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CHAPTER 1

Introduction

Magnetism and magnetic materials are a research area of considerable fundamental and
technological importance. A major application of magnetic materials is in non-volatile
data storage, e.g. on hard disks, where information is encoded in areas of opposite mag-
netization. Obviously, one of the primary goals here is to make these areas as small
as possible without loosing their distinctive magnetic orientation, in order to increase
the total storage capacity of the hard disk, or alternatively, to decrease its physical size
[1]. Another, newly evolving field of application is ‘spintronics’, i.e. a form of elec-
tronics which uses spin-dependent electrical transport phenomena [2]. By utilizing the
spin degree of freedom of the electron, more information can be carried by the same
electric current. In principle, it is possible to convey information without any net charge
current flowing! Ferromagnetic materials are used in spintronic devices because the
electrons in such materials are naturally spin-polarized. To stabilize the magnetization
direction in the ferromagnetic materials against external magnetic fields they are coupled
to anti-ferromagnetic materials. The stacking of a ferromagnetic layer on top of a anti-
ferromagnetic layer shifts the hysteresis loop of the ferromagnet, thereby pinning the
magnetization in a specific direction, determined by the magnetic ordering in the anti-
ferromagnetic layer. This phenomenon is known as exchange bias. To date, exchange
bias is still not fully understood [3]. An indicator for the enormous potential of spin-
tronics is the success of magnetic sensors based on the giant magnetoresistance (GMR)
effect, which are widely used as read heads in commercial hard disks today.

Further research into magnetic materials will be increasingly focussed on the mag-
netic properties of nanoparticles, thin layers and interfaces. Instruments for imaging
magnetic properties on a microscopic scale, in particular the division of a magnetic
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10 Chapter 1. Introduction

material in magnetic domains, are essential tools for such research. The goal of this
thesis is to study the potential for magnetic domain imaging in photoemission electron
microscopy (PEEM) with UV light near the photoemission threshold. Two recent re-
ports in literature, one by Marx et al. [4] and one by Weber et al. [5], suggest that
with threshold PEEM, it is possible to image magnetic domains of both ferromagnetic
and anti-ferromagnetic materials. We will investigate experimentally the magnetic con-
trast with threshold PEEM for two different materials, one ferromagnetic and one anti-
ferromagnetic. In addition we will develop a theoretical model for the contrast, basedon
the magnetically induced optical anisotropy.

1.1 Magnetic domains

Below we explain briefly the basic concepts of a magnetically ordered material and
magnetic domains. We do this first for an insulator, where the electrons are localized
on ionic sites, which makes the ordering easy to visualize. Afterwards we will extend
the concepts to metals. The reader will understand that we can only give a very simple
description here of what is a highly complex and still not fully understood field. More
details on the systems studied in this thesis will be given in the appropriate chapters. For
more information on magnetic domains in general, the reader can consult the excellent
book by Hubert and Schäfer [6].

A magnetically ordered insulator is characterized by two properties: (i) it contains
magnetic ions, i.e. ions which have a non-zero electronic spin; (ii) these spins are ar-
ranged in some regular way below the ordering temperature. The spin ordering is a
result of the exchange interaction [7]

Hex = −∑
i 6= j

Ji j Si ·Sj , (1.1)

whereJi j is the exchange integral between the magnetic sitesi and j andSi andSj are
the spins on these sites. The exchange interaction is electrostatic in nature. The spin-
dependence comes from the Pauli exclusion principle: since the total wave function for
electrons has to be anti-symmetric, electrons with identical spins cannot occupy thesame
position in space, whereas electrons with opposite spins can [8]. This leads to a differ-
ent Coulomb repulsion for electrons with equal spins than for electrons with opposite
spins. If the exchange interaction is related to Coulomb interactions between electrons
from two magnetic ions it is called direct exchange interaction. Exchange interactions
which are mediated by the electrons of a non-magnetic ion are called superexchange
interactions. NiO, discussed in chapter 4, is an example of a system with superexchange
interactions.

The exchange interaction is usually dominated by the contribution from nearest
neighbors. For simplicity we will assume that there is only one type of magnetic ion.
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Depending on the sign of the exchange integralJ for nearest neighbors, two types of
magnetic ordering are then possible:

• If J > 0, the exchange interaction favors a parallel orientation of the spins. Below
the ordering temperature, which is known in this case as the Curie temperature,
the spins are aligned parallel. This is called ferromagnetic order. The magnetic
moments associated with the spins add up to a net magnetization in the material.

• If J < 0, the system can lower its energy by a pairwise anti-parallel orientation
of the spins. This is called anti-ferromagnetic order. The ordering temperature
for anti-ferromagnetic order is known as the Néel temperature. The magnetic mo-
ments associated with the spins cancel pairwise, so that there is no net magnetiza-
tion in an anti-ferromagnet. The crystalline direction in which the spin alternates
is called the anti-ferromagnetic vector.

The spin arrangements for ferromagnetic and anti-ferromagnetic ordering are illustrated
in fig. 1.1.

The magnetic structure is typically not uniform over the entire volume of the ma-
terial, but only over a limited region known as a magnetic domain. Different domains
have a different orientation of the magnetic structure. For a ferromagnetic system, this
means a different magnetization direction. For an anti-ferromagnetic system, two types
of domains are possible: one in which the anti-ferromagnetic vector is different and one
in which the spin axis is different. The first type of domains will be referred to as twin
(T) domains and the second as spin (S) domains [9]. The different types of domains are
illustrated in fig. 1.1.

