample. However, for line structures, only σvtrans perpendicu-
lar to the lines needs to be controlled and we can thus use slit-like source openings,
with a larger surface area, but a narrower size perpendicular to the lines. This al-
lows us to increase flux with lower σvtrans. The source-substrate distance L also
influences σvtrans. As σvtrans is inversely proportional to L, increasing L can create
locally better collimated beams. However, the flux is inversely proportional with L2,
which restricts large increases of L. A second advantage of a larger L is that the
offset angles ϕ will be smaller, so that the deposited structures are uniform over lar-
ger areas. Adjustment of the geometry of the setup and atom beam source can thus
allow for faster deposition rates, lower σvtrans and/or a smaller influence of 〈vtrans〉.

Finally we propose to use atom lithography without laser cooling to image patterns
in the atomic beam onto a substrate, similar to the imaging of patterns with light in
classic lithography. We show the concept in Fig. 3.13. At the left an atom beam
emerges out of a single D =1 mm round opening, at distance L =0.74 m, is fo-
cused by a SW lens of w =150 µm and P =55 mW as in our current setup. The
magnification ratio is f /L =8.9·10−5, with f =66 µm the effective focus length we
obtained from Fig. 3.6. We find that this is similar to the reduction in size of the
beam source opening wh/D =6.1·10−5. The SW lens thus creates an image of the
beam source onto the substrate. With laser cooled atom beams, this is impossible
as laser cooling removes information of the beam source. We also simulated the
focused atomic distribution of an atom beam from a beam source in front of which
we place two 0.33 mm wide slits spaced 0.75 mm apart, as shown on the right of
Fig. 3.13. The double slit is focused to a double line pattern spaced 60 nm apart,
reducing the size of the spacing by a factor 8·10−5 gain very similar to f /L. Using
atom lithography without laser cooling to image structured beam sources allows for
the creation of patterns which are repetitive over λ/2 in a massively parallel way.
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Figure 3.13: Example of atom lithography using a patterned atom beam. Left top: atom
beam impinging on a single SW lens from a 1 mm round source opening; Right top: atom
beam impinging on a single SW lens from from two 0.33 mm sources positioned 0.75 mm
apart. Bottom: Simulated atomic distribution after focussing of atom beams by a SW light
field of w = 150 µm and P = 55 mW.

Considering the typical wh =80 nm of Fe on SiOx, our current setup is not very sui-
table for this type of experiment, as multiple features might not be discernable on an
186 nm interval. However, in atom lithography structures have been observed with
sizes down to 13 nm in sodium [49] and down to 29 nm in chromium [43] allowing
for more intricate patterns within the corresponding lens sizes of λNa/2 =295 nm
and λCr/2 =213 nm. More complex patterns would be possible if two perpendicular
standing waves are used, creating a two dimensional array of lenses, which would
allow for two dimensional patterning. This scheme will of course suffer from the large
abberations that optical lenses for atoms have. Nevertheless, potential applications
in the field of, e.g., nanoengineering and nanomagnetism could make this scheme
technologically interesting.
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Chapter 4

Magnetic effects in FexNi1−x
layers

4.1 Introduction

Figure 4.1: Diagram showing the thermal expansion coefficient α of FexNi1−x as function
of atomic nickel content for 20 ◦C and 300 ◦C. Image from the Nobel prize lecture of Ch. E.
Guillaume in 1920 [50].

Alloys of iron and nickel have been subject of extensive research, especially after
the so-called Invar effect was first discovered in 1897 by Ch. E. Guillaume [51]. He
found that around the Fe65Ni35 composition the thermal expansion of FexNi1−x
alloys drops to nearly zero at room temperature, as shown in Figure 4.1. This had
applications for more stable measurement standards and it has still many
applications where stability over a broad temperature range is required. For his
discoveries Guillaume received the Nobel prize in physics in 1920.

The Invar effect is coupled to magnetism, as it disappears when FexNi1−x is heated
over the Curie temperature. In Figure 4.2 the magnetic moment per atom as function
of Ni content is shown. The FexNi1−x alloy has two different crystal structures, body
centered cubic (BCC) in the Fe rich phase (solid points) and face centered cubic
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Figure 4.2: Image adapted from Crangle and Hallam [53]: The variation of the magne-
tic moment per atom of BCC (solid points) and FCC (open points) with composition for
FexNi1−x .

(FCC) in the Ni rich phase (open points). Although the Invar effect occurs at com-
positions near the region where these phases coexist, the Invar effect was observed
only in the FCC phase FexNi1−x. In Figure 4.2 it is visible as a sharp decrease in
the magnetic moment per atom of the FCC phase near Fe65Ni35. Around this com-
position, two phases coexist in the FCC phase, one in which the Fe is ferromagnetic,
having a larger atomic magnetic moment and a large volume and another in which
Fe is anti-ferromagnetic having a small magnetic moment and a smaller volume.
As temperature increases the relative amount of the low volume phase increases,
thereby decreasing the thermal expansion. For increasing Fe content the relative
amount of the anti-ferromagnetic phase also increases, decreasing the magnetic
moment per atom as shown in Figure 4.2. An overview of the Invar effect is given by
Wasserman in [52].

Although there are other interesting compositions of FexNi1−x, such as the so-called
Permalloy around Fe19Ni81, where the magnetostriction vanishes [54], in this section
only the region around Fe65Ni35 is considered. The deposition sources used for Fe
and Ni, have higher deposition rates for Fe than for Ni, making the Invar region more
accessible than the Permalloy region. In this section the magnetic properties are
investigated of thin layers of pure Fe or Ni and FexNi1−x around the Invar region.
This will allow for a better insight into the quality of the deposited magnetic materials
and gives a reference for the structured layers created using atom lithography. It will
also allow for testing of the effects of film thickness, film composition and interfaces.

In Chapter 5 the magnetic properties of atom lithographic structures are presented.
As a reference experiment, here a method is devised to create magnetic layers of
FexNi1−x that are modulated geometrically and in composition over length scales
similar to those in atom lithography. This method uses shadow deposition of Fe and
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Ni on periodically corrugated polymer films created using interference lithography.
The corrugated substrate leads to shadow effects that modulate the height of the
FexNi1−x layer. The composition of FexNi1−x is also periodically modulated, as one
material of the alloy is deposited under an angle with respect to the substrate.

This chapter is organised as follows. First the magnetic properties are discussed of
Fe and Ni layers and of FexNi1−x layers with various composition. Then the concept
of shadow deposition is discussed and it is shown that this technique can indeed
create locally modulated magnetic layers. Finally we show and discuss the magnetic
anisotropic switching in the magnetic thin films created using shadow deposition.

4.2 Magnetic thin films.

Uniform magnetic thin films of Fe, Ni and FeNi are studied to test the influence of
thickness and composition on the magnetic switching characteristics and saturation
magnetisation. This will give information on the quality of the deposited layers and
the deposition system, furthermore insight is gained enabling comparison of the
unstructured thin films to structured thin films. Using effusive beam sources placed
far from the surface, very thin layers of materials are deposited over long time spans,
at rates of typically not more than 10 nm/hr. At the typical pressures in our deposition
chamber of 5·10−9 mbar, contaminations in our materials can be expected.

First Fe and Ni films are deposited on SiOx samples during two hours at deposition
rates ranging from 10−1 to 101 nm/hr. On top of these films a capping layer of Ag
was deposited of 5 nm thickness. The deposition rates of the Fe and Ni sources was
calibrated using Rutherford Back-scattering (RBS) as discussed in Chapter 2. The
magnetic moment as a function of applied field of these samples was measured in
a SQUID (superconducting quantum interference device) magnetometer, to obtain
absolute values of the magnetic moment of each sample. The measurements at low
applied fields give information on the switching characteristics of the materials. The
quantitative values of the magnetic moment at high fields can be compared to the
expected magnetic moment per unit volume of layers of pure Fe (Msat = 1.7 MA/m)
and Ni (Msat = 0.49 MA/m) [27].

In Figure 4.3 the hysteresis curves measured with SQUID are shown for Fe on the
left and for Ni on the right. To correct for the diamagnetic contribution of the sample,
the magnetic moment was measured for applied fields up to µ0H = 5 T. The magne-
tic moment for applied fields from µ0H = 0.8 T up to µ0H = 5 T was fitted linearly,
where the intercept of the fit µ0H = 0 T is the saturated magnetic moment, Msat, and
the linear term is subtracted from the measurements to correct for the diamagnetic
contribution of the sample. Both Fe and Ni samples show ferromagnetic magneti-
zation curves in the top of Figure 4.3. For each material three different curves are
shown, corresponding to three typical deposition rates. While for Fe the deposition
rate is controlled by setting the current to the heater of the deposition source, for

37



Chapter 4. Magnetic effects in FexNi1−x layers

I (A) T (C)
1650     1700  1750    1800     1850     190034       36      38       40

Field (mT)
-10   -5    0    5     10

Field (mT)
-10   -5    0    5     10

M
ag

n
et

ic
 m

o
m

en
t/

su
rf

ac
e 

ar
ea

 (
m

A
)

20

10

0

-10

-20

M
ag

n
et

ic
 m

o
m

en
t/

su
rf

ac
e 

ar
ea

 (
m

A
)

1.0

0.0

-1.0

35 A
37 A

39.9 A

SQUID measurements
RBS based model

SQUID measurements
RBS based model

1720 C
1740 C
1868 C

d
ep

o
si

ti
o

n
 r

at
e 

(n
m

/
h

r) 10

1

0.1

d
ep

o
si

ti
o

n
 r

at
e 

(n
m

/
h

r)

10

1

Figure 4.3: Top: magnetic response of Fe (left) and Ni (right) measured with a SQUID
magnetometer for layers of different deposition rates due to different heating currents for
Fe or source temperatures for Ni. Note that the graphs are corrected for the background
contribution. Bottom: comparison of deposition rates measured with RBS and deposited
magnetic equivalent measured with SQUID.

Ni the source temperature can be controlled directly, so values for current or tem-
perature are indicated in the top images of Figure 4.3. The switch behavior of Fe
and Ni is somewhat different. The Fe layers show a larger coercivity and are thus
magnetically harder than the Ni layers. However, at the typical coercivities of 1 mT
≤ Hc,Fe ≤ 2 mT and Hc,Ni < 1 mT both materials are reasonably soft magnets.

For both Fe and Ni, Figure 4.3 reveals that a larger deposition rate corresponds
to a larger saturated magnetic moment per unit surface area. From the values of
the saturated magnetic moment per surface area, the deposited equivalent amount
of pure bulk Fe or Ni is calculated, using their respective values for Msat. In the
lower graphs of Figure 4.3, the calculated magnetic equivalent deposition rates are
compared to the real deposition rates based on RBS measurements discussed in
Chapter 2. If both rates are similar, the deposited layers thus have the saturation
magnetization of the bulk material.

In thin layers of Fe or Ni deposited at low deposition rates, various effects in either
the bulk or at the interfaces can affect the saturation magnetisation of the samples.
At the interfaces the atomic magnetic moment can be reduced due to effects of
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surface roughness or contaminants at the substrate [55]. Contaminations should be
limited on the cleaned SiOx substrates. However, also effects of inter-diffusion at the
surface or hybridization of the electronic states of magnetic atoms over several mo-
nolayers at the interface [28] can limit the atomic magnetic moment. Inter-diffusion
of Ag at the top surface is unlikely, as Ag is immiscible in Fe [56] and in Ni [57].
In the bulk of the sample, contaminations, especially oxygen, originating from ei-
ther the background pressure or from the deposition sources, can limit the magnetic
moment per atom, and also deviations from crystalline growth can decrease the
magnetic moment per atom in Fe or Ni [58], but this is a smaller effect.

On the amorphous SiOx substrate it is likely that both Fe and Ni will not grow as
mono-crystalline layers, although the crystalline structure of these layers has not
been measured. Crystalline growth can be induced by growing on crystalline sub-
strates, e.g., Cu〈111〉 [59] or Si〈100〉 [60]. However, these substrates do induce
magneto-crystalline anisotropies in the layers which could interfere with the aniso-
tropy effects that are expected in the atom lithographic deposited line structures.
Therefore only SiOx is used as a substrate.

For Fe the SQUID results in Figure 4.3 show a similar trend as the real deposition
rate, but the rates from the magnetic measurements are about four times lower than
the RBS rates. We note that all samples are deposited over two hours, so that
the higher deposition rates correspond to thicker magnetic layers. These results
therefore indicate no surface effects, but a decrease in the saturation magnetisation
of the bulk. In chapter 2 contaminations of the samples with carbon and oxygen
were reported in RBS measurements, which will influence the magnetic moment of
Fe, which is highly reactive to oxygen. Secondly, it is likely that the magnetic moment
is also limited by deviations in the crystal structure of the Fe layers.

For Ni a different behaviour is found in Figure 4.3. For small expected deposition
rates, less than 1 nm/hr, thus corresponding to layers of less than 2 nm high, the
magnetisation is up to an order of magnitude smaller than expected. The values
are also fluctuating and have large uncertainties due to the limited magnetic signal.
At deposition rates larger than 1 nm/hr, the magnetic behaviour is similar to bulk
Ni, supporting the notion of interface effects at low deposition rates, which are less
relevant for thicker layers. The thicker layers of Ni are on average a factor of two off
from the bulk behaviour, which is significantly better than Fe.

In Figure 4.3 both Fe and Ni show a non-monotonic increase of the amount of ma-
gnetic material for higher deposition rates, which is not within the indicated error
margin resulting from the SQUID measurement. It was found that the magnetic
moment of the bulk of both materials is decreased, most likely partly due to contami-
nations. We therefore conclude that contaminations can reduce the magnetisation
of each layer, but that this reduction is not equal in each layer as the amount of
contaminations is not fully controlled.

As it was shown in Figure 4.2, the magnetic moment per atom of FexNi1−x alloys
shows a significant dip around Fe35Ni65 for the FCC phase. To investigate the beha-
viour, 6 samples of FexNi1−x layers of approximately 10 nm thick were deposited on
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Figure 4.4: Measured magnetic moment per atom of deposited FexNi1−x layers around the
Invar concentration (solid squares). As a reference the data for BCC (solid dots and line) and
FCC (open dots and line) phases from [53] are included.

SiOx substrates, ranging from Fe68Ni32 to Fe43Ni57 and reference samples of pure Fe
and Ni. The elemental composition and thickness was measured with RBS and the
magnetic moment of the sample was determined with a SQUID magnetometer. All
samples showed clear ferromagnetic behaviour. From the SQUID data the satura-
ted magnetic moment per atom was calculated. The results are shown in Figure 4.4,
presenting the measured atomic moments (filled squares) and the literature values
for the BCC phase ( filled dots) and the FCC phase (open dots). The comparison
shows that the measured magnetic moment of the layers is significantly lower than
the literature values for all compositions, similar to the results for pure Fe and Ni.
There is no clear decrease in the magnetisation around the Invar composition. Ad-
ditional measurements for compositions with lower Ni content could provide some
more insight into any Invar effect, but as the samples are most likely contaminated
and not mono-crystalline, it is not surprising that the Invar effect is not observed.

Concluding we can state that thin magnetic layers of Fe, Ni and FexNi1−x can be
created over a height range of 10−1 to about 10 nm, but that these layers show a
decreased magnetic moment per atom, probably due to the inclusion of contami-
nations in our layers and non mono-crystalline growth. For thin Ni layers, interface
effects further limit the magnetic moment per atom.
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4.3 Periodically structured magnetic thin films

In the previous section the magnetic properties of unstructured Fe, Ni and FexNi1−x
thin layers were presented, which are a reference for the magnetic properties of Fe
or FexNi1−x thin layers structured using atom lithography. These atom lithographic
structures are presented in the next chapter. As a second reference for these atom
lithographic structures, periodically modulated structures of thin layers of FexNi1−x
have been created. To this end non-magnetic polymer layers are structured using
interference lithography into line structures on length scales comparable to length
scales typical in atom lithography. By depositing magnetic layers on top of these
structures, magnetic layers are created that follow the geometric modulation of the
polymer structures. Using shadow deposition of FexNi1−x alloys on these structures
allows for the creation of a periodically modulated alloy composition, which is a novel
technique.

In this section laser interference lithography is discussed as well as the geometry of
the resulting structures. Then it is shown how shadow deposition allows for the crea-
tion of periodically modulated alloy compositions. Finally the magnetic properties of
these structures are presented.

4.3.1 Laser interference lithography

Laser interference lithography is a technique to create large arrays of regular struc-
tures without the use of complex optics or masks. The basis is an interference
pattern which is recorded into a photosensitive layer. Upon developing this pho-
tosensitive layer, the interference pattern emerges in the remaining photosensitive
layer. This basic concept is shown in Figure 4.5.

In our experiments we use a negative photo-resist, which means that the areas not
exposed to the light are washed away during the development, leaving the exposed
areas in the developed structured layer. The photo-resist was SU8 [61] (available
from MicroChem), a commonly used epoxy-based negative photo-resist, which has
an exposure dose threshold of about 140 mJ/cm2 [62]. Layers of sub-micron thick-
ness were applied on glass substrates using spincoating. The interference pattern
was generated using the setup shown in Figure 4.6 and described in more detail in
[63]. A laser beam is split in two equal parts using a half wave plate and a polarising
beam splitter, a second half wave plate aligns the polarisations of the two beams,
that overlap and create an interference pattern on the sample. The laser beam is
created from an Ar laser at 351 nm, expanded to approximately 1 cm diameter.

The period of the interference pattern is determined by the angle θ, between the
two overlapping laser beams and the laser wavelength λ, leading to a period p =
λ/(2 sin(θ/2)). The lower limit on the period is therefore p = λ/2, for θ = 180◦.
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Figure 4.6: Schematic overview of interference generation.

However at very large angles reflections at the substrate surface also induce inter-
ference effects, limiting the effectiveness. Interference patterns have been created
using angles of θ = 4±1◦ and θ = 25±1◦, leading to periods of p = 5±2 µm and
p = 0.81±0.03 µm.

After the exposure the SU8 is heated for two minutes at 95◦ C, to fully cross-link the
exposed SU8. The sample is then rinsed in SU8 developer (mr-dev 600, available
from MicroChem) and in propanol to wash off any undeveloped SU8 and it is sub-
sequently dried with nitrogen, leaving a polymerised mechanically stable structured
layer. Diffraction measurements on the gratings with a HeNe laser gave periods of
p = 0.80±0.05 µm and p = 6.0±0.2 µm, in agreement with the expected periods.
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Figure 4.7: SU8 grating with 0.8 µm spacing, from left to right: optical microscopy image
of 40 × 30µm , AFM scan of 2 × 2 µm, height profile of the AFM scan.

In Figure 4.7 we show a microscopy image and an AFM scan of one of the gratings
made with θ = 25◦ on glass. This confirms the periodicity of about p = 0.80 µm and
shows the height to be around 100 nm. A visual inspection of the AFM scan shows
that the edges of the lines are not straight, an analysis of the AFM scan on the top
of the lines gives a surface roughness of 1.7±0.2 nm .

4.3.2 Depositing thin layers on corrugated surfaces: shadow
deposition

When a thin layer is deposited on a periodically corrugated surface by an atom beam,
the deposited layer will not only follow the shape of the corrugation, but it will also
have periodic thickness variations dependent on the shape of the corrugation and
the angle of the incoming atomic beam. This is schematically shown in Figure 4.8.
On the left the atom beam is perpendicular to the global plane of the sample. In this
case the height in vertical direction, hz, is uniform over the entire sample. However,
the thickness of the layer, defined as the height perpendicular to the local surface,
h⊥, is modulated. If the local surface of the corrugation has an angle α with respect
to the global plane of the sample, the local height is decreased by a factor cos(α).

In the center of Figure 4.8 an atom beam is deposited at an angle θ to the normal
of the sample, while the projection of the atom beam is at an angle φ = 90◦. In
this case hz is proportional to cos(θ − α). In the case that | θ − α |> π/2, there is
a complete shadow effect and areas of the sample will not be reached by the atom
beam. As the corrugation is drawn such that its right flank is parallel to the incoming
atom beam, there is no material deposited on that flank, while deposition is maximal
on the left flank of each corrugation both for hz and h⊥.

To test the concept of shadow deposition, layers of FexNi1−x are deposited on SU8
grating structures. FexNi1−x is deposited using two separate atom beams for Fe and
Ni. Fe is deposited normal to the substrate, θ = 0◦, while Ni is deposited at θ = 45◦,
φ = 90◦ , so that the line structures are positioned similar to the center of Figure 4.8.
A layer of FexNi1−x is deposited with an expected average thickness of 10 nm and
an expected average Fe:Ni ratio of 45:55.
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Figure 4.9: SEM-EDX energy scan of a sample of 10 nm of FexNi1−x deposited on a SU8
grating on a SiOx substrate, resolving separate signals for C, O, Fe, Ni and Si. Left: full
scan from 0 to 2.5 keV. Right: zoom from 0 to 1.25 keV.

The local composition of FexNi1−x on the sample is measured using SEM-EDX
(Scanning Electron Microscope - Energy Dispersive X-ray Spectrometry), a tech-
nique in which a beam of electrons is focussed onto a solid state sample, resulting
in a a Brehmsstrahlung background signal and characteristic X-rays being emitted
from the atomic species in the sample, which allow for elemental analysis. SU8 line
structures on SiOx samples were used instead of SU8 on glass samples, so that in
the elemental analysis only Fe, Ni, Si, O and C from the SU8 is expected. In Figure
4.9 we show an SEM-EDX energy scan of the sample, where peaks attributable to
carbon (C-K), oxygen (O-K), iron (Fe-L), nickel (Ni-L) and silicon (Si-K) are clearly
resolved in the left image. In the right image a zoom of the energy scan from 0
to 1.25 keV reveals more clearly the iron and nickel peaks on the Brehmsstrahlung
background.
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Figure 4.10: SEM-EDX line scan over SU8 line structures on SiOx with period p = 0.8
µm coated with 10 nm of Fe45Ni55, measuring local background corrected C, Si, Ni, Fe and
O signals. Note that all vertical axes have different offsets and scales. Inset on the right
shows the orientation of Fe and Ni beams relative to the SU8 structures.

The spatial resolution of SEM-EDX is limited by various factors, not only the size of
the focused electron beam. The focused electron beam can penetrate and scatter
through the sample, limiting the spatial resolution. As the thickness of the FexNi1−x
layer is limited to about 10 nm, scattering in this layer is limited and the spatial
resolution should therefore be smaller than the period of the SU8 grating. In Figure
4.10 a SEM-EDX line scan is presented over 2.9 µm perpendicular to the lines,
where the signals are corrected for the Brehmsstrahung background.

The periodicity p = 0.8 µm of the structures is clearly visible in the C-K signal due
to the carbon in the SU8. The C-K and Si-K signal are out of phase, as the SU8
structures shield the underlying SiOx substrate. Comparing the C-K and Ni-L signal
shows that more nickel is present on the right flanks of the SU8 structures, confir-
ming the concept of shadow deposition. The Fe-L signal shows no clear periodicity.
In Figure 4.8, it is shown that a layer deposited at θ = 0◦, should have a uniform
hz, but a modulated h⊥. In SEM-EDX measurements an electron beams is coming
in normal to the sample and then electrons can scatter through the sample. It is
therefore not a priori clear whether the signal for Fe-L should resemble hz or h⊥, or
a combination of the two, so that the resulting lack of clear periodicity is not surpri-
sing. The O-K signal has a very faint periodicity, which is out of phase with the Ni-L
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signal. This is probably due to shielding of the oxygen in the SU8 layer and the SiOx
substrate.

The SEM-EDX scan also allows for an accurate quantitative analysis of the relative
content of Fe and Ni. The Fe and Ni relative intensities are corrected for the Bremss-
trahlung. However, in a binary mixture the relative intensity of the X-ray counts of an
atomic species is not exactly proportional to the relative atomic content. Corrections
need to be based on calibration curves based on reference measurements of well
defined, comparable samples at the same conditions, which are difficult to create
for our multilayer system. However, for FexNi1−x these corrections on the relative
atomic content are known for another setup and sample, where they a less than
5 percentage points [64]. Comparing the signals corrected for the Bremsstrahlung
background, we find that the spatially averaged relative intensities of the Fe-L and
Ni-L signals is INi/IFe = 1.2±0.1, which is the known relative composition of the
sample. The background corrected relative intensities are therefore used as values
for the relative composition without any further correction.

The local height of the samples measured with SEM-EDX has also been measured
with AFM, using AFM tips with a radius of curvature of less than 10 nm and a full
tip cone angle of less than 30◦ to limit tip artefacts. The AFM height data allow
the modelling of the expected FexNi1−x concentration modulation, based on the
geometry and the assumption that materials do not diffuse, using the known average
Fe:Ni content of 45:55. This geometric model was already shown in Figure 4.8. In
Figure 4.11 the comparison is shown of the modelled and measured Ni content in
FexNi1−x. On the left the AFM height measurement (top) and the resulting expected
Ni concentration in FexNi1−x are shown. On the right the results are presented
of SEM-EDX measurements, using the C-K line signal (top) as a reference for the
position of the SU8 structure and at the bottom the measured Ni concentration in
FexNi1−x is given.

The results of Figure 4.11 show that shadow deposition is a method able to create
thin FexNi1−x layers which are periodically modulated in composition. In the SEM-
EDX measurements the relative Ni content is in a 46 to 69 % range, where the
modelled values range from 35 to 70%. There are two main reasons for the diffe-
rence. Firstly the model does not include any diffusion of material, which could lead
to a decrease in the modulation. Secondly, it was already pointed out that SEM-
EDX has a limited lateral resolution, limiting the measurements of highly localized
composition changes.

In conclusion, we have created periodic corrugations of SU8 which can be used for
shadow deposition and indeed allow for periodic modulation of the composition of
a layer of FeNi. A model has been created which gives a reasonable indication of
the range over which the local composition changes and this has been verified using
SEM-EDX.
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Figure 4.11: Comparison of modelled and measured Ni concentrations in shadow deposited
FeNi. Left: orientation of Fe and Ni beams relative to the SU8 structures during deposition.
Top center: Height of SU8 structures measured with AFM. Bottom center: Modelled Ni
concentration in FeNi in geometric model of shadow deposition. Top right: SEM-EDX
measurement of carbon as a reference for the position of the SU8 structures. Bottom right:
SEM-EDX measurement of Ni in FeNi.
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rage 10 nm thick layers of Fe25Ni75 (dotted line), Fe50Ni50 (solid line) and Fe75Ni25 (dashed
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4.3.3 Magnetic anisotropy in structured layers

We have investigated the magnetic properties of FexNi1−x layers deposited using
shadow deposition. To find effects of the relative concentrations, 10 nm thick layers
of Fe25Ni75, Fe50Ni50 and Fe75Ni25 have been deposited on SU8 structures with per-
iod p = 0.80 µm. Fe is deposited normal to the substrate, θ = 0◦, while Ni is
deposited at θ = 45◦, φ = 90◦. On the left of Figure 4.12 the local concentrations
based on the geometry of the SU8 structures are shown. These three FexNi1−x
layers give two ranges near and crossing the Invar concentration of Fe35Ni65 and
one range far from that point. On the right of Figure 4.12 the height variations of
the deposited FexNi1−x layers are presented. As the Ni is more structured in the
shadow deposition than the Fe, the height variations are larger for Ni richer alloys.

To measure the magnetic properties of these layers, they have been measured using
MOKE (Magneto-Optical Kerr Effect). The MOKE setup uses a laser setup of a
linearly polarised HeNe laser of wavelength (λ = 632.8 nm) focused to a waist
of about 100 µm on the sample. An in-plane magnetic field ~H is applied parallel
or perpendicular to the line direction of the structured layers. The polarised light
is reflected off the sample and the Kerr rotation is measured to obtain a value for
the magnetisation of the sample. To prevent corrosion and contamination of the
magnetic layers from either the polymer layer or the air, layers of 5 nm Ta or Pt
were deposited in between the polymer and the magnetic layer and an Ag layer of 5
nm on top of the magnetic layer. In Figure 4.13 the hysteresis curves are shown of
samples with intermediate layers of 5 nm Ta (A and B) and Pt (C and D) and average
compositions of Fe75Ni25 (A), Fe50Ni50 (B and C) and Fe25Ni75 (D). These magnetic
layers all show similar behavior. The hysteresis curve for ~H along the direction of the
lines is square, indicating an easy axis, while for ~H perpendicular to the line direction
we find a diagonal curve with vanishing coercivity corresponding to a hard axis. This
is the behavior that is expected for line structures, as was shown in Chapter 1.
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Figure 4.13: MOKE switching behaviour of shadow deposited magnetic layers on p =
0.80 µm SU8 gratings, parallel to the lines (solid lines) or perpendicular to the lines (dashed
lines). Intermediate layers of 5 nm Ta (A and B) and Pt (C and D) are used and average
compositions of Fe75Ni25 (A), Fe50Ni50 (B and C) and Fe25Ni75 (D).

Although the direction of hard and easy axes is similar for all samples in Figure
4.13, the coercive field for the easy axis ranges from 1.3 mT to 8.6 mT, which is
nearly an order of magnitude difference. The coercive field is a value that is difficult
to interpret, especially in these complex multilayer system of polymer - Ta or Pt -
FexNi1−x - Ag layer. To find the influence of the intermediate layer on the coercivity
we can compare Figure 4.13 B and C, whereas a comparison of Figure 4.13 A and
B or C and D gives information of the influence of the FexNi1−x composition. This
indicates that the influence of the intermediate layer on the coercivity is comparable
to that of the FexNi1−x composition.

The intermediate layer is grown on the SU8 layer, which is a non-crystalline polymer,
which has a roughness of 1.7±0.2 nm at the top surfaces and no smooth edges as
was found in the AFM scan of Figure 4.7. The intermediate layers can therefore not
grow epitaxially and the layers of only 5 nm thickness will most likely be polycrys-
talline. It is therefore likely that the magnetic layers are also polycrystalline, so that
magneto-crystalline anisotropies will not exist in our samples.
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As the surface energy of Ta (3.05 mJm−2[65]) is significantly larger than that of Pt
(2.55 mJm−2 [65]), the Ta film will grow into a smoother layer than the Pt layer.
Comparing the surface energies of Fe (2.55 mJm−2[65]) and Ni (2.45 mJm−2[65])
to Ta and Pt, we find that Fe and Ni are also more wetting on Ta than on Pt. It is
therefore likely that the FexNi1−x layers will be less rough on the Ta intermediate
layer than on Pt. As the anisotropy is decreased by roughness [66], it is expected
that the anisotropy and thereby the coercivity of the FexNi1−x layers on Ta will be
larger than on Pt.

The influence of the average FexNi1−x composition on the coercivity is difficult to
assess. It influences the saturation magnetisation as shown in Figure 4.4. However
in Figure 4.12 the average FexNi1−x composition also influences both the height
modulation and the composition modulation. Based on the results from Figure 4.13,
these effects cannot be separated clearly. In Figure 4.4 the saturation magnetisation
for Ni rich compounds is lower than for Fe rich compounds. The small coercivity in
Figure 4.13 D (Fe25Ni75 ), compared to Figure 4.13 C (Fe50Ni50), could thus be
explained based on a smaller saturation magnetization of the Ni rich compound,
leading to a smaller coercivity [27]. The smaller coercivity in Figure 4.13 A (Fe75Ni25),
compared to Figure 4.13 B (Fe50Ni50), cannot be explained based on the saturation
magnetization. The coercivity of these layers is thus influenced not only by the
average composition, but also by the modulation.

From Figure 4.13 it was shown that the periodicity in geometry and composition
of the magnetic layers induces an in-plane easy axis. To understand the effect of
the periodicity, Fe50Ni50 layers were shadow deposited on SU8 structures with p =
0.80 µm and p = 6.0 µm. Furthermore the effect of the composition modulation
was minimised by depositing Fe at θ = 0◦ and Ni at θ = 45◦, φ = 0◦, minimising
the modulation of the Ni content due to shadow effects. For all samples, 10 nm of
Fe50Ni50 was deposited on top of SU8 structures with an intermediate layer of Ta.

In Figure 4.14 the results are presented of MOKE measurements on p = 0.80
µm structures with Ni modulation (top), p = 6.0 µm structures with Ni modulation
(middle) and p = 6.0 µm structures without Ni modulation (bottom). The magnetiza-
tion is measured along ~H which was either parallel, at 45◦ or orthogonal to the line
direction. In Figure 4.13 it was already found that the p = 0.80 µm structures have
a clear easy axis along the direction of the lines and a hard axis perpendicular to
the line. However for the p = 6.0 µm structures this behavior is less pronounced.
The anisotropy thus decreases if the number of periods per unit length decreases.
This is expected as the anisotropy vanishes for the situation of zero periods per unit
length. A more complex effect is that of Ni concentration modulation. In the lower
two rows of Figure 4.14 we find that the effect of alloy composition is small compared
to the effect of periodicity. Comparing the coercivities of the Ni modulated results of
the middle row, along the line direction HC, par = 2.2±0.1 mT and measured per-
pendicular to the line direction HC, perp = 1.2±0.1 mT. For the structures without Ni
modulation in the lower row HC, par = 1.8±0.1 mT and HC, perp = 1.4±0.1 mT. The
Ni modulated samples thus has a more pronounced easy-axis along the direction of
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Figure 4.14: MOKE switching behavior of shadow deposited 10nm thick Fe50Ni50 layers
on 5 nm Ta intermediate layer on SU8 gratings with p = 0.80 µm (top row) and p =
6.0 µm (middle and bottom row), with modulation in Ni (top and middle row) or without
Ni modulation (bottom row). The applied field and measured magnetization were measured
parallel to the SU8 lines (solid lines, left column), at 45◦ (dotted lines, middle column) or
perpendicular to the lines (dashed lines, right column).
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the lines, but the easy axis is also present when a layer of almost uniform compo-
sition is deposited on top of a substrate with a line pattern. Further investigations
of non-modulated samples with small periods can provide more information on the
relative strength of these effects.

We have shown that the concept of shadow deposition of magnetic FexNi1−x layers
on pre-patterned SU8 structures can be used to induce an easy axis along the di-
rection of the lines. The magnetic properties are dependent on the FexNi1−x com-
position, the intermediate layer and the periodicity of the structures. The easy axis
behavior is due to both the geometric effect of depositing a layer on top of line struc-
tures, as well as the period modulation of the composition due to shadow deposition.

4.4 Comparing atom lithographic and shadow depo-
sited structures.

In the previous paragraph the magnetic properties of samples created using inter-
ference lithography and shadow deposition were presented, that are a reference for
atom lithographic structures, whose magnetic properties are subject of the following
chapter. The anisotropy in the shadow lithographic magnetic structures is a clear
reference point for the evaluation of the magnetism in atom lithographic structures.
In this paragraph both types of structures are compared, to find out how well results
should compare. Secondly the production techniques are compared to see what the
advantages and disadvantages of each technique is for future applications.

In Figure 4.15 the geometries are compared of structures created using atom litho-
graphy with structures created with interference lithography and shadow deposition.
The AFM scans give the geometries for atom lithographic Fe structures and interfe-
rence lithographic SU8 structures. The geometries are somewhat similar, although
the interference lithography has a larger period (p = 0.80 µm) compared to atom
lithography (p = 0.2 µm) and the modulation height for interference lithographic
structures is more than an order of magnitude larger then the modulation for atom
lithographic structures. However, the real comparison should be between the atom
lithographic Fe layer, and the FexNi1−x layer created with shadow deposition. This
is shown on the right of Figure 4.15.

Atom lithographic Fe structures are almost flat, with nanolines of a few nanometer
high on top of flat background of about 10 nm high, whereas the FexNi1−x layer is
deposited on top of the SU8 structures which have a >100 nm high modulation. From
a magnetic point of view the complexity of the shadow lithographic structures is much
greater as it uses a multilayer sandwich of polymer structure - intermediate layer -
magnetic layer - capping layer to create the structure, whereas atom lithography
creates a single structured layer from a single material. However, we have shown in
Figure 4.12 that the local thickness of the FexNi1−x has a modulation of less than
10 nm for a total average height of 10 nm, which is similar to atom lithographic
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Figure 4.15: Left: AFM measurements over 2 × 2 µm area of the geometry of atom litho-
graphic structures (top) and SU8 structures with p = 0.80 µm created with interference
lithography (bottom). Middle: corresponding height cross-sections. Right: Schematical re-
presentation of atom lithographic Fe structures and shadow lithographic Fe50Ni50 structures
on top of SU8 structures, both on identical height scales (note the different horizontal and
vertical scales).

structures. As the magnetic easy-axis behavior along the length of the lines of the
shadow lithographic structures is also more explicit for small period structures, this
behavior is a reasonable reference for the atom lithographic structures, which have
an even smaller period.