The driving force behind domain formation in ferromagnetic materials is the mag-
netic dipole interaction between the spins. This magnetic dipole interaction has a range
which is much longer than the exchange interaction, inverse cube versus an exponen-
tial decay for the exchange interaction. This means that the magnetostatic energy of
a ferromagnet grows rapidly with volume. If the material is divided into domains, the
magnetostatic energy of all spins is lowered, at the expense of an increased exchange
energy for only those spins near the boundaries between two domains. Division indo-
mains will continue until there is no more reduction in energy possible. The domain size
is thus determined by the balance of the exchange energy at the domain wallsand the
magnetostatic energy in the interior of the domains. For anti-ferromagnetic materials,
the domain formation is governed by much more subtle mechanisms. Since there is no
net magnetization, the magnetostatic energy of the material is zero, independent of the
domain size. One mechanism for domain formation is the application of a stress to the
material, which through the dependence of the exchange integral on the interatomic dis-
tance, favors anti-parallel orientation of certain spin pairs above others. If the stress is
non-uniform, different T-domains can be formed in this way.
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(a)
Domain 1 Domain 2

(b)

(c)

AF vector

Domain wall

Figure 1.1: Different types of magnetic ordering and associated domains: (a) ferromagnetic
order with two domains; (b) anti-ferromagnetic order with two T-domains; (c) anti-ferromagnetic
order with two S-domains. The big arrows in (b) and (c) indicate the direction in which spin pairs
are aligned anti-parallel, the so-called anti-ferromagnetic vector.
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The domains in a ferromagnet can be changed by a applying a magnetic field. If
a ferromagnet which has been heated above the Curie temperature is cooled down in
zero external field, the magnetizations of the different domains cancel each other, giv-
ing a vanishing macroscopic magnetization. If we apply a field in a particular direction,
domains with a magnetization in that particular direction will grow at the expense of
domains which have a magnetization in the opposite direction, so that a net macroscopic
magnetization is induced in the material. At high applied fields, the magnetization di-
rection within the domains can rotate. At saturation, the material is one big domain with
a magnetization in the direction of the applied field. If the applied field is reduced, the
domains not entirely revert to their original state, as a result of defects or impurities,
which pin the domains in their new configuration. The result is the well-known hystere-
sis loop for hard magnetic materials, where a non-zero macroscopic magnetization can
remain even in zero applied field. For an anti-ferromagnet, there is no such response of
the domains to an external magnetic field. This is why anti-ferromagnetic layers can act
as stabilizers for ferromagnetic layers in spintronic devices.

If the material is metallic rather than insulating, the spins which produce the mag-
netic order are not localized on ionic sites, but are to some extent delocalized through
the material. We then define the magnetic ordering in terms of local differences in the
density of spin-up electrons compared to the density of spin-down electrons. Ferromag-
netic ordering for metals is characterized by a non-zero difference between the average
density of spin-up and spin-down electrons within a domain. Anti-ferromagnetic order-
ing then corresponds to a local difference in spin density, which vanishes if we take the
average over the domain volume.

1.2 Domain imaging techniques

We will now describe the scala of available techniques for magnetic domain imaging, to
see where threshold PEEM fits in. Of course we cannot give a full description of each
technique; for this, the reader may consult the cited references or the book by Hubert
and Scḧafer [6]. As will be clear from this overview, there does not exist one domain
imaging technique which is suited for all types of samples. Threshold PEEM is therefore
not so much a replacement for the techniques below as a supplement.

Methods based on the magnetic field

A large number of domain imaging methods is based on the observation of the magnetic
field resulting from the domain pattern. There are three ways of observing the magnetic
field. The first method is to observe the magnetic field outside the sample with some
kind of sensor which is scanned across the surface. This is the idea behind scanningHall
microscopy [10] and scanning SQUID microscopy [11], in which sensor is respectively
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a Hall sensor and a superconducting quantum interference device (SQUID). The spatial
resolution with these techniques is about 1µm and 10µm respectively, the lower spatial
resolution of the scanning SQUID microscope being balanced by its extreme sensitivity.
By far the most popular technique based on magnetic field detection is magnetic force
microscopy (MFM), a form of atomic force microscopy (AFM) which uses the deflection
of a magnetic tip to measure the strength of the magnetic field [12]. Scanning Hall
microscopy and scanning SQUID microscopy have the important advantage that they
are sensitive to the magnetic field only. With MFM on the other hand, other long range
forces than magnetic dipole interactions will cause deflections of the tip as well. A
further concern in MFM is the extent to which the magnetic tip itself influences the
magnetic structure of the sample that is being measured. On the bright side, with an
MFM it is possible to record both topographic and magnetic information, so that the
domain structure can be directly correlated to the topography. The best resolution which
can be achieved with MFM is about 10 nm.

The second way to observe the magnetic field is by the deflection of charged parti-
cles as a result of the Lorentz force. Lorentz deflection contrast can be obtained withany
type of electron microscopy, such as scanning electron microscopy (SEM) [13] or trans-
mission electron microscopy (TEM) [14]. In a TEM the deflection occurs mainly inside
the sample. In a SEM we can distinguish between deflection of secondary electrons
outside the sample (type-I contrast) and deflection of backscattered electrons inside the
sample (type-II contrast). The spatial resolution for type-II contrast in a SEM is of the
order of 1µm. For TEM the resolution is about 50 nm. The higher resolution for TEM
comes at a price: the special sample preparation which is required makes