As a thin film structuring technique, interference lithography has parallels to atom
lithography, as both reproduce an interference pattern created in light into a physical
pattern. The working principle of both techniques is very different, which has large
implications for the speed, flexibility and complexity of the techniques. Atom lithogra-
phy is based on interactions of neutral atoms with near resonant light, using standing
wave laser fields to create “lenses” for the atom beam, which requires tuning of laser
frequencies within the MHz range. In interference lithography, the standing wave
field is used to locally excite photo-initiators, allowing for the laser wavelength to
deviate over a frequency range 106 wider than allowed in atom lithography. A se-
cond issue is writing speed. In interference lithography a pattern is written if an area
has received an exposure over a threshold value of typically 0.1 J/cm2, so that a 1
cm2 sample can be written in 0.1 s with a laser power of 1 W, corresponding to a
writing speed on the order of 10−3 m2/s. For atom lithography, the writing speed is
determined by the atom flux. In our setup, typical exposure times are two hours,
resulting in deposited layers of 15 nm. However, patterning is only present over the
area where the standing wave is present, which is about 0.2 mm wide and 5 mm
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long, resulting in a writing speed of 0.5 mm2/hr or 10−10 m2/s, thus seven orders of
magnitude slower than interference lithography. In interference lithography a pattern
is written in a continuous undeveloped polymer layer of arbitrary thickness, which
allows for consecutive writing of multiple patterns in one layer before development,
without disturbing the other patterns. It also allows for the creation of structures
of higher aspect ratios (height / width >10), whereas atom lithography suffers from
fundamental limits to focusing and surface interactions leading to smooth structures
with limited aspect ratio’s (height/ width <<1).

However, if magnetic layers are required, atom lithography is a single step process
to create a magnetic layer, where the patterning is created during the deposition
of the material. In interference lithography the pattern is only revealed after expo-
sure and development of a photosensitive layer and to obtain magnetic layers, an
additional step is needed to deposit the intermediate and magnetic layers on top of
the structured polymer layer. If this is done in the same setup used for atom litho-
graphy, the interference lithography / shadow deposition scheme is by definition a
slower route as it requires the same amount of time to deposit the magnetic layer
only, while all other steps require additional time. Of course it should be noted that
our setup for atom lithography requires the deposition sources to be very far from
the samples, creating low deposition rates and long deposition times, whereas for
shadow deposition a more compact setup with much higher deposition rates could
be achievable.

Compared to atom lithography, interference lithography is a much faster and more
flexible option to create structures, but to create magnetic structures with shadow de-
position is in fact a slower process in our current setup. As the magnetic structures
are only moderately similar in geometry, and shadow deposition creates complex
multilayers, any comparison of the structures will not be straightforward. Neverthe-
less the magnetic easy-axis behavior along the length of the lines of the shadow
lithographic structures is a good starting point for the interpretation of atom lithogra-
phic structures in the following chapter.
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4.5 Conclusions

In this section we have shown that our setup is able to create ultra thin ferromagne-
tic layers of Fe, Ni and FexNi1−x. These structures have a significantly decreased
magnetic moment compared to literature values for bulk materials, especially the Fe
rich compounds. This is probably a result of contaminations and deviations from
mono-crystalline growth, while Ni layers thinner than 2 nm have a decreased ma-
gnetic moment due to interactions at the interfaces.

We have also shown that using shadow deposition on arrays of nanolines of SU8
created using interference lithography, we can create FexNi1−x layers that follow the
geometry of the nanowires and are periodically modulated in alloy composition. This
periodic modulation has been shown down to the sub-micron level using SEM-EDX.
These structures show a magnetic anisotropy with an easy axis along the direction
of the lines. The anisotropy is influenced by the intermediate layer between the SU8
and the FexNi1−x, where Ta allows for a larger anisotropy than Pt. The anisotropy is
also dependent on the period of the line structures, with a smaller period leading to
a larger anisotropy. We have also found that the periodic modulation of the atomic
content enhances the easy axis along the direction of the lines.

Interference lithography and shadow deposition are shown to be suitable to create
magnetic structures which can be used as a reference to the atom lithographic struc-
tures. Although shadow deposition does not create the exact same structures as
atom lithography, the results of this chapter form a basis for the interpretation of the
magnetic effects of atom lithographic structures discussed in the next chapter.

55



Chapter 4. Magnetic effects in FexNi1−x layers

56



Chapter 5

Magnetic effects in atom litho-
graphic nanostructures

5.1 Introduction

In this chapter we report on the first magnetic signature of structuring of thin iron
layers using atom lithography. Over the last two decades, surface structuring using
atom lithography has received considerable attention. It uses the dipolar interaction
of near-resonant light fields and neutral atom beams, to focus atom beams while they
are deposited on a sample into patterns using standing wave light fields. As atom
lithography is a single step process, it allows for the deposition of magnetic layers
without contamination of etching or rinsing processes. Because standing wave light
fields as arrays of lenses to focus atom beams, the structures are highly periodic with
a period of e.g., λ/2, over large areas. Atom lithography is thus a good candidate to
produce magnetic nanostructures given its typical length scales, the periodicity and
the ability to create clean structures, however, magnetic signatures of structures
created with atom lithography of Fe have not yet been reported.

The first experiments in atom lithography were performed with sodium by Timp et
al. [7] and in chromium by McClelland [15]. As light fields are required that are
near-resonant with an atomic transition, the use of atom lithography with ferroma-
gnetic elements such as Fe, Ni, Co is technologically challenging as near-resonant
light sources for these elements are not readily available [25]. The first magnetic
structures based on atom lithography were therefore created in a two-step process
by Tulchinsky et al. [67]. An atom lithographic Cr array of nanolines was used a
mask for shadow lithography, where Fe was deposited at grazing angles so that Fe
nanolines were deposited on the flanks of the Cr nanolines.

In 2004 iron was the first ferromagnetic material used directly in atom lithography.
Two separate groups in Eindhoven [18] and Nijmegen [19] created iron structures
in the form of arrays of nanolines on top of a background layer of iron. However,
no magnetic signature of the structuring has yet been found, although the magnetic
properties of these structures were investigated by MOKE and MFM by both Mysz-
kiewicz et al. in Nijmegen [19] and Smeets et al. in Eindhoven [25]. The lack of clear
magnetic signature was ascribed to the presence of a magnetic Fe background layer
[19] and to the presence of a substrate-induced magnetic anisotropy [25].
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To find effects of the structuring, we have created arrays of Fe nanolines with atom
lithography on SiOx samples. As these are non-crystalline, magneto-crystalline ani-
sotropies in the background layer are unlikely. Using MOKE microscopy the local
magnetic switching behaviour was determined in a large field of view, allowing for
direct comparison of the structured and unstructured areas. This provided clear and
reproducible evidence that the switching behaviour of atom lithographic nanolines
differs from the background. We also show that, in retrospect, previously unpubli-
shed hysteresis curves obtained by Smeets using traditional MOKE already hint at
this.

This chapter is organised as follows: first the atom lithographic structures are dis-
cussed and our setup and structures are compared to those presented in literature.
Then unpublished results by Smeets et al. are shown that hint at effects of atom
lithographic structuring on the magnetic properties of Fe thin films. We will present
our MOKE microscopy results for samples with a Fe layer of 15 nm average height,
similar to those described in Chapter 3. These samples show a clear influence of the
structuring on the magnetic properties, but these samples show no clear anisotropy.
Further MOKE results for thicker samples of 30 nm height are given, showing aniso-
tropy in the structured area with magnetic easy axes both parallel and perpendicular
to the line directions. We will present micromagnetic simulations and a literature
overview indicating that a uniaxial behaviour is expected in line structures, howe-
ver we will discuss possible mechanisms for the observed behaviour. Finally some
first results of co-deposition are presented, where FexNi1−x structures are created
where the Fe content is modulated while the Ni is uniformly deposited.
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Figure 5.1: Schematic representation of atom lithography. Left: focusing of beam of iron
atom into nanolines on a substrate by a standing wave light field. Right: Position of atom
lithographic structures on a sample, where the iron beam and laser overlap.

5.2 Atom lithography of Fe nanolines

Atom lithography has been reviewed in various articles [36, 68] and the deposition
of Fe nanolines using atom lithography without laser cooling has been described
in Chapter 3. In this section we only recall the typical geometry of the samples
we create with the techniques described in Chapter 3. Furthermore the geometric
effects of capping samples with Ag are shown and a comparison is made between
our setup and samples and those of Myszkiewicz et al. [19] and Smeets et al. [25].

The basis of atom lithography is shown in Figure 5.1. On the left-hand side a beam
of iron atoms is focused by a standing wave of near-resonant light into lines on a
substrate spaced λ/2 , which in our case is 186 nm. On the right-hand side the view
is along the atom beam, indicating the area where the standing wave laser field and
the Fe atom beam overlap and nanoline structures are formed. The width of this
structured area is determined by the size and power of the laser beam, which has
a waist of about w = 90 µm and a power of about P = 20 mW in all experiments
of this chapter. The resulting structured area is about 200 µm wide. The length of
this structured area can be several mm long, limited by the typical size of the SiOx
substrates of 5 × 8 mm. The samples thus contain arrays of over 104 parallel lines
of 200 µm long. The image on the right-hand side of Figure 5.1 is used throughout
this chapter to indicate the position of measurements on a sample relative to the
atom lithographic structuring.

In Chapter 3 Fe nanostructures are presented without any corrosion protective cap-
ping. However, to be able to measure the magnetic behaviour, an Ag source is used
to cap our samples with about 8 nm of Ag at a deposition rate of 1.5 nm per mi-
nute. This additional capping step has significant effects on the height of the lines
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measured using atomic force microscopy (AFM). In Figure 5.2 AFM surface scans
of three samples are shown. All samples have SiOx substrate, Fe is deposited at a
rate of about 7.5 nm / hr and structuring is performed with similar light fields. One
sample is deposited with 15 nm of Fe without capping layer, previously discussed in
Chapter 3. A second sample has 15 nm of Fe and an 8 nm Ag capping layer, a third
sample has 30 nm of Fe and an 8 nm Ag capping layer. Both in the surface scans
and in the height cross sections of Figure 5.2 the atom lithographic lines are clear
in the uncapped sample, while in the Ag capped 30 nm Fe sample the structure is
somewhat visible, while in the 15 nm Fe sample with Ag capping the lines structures
is only faintly visible. It is also visible that the Ag capping layer consists of grains of
tens of nm in size, while the Fe layer is much less rough.

For all three samples AFM scans are performed at various points over the substrate
to find the local line height of the structures shown in Figure 5.3. Along the na-
nolines, in y-direction, the line height of the uncapped lines has a Gaussian form,
perpendicular to the nanolines, in x-direction, the line height has a peak and broad
flanks. The capped samples hardly show the peaked feature in the x-direction. They
have a significant decrease in height, up to a factor 4 comparing the capped and un-
capped 15 nm thick Fe samples. The 30 nm thick capped sample does show higher
line structures than the 15 nm thick capped sample, but the increase is less than a
factor two.

We conclude that the Ag layer smoothes the underlying line structure, with the Ag
grains partially filling the valleys in between the lines, thereby obscuring the line
structure. Intermixing of Fe and Ag is unlikely as they do not form stable alloys. In
any modelling of the structures we therefore assume that the Fe structures under
the capped layer will have geometries similar to the uncapped layers, although the
uncapped layers might affected by oxidation.
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Figure 5.2: Surface height profiles measured using AFM (left) and cross sections averaged
over the direction of line structures (right). Top: Fe layer of average height of 15 nm Fe
without capping. Middle: Fe layer of average height of 15 nm and capping of 8 nm of Ag.
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Chapter 5. Magnetic effects in atom lithographic nanostructures

5.3 Previous results on atom lithography of Fe.

Experimental results on atom lithography of Fe have been reported by both Mysz-
kiewicz et al. [19] and Smeets [25]. Both have reported on magnetic measurement
on their atom lithographic structures, but only Smeets has shown actual data. Mys-
kiewicz only notes that measurements using magnetic force microscopy (MFM) and
magneto-optical Kerr effect (MOKE) have been performed and that they revealed
a ferromagnetic behaviour with in-plane easy axis irrespective of the presence of
nanolines [19]. Smeets reports that focused nanolines are below the resolution of
the MFM [25] and with MOKE he finds an easy axis behaviour along the nanolines
which is irrespective of the presence of the nanolines [25].

To compare their results with results presented in this chapter, the differences of
their samples and experimental procedures are compared to our samples and ex-
perimental procedures. It should be noted that this comparison will not be complete,
as there is no complete data on their setups and procedures available. There are a
few distinct differences of our samples compared to the previous samples. Smeets
uses crystalline Si〈100〉 with native oxide as substrate, which can induce anisotropic
growth. We use SiOx to prevent such effects, while Myszkiewicz used glass-ceramic
substrates. A second difference is in the background pressure during deposition:
Myszkiewicz reports p ≤ 10−6 mbar, while Smeets reports p ≤ 10−7 mbar and our
setup has p ≤ 5·10−9 mbar. The difference in background pressure might influence
the purity of the deposited materials.

The most important difference is the method used to determine the local magnetic
properties. Both Smeets and Myszkiewicz used MFM and MOKE measurements.
The spatial resolution of the MOKE measurements was limited by the size of the
laser beam used, which was typically 100 µm. Different position on the sample are
measured in separate measurements. The spatial resolution of an MFM is better
than 50 nm, which allows imaging of single nanostructures. However, in MFM the
topography of a structure can interfere with the magnetic measurements and Smeets
reports that the effects found in the measurements are topographic signatures [25].

In this chapter a optical microscopy technique is used to measure the local magne-
tisation of the sample, which was not used before for atom lithographic structures.
An Evico Magnetics magneto-optical Kerr (MOKE) microscope was used. This is a
polarisation sensitive reflection microscope that measures the local Kerr rotation on
the sample, which is a measure of the local magnetisation. We applied magnetic
fields in plane with the magnetic layer and measured the in-plane magnetisation in
the direction of the applied field. The applied field can be ramped while obtaining
magnetisation images at discrete intervals. Using a 20x magnification the field of
view was 448×341 µm2 which was imaged on a CCD camera where each pixel cor-
responds to a 0.67×0.67 µm2 area. In one field of view both atom lithographically
structured and unstructured areas can thus be monitored during the magnetisation
process, allowing us to find subtle differences in their magnetic properties.
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Figure 5.4: Image from the thesis of Smeets [25]. M/Ms measured by MOKE. Left: Ma-
gnetic field parallel to the lines. Right: Magnetic field perpendicular to the lines in the plane
of the substrate.

In Figure 5.4 we show the results Smeets found for hysteresis loops of atom litho-
graphic Fe structures measured with MOKE for an in-plane magnetic field applied
parallel and perpendicular to the line direction [25]. The magnetisation is measured
parallel to the applied field. The loops clearly show anisotropy, with a higher coer-
civity and a more squared loop measured perpendicular to the lines. However, this
anisotropy was found over the entire sample and could not be linked to the structu-
ring and was therefore considered to be a manifestation of crystalline growth of the
Fe on the Si〈100〉 substrate.

While reviewing other unpublished MOKE measurements performed by Smeets,
some effects were found that are linked to the presence of nanolines. In Figure 5.5
the resulting hysteresis loops are shown of MOKE measurements with the magne-
tic field applied in-plane and parallel to the lines on positions where no structuring
is present (dashed lines) and on three positions with atom lithographic structures
present (solid lines). On the structured areas the coercivity increases and the curves
show more kinks in the curve during switching, as indicated by the arrows. As the
MOKE used in these measurements has a spatial resolution limited by the laser
waist of 100 µm, any effects of single line structures are averaged out, but the kinks
during the switching can be due to groups of lines switching at different applied fields
than the background.

Concluding this section we find that previous measurements on atom lithographic Fe
structures have not shown clear effects of the structuring on the magnetic properties.
Instead a magnetic easy axis was found that was not a consequence of the atom
lithographic structures but probably due to growth effects on anisotropic substrates.
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Figure 5.5: Hysteresis loops measured by Smeets with MOKE on an Fe sample with
atom lithographic structuring, on three positions with structuring (solid lines) and a
position without structuring (dashed line). The applied field is in-plane and parallel
to the line structuring.

In retrospect, a review of hysteresis loops recorded by Smeets has given some hints
of influence of the structuring on the magnetic properties.

5.4 MOKE microscopy of structured Fe

To find the influence of the atom lithographic structuring on the magnetic properties,
we performed MOKE microscopy on 448×341 µm areas where atom lithographic
structuring was observed in part of the area with AFM. In this sub-section we dis-
cuss the measurements on samples with a Fe layer with an average thickness of 15
nm, similar to those presented in Chapter 3. We applied an external in-plane ma-
gnetic field that was ramped from +5 mT to -5 mT and back in 0.2 mT steps, taking
a microscopy image at each step. In Figure 5.6 we show the images for the ma-
gnetisation in the direction of the applied field, when the angle between the applied
magnetic field and the direction of the nanolines is θ = 0◦. In the top of Figure 5.6
we indicate the position of the field of view on the sample. In Figure 5.6 in the centre
row we show the MOKE microscopy images of the sample at three fields during the
field ramp from +5 mT to -5 mT, in the bottom row we show three images during the
field ramp from -5 mT to +5 mT. The dark areas indicate magnetisation in one direc-
tion, light areas indicate a magnetisation in the other direction. These two series of
images show that a vertical band in the centre switches its magnetisation later than
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Figure 5.6: Typical MOKE microscopy images of the switching behaviour of a 15 nm thick
Fe sample. The inset at the top shows the field of view of each image of 448×341 µm ,
with the structured area in the centre. The line direction, the applied field and the measured
magnetisation are in horizontal direction. The top row of MOKE images are taken while the
applied field is ramped from +5 mT to -5 mT, at an applied field of -1.2 mT, -2.4 mT and -3.4
mT. The bottom row of MOKE images are taken while the applied field is ramped from -5 mT
to +5 mT, at an applied field of +1.2 mT, +2.4 mT and +3.4 mT.

the surrounding unstructured area. The position of this vertical band corresponds to
the area where nanostructures were observed with AFM.

The sequence of images taken during the ramp of the applied field, shows when
each point within the field of view switches and thus allows to determine the local
value of the coercivity. To this end a Mathematica programme was created that
calculates the local coercivity on a grid of 21×16 sub-images over the entire field of
view, obtaining a spatial resolution of 21 µm in both horizontal and vertical direction.

In these calculations the average pixel value, which is proportional to the magneti-
sation, is calculated for each sub-image at each applied field, creating a hysteresis
curve, which is normalized in two steps. First, the magnetisation averaged over all
applied fields is subtracted as an offset value. Secondly, we assume that for applied
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fields larger than |µ0H| > 4 mT, the magnetisation is saturated. The average value
of the magnetisation for applied fields larger than |µ0H| > 4 mT is thus Msat, which
is used to normalise the hysteresis curves. From each hysteresis curve the coer-
civity HC is extracted as the average of the absolute values of the applied field at
the two zero crossings of the magnetisation at positive and negative applied field. If
more than two zero crossings are found, an error is returned.

In Figure 5.7 the results of the calculations of the local coercivity are presented. In
Figure 5.7A one MOKE image at µ0H = -2.4 mT is shown as a reference, revealing
the vertical stripe where atom lithographic structures are present. In Figure 5.7B
we present the coercivity map of the same position, again revealing a stripe where
the coercivity is increased from the unstructured value of about µ0HC,unstructured =
1.9±0.1 mT up to µ0HC,structured = 2.4 mT. In Figure 5.7C we show the cross section
of line heights of the atom lithographic structures at this position, directly linking the
position of the structures with the coercivity increase.

As the atom lithographic structures were observed over an area of a few mm long,
MOKE measurements were performed at neighboring positions on the sample over a
length of more than 4 mm. In Figure 5.7D we show the combined coercivity map over
the entire structured area, revealing that the band of coercivity increase stretches
over a several mm. As a reference Figure 5.7E shows the cross section of line
heights, already shown in Figure 5.3, along the length of the coercivity map. From
all these results it is clear that the nanostructured area has an increased coercivity.

To investigate the anisotropy of the line structures, the coercivity as a function of the
angle θ of the applied field to the nanoline direction, was investigated at the position
where the highest line structures were measured. All measurements showed a very
similar behaviour: the structured area always has a larger coercivity than the un-
structured area. Coercivity maps such as shown in Figure 5.7B have been created
of each measurement. In each coercivity map the structured area is visually identi-
fied as a stripe of increased coercivity. The mapped coercivity values over the centre
42 µm of this stripe are averaged and taken as the coercivity of the structured area.
The coercivity of the unstructured area is defined as the average coercivity of all
positions more than 126 µm away from the centre of this stripe. To create complete
polar plots, separate values for the coercivity at positive and negative applied fields
are calculated.

The angular plots for the unstructured and the structured area in Figure 5.8 show
no clear anisotropy. In the unstructured area a small biaxial anisotropy is observed
with easy axes along the θ = 60◦/ θ = 240◦ and θ = 150◦/ θ = 330◦ axes. This
could be due to crystalline growth, as Fe〈100〉 has a biaxial anisotropy. In Figure 5.8
the hysteresis curves for the unstructured and structured areas are shown for the
applied field parallel and perpendicular to the line direction. The hysteresis curves
are all very similar, indicating no anisotropy in the structured area, in contrast with
the results of Smeets.

Both Figure 5.7 and Figure 5.8 show that the structuring of the Fe layer of 15 nm
thick increases the local coercivity, but does not give rise to any anisotropies. For
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Figure 5.7: Results of coercivity mapping of the MOKE microscopy measurement of Figure
5.6. A) single MOKE microscope view at µ0H = -2.4 mT. B) Corresponding coercivity
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D) Stitched coercivity maps over the entire length of the atom lithographic structured area.
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Figure 5.8: Results of MOKE microscopy measurements of atom lithographic line struc-
tures at an angle θ to the applied field. Top: results for unstructured background; bottom:
results for atom lithographic structures. Left: Polar plot of the coercivity, at 0◦ the applied
field and measured magnetisation is along the lines direction

the sample whose results are shown in this paragraph the values for the coercivity
range over 1.6 mT < µ0HC,unstructure < 2.4 mT while for the structured area 2.2 mT
< µ0HC,structure < 2.6 mT. The other 15 nm thick sample showed similar results: 1.2
mT < µ0HC,unstructured < 1.4 mT and 1.7 mT < µ0HC,structure < 1.9 mT. The increase
in the coercivity due to structuring on a sample is thus comparable to the variation in
the unstructured coercivity values between different samples. Only because MOKE
microscopy allows for the direct comparison of magnetisation of structured and un-
structured areas have we been able to find these subtle effects.

The results of Smeets from MOKE measurements on single positions with about 100
µm spatial resolution we presented in Figure 5.5 hinted on effects of nanolines. On
structured areas a minor increase in coercivity was observed and hysteresis curves
showed more kinks, as structured areas switched at higher fields than unstructured
areas. This is indeed in line with the results of the MOKE microscopy. In Section 5.6
the increase in coercivity due to the structuring is discussed, after the properties of
thicker structured samples are presented in the following paragraph.
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Figure 5.9: Coercivity mapping of atom lithographic Fe sample of 30 nm thick for θ = 0◦

(left) and θ = 90◦ (right). A) Single MOKE microscope view at µ0H = -2.2 mT. B) Corres-
ponding coercivity map. C) Horizontal cross section of line height measured with AFM over
area shown in A. D) Stitched coercivity maps over the entire length of the structured area.
E) vertical cross section of maximal line height measured with AFM over area shown in D.

5.5 Effects in thicker structured Fe.

In the previous sub-section the magnetic properties of atom lithographic structured
Fe with an average thickness of 15 nm were presented. The structuring was found to
increase the coercivity of the Fe layer, but no anisotropy was found in the structured
areas. In this section the properties of layers of 30 nm average thickness are pre-
sented, which are created by doubling the total deposition time to 4 hours. Thicker
samples are not practically achievable with the current setup.

Coercivity maps have been created in the same way as described in the previous
sub-section for a 30 nm sample for θ = 0◦ and θ = 90◦, these are shown in Figure
5.9. In Figure 5.9a for both field settings a single MOKE image is shown for µ0H = -
2.4 mT. The corresponding coercivity map for that position is given (B), together with
a cross section of the height of the nanolines in that image measured by AFM (C).
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Figure 5.10: Results of MOKE measurements on a 30nm high Fe layer with atom litho-
graphic line structuring with the applied field at various angles θ to the line direction. Top
row: schematic positions of the atom lithographic structuring. Middle row: representative
MOKE view at an applied field of µ0H = -2 mT. Bottom row: coercivity maps.

The coercivity mapping is also performed over various positions which form a stit-
ched coercivity map (D) which can be compared to a cross section of the maximum
line height measured by AFM (E).

For θ = 0◦, on the left of Figure 5.9, the MOKE image shows the patterned area
as a grainy and not well defined vertical stripe. In the coercivity maps this stripe is
also visible, the coercivity of the patterned area HC,structured < 2.2 mT is increased
compared to the unstructured area 0.8 mT < HC,unstructured < 1.7 mT. For θ = 90◦,
shown on the right of Figure 5.9, the images show significantly more contrast. The
patterned area is a clear stripe in the MOKE image and this stripe is clearly visible in
the coercivity maps. The coercivity of the patterned area for θ = 90◦ is HC,structured ≤
3.0 mT, significantly larger than in the unstructured area, 1.2 mT < HC,unstructured <
1.7 mT.

In contrast to the results for the 15 nm structured sample, the results in Figure 5.9
indicate that there is anisotropy due to the line patterning. We have therefore perfor-
med MOKE microscopy measurements at various angles θ on the position where we
observed the highest lines with AFM. In Figure 5.10 microscopy images and coer-
civity maps for five values of θ are presented, schematically giving the position and
orientation of the atom lithographic structuring on the top row, showing on the middle
row one representative MOKE image for an applied field of about µ0H = -2 mT and
presenting the coercivity maps on the bottom row.

The most striking result is obtained for θ = 75◦, where we see in the MOKE image
that the unstructured area and the centre of the structured area are switched, while
the edge of the structured area is not yet switched. In the corresponding coercivity
map, we find that the centre of the structured area has the lowest coercivity, while the
edge of the structured area has a higher coercivity than both the unstructured area
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Figure 5.11: Polar coercivity plot of a 30nm thick Fe layer atom lithographically structured
with lines at an angle θ to the applied field, for the unstructured background (left), the edge
of the structured area (middle) and the centre of the structured area (right).

and the centre of the structured area. This odd behaviour is somewhat reproduced
for θ = 46◦, where the centre of the structured area has a coercivity higher than the
unstructured area, but lower than the edge of the structured area.

To quantitatively show this behaviour we have measured the coercivity of the un-
structured area, the edge of the structured area and the centre of the structured
area for a large number of angles θ. In each coercivity map the structured area is
visually identified as a stripe or a set of stripes. The centre of the structured area is
defined as the centre 42 µm, the edges are 21 µm wide bands 52.5 µm away from
the centre, the background coercivity is defined as the average coercivity of all posi-
tions more than 105 µm away from the centre of the structured area. Although this
method is both cumbersome and introduces some uncertainty as it involves visual
analysis, the results are clear. We show the resulting angular plots of the coercivity
in Figure 5.11.

In Figure 5.11 we find limited angular effects for the unstructured area and the edge
of the structured area, but a pronounced anisotropy is present for the centre of the
structured area. The unstructured area shows a biaxial anisotropy in the background
with easy axes along the θ = 75◦ / θ = 225◦ and θ = 165◦ / θ = 355◦ axes. This
could be due to crystalline growth of Fe〈100〉 which is biaxial anisotropic. The edge
of the structured area shows no clear anisotropy.

The centre of the structured area, where the highest lines are present, shows one
maximum in the coercivity for the field applied parallel to the line direction, θ = 0◦ /
θ = 180◦ with values of µ0HC = 2.2±0.2 mT. The coercivity decreases for increasing
angles θ, but a sharp increase in coercivity is observed for angles less than 20±5◦

off the axis perpendicular to the line direction, θ = 90◦/ θ = 270◦, where the global
maximum in coercivity is observed with values of µ0HC = 3.0±0.1 mT.

Comparing the plots of Figure 5.11 we find that the centre of the structured area has
a lower coercivity than the edge of the structured area if θ deviates 15◦ to 45◦ from
the θ = 0◦/ θ = 180◦ axis. This corresponds to the behaviour observed in Figure
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5.10, where the centre of the structured area and the unstructured area switched
before the edge of the structured area. We do note that these results are obtained
on the area where the highest line structures were measured with AFM. On points of
the stripe shown in Figure 5.9, where the line structures are lower, the behaviour was
similar to the results of the 15 nm thick sample: no clear anisotropy was observed,
only an increase in coercivity in the structured areas. This confirms that the observed
anisotropy is linked to the height of the lines.

We have thus observed anisotropic behaviour in 30 nm thick Fe layers structured
with atom lithography, which is dependent on the height of the line structures. For
the highest line structures this anisotropy consists of an increased coercivity for θ =
0◦. The coercivity decreases with increasing angle θ , until the coercivity increases
sharply around θ = 90◦. This behaviour has been observed in two samples, but it
should be noted that a third sample has been left out of this analysis that did not
show this behaviour. This sample showed visual signs of oxidation on the sample.
The background coercivity was 50 mT < HC,unstructured < 60 mT, while for the other
30 nm samples 0.7 mT < HC,unstructured < 1.8 mT and for the 15 nm samples 1.6
mT < HC,unstructured < 2.4 mT.

5.6 Understanding a biaxial anisotropy in a uniaxial
line structure.

In the previous sub-sections the magnetic properties of layers structured with atom
lithography showed no anisotropy for 15 nm thick layers, while 30 nm thick layers
showed a biaxial anisotropy, with a higher coercivity both at θ = 0◦ and at θ = 90◦.
This is not expected considering the uniaxial geometry of the line structures. In the
previous Chapter, ferromagnetic line structures were investigated that were created
with shadow deposition in the same setup as the atom lithographic structures. For
these line structures indeed a single magnetic easy axis was observed along the
direction of the lines, at θ = 0◦.

In this sub-section results are shown of micromagnetic modelling of line structures
and an overview is presented of results reported in literature for various line struc-
tures. These results mostly confirm the presence of a magnetic easy axis along the
direction of line structures. At the end of this sub-section alternative explanations
are provided to explain for the observed lack of anisotropy in thin atom lithographic
samples and the biaxial anisotropy in thick samples.
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Figure 5.12: Hysteresis loops simulated with the LLG micromagnetic simulator [69]
for atom lithographic structures with applied fields at θ = 0◦, θ = 45◦, or θ = 90◦.

5.6.1 Micromagnetic Modelling

The magnetic properties of the atom lithographic structures have been modelled
using the LLG micromagnetic simulator [69], which is a three dimensional simula-
tion programme for micromagnetic structures. However, as our samples stretch over
length scales of mm, it is not possible to model an entire sample. To prevent unrea-
listic calculation times, periodic boundary conditions were applied to a 128×128×15
nm3 structure, consisting of single calculation cells of 4×4×1 nm3. The Fe struc-
tures are modelled as a 10 nm thick background layer with a 5 nm high corrugation
in the form of a squared sine of period of 128 nm, which is for practical reason cho-
sen to be slightly smaller than the real period of 186 nm. The properties for Fe as
input are the saturation magnetisation Ms = 1714 kA/m and the exchange constant
A = 21.3 pJ/m. To this model system magnetic fields were applied from +1 T to -1 T,
in steps of 4 mT. To reduce calculation time, the reverse magnetisation curve is not
calculated but taken to be point symmetric. The fields and resulting magnetisation
were calculated either along the direction of the line at θ = 0◦, or at θ = 45◦, or at
θ = 90◦. The results are shown in Figure 5.12.

The hysteresis curves in Figure 5.12 indicate an easy axis along the direction of the
lines. This is in agreement with the results of line structures created with shadow
deposition in Chapter 4, but it is not in agreement with the results found in the 15
nm thick atom lithographic samples. The 30 nm thick structured samples do show
an increased coercivity at θ = 0◦, which decreases with increasing angle θ, but the
experimental results show a very sharp increase in coercivity around θ = 90◦, where
modelling results indicate a hard axis with zero coercivity at θ = 90◦.
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Figure 5.13: Structuring techniques to create line structures (top) and resulting structures
(bottom).

5.6.2 Magnetic nanoline arrays in literature.

The magnetic properties of micro- and nanowires and as well as arrays of these
structures have received much interest over recent years. Due to their reduced di-
mensionality, the magnetic properties of these structures differ from their bulk consti-
tuent materials, revealing new aspects of magnetism. In Figure 5.13 we show five
different options to create nanoline or nanowire arrays: atom lithography, three other
techniques to create in-plane nanoline arrays and one technique to create out-of
plane nanowire arrays.

Atom lithography On the left of Figure 5.13 the concept of atom lithography is
shown. With this technique structuring is created during deposition using intense
standing wave laser fields just above the surface of the substrate. The resulting
structures are nanolines on top of a background layer, for uncapped Fe 5 nm high
structures are created on a layer of 15 nm average thickness. The structures are
defined by the standing wave laser field and thus straight and perfectly periodic with
a period of 186 nm. The nanolines are about 200 µm long and are formed over an
area of a few mm.
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Shadow lithography In the second column of Figure 5.13 the concept of shadow
lithography is shown. To create nanolines with this technique a non-planar substrate
is required that has facets, step-edges or other periodic corrugations that work as
a shadow mask. If a material is evaporated onto the substrate at large angles, the
structure of the shadow mask is recreated in the deposited material. Freestanding
Fe lines have been created with various shadow masks such as: an array of atom
lithographic Cr lines [67], faceted α−Al2O3 [70], faceted NaCl〈110〉 [71] or vicinal
Si〈111〉 surfaces [72]. These freestanding structures had widths in the range from
25 to 400 nm, heights in the order of 3 to 30 nm, periods in the range of 75 nm
to 3.2 µm, and lengths from several µm up to 0.15 mm. These ranges include
the dimensions of atom lithographic structures of this chapter. The structures are
reported to be polycrystalline, grainy structures without crystalline anisotropy. The
literature on these freestanding structures shows a clear shape anisotropy with an
in-plane easy axis along the direction of the lines. This in-plane easy axis has also
been observed in chapter 4, where we used a polymer grating as a shadow mask,
to create continuous FexNi1−x layers where the height and composition is changed
along the lines due to shadow effects.

Optical and e-beam lithography The basis of lithography is using light or electron-
beams to pattern an image in a photosensitive layer and to transfer this pattern into
a second layer. This image transfer can be performed in various ways, one of which
is shown in the third column of Figure 5.13. A photosensitive layer is deposited on
top of a second layer of magnetic material. An image is created in the photosen-
sitive layer and subsequently transferred to the magnetic layer by etching away the
unexposed parts. Finally the photosensitive layer is removed. Lithography on Fe
nanolines, wires or stripes has been reported by various groups [73, 74, 75], crea-
ting arrays of freestanding structures with periods of 300 to 800 nm, widths of 150 to
500 nm, heights of 13 to 25 nm and lengths of 0.3 mm or larger. The deposited Fe
layers were either polycrystalline or mono-crystalline Fe, so that magneto-crystalline
anisotropies can be significant in the reported results. All three groups report that
the shape anisotropy of the lines induces an in-plane easy axis along the direction
of the lines, that is stronger than the magneto-crystalline anisotropy of the Fe.

Ripple patterning by ion beam erosion Ion beam sputtering can be used to in-
duce nanoscale surface ripples. This is schematically shown in the fourth column
of Figure 5.13. When an ion beam is positioned at an angle to the surface, ani-
sotropic sputtering at perturbations of the surface combined with surface diffusion
create ripple structures perpendicular to the projection of the ion beam direction on
the surface [76]. These ripples are not perfectly straight, nor perfectly periodic, but
they are in one distinct aspect very similar to our atom lithographic structures: they
consist of line structures on a background of the same material. Ripple patterning
of thin Fe layers has been performed by various groups [77, 78, 79], creating struc-
tures of up to 4 nm high, on layers of up to 20 nm, with periods of 35 to 100 nm. In
all these structures a competition is found between the crystallographic anisotropy,
which is biaxial in all references, and an induced uniaxial behaviour from the nano-
lines. Buettner et al. [79] report on ripple structures of 4 nm height on a 13 nm thick
mono-crystalline Fe〈001〉 background, which are comparable in size to our struc-
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tures and find for these settings both crystalline anisotropy and a uniaxial anisotropy
along the ripple direction.

Electrodeposited nanolines in membranes The most often studied system for
the creation of nanowire arrays, is based on the electrodeposition of nanowires in
membranes, schematically shown on the right of Figure 5.13. This technique allows
for the fabrication of regular arrays of nanowires perpendicular to a substrate, ei-
ther still in the membrane material or freestanding after removal of the membrane.
Although the geometry of this system is very different compared to the atom litho-
graphic nanolines, the large body of literature on this type of system make them
interesting for comparison. For this type of structure, effects of magneto-static inter-
actions between wires have been investigated, which was not taken into account for
the systems previously mentioned in this section. The magneto-static interactions
of magnetised wires can be easily understood in terms a dipolar coupling: if the
aligned wires are all magnetised along the wire, dipolar coupling favors anti-parallel
alignment of the wires to each other. This dipolar coupling competes with the shape
anisotropy, which favors alignment parallel to the wires. This competition leads to a
change in anisotropy, with an easy axis along the wires for short wires at long dis-
tances and a easy plane perpendicular to the wires for closely packed, long wires.
This cross-over behaviour has been observed in arrays of nanowires of various ma-
terials such as Co [80], Ni68Fe32 [81], Ni, NiFe and CoNiFe [82]. However, it should
be noted that if both effects are of similar size, the angular coercivity shows an M-
shaped form, with minima for θ = 0◦ and θ = 90◦ [82]. This is exactly opposite to
the behaviour observed in our atom lithographic structures.

Based on the literature presented in this sub-section, the observed anisotropies in
the atom lithographic structures cannot be explained. In the literature a magnetic
easy axis for θ = 0◦ has been observed in various types of nanowire or nanoline
arrays. Dipolar interactions can induce an easy plane perpendicular to the wire di-
rection, but then there is no easy axis along the wire direction. A magneto-crystalline
anisotropy can induce a biaxial anisotropy as was observed in the unstructured parts
of the samples, but it is not likely the cause of the anisotropy of the lines. Anisotropy
of the line structured area due to magneto-crystalline effects would most likely also
be present in the unstructured Fe layer.

5.6.3 Domain wall types and switching behaviour.

In the literature discussed in the previous section, the magnetisation reversal of a
nanoline, or a set of lines was mostly found to have a uniaxial anisotropy. This be-
haviour was already explained in Chapter 1 when line structures were viewed in
the framework of a Stoner-Wohlfahrt system, where the magnetisation coherently
rotates from one alignment to the other. Within this framework, the behaviour ob-
served in our atom lithographic structures is not explained. We therefore investigate
possible effects of domain walls and domain switching behaviour.

76



5.6. Understanding a biaxial anisotropy in a uniaxial line structure.

su
b
st
ra
te

0 200 400 600
0

10

20

Position (µm)

h
ei
g
h
t

(n
m
)

Figure 5.14: Left: Schematic overview of a sample with atom lithographic structuring.
Right: Schematic height cross-section over the white bar in the left image, showing the back-
ground height and the varying structure height.

We once again summarize the observed behaviour of our atom lithographic nano-
structures. These structures consist of a Fe background layer, with a modulation on
top. A schematic is shown in Figure 5.14. The average height of background and line
structure is constant over the sample, so where the lines are higher, the background
is less high. We observed switching in thin (15nm) and thick (30 nm) samples. The
structured area of the thin samples showed an isotropic increase of the coercivity
compared to the background. In the 30 nm thick sample a more complex behaviour
was observed. The lower line structures, which form the edge of the structured area
showed an isotropic increase of the coercivity compares to the background similar
to the behaviour of the 15 nm thin samples. The highest line structures, in the centre
of the structured area, showed an increased coercivity for θ = 0◦, higher than the
coercivity of both the unstructured area and low line structures. The coercivity of the
highest line structures decreases with increasing θ, indicating an easy axis along the
direction of the lines. The coercivity decreases to values even lower than the coer-
civity of both the unstructured area and the low line structures. However, at angles
near θ = 90◦ the coercivity of the highest lines increases sharply and at θ = 90◦ the
highest coercivity is observed.

To understand the isotropic increase in coercivity of the 15 nm samples, we disre-
gard the anisotropy of the line structures and consider these as isotropic roughness.
Although this approach is crude, there are reasons why this might be valid. The
limited contrast of the lines will give only a limited anisotropy, while the very grainy
structure of the Ag capping observed in Figure 5.2 might further decrease aniso-
tropic effects of the underlying Fe lines. Finally it was found in Chapter 4 that the
deposited layers of Fe are most likely polycrystalline and separate crystalline grains
might further limit anisotropic effects. If the line structuring is only considered as an
isotropic roughness, literature provides various effects that could change the coerci-
vity.

Surface roughness can enhance both domain nucleation and domain pinning. Ho-
wever, the resulting coercivity is usually found to increase with increasing roughness
for e.g., Fe on Ag substrates [83], or Ni80Fe20 on Si〈100〉 [84]. In contrast, Zhao et
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Bloch wall Néel wall

Figure 5.15: Schematic representation of Bloch domain wall (left) and Néel domain wall
(right) in thin films.

al. find that increased roughness can both increase coercivity in thin layers and de-
crease coercivity in thick layers. They explain this behaviour by the fact that domain
walls in thin and thick layers differ and each has a different interaction with surface
roughness [85]. For the 15 nm and the 30 nm samples, it is therefore not a priori
clear if increased roughness will increase or decrease the coercivity.

The formation of domain walls in thin film structures is known to be dependent on the
height of the structures [27]. Two types of domain walls are well known and easily
described: Bloch walls and Néel walls, shown schematically in the top of Figure
5.15. The Bloch wall has no bulk magneto-static energy as ∇ · −→M = 0, except at
the surface, while the Néel wall has a magneto-static energy contribution in the bulk
but no stray fields at the surface. The competition of a volume and surface energy
contribution, makes the Néel wall energetically favorable for very thin films, while the
Bloch wall is more favorable for thicker films. It should be noted that especially at the
transition regime, other domain walls can be stable such as the asymmetric Bloch
wall (C-type), which consists of a Néel wall on the surface and a Bloch type interior
[86].

In Fe the transition from Bloch to Néel wall has been observed around 30 to 60 nm
film thickness [87]. Around 30 to 50 nm thickness of Fe films an increase in coercivity
has been observed, which is also attributed to a change in domain wall type [88].
Although the transition of Bloch to Néel wall is not only dependent on the height, but
also on e.g., the quality of the deposited film, it is clear that the 30 nm thick film are
near the regime of the transition.

Although the type of domain wall in our samples has not been observed, the swit-
ching behaviour for θ = 75◦ as shown in Figure 5.10 does indicate that two different
types of switching are present. A low coercivity is observed for the highest lines
and for the unstructured layer, while the coercivity remains high at intermediate line
heights. Therefore it is likely that two different types of switching are present, lea-
ding to the observed behaviour. As the unstructured area and the edge of the line
structures of the thin and thick sample behave similarly for all angles, it is likely that
the switching in these areas is of Néel type, which is energetically favorable for thin-
ner layers. The switching at the highest line structures might then be via a Bloch
like domain wall, which is favorable for thicker layers. Here we recall that accor-
ding to Zhao et al. [85], the coercivity of Bloch switching decreases with increased
roughness, while the coercivity increases with roughness for Néel switching. This
supports the view that for the 30 nm layers, whose height is near the transition of
Néel to Bloch switching, the more corrugated areas show Bloch switching and the
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least corrugated areas Néel switching. In the 15 nm layers and the 30 layers at po-
sitions with low corrugations, the isotropic increase of the coercivity with increasing
line height can thus be explained by an increase in coercivity in a Néel like switching
due to an increased roughness.

To support these claims, additional micromagnetic simulations were performed. To
test the effect of sample thickness on the domain wall formation, thin Fe samples
have been modelled using the LLG micromagnetic simulator [69]. In the top inset
of Figure 5.16 the schematic is shown of a thin layer that is divided in two equal
parts one with magnetisation in +y direction, the other with magnetisation in -y di-
rection. Three flat layers were modelled with this starting magnetisation. The model
structures had dimensions of 512 nm in x-direction, 128 nm in y-direction, but per-
iodically propagated in y direction and heights of respectively 26 nm, 36 nm and
108 nm. The model structure is divided into 4×4×1 nm3 cells. To find the typical
shape of the domain wall, the magnetisation was relaxed to find the minimal energy
configuration under no applied field. The results are presented in the top of Figure
5.16. Three sets of images are shown, representing the magnetisation in x, y and
z. In the My images, the clear black and white contrast indicate the two domains
along +y and -y directions for all heights. The grey areas for Mx and Mz at the outer
edges indicate zero magnetisation. The Mx and Mz images do show contrast at the
domain wall. However, it is clear that the domains are not pure Néel walls, which
would rotate only via the Mx direction, nor pure Bloch walls, which would rotate only
via the Mz direction. We do find that the Mz components are more pronounced for
thicker walls, while Mx components are present for all heights. This confirms the
notion from literature that thicker layers induce more Bloch-like walls.

A period line structure is a second model structure, modelled as a 24 nm background
layer of Fe with a 12 nm corrugation in the form of a squared sine of period of 128
nm, so that the average height is 30 nm as in our samples. The structure is 512 nm
long, thus containing four periods. It has periodic boundary conditions in y-direction,
but not in x-direction. The magnetisation is set along -y for the left and along +y for
the right of the structure as indicated in the inset in the lower half of Figure 5.16.
The magnetisation was relaxed to find the minimal energy configuration under no
applied field, as indicated in the µ0H = 0 mT image. After the minimal energy
configuration of the domain wall is found, an external field is applied along the +y
direction. In Figure 5.16 the magnetisations at increasing applied fields show that
the domain wall is pinned at the valley of the line structures for fields from µ0H = 2
mT to µ0H = 54 mT, only releasing at µ0H = 56 mT.

The pinning of the domain wall in Figure 5.16 indicates that interactions of the do-
main wall with the line structure can increase the coercivity. However, the modelling
in the lower half of Figure 5.16 is for the field and magnetisation in the θ = 0◦

configuration. The anisotropic behaviour of the highest line structures in the thicker
samples is hereby not yet explained. The high coercivity for applied fields along
the line direction, which decreases as the angle of the field with respect to the line
structure increases, indicates an easy axis, in accordance with literature expecta-
tions and with the modelling shown in section 5.6.1. The very sharp increase of the
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Figure 5.16: Modelling domain walls in Fe structures using the LLG micromagnetic simu-
lator. Top: magnetisation of thin Fe layers of thickness 26 nm (left), 36 nm (middle) and 108
nm (top) with an introduced domain wall at no applied field. Bottom: propagation of domain
walls in a periodically modulated structures of Fe of 36 nm total height under applied field
ranging from µ0H = 0 mT to µ0H = 56 mT.
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H H Hθ = 0 θ = 90 θ = 90  ±δ

Figure 5.17: Schematic top-view of magnetised line structures, with a domain wall aligned
along the line direction (left and centre), for domains magnetised parallel (left) or perpendi-
cular (right) to the line direction, or for a domain wall at a slight angle to the line direction
with a magnetisation perpendicular to the line direction.

coercivity for applied field perpendicular to the lines structures is not explained by
this easy axis. Currently we have no complete understanding of this behaviour, as
the expected hard axis perpendicular to the line direction should give no remanent
magnetisation for zero applied field. Since we observe there is a remanent magneti-
sation perpendicular to the lines, a potential explanation for the increased coercivity
can be found in pinning of domain walls on the line structures, similar to the pinning
observed in Figure 5.16.

Domain walls in Fe have typical widths in the order of the height of the sample [28],
which is also observed in the simulations in Figure 5.16. The domain walls in 30
nm thick samples are thus smaller than the period of the line structure of 186 nm.
The domain wall is therefore located locally at either a valley or a top of the line
structures. As we have concluded earlier that the energy of a domain wall is height
dependent, the height dependent energy is minimized for the configuration of the
domain wall along the direction of the lines as shown in Figure 5.17. As a domain
wall is aligned parallel to the line direction, it is oriented at an angle θ to the applied
field, just like the lines. It is known that alignment of domain walls at an angle θ =
0◦ as shown on the left of Figure 5.17 is energetically favorable [89], but so-called
head-to-head domain walls as shown in the centre of Figure 5.17 have also been
observed [90].

A simple schematic shown in the right of Figure 5.17, indicates that even a small
angular deviation of the direction of the domain wall, will directly reduce the pinning
of the domain wall on the line structures. If fields applied at a small angle from the
θ = 90◦, can change the alignment of the domain wall and reduce the pinning of
the domain wall, this could explain the very sharp angular decrease of the coercivity
around θ = 90◦ observed in the experiments. Unfortunately the results of simu-
lations in 5.6.1 already indicated that, using the LLG micromagnetic simulator, no
stable magnetisations for θ = 90◦ at zero applied field can be created. It is therefore
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not possible to model the configurations in the centre and right of Figure 5.17. Ad-
ditional pinning mechanisms, such as pinning on crystal defects or contaminations
are probably present in our samples and can allow for stable magnetisations along
θ = 90◦, however this has not been modelled.

In conclusion we state that the observed magnetic behaviour in our atom lithographi-
cally structured samples indicates an isotropic increase of the coercivity with increa-
sing line structure height for the 15 nm samples and for the shallow line structures
on the 30 nm thick samples. Assuming that the lines form an effective roughness
that is isotropic, the increase in coercivity is in line with behaviour observed in other
studies of Néel type switching. The highest line structures in 30 nm samples do
show anisotropy. They showed an increased coercivity for θ = 0◦, which decreases
with increasing θ, indicating an easy axis along the direction of the lines, in accor-
dance with micromagnetic simulations and literature. However, at angles near θ =
90◦ the coercivity of the highest lines increases sharply and at θ = 90◦ the highest
coercivity is observed. This behaviour is not well understood, but a possible me-
chanism is introduced, based on pinning of domain walls along the lines for the θ =
90◦ configuration. Further micromagnetic analysis of domain walls combined with
direct observation of the domain walls on atom lithographic samples is required to
understand the observed effects.
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5.7 Magnetic properties of co-deposited FexNi1−x

In this section we present the first study of FexNi1−x co-deposited atom lithographic
structures. As atom lithography uses near-resonant light fields to structure deposi-
tions of atomic beams, co-depositing two atomic species allows for the structuring
of one of these two materials, while the other is deposited uniformly. This creates a
periodic modulation of the composition with a period of λ/2. The basic concept is
shown in Figure 5.18 for FexNi1−x. Earlier experiments have been performed with
structured Cr in a background of MgF2 [91] and Cr in a background of Co [92]. The
latter system was shown to have a magnetic easy axis along the structures of the
lines.
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Figure 5.18: Schematic view of co-deposition of FeNi in which Fe is structured with atom
lithography as the optical standing wave is resonant with Fe and not with Ni.

A layer of 30 nm average thickness was deposited with an average composition of
Fe60Ni40 on a substrate of SiOx by thermal evaporation of separate beams of Fe
and Ni during 2.5 hrs. The Fe atom beam impinges on the sample perpendicularly,
while the Ni atom beam is at 45 degrees with respect to the sample. The Fe is
structured by a standing wave laser field with a 90 µm waist and 15 mW power. To
avoid corrosion, the sample is capped with an 8 nm thick Ag layer.

With AFM it was confirmed that the Fe60Ni40 film contained an area with line struc-
tures, which is a type of structure that has not yet been reported in literature. This
is shown in Figure 5.19. In the top left an AFM surface scan is shown where we ob-
serve lines. In the corresponding averaged height cross section in the top right we
find that the line height is about 2 nm and the period is about 186 nm corresponding
to the period of the standing wave. In Section 5.2 it was shown that the line height
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Figure 5.19: AFM scan of atom lithographic structuring of FeNi. Top left: AFM scan of
2×0.5 µm area. Top right: average height cross section over the AFM scan area. Bottom left:
schematic of sample. Bottom middle: measured maximum line height for each x-position.
Bottom right: measured line height as function of y-position for x = 2 mm.

is most likely obscured by the Ag capping, so that the lines are potentially higher. At
the bottom of Figure 5.19 the line height is shown measured along the x-direction
perpendicular to the lines and along the y-direction parallel to the lines. The struc-
turing extends over an area of 200 µm × 4 mm, similar to the areas reported in
Chapter 3 and Section 5.2 for atom lithographic structuring of Fe layers.

MOKE microscopy was used to observe the magnetic switch behaviour on this
Fe60Ni40 sample in areas where lines were observed with AFM. A field of view of
448×341 µm allows simultaneous imaging of both structured and unstructured parts
of the sample. An external in-plane magnetic field was applied that ramped from +7
mT to -7 mT and back in 0.05 mT steps. At each step an image representing the ma-
gnetisation in the direction of the applied field was taken with the MOKE microscope.
These measurements were performed with the applied field along the lines, θ = 0◦,
and for the θ = 90◦ configuration. In Figure 5.20 we show on the left schematic
representations of the line area in the field of view for θ = 90◦ (top) and for the θ =
0◦ (bottom). For each configuration four typical MOKE microscopy images during
the applied field ramp from +7 mT to -7 mT are shown. We find that for both θ = 0◦,
and for θ = 90◦ the magnetisation in the area with lines switches its magnetisation
at a different applied field compared to the unstructured area.
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Figure 5.20: MOKE microscopy results for the switching of atom lithographically structu-
red Fe60Ni40 for θ = 90◦ (top) and θ = 0◦ (bottom) configurations. On the left a schema-
tic overview of the structured area in each images is given, followed by four representative
images for the applied field ramping from +7 mT to -7 mT.

θ = 90          H

H

θ = 0

µ H  = -2.0 mT

µ H  = -2.2 mT

0

0

µ  H   
(mT)

0     C

2.0

2.4

2.8

Figure 5.21: Coercivity mapping of atom lithographic structured Fe60Ni40 measured with
MOKE microscopy in a θ = 90◦ (top), and for the θ = 0◦ (bottom) configuration. On
the left a schematic of the position of nanostructuring in the field of view, in the middle a
typical MOKE microscopy view during a ramp of the applied field, on the right the resulting
coercivity maps.

Coercivity maps were calculated from the MOKE microscopy images for both θ =
90◦ and θ = 0◦ as described in Section 5.4. They are presented in Figure 5.21. The
structured area is clearly recognisable in the θ = 90◦ coercivity map, whereas the
structured area is less clearly visible for θ = 0◦.
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Table 5.1: Values for µ0HC for the structured area and the background in atom lithogra-
phically structured Fe60Ni40.

configuration structured area unstructured area
θ = 0o 2.6±0.1 mT 2.9±0.1 mT

θ = 90o 2.9±0.1 mT 2.2±0.1 mT

The coercivities of the structured and unstructured areas are shown for θ = 90◦ and
θ = 0◦ in Table 5.1. The largest difference in coercivity is in the unstructured area,
which makes further analysis troublesome. The high coercivity of the unstructured
area for θ = 0◦ indicates an anisotropy with an easy axis along θ = 0◦ in the un-
structured area. This could be due to magneto-crystalline growth of the unstructured
area. Comparing the coercivities of the structured area, the coercivity is higher for
θ = 90◦ than for the θ = 0◦ configuration, which indicates an anisotropy contribution
with easy axis perpendicular to the line direction. A complete angular scan of the
coercivities of the structured and unstructured areas provided more insight into the
anisotropy of Fe layers in Section 5.4 and 5.5, but this data is not available for these
co-deposited structures.

A second observation that points to an influence of the structuring on the magnetic
properties of the layer is in the observed switching behaviour of the domain walls in
Figure 5.20. For θ = 90◦ the domain wall is smooth and aligned perpendicular to
the direction of the lines and moving in the direction of the lines as the applied field
is ramped. For θ = 0◦ the domain wall is jagged and although it is still on average
aligned perpendicular to the lines, the domain wall changes position in seemingly
unpredictable steps. In the θ = 0◦ MOKE images of µ0H = -2.2 mT and µ0H =
-2.5 mT this is visible, e.g., in the top right corner of these images the magnetisation
switches and the domain wall moves, while in the area next to it the domain wall has
not moved at all.

The formation of jagged or zig-zag structures is known for 180◦ domain walls, which
are walls in between antiparallel magnitised areas. The most favorable alignment
of such a domain wall is parallel to the field, but if this is not possible the domain
wall can locally reorient, to minimize its energy [89]. As the structured area forms
a barrier to the domain walls, this barrier is at 90◦ with respect to the applied field
in the θ = 0◦ configuration, which can explain the formation of zig-zag structures is
this case. This behaviour was not observed in the structured Fe layers, which indi-
cates that the combination of geometric line structures and the periodic modulation
of FexNi1−x content has a different interaction with the domain walls that the only
geometrically modulated Fe layers.
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5.8 Conclusions

In this chapter three experiments were presented. Firstly, we have shown that using
MOKE microscopy it is possible to find a clear magnetic signature of atom lithogra-
phic structuring of Fe in 15 nm thick layers of Fe, in contrast with earlier reports of
Myszkiewicz et al. [19] and Smeets [25]. Structuring of Fe increases the coercivity
of the structured area isotropically for 15 nm thick layers. This indicates that these
structures do not give a significant magnetic anisotropy, but that the structuring can
be seen as isotropic roughness, increasing the coercivity of these thin layers. As-
suming that the lines form an effective roughness that is isotropic, the increase in
coercivity is in line with behaviour observed in other studies of thin films with Néel
type switching.

In a second experiment we have studied 30 nm thick samples. In these samples
shallow line structures give an isotropic increase in coercivity similar to what is ob-
served in 15 nm thick samples, however the highest line structures on these samples
show a distinct anisotropic behaviour. The coercivity is high for θ = 0◦ and de-
creases for an increasing angle θ, indicating an easy axis along the direction of the
lines. This easy axis is in accordance with micromagnetic modelling and literature.
However around θ = 90◦, there is a sharp increase of the coercivity, so that the
highest coercivity for the highest lines is observed for the θ = 90◦ configuration.
This is not in agreement with micromagnetic modelling, nor is it reported in litera-
ture. This behaviour is not well understood, but a possible mechanism is introduced,
based on pinning of domain walls along the lines for the θ = 90◦ configuration. Fur-
ther micromagnetic analysis of domain walls combined with direct observation of
the domain walls on atom lithographic samples is required to truly understand the
observed effects.

Finally we have presented the first results of atom lithographic co-deposition experi-
ments of Fe60Ni40, showing that this technique allows for nanostructuring over areas
of 200 µm ×4 mm size. We have shown with MOKE microscopy that the nanostruc-
turing influences the switching behaviour for the θ = 0◦ and θ = 90◦ configurations
differently. Both the shape of domain walls changes as well as the observed coer-
civity. However, significant effects were also found in the background, limiting the
analysis.
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Chapter 6

All-optical focusing of neutral
atom beams.

In atom lithography, atom beams are usually focused by standing wave light fields
to arrays of points or lines with sizes on the order of 10 nm spaced by half an op-
tical wavelength. Magneto-optical compression can be used to compress thermal
atom beams to the order of 10 µm. We evaluate the possibilities of focusing such
a magneto-optically compressed thermal atomic beam directly to a single point of
100 nm diameter, using all-optical masks. Such a focused beam could be used as
a ’nanopencil’ for depositing nanostructures. To this end we developed a modular
Monte Carlo atom tracking program in which the effects of initial beam divergence,
magnetic substructure, laser cooling, and spontaneous as well as stimulated diffu-
sion are included and apply it to a number of promising light field configurations.
We find that optical focusing or funneling a thermal beam to 100 nm is not possible
within realistic experimental limits when all effects are considered. The main cause
is the combination of the destructive heating effect of stimulated diffusion and the
limited available interaction time for cooling. Thus, an all-optical atomic nanopencil
will require a slow and monochromatic atom beam. This seriously complicates the
practical application of such a device as a writer.

89



Chapter 6. All-optical focusing of neutral atom beams.

6.1 Introduction

Over the last decades many techniques have been developed that can be used to
create ever smaller mechanical, optical and electronic devices. These include op-
tical lithography, charged particle lithography, assembly of atoms using scanning
probes and various self-assembling techniques [93]. One promising option, based
on the dipolar interaction between near resonant light fields and neutral atoms, is
direct-write atom lithography [36, 68]. As this is a single step deposition method
using beams of neutral atoms, it allows for the deposition of pure materials, unlike
electron-beam or focused ion beam (FIB) induced deposition where deposited ma-
terials usually contain from about 10 up to 80% of contaminations [94]. direct-write
atom lithography can be applied to any substrate, although the interaction between
the deposited atomic species and the substrate can be of influence for the produced
structures [95]. Furthermore, as the technique uses no mechanical masks, it is not
subject to degradation or clogging of masks. Atom lithography is thus very suitable
to create nanostructures.

In atom lithography, standing wave intensity patterns of a near-resonant light field are
used. This allows for the production of highly periodic structures, with wavelength
or sub-wavelength periodicity, in one, two or even three dimensions. Structure sizes
down to 20 nm [96] have been achieved with 589 nm light, clearly below the dif-
fraction limit that limits classical optical lithography. However, it should be noted that
atom lithography can only use wavelengths that are nearly resonant with strong tran-
sitions in atoms. Thus, the basic method is restricted to producing simple, periodic
structures with a limited choice of periods.

To overcome these restrictions different options have been proposed. Two main
approaches are the use of non-periodic, holographically created light fields [13], and
tailoring the light field geometry to achieve tight focusing of a beam of atoms to a
single spot. This spot can then be used for serial writing of arbitrary nanostructures
analogous to electron beam or ion beam writing. Here, we further investigate the
possibility to tightly focus an atom beam to a single spot.

Bjorkholm et al. observed in 1978 the first focusing of atom beams in a traveling
Gaussian laser beam [97], after which various different focusing schemes have been
proposed theoretically. These include using blue detuned hollow TEM01* [98, 99]
or Bessel J1 [100] laser beams and blue-detuned near-field lenses [101]. These
theoretical models predict focused beam spots down to the nanometer or even sub-
nanometer range [98, 102]. The only actual implementation of a focused ‘atom beam
pencil’ uses focusing by static magnetic quadrupole fields instead of light fields, com-
bined with physical aperturing. It has been used to write structures of 280 nm diame-
ter [14]. There are thus more than two orders of magnitude between the theoretically
proposed and experimentally achieved single spot focus size.

Chromatic and spherical aberration limit the achievable focus size in the all-optical
schemes. Chromatic aberration arises when atoms with different axial velocities are
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focused, because the focal length of an atom-optical lens is velocity-dependent. It
can be overcome by compressing the axial velocity distribution of the atom beam,
e.g. using a Zeeman slower or by using a supersonic expansion source. Spherical
aberration is caused by the fact that the shape of real optical focusing potentials are
not the ideal parabola of a particle lens. Using a small aperture size (the spatial
range over which atoms enter the focusing potential), spherical aberration can be
reduced, as the optical lens will be more quadratic over a small range. The use of
small, monochromatic incoming beams can thus overcome chromatic and spherical
aberrations, but this severely limits the achievable flux.

The availability of non-conservative cooling forces in atom optics allows the use of
optical funnels instead of optical lenses. In these funnels the transverse movement
of the atoms is damped during the focusing process, providing three main advan-
tages. First, it allows for a much larger capture range. Second, it will give a colli-
mated as well as focused beam, which is easier to use than a tightly focused atom
beam with a small depth of focus. Finally, it allows for the use of thermal beams,
which have a large axial velocity spread, as a funnel is less sensitive to chromatic
aberration. Optical funnels are therefore more suited for focusing atomic beams than
optical lenses.

In this article we investigate the possibilities to focus or funnel thermal atomic beams
to a sub-100 nm radius, using only optical forces. We start out with beams that are
pre-compressed and collimated using magneto-optical compression to a 10 µm ra-
dius. This is known to be experimentally achievable [103]. This way we hope to
obtain a high localized flux and thus fast deposition rates. Although previous theo-
retical work predicted atom lithographic focussing to even (sub)-nanometer ranges
[98, 102], this article will focus on experimentally achievable limits on both the in-
coming atom beam as well as on the light fields and include all heating effects to
remain within experimentally achievable limits.

To this end we have developed a modular simulation program, based on Monte
Carlo atom tracking. The program allows for the inclusion of focusing, heating and
cooling effects, initial beam divergence, axial velocity spread, and a distribution over
magnetic sub-states. This allows us to evaluate different options for focusing and
funneling, and to obtain a clear insight into the relative importance of the various
physical effects in atom lithography.

In all calculations in this work we use chromium as a model system. Chromium
is the best studied system for atom lithography [15], with a well-accessible optical
transition suitable for focusing as well as cooling. It forms stable nanostructures and
is relevant as interconnect material. The relevant parameters of chromium that are
used are given in Table 6.1.
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Table 6.1: Properties of chromium.

transition a7S3 → z7P4,
wavelength (λ) 425.55 nm
line width (Γ) 5.0 (2π) MHz

saturation intensity (Is) 85.09 W/m2

Doppler temperature (TD) 120 µK
Doppler velocity (vD) 13 cm/s

single photon recoil velocity (vR) 1.8 cm/s
atomic mass (m) 52 amu

6.2 Theory

Before discussing specific light fields suitable to focus or funnel atoms to a single
focal point, we will describe the general framework used for calculating the atomic
motion in a light field. In this section will describe the potential field of an atom in
a near resonant light field in the so-called dressed state model, which is based on
a quantum mechanical description of the combined states of the atom and the light
field [41]. Within this model we will describe the effects of spontaneous emission,
which lead to the so-called logarithmic potentials. This framework will be used in the
next section to estimate the suitability of two light fields to focus or funnel an atomic
beam to a sub-100 nm diameter.

The dressed state model describes a two-level atom in a near resonant light field.
A light field that is tuned near resonance with an atomic transition has a dipole
interaction with an atom, leading to a potential field for the atom. The Hamiltonian of
the system is given by H = Ha + Hl + Hint. Here Ha is the Hamiltonian of the free
atom, Hl describes the light field and Hint describes the dipole interaction between
the atom and the light field. The eigenstates of the free atom are denoted by |g〉 and
|e〉, the eigenstates of the (single mode) light field are given by the photon number
states |n〉. The eigenstates of the full Hamiltonian, which can be expressed as
superpositions of the |g〉|n〉 and |e〉|n〉 product states, are called the dressed states.

If we assume a light field with a spatially varying intensity I(~r), which is detuned by
∆ from a resonant transition with a natural line width Γ and a saturation intensity Is,
the effective coupling of the atom to the light field is described by the Rabi frequency
Ω(~r), given by:

Ω(~r) = Γ

√
I(~r)
2Is

. (6.1)

In this light field the dressed states can be described as superposition states of the
ground state |g〉 and the excited state |e〉 according to [41]:
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|1, n〉 = sin θ|g〉|n + 1〉+ cos θ|e〉|n〉,
|2, n〉 = cos θ|g〉|n + 1〉 − sin θ|e〉|n〉, (6.2)

where the angle θ is defined by

cos 2θ ≡ − ∆√
Ω2 + ∆2

. (6.3)

For a light field with detuning ∆ ≥ 0, i.e., a blue-detuned light field, the |1〉 state
projects more on the atomic ground state, while the |2〉 state projects more on the
atomic excited state. In the limit of low light intensity and/or large detuning, the
correspondence is complete. In case of a red-detuned light field with ∆ ≤ 0 the |2〉
state projects more on the ground state and the |1〉 state more on the excited state.

Assuming a fixed photon index n in Eq. 6.4, after subtraction of a common energy
contribution of the photons, the energies of the dressed states are given by:

E1,2 = − h̄∆
2
± h̄

2

√
∆2 + Ω2. (6.4)

For blue detuning, ground state atoms entering the light field will initially be in the
|1〉 dressed state. This state has the lowest energy for the minimum intensity of
the light. For red detuning, ground state atoms start in the |2〉 state, which has the
lowest energy for the intensity maximum. A red detuned light field can therefore
focus atoms towards a local intensity maximum, whereas a blue detuned light field
focuses towards a local intensity minimum.

The potential landscapes of dressed states are similar to classical dipole potentials,
but the effects of spontaneous emission in the dressed state model are different
from any classical model. As the dressed states are superposition states of the
ground and excited states, atoms can undergo spontaneous emission from both
|1, n〉 or |2, n〉 state to either the |1, n− 1〉 or the |2, n− 1〉state. Both dressed states
can undergo spontaneous emission and the dressed state of an atom can change
upon spontaneous emission, thus leaving the atom in a different potential landscape.
Changing the dressed state reverses the sign of the position dependent part of the
potential (Eq. 6.4) and thus the sign of the force due to this potential reverses.
The randomness in the atom’s motion introduced by these force reversals is known
as ‘stimulated diffusion’, to separate the effect from the direct heating by the random
photon recoils associated with the spontaneous emissions (‘spontaneous diffusion’).

To create a truly confining potential, the effects of diffusion need to be decreased.
This can be done by minimizing the spontaneous emission decay rates. Sponta-
neous emission is governed in the dressed state model by four rates, describing all
possible transitions [41]:
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Γ12 =
Γ
4

(
1 +

∆√
Ω2 + ∆2

)2
, (6.5)

Γ21 =
Γ
4

(
1− ∆√

Ω2 + ∆2

)2
, (6.6)

Γ11 =
Γ
4

(
1− ∆2

Ω2 + ∆2

)
, (6.7)

Γ22 = Γ11, (6.8)

where Γji is the transition rate from level i to level j. If we assume a blue detuned
system, we try to focus the ground state–like |1〉 dressed state. Spontaneous diffu-
sion is governed by the Γ11 decay rate, stimulated diffusion by Γ21. Both rates can
be minimized either by making ∆ large, or Ω small, i.e. by increasing the detuning
or decreasing the light intensity. Applying the same reasoning, it can be shown that
this conclusion also holds for a red detuned system.

However, in any real experiment a finite detuning and Rabi frequency will be nee-
ded and the effects of spontaneous emission cannot be neglected. Dalibard and
Cohen-Tannoudji [41] derived an expression for the time-averaged potential acting
on a (stationary) atom in the presence of dressed-state-changing spontaneous emis-
sions. The result is the so-called logarithmic potential:

Ulog(~r) =
h̄∆
2

log
(

1 +
Ω2

2∆2

)
. (6.9)

This potential is often used in atom-optical calculations. For |Ω/∆| � 1, it equals
the potential of the ground state–like dressed state, while for larger values of |Ω/∆|
it saturates. Petra et al. [104] showed that for non-stationary atoms, such as atoms
moving in a periodic potential, the logaritmic potential is no longer fully valid and the
velocity effects change the funneling significantly. In the regime of larger values of
|Ω/∆| stimulated diffusion becomes important as well. When using the averaged
force for actual calculations, care has to be taken to include the increased diffusion.
In this work, for numerical simulations we will follow a different approach based on
the dressed state potentials combined with a Monte-Carlo treatment of all sponta-
neous emission effects (see Section 6.4). We will use the logarithmic potential to
obtain simple estimates of atom focusing.

With this understanding of atom-optical potentials, we have chosen two light fields
that can be used as atom lenses or funnels. These will be discussed in the next
section.
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6.3 Focusing Potentials

To provide a focusing or funneling potential we showed that either a blue detuned
field focusing towards an intensity minimum or a red detuned field focusing towards
an intensity maximum is needed. We consider two possibilities for such configura-
tions: a blue detuned laser beam with a Laguerre-Gaussian TEM01* mode (hollow
beam), and a red detuned optical field inside an axially symmetric conical mirror with
a vertex angle of 90◦ (axicon light field). The corresponding potentials have the ad-
vantage that they have only one minimum or maximum, while the potential extends
over a area of more than 10 µm diameter, thus providing a capture area suitable
for the incoming atom beam while focusing it to a single spot. In Figure 6.1a and b
we show schematically how an atomic beam is compressed by a hollow beam or an
axicon light field.

The first field we investigate is the laser beam with the hollow TEM01* mode. The
intensity of the light in this configuration is described by [105]:

Ihb(r, z) =
4P0r2

πw(z)4 · e
− 2r2

w(z)2 ,

w(z) = w0

√
1 +

(
z

zR

)2
(6.10)

with P0 the laser radiation power, w0 the waist radius of the laser beam, zR = π
λ w2

0
the Rayleigh length and λ the wavelength of light. The intensity profile of the hollow
beam at a fixed z-position shows a local minimum at r = 0 and two maxima at

r = ±w0

√
1
2 (1 + (z/zR)2) with an intensity Imax = 2P0e−1/(πw2

0(1 + (z/zR)
2)).

To investigate the funneling ability of such a hollow beam we look at the atom-light
potential using the logarithmic potential Ulog(~r). Assuming a focused TEM01* beam
with detuning ∆ = 100 (2π) MHz, power P0 = 250 mW and a waist of w0 = 25 µm we
can achieve an intensity and potential landscape in the focus as shown in Figure 6.1c
and e. The potential of the hollow beam light field is in first order quadratic around
the center, thus providing good options for focusing, as a quadratic potential is an
ideal particle lens.

Assuming a transversely Doppler cooled incoming atom beam, which we compress
isothermally by increasing the strength of the quadratic potential, the atoms are res-
tricted to an area where the potential energy is comparable to the transverse energy
of Doppler cooled atoms. Increasing the strength of the potential occurs automati-
cally as the atomic beam travels along the axis of the hollow beam and approaches
the waist. In the potential landscape we have indicated the transverse kinetic energy
level of the Doppler cooled atoms (Ekin = h̄Γ/2). As is shown in the figure, the radius
of the area where the potential energy is less than the kinetic energy of Doppler co-
oled atoms is approximately 100 nm. It should be noted that isothermal compression
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Figure 6.1: Two schematic possibilities for all optical beam funneling using a TEM01* blue
detuned field (a) or red detuned beam reflection on an axicon mirror (b), with their corres-
ponding intensity distribution (c,d) and a cross section of the energy landscape assuming a
logarithmic potential (e,f ) for typical values of power, waist and detuning. In e and f the
dashed line represents the transverse kinetic energy of a Doppler cooled atom beam.
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Figure 6.2: A schematic representation of an axicon mirror. a) Incident light rays parallel to
the center line of the axicon travel in planes perpendicular to the center line after reflection.
b) In one single plane, with radius R, all rays cross the heart line. The direction of the
reflected light ray is defined by φ, the angle of the light ray with the x-axis in the plane.

requires continuous cooling to maintain the transverse temperature at the Doppler
limit.

If isothermal compression is not possible and we consider the potential landscape to
be conservative, Liouville’s theorem states that phase space density is conserved.
Therefore a 50 fold adiabatic compression in both lateral directions from 5 µm to 100
nm will lead to a increase of the lateral momenta by a factor of 50, i.e., an increase
in the transverse energies by a factor of 2500. As a result, the required increase in
strength of the quadratic potential to achieve this compression is much larger than
in the case of isothermal compression. For a fixed maximum potential strength,
the compression factor for adiabatic compression is equal to the square root of the
isothermal compression factor. For the potential of Figure 6.1e, this leads to a final
beam radius of 0.7 µm.

The second light field we proposed for focusing is a red detuned axicon light field.
This field is created by letting a parallel light beam reflect on an axially symmetric
conical mirror with a vertex angle of 90◦ as shown in Figure 6.1b and Figure 6.2. In
this configuration all light rays pass through the central axis, leading to an optical line
focus on axis. The exact intensity distribution around the central axis is determined
by the polarization of the incoming beam, which can lead to constructive or destruc-
tive interference on axis. In [100], a radially polarized incoming light field with blue
detuning is proposed, which leads to zero intensity on axis and a dipole potential
that is in first order quadratic around the axis, thus forming a good lens. However, it
has a ring-shaped potential maximum at less than half a wavelength distance from
the axis. As a consequence, the capture range of atoms into the potential is limited
to less than a wavelength.

We propose to use a circularly polarized red-detuned incoming light beam with a
Gaussian beam profile. To calculate the intensity distribution in this geometry, we
start out with a right hand circularly polarized beam traveling in the −z direction:
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~Eincoming = E0 · e−r2/w2
0 · (x̂ + iŷ) · eikz · e−iωLt, (6.11)

with k = 2π
λ the wave number of the incident wave, w0 the waist of the incoming

Gaussian beam, r =
√

x2 + y2 the distance from the axis and E0 the on-axis ampli-
tude of the wave. Here, the z–dependence of the electric field is neglected, which is
valid in good approximation for the large beam waists being considered here.

The beam is reflected by the axicon mirror, whose tip is in the origin of our Cartesian
system and whose cone is in the +z direction. The light field inside the axicon can
now be calculated: the full derivation is given in Appendix A of this chapter. The
result for the total intensity is:

Iax(r, z) =
2P0k
w2

0
· ze−2( z

w0
)2
×

×
{

J2
1 (kr) +

(
J0(kr)− J1(kr)

kr

)2

+
J2
1 (kr)
(kr)2

}
. (6.12)

In this field distribution it is comparatively easy to create high intensities and high
radial intensity gradients, as all power passes through the optical axis. However,
this configuration does not lead to a quadratic potential near the axis, but to a fourth
order dependence of the potential on the radius. This potential should therefore not
be useful as a good lens.

To create an optical funnel, sufficient interaction time is needed, leading to an op-
tical field distributed over a large axial length. Axial lengths of the potential field of
centimeters are required. As the width of the incoming laser beam is projected onto
the z-axis, we will also require the waist of the incoming laser beam to be of the
order of centimeters. As the axicon potential traps atom in a intensity maximum, it
is now essential that we include saturation effects. Therefore we use the logarithmic
potential. In Figure 6.1d we show the intensity distribution in the plane z = 1

2

√
2w0,

for a detuning ∆ = 100 (2π) MHz, power P0 = 50 mW and a waist of w0 = 50 mm.
In Figure 6.1f, the corresponding potential energy landscape is shown. As a com-
parison the transverse energy of a Doppler-cooled beam is given by the dotted line,
indicating that a laser cooled atom beam can possibly be funneled to a beam with a
radius of 100 nm.

From the basic arguments presented in this paragraph, we might conclude that both
proposed light fields can be used to focus a beam of neutral atoms to sub-100 nm
dimensions. However, the strongly inhomogeneous light field configurations consi-
dered here are complicated from an atom optics viewpoint. For simulations, heating
by photon recoils can be included in a Fokker-Planck type calculation of atomic en-
sembles with an averaged force and a diffusion coefficient. However, the character
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Figure 6.3: Potential energy levels of an atom in a TEM01* hollow beam assuming a dressed
state model (U1 and U2) or a logarithmic potential (Ulog) at high intensities smax=106, like
in Figure 1.

of the stimulated diffusion (large changes in acceleration, spaced widely in time)
does not lend itself to this approach.

As an example, consider the dressed-state potentials of an atom in the field of a
TEM01* hollow beam. Figure 6.3 shows the two dressed state potentials U1 and U2
at high maximum intensity (effective saturation parameter s = Imax/Isat = 106), as
well as the potential Ulog which is the time-averaged potential for an atom held at
fixed position. During the actual interaction with the light field the atom follows U1 or
U2 until a spontaneous emission takes it from one curve to the other. The motion of
the atom obviously deviates drastically from the motion of an atom experiencing the
averaged force. Specifically, a dressed state change turns a confining potential into
a potential expelling the atom from the intended capture region. Therefore, a single
dressed state change can even be a fatal event, after which the atom never makes
it back to the capture region.

The main differences between the two proposed light fields when used as a lens is
that the hollow beam light field in first order leads to a quadratic potential, represen-
ting a good lens, whereas the axicon light field in first order leads to a quartic poten-
tial, corresponding to a lens with severe aberrations. However, as these systems will
also be used as funnels, we cannot say beforehand what the better solution will be.
In the next section we will discuss the model we use to investigate the possibilities
of both light field configurations.
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6.4 Monte Carlo Model

The nature of the stimulated diffusion, discussed in the previous section, can be
taken into account simply and effectively in a Monte-Carlo atom trajectory calcula-
tion. This approach offers a clear insight in the effects of spontaneous emissions
and dressed state changes. Furthermore, it enables the straightforward inclusion of
extra effects. Therefore we have used this to construct a flexible, modular simulation
program for atom focusing and funneling. The atoms are considered as classical
point particles moving in the dressed-state potentials. Initially (before they interact
with the light field) the atoms are all in the dressed state adiabatically connecting to
the atomic ground state. The three-dimensional dipole force vector is then calculated
as the gradient of the potential of the dressed state. The trajectories are calculated
by numerically integrating the Newtonian equation of motion in three dimensions.
Thus, changes in axial, radial as well as azimuthal velocity components are taken
into account. During the integration, the spontaneous emission rates of the dressed
states according to Eq.6.5 are monitored. Random spontaneous emission events
are generated according to this rate. After each spontaneous emission, a random
photon recoil momentum is added to the atom’s momentum and the possibility that
the atom switches to the other dressed state is taken into account.

In this way dipole forces, recoil heating, stimulated diffusion, and the three-dimensional
nature of the problem are accurately taken into account. However, standard low-
intensity Doppler cooling and high-intensity velocity-dependent effects based on the
phase of the atomic wave function (e.g., polarization gradient cooling with σ+ −
σ−polarized counter running laser beams) are not included in the model.

The program is constructed in a modular way. Axicon light fields and the field of
a running wave Laguerre-Gaussian TEM01* hollow light beam (the two situations
investigated in this work) can be inserted, as well as regular standing waves.

For situations where one- or two-dimensional transverse laser cooling is to be added
to a light field, the velocity-dependent force is added separately as an averaged
force. The increased spontaneous emission then contributes to the diffusion via
extra random recoils. As an example, standard Doppler cooling in a weak transverse
red-detuned light field can be used to induce cooling in the dark area in the center
of a blue-detuned hollow beam. In this case, the averaged force is given by:

FD,i = Fi+ + Fi− (6.13)

where

Fi± = ± h̄ks0Γ/2

1 + s0 +
(

2(δ∓kvi)
Γ

)2 (6.14)
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with i = x or y, vi the transverse velocity of the atom in the x- or y-direction, and
s0 ≡ I0/Is the saturation parameter of each of the counter propagating beams of
the cooling standing wave. The parameter δ is the effective detuning of the Doppler
cooling light, which can take into account the light shift induced by the strong focu-
sing light field. Throughout this article we will use for Doppler cooling a detuning
δ = −Γ/2 and a saturation parameter s0 = 1.

To include the effects of atomic magnetic sub-states, the atoms are uniformly distri-
buted over all magnetic sub states and the appropriate Clebsch-Gordan coefficients
are assigned to each atom. In the calculation of the forces from the gradient of the
dressed energy potentials these Clebsch-Gordan coefficients are used. The possi-
bility that the magnetic sub-state of an atom changes during spontaneous emissions
is neglected.

The program also includes the possibility of switching cooling and focusing fields on
and off during the compression process according to a fixed switching schedule. We
have investigated such schemes as a possibility to combine focusing and cooling
fields without the complicating effects of a direct interplay between the light fields.

6.5 Validation

To confirm the validity of our modular Monte Carlo simulation program, we first show
results that reproduce the focusing seen in actual experiments by McClelland [15]
using standing waves to focus particles. In Figure 6.4 we show the results of focusing
of a chromium beam by a standing wave created by retro-reflecting a Gaussian laser
beam with a waist of 0.39 mm, power P0 = 20 mW and detuning ∆ = 200 (2π) MHz,
similar to the settings in [15].

To show the effects of our modular system, we show the simulation without sponta-
neous emission, magnetic sub-levels, transverse or longitudinal velocity distribution
in Figure 6.4a. The longitudinal velocity is 926 m/s, which is the most probable longi-
tudinal velocity for a beam from an effusive source at a temperature of 1800 K. The
effect of a transverse velocity is shown in Figure 6.4b. There the incoming beam is
collimated to 0.2 mrad (FWHM), representing a realistic beam transversely cooled
using polarization gradient cooling [15]. The effect of longitudinal velocity spread is
shown in Figure 6.4c, where a perfectly collimated thermal beam is modelled, ha-
ving a rms velocity spread of 366 m/s. The effect of including magnetic sub-levels is
shown in Figure 6.4d. The effect of spontaneous emissions is included in Figure 6.4e
and finally a complete modelling including all effects is given in Figure 6.4f. These
images give a clear insight into the nature of the various effects that limit focusing.
The longitudinal velocity spread is clearly the most limiting factor, followed by the ma-
gnetic sub-states and the transverse velocity distribution. Spontaneous emissions
are not of much influence, as the interaction time of the atoms with the light field in
this configuration is in the order of the lifetime of the dressed states. In Figures 6.4a,
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b, d and e haloes due to spherical aberrations can be seen. In Figure 6.4c and f
the chromatic aberration introduced by the thermal longitudinal velocity distribution
broadens the separate contributions so that the haloes are no longer visible.

The results shown in Figure 6.4 f give a FWHM of the structures of 55±1 nm, below
the experimentally observed line widths of 65±6 nm reported in [15]. This is rea-
sonable as we do not take into account any surface diffusion effects, which lead to
a broadening of lines as was shown in Chapter 3 and in [44, 43]. Considering the
good results of our model for an experimentally known system, we can now consider
the results of the model for the proposed hollow beam and axicon light field.

6.6 Hollow beam

Focused TEM01* hollow beam light fields can be represented by three parameters:
the waist w0, the detuning ∆ and the power P0. To focus an atom beam in such
a co-propagating hollow laser beam, the atom beam needs to enter the light field
at some point. This is most easily achieved, by letting the light field reflect off a
mirror with a hole in it so that the atom beam can enter the light field parallel to
the propagation direction of the light field via the hole. Such a setup does create
an additional parameter: the distance zint between the point where the atom beam
enters the light field and the focus of the light field.

All parameters are limited by fundamental as well as practical limits. The power P0 is
limited by experimentally available power. A TEM01* laser mode at 425 nm will most
usually be created by frequency doubling a TEM00 mode from a Ti:S laser. From
this doubled TEM00 mode, a TEM01* mode can be created using e.g. a holographic
phase plate. Such a system will certainly not generate more than 2 W in power,
which we take as an upper limit in our modelling. For low power, heating effects due
to spontaneous emission will be less, but the lower intensity gradients lead to smaller
focusing forces. We use 50 mW as the lower limit on power. The minimum waist size
of a focused hollow beam is limited theoretically by the diffraction limit. However, a
short waist size leads to a short Rayleigh length and thus a short effective interaction
time. A large waist leads to long interaction times, but large waist systems lack
strong intensity gradients needed for confining an atom beam. We will show that an
optimal focusing can be found for the waist ranging from 5 to 75 µm, corresponding
to Rayleigh lengths of 0.2 mm and 42 mm. The distance zint that the atom beam is
in the light field should be a few Rayleigh lengths to have a sufficient capture range.
We use limits of 10 and 60 mm. The detuning ∆ is experimentally easily tunable
over a large range. However, for small detunings heating effects due to stimulated
diffusion limit effective focusing. Very large detunings give small potential energy
levels and therefore limit the focusing power of the optical system. The range of
detunings in our modelling is restricted from 50 (2π) MHz to 1 (2π) GHz.

A thermal, fast atom beam, that we propose to use in our focusing setup, will give
rise to a a large Doppler shift in a a co-propagating hollow laser beam. For the
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Figure 6.4: Typical particle trajectories of atoms focused in a standing wave dipole potential
created from a retro-reflected laser with λ = 425 nm , w0 = 0.39 mm, power P0 = 20 mW
and detuning δ = 200 (2π) MHz. In a we assume a perfectly collimated incoming beam
with no longitudinal velocity spread, only dipole interactions without any magnetic sub-
structure, (b) is as (a) but assuming a 0.2 mrad collimated beam,(c) is as (a) but assuming
a longitudinal thermal beam, (d) is as (a) but including magnetic substructure, (e) is as
(a) but adding spontaneous emission effects, (f) includes all effects from (b) to (e). On the
righthand side of each image the particle distribution at z = 0 µm is plotted.
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longitudinal velocity of 900 m/s the associated Doppler shift is ωd = −kv = 2.1 (2π)
GHz. This Doppler shift can be compensated by adjusting the laser frequency. The
longitudinal velocity distribution adds a complication as the rms velocity spread of
360 m/s gives a Doppler shift spread of 0.8 (2π) GHz. Each velocity component will
therefore interact with a different effective detuning and a different effective focusing
potential. We will therefore first model our system as a monochromatic beam with
longitudinal velocity of 900 m/s and discuss the effects of having multiple velocity
components in a real thermal beam at the end of this paragraph.

The longitudinally monochromatic atom beam we now use in our system will not
suffer from chromatic aberrations upon focusing, we can therefore use our hollow
beam as a lens to obtain basic insight into the focusing process. We can investigate
effects of beam collimation, spherical aberrations and magnetic sub-states in the
lensing regime. To this end we have investigated the focusing of a monochromatic
atom beam of 10 µm diameter with a longitudinal speed of 900 m/s and a transverse
velocity spread with a FWHM of 0.3 m/s, whose atoms are uniformly distributed over
all magnetic sub-states. We have found an optimum within the limits described at
the start of this section for the settings w0 =10 µm, P0 = 1 W and ∆ = 250 (2π)
MHz and zi = 10 mm. The results are shown in Figure 6.5 f. This beam is focused
most tightly in the plane z = 0 mm, where it factually is more in a channeling regime
than a simple focusing regime. To obtain the focused atom beam size, we fitted the
atom density distribution with a Gaussian profile and used the FWHM as the beam-
size. For this beam the size is 1.1 µm. From these results it is clear that in a realistic
lensing scheme even without chromatic aberration, a 10 µm atom beam cannot even
be focused to sizes less than 1 µm.

To obtain information on the various effects that cause the large focus size, we have
performed the same modelling with identical laser field settings but changing the
magnetic state effects, transverse velocity distribution and beam size. In Figure 6.5a
we show the results for an atom beam of only 1 µm diameter, without transverse
velocity, without magnetic state effects. This beam is focused most tightly in the
plane z = -3.0 mm to a size of FWHM = 3.2 nm . In Figure 6.5b the incoming atom
beam is increased to a 10 µm diameter, resulting in an smallest focus at z = -3.0 mm
with a size of FWHM = 0.56 µm. The effect of spherical aberrations is thus a major
influence on the final size. Figures 6.5c and d are identical to Figures 6.5a and b but
a transverse velocity spread with a FWHM of 0.3 m/s is added to the incoming atoms
beams, corresponding to a Doppler cooled beam. These beams are now focused
most tightly in the plane z = 0 mm, where the beam is more in a channeling regime.
The sizes are FWHM = 0.16 µm and 0.78 µm respectively. By approximating the
focusing potential in the plane z = 0 by a quadratic potential, we find that there the
focal distance of our optical lens is 0.3 mm. As our atom beam has a divergence of
0.3 mrad, we should expect a minimum focus size of 90 nm, on the order of the size
we found for an incoming beam of 1 µm diameter. The diverging beams will also
suffer more from spherical aberrations, as the beam size is increased before real
focusing starts. It should be noted that the focus size of both 1 µm and 10 µm atom
beam increases by nearly the same absolute amount, but that for the small incoming
beam the relative effect is about 40x larger. In Figure 6.5c and d magnetic sub-states
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Figure 6.5: Overview of using a hollow beam potential as a lens. The lefthand images have
an incoming beam of 1 µm diameter, the righthand images have a 10 µm diameter incoming
beam. In a and b the atom beam has no transverse velocity and no magnetic states, in c and
d the atom beam has a transverse velocity distribution, in e and f the atom beam has both
transverse velocity distribution and magnetic state effects.
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Figure 6.6: Optimal focusing of a 900 m/s atom beam in a hollow beam funnel. On the
left the particle trajectories are shown, on the right the particle distribution in the focus.
The light field has a waist of 20 µm, a power of 1 W, a detuning of 150 (2π) MHz and an
interaction length of 25 mm.

are not yet taken into account and all Clebsch Gordan coefficients are assumed to
be 1. In Figure 6.5e and f the atoms are uniformly distributed over all magnetic sub-
states and the focusing potentials have the associated Clebsch Gordan coefficients.
These beams too are focused most tightly in the plane z = 0, where they have sizes
of 0.27 µm and 1.1 µm. We conclude that the hollow beam potential is not suitable
as a lens for 10 µm atom beams mainly because of spherical aberrations, while
magnetic state effects further decrease the effectiveness of the lens significantly.
The collimation of the incoming beam is only a major effect for incoming beams
much smaller than the proposed 10 µm.

As it is not possible to focus a 10 µm beam adiabatically to a size of less than
100 nm, even without taking chromatic aberrations into account, we consider the
addition of a damping force in the form of laser cooling. We have added transverse
Doppler cooling to our model, based on two pairs of counter-propagating beams
with a detuning of Γ/2, each beam having a saturation parameter s0 = 1. The best
result we have obtained in this cooling regime after scanning the parameter range
described in the beginning of this section is an atom beam focused to a FWHM of
0.55µm in which only 8.5% of all particles are focused to a radius of 100 nm. The
particle trajectories and the focused particle density distribution is shown in Figure
6.6. The settings for the light field are w0 = 20 µm, P0 = 1 W, ∆ = 150 (2π) MHz and
zi = 25 mm. It is clear that cooling in the funnel improved the focus size compared
to the lensing regime, but it is still far off the desired 100 nm radius.

However, the dipole potential well created in the focusing scheme of figure 6.6 is very
steep; the well has a Doppler energy level h̄Γ/2 at a 36 nm radius, so the Doppler
cooled beam is apparently not isothermally compressed. In the focus the average
transverse kinetic energy of all particles within a 1 µm radius in the focus has actually
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Figure 6.7: Left: Average transverse kinetic energy of atoms in beams of 900 m/s (black
boxes) or 100 m/s (red dots) focused by a hollow beam light field with a waist of 20 µm, a
power of 1 W, a detuning of 150 (2π) MHz and an interaction length of 25 mm. Right:
particle trajectories for 900 m/s beam(top) and 100 m/s beam (bottom)

increased to 6.3 h̄Γ. To obtain a better insight in the heating and cooling effects, we
plot the average transverse kinetic energy of all particles within a 1 µm radius as a
function of z position. We show this in Figure 6.7 for an atom beam which has a
longitudinal velocity of 900 m/s and for an atom beam with longitudinal velocity of
only 100 m/s. Both beams start with a transverse velocity distribution of FWHM =
0.3 m/s. The transverse kinetic energy of the fast atom beam rises steeply as the
atoms move towards the focus of the light field, indicating that the cooling scheme
cannot cool fast enough for isothermal compression to take place.

The slow 100 m/s atom beam can be funneled nearly isothermally as can be seen
in Figure 6.7. In this figure the atom trajectories are also shown. This reveals an im-
proved compression for the slow beam, which is compressed to a size of FWHM =
108 nm. However, using a slow beam seriously complicates the setup and will limit
practical application and is therefore outside the scope of this article.

There are several mechanisms that contribute to the heating we see in Figure 6.7.
First there is the focusing itself, which according to Liouville’s theorem will increase
the momentum distribution by a factor 50 if the spatial distribution is decreased by
that factor in a conservative potential. Another important heating mechanism is sti-
mulated diffusion due to dressed state changes. In the optical funnel, the decay rate
Γ21 of the dressed ground state to the dressed upper state is not negligible. If atoms
would be focused to the position where the dipole shift is Γ/2, the decay rate is still
Γ21 = 2.8 (2π) kHz. At a longitudinal velocity of 900 m/s and a interaction length of
25 mm atoms reside in the interaction region for 28 µs. This means that about half
of the atoms will undergo a state change to the upper dressed state, even when they
reside at the edge of the area to which we hope to focus them. These dressed state
changes will lead to stimulated diffusion. The effect of a dressed state change can
be drastic as is shown in Figure 6.8. Here two trajectories are shown, of atoms star-

107



Chapter 6. All-optical focusing of neutral atom beams.

x
 (

µ
m

)

z (mm)
-20 0-40

-4

-2

4

2

0

Figure 6.8: Effects of atom dressed state change on trajectory in a hollow beam potential.
The dotted parts of the line indicate the areas where the atom is in the higher state.

ting in the confined ground state. One of the two atom has a dressed state change
and is then completely expelled from the focusing region. This makes it clear that
the simple assumptions made in the theory sections on the focusing power of the
potential are heavily altered because of the heating due to stimulated diffusion in
these steep potentials.

The significant difference in heating because of dressed state changes by slow or
fast beams can be understood by considering two elements, firstly that fast atoms
will move to areas of higher light intensity and secondly the fact that heating in steep
potentials has a positive feedback mechanism inducing more heating. The optical
potentials of focused hollow beams have equipotential lines that are not parallel
to the incoming atom beam, the longitudinal speed and longitudinal kinetic energy
therefore determine to which extent an atom can move to areas of high potential and
thus high light intensity. In Figure 6.7 it is visible that up to the point z = -15 mm, the
transverse kinetic energy in both fast and slow beams is nearly identical. However,
the particle trajectories show that the slow atoms are already being focused to the
centre region whereas fast atoms are on average more away from the central axis in
areas of higher intensity and higher potential. In these areas the chance of dressed
state changes are higher as can be seen in Equation 6.5. As dressed state changes
leads to stimulated diffusion and thus heating, atoms can move even further into
areas of higher intensity. This again increases the chance of dressed state changes
thus this feedback mechanism stimulates the heating tremendously. In the near
isothermal compression of the slow beam in Figure 6.7, cooling is not just balancing
the heating effects, but also preventing heating effects to increase as atoms are
compressed to areas of low light intensity.

It is clear that the cooling within a hollow beam setup with fast atoms is not sufficient
to cool fast atoms to a Doppler temperature and isothermally compress the atom
beam. In reality the cooling will even be less effective, as the dipole shift of the
atoms due to the hollow beam, will decrease the effect of the cooling beams. To
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have an indication of this effect, we can apply cooling in our model only to particles
that are in a region where the dipole shift is less than Γ/2. We now obtain a beam
that has a FWHM of 1.3 µm, as heating effects are now less damped by cooling.
This means that optimising the focusing regime as discussed in the beginning of this
section gives comparable results as a realistic funneling regime. For slow beams
of 100 m/s the localized cooling is less detrimental, a 100 m/s beam can still be
focused to a 0.17 µm beam. This shows clearly that the realistic cooling schemes
give little effect for fast beams.

So far we have not modelled real thermal beams in our calculations, but mono-
chromatic beams with a velocity comparable to the most likely velocity of a thermal
beam. Even these idealized fast beams do not give good results. We will not investi-
gate the effects or the inclusion of longitudinal velocity distribution as these will lead
to additional problems with chromatic aberration and issues with the Doppler shift.
Schemes based on blue detuned hollow systems not based on co-propagating laser
beams but consistent of crossing beams have been proposed [106], to circumvent
the problem of Doppler shifts, but these are beyond the scope of this article.

We have shown that slow beams can be focused. Slow atom beams have fewer
issues with longitudinal velocity spread as they are usually produced by decelerating
fast beams, which results in rather monochromatic slow beams. The schemes that
produce a slow atom beam are outside the scope of this article.

6.7 Axicon

In the previous section we have discussed the focusing potential of a hollow beam
light field, of which we have shown that it is not particularly suited to funnel thermal
atom beams. Only for slow beams could Doppler cooling provide sufficient cooling
of the transverse temperature to allow for optimal funneling towards the potential
minima. We will therefore investigate a second light field configuration: the axicon,
as discussed in section 6.3. This configuration allows for much longer interaction
regions, as can be clearly seen in Figure 6.9, where we show the region where local
potential energy is h̄Γ/2 over the ground state energy at the heart line. The hollow
beam potential has a narrower focus than the axicon, but the hollow beam diverges
greatly, whereas the axicon focus hardly diverges over the entire interaction region.

The main problem of the axicon configuration is that we are focusing towards an
area of maximum intensity, so that heating effects will be a bigger issue, as increa-
sed intensity leads to increased spontaneous emission and dressed state changes.
A second problem is that, in the high intensity focusing region, cooling will be diffi-
cult. For the hollow beam scheme Doppler cooling in the dark focusing region is a
reasonable option, as the region where the level shift is less than h̄Γ/2 is large as
can be seen in Figure 6.9. For the axicon configuration cooling will be difficult as the
central region has shifted dressed energy levels and cooling schemes will require
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Figure 6.9: Equipotential lines for the energy level of the ground state particle that is h̄Γ/2
over the (z-dependent) ground state energy at the heart line for a hollow beam (black dashed)
focused at z = 0.04 m of w0 = 20 µm, P = 1 W, ∆ = 150 (2π) MHz and an axicon field
(red solid line) configuration of w0 = 80 mm, a P = 1 W, a ∆ = 4 (2π) GHz.

an extension of our model to a complicated multi-colour dressed atom picture, which
we have not attempted to create.

To obtain insight into the focusing potential of the axicon configuration, we first mo-
delled the system with global Doppler cooling, not taking into account any effects
of the level shifts. Optimising the setting of the detuning, incoming beam waist and
power leads to the result shown in Figure 6.10, giving nice focusing results. The
incoming laser beam has a waist w0 = 80 mm, allowing for 80 mm of interaction
length. The laser field has further settings P = 1 W, ∆ = 4 (2π) GHz . The atom
beam is a 10 µm thermal atom beam with a transverse Doppler energy, which is
focused to a FWHM = 0.13 µm, thereby focusing 40.6% of all particles within a 100
nm radius.

Comparing the optimal settings for the laser beam in the hollow beam and the axicon
configuration shows clear differences, which we investigate by comparing the Rabi
frequency Ω with the detuning ∆. For the hollow beam this ratio is |Ω/∆| ' 105 at
the points of maximum intensity, and |Ω/∆| ' 1/4 for the position where the energy
levels are shifted by h̄Γ/2. For the axicon |Ω/∆| ' 1 at the maximum intensity
and this value is hardly changed on the position where the energy level is shifted by
h̄Γ/2 from the values on the heart line. From Equations 6.4, 6.3 and 6.5, we thus find
that in the high intensity regions of the hollow beam, dressed ground states have a
high content of excited state, high rates of dressed state changes and thus generate
much spontaneous diffusion. In the optimal axicon configuration, the high detuning
suppresses these effects to minimize the heating due to spontaneous diffusion in
the high intensity focusing region.
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Figure 6.10: Particle trajectories of a 10 µm atom beam in a axicon light field with waist of
8 mm, a power of 1 W, a detuning of -4 (2π) GHz, with global Doppler cooling.

The optimisation of the axicon light field shows promising results assuming a global
cooling, but as discussed in the start of this section that will be practically impossible.
We therefore look at more realistic alternatives. Cooling of the central focusing re-
gion is difficult, as the cooling of dressed states requires a multi-colour dressed atom
cooling picture. To have an upper limit of the possibilities we investigate the situation
where we Doppler cool atoms in the central region where the energy shift of the
dressed ground state is less than h̄Γ/2 relative to the global minimum. It should be
noted that this region is much smaller than the region depicted in Figure 6.9, where
the energy level is relative to the local z-dependent minimum, in fact it is a volume
of about 0.1 µm radius and 3 mm length along the central axis, nearly negligible
compared to the size of the focusing field. This cooling setup leads to a poorly focu-
sed beam of FWHM = 2.2 µm, only focusing 0.7% of all particles within a 100 nm
radius. The second localized cooling option is to cool only outside the central region,
in the positions where the dipole shift is less than h̄Γ/2 relative to the zero field level.
This area is larger but it excludes the central area of about 0.5 µm radius from the
central axis. As this scheme does not cool in the area where atoms are focused,
it leads to a poorly focused beam of FWHM = 1.5 µm, only focusing 1.5% of all
particles within a 100nm radius. Localized cooling schemes thus do not provide an
option for funneling.

Further options to avoid the complicating presence of multiple light fields, are the
spatial or temporal switching of cooling and focusing fields. Since the first would
require a complex setup, we propose the rapid temporal switching of cooling and
focusing light fields. When switching the focusing field on and off, atoms undergo a
change from undressed states to dressed states. We implement this by projecting
the ground and excited state upon the dressed states (Equation 6.4) and using a
Monte Carlo approach to determine the new state. This leads to additional heating
effects, as atoms can be transferred to an excited state, before re-entering the focu-
sing potential. By applying a delay time longer than the lifetime of the excited state
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Figure 6.11: Particle trajectories of a 10 µm atom beam in a configuration of switching
focusing and Doppler cooling fields. The switch frequency is 0.66 (2π) MHz, tcool = 70 ns,
tfocus = 110 ns, tdelay = 60 ns. The axicon light field has waist of 8 mm, a power of 1 W, a
detuning of 4 (2π) GHz.

without any fields present before turning on the focusing field, most particles will
return to the ground state.

This setting obviously introducing many more parameters to the focusing scheme.
We have applied this scheme only to the potential optimised for global cooling, as
presented before. After optimizing the switching frequency and within each period
the cooling time, the focusing time and the delay time, we find an optimum for a
switching frequency of 0.66 (2π) MHz, a cooling time of tcool = 70 ns, a focusing
time of tfocus = 110 ns and a delay time of tdelay = 60 ns, which are all longer than
the natural upper state lifetime of 32 ns. This setting focuses the atom beam to a
FWHM = 0.31 µm and focuses 2.0% of all particles within a 100nm radius; an
overview of particle trajectories is given in Figure 6.11.

Comparing Figure 6.11 to Figure 6.10, where global cooling is assumed, it is obvious
that in the time switching situation the atom beam is focused to a broader feature
but that the beam also has a much larger background. The peak flux within 100 nm
is only 25 times higher than the background flux at 5 µm radius, which could be a
problem for any application of a focused beam to write structures. Switching cooling
and focusing fields seems not to be a very promising solution to the cooling problem.

Concluding we can state that the axicon geometry is a promising focusing tool, if
one would be capable of including a cooling scheme. However, such a scheme
cannot be implemented using a localized cooling scheme or by switching cooling
and focusing fields in the time domain.
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6.8 Conclusions

In this article we have investigated the options of creating focused beams of sub-
100 nm sizes from 10 µm sized thermal atom beams. Within the scope of this
article, investigating blue detuned hollow TEM01* beam and red detuned axicon
field configurations, we have found that it is not possible to create sub-100 nm sized
atom beams. The main problem is the lack of suitable cooling schemes, which are
sufficiently fast and applicable in conjunction with the focusing light fields. We have
shown that using slowed atom beams can provide usable options for focusing as
well as only using small capture ranges. The practical limit of laser power, poses a
limit on focusing options and future increases in available laser power could provide
better options for focusing schemes.
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Appendix A: Axicon field

Equation 6.15 describes the electric field of the incoming laser beam:

~Eincoming = E0 · e−r2/w2
0 · (x̂ + iŷ) · eikz · e−iωLt. (6.15)

All light rays are assumed to represent a plane wave. In the plane of reflection, the
direction of the light ray is defined by the angle φ between the light ray and the x-axis
in the plane, as shown in Figure 6.2. The electric field of the reflected light ray is:

~Ereflected = E0 · (−ix̂ sin φ + iŷ cos φ + ẑ) · e−z2/w2
0

· eik(x̂ cos φ+ŷ sin φ) · e−iωLt · e−iφ. (6.16)

The term e−iφ is a consequence of the circular polarization of the incoming light field.
The r-dependence of the Gaussian incoming beam leads to a z-dependence after
reflection.

The total field after reflection can be obtained by one-dimensional integration over
the plane waves, leading to the following expression for the electrical field in a point
(x, y, z) in the axicon:

~E(x, y, z) =
∫ 2π

0
~Ereflected(z, φ)dφ. (6.17)

After insertion of Eq.6.16 in Eq.6.17 the integral can be evaluated, leading to an
expansion in J0 and J1 Bessel functions. For the chosen polarization, there is cylin-
drical symmetry in the result for the electric field vector except for a phase factor. As
a result, the expression for the intensity of the light inside the axicon depends only
on r and z:

Iax(r, z) ∝ |E(rx, y, z)|2 = C0ze−2z2/w2
0

·
{

J2
1 (kr)

(
1 +

1
(kr)2

)
+

(
J0(kr)− J1(kr)

kr

)2
}

. (6.18)

Normalization of the intensity leads to determination of the constant C0. Finally, the
light intensity inside the axicon can be written as:

Iax(r, z) =
2P0k
w2

0
· ze−2( z

w0
)2
×{

J2
1 (kr) +

(
J0(kr)− J1(kr)

kr

)2

+
J2
1 (kr)
(kr)2

}
, (6.19)
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Appendix B. Effects of parameters on hollow beam fo-
cusing

To understand the effects of the various parameters and to show that our setting is
indeed optimal, we scan each parameter over a broad range while keeping the other
parameters constant. These results are shown in Figures 6.12 - 6.15. All these
figures show the FWHM of the beam in focus, modelled as if it were a Gaussian
beam. Secondly the percentage of all particles that is focused to a radius of less
than 100 nm is given. These two parameters give different information, as particles
can move outside the funnel due to heating effects, leading to e.g. a tight focus of
little particles.

In Figure 6.12 we can see that power is the limiting factor; if more power would be
available, tighter focusing would be possible, however even at 2 W of power, the
focused beam still focuses only 14% of all particles within a 100 nm radius and the
beam-size has only decreased to FWHM = 0.4 µm. For high power it is clear
from the particle trajectories, that heating effects are significant at high powers. If
much more power would be available, a larger detuning would then be preferable to
diminish heating effects.

In Figure 6.13 the influence of focus waist is shown. The influence of the waist on
focusing is threefold. It gives the typical size of the potential, but it also gives the
height of the potential as light intensity is inversely dependent on the square of the
waist. Finally it also defines the Rayleigh length and thus has influence on the length
over which the interaction between atom and light field is effective. As we have seen
that maximal power and thus maximum intensity is optimal, a small waist will also be
preferable. Only for a waist smaller than 20 µm, thus for a Rayleigh length smaller
than 3 mm, the focusing is hindered by a lack in effective interaction length. This is
clearly visible in the lower left image.

In Figure 6.14 we see the influence of the interaction length on the focusing. The
optimum around 25 mm is robust, but at much shorter interaction length, the particles
cannot be focused fast enough as can be seen in the lower left image. For long
interaction lengths, the divergence of the atom beam is a problem. In the lower right
image the particle trajectories show that there is hardly any focusing over the first 30
mm, while the divergence of the atom beam of 0.3 mrad will increase the beam size
by 9 µm. This obviously hinders the focusing.

We show the effects of detuning in Figure 6.15. Here we see that a detuning of 150
(2π) MHz gives the smallest focus, but a detuning of 100 (2π) MHz gives slightly
more particles within a 100nm radius. At small detuning, dressed state changes are
likely, which leads particles out of the funnel. At large detuning, the lens strength is
diminished, leading to a large focus, but as there is hardly any heating all particles
remain in the focus.
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Figure 6.12: Effect of used power on focusing of the atom beam. In the top left the FWHM of
the focused beam as function of power is given, in the top right the percentage of all particles
that is focused to a radius of less than 100 nm is given. In the bottom typical focusing
trajectories for minimum power (0.05 W) and maximum power (2 W) is shown.
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FWHM of the focused beam as function of waist size is given, in the top right the percentage
of all particles that is focused to a radius of less than 100 nm is given. In the bottom typical
focusing trajectories for minimum waist (5 µm) and maximum waist (75 µm) is shown.
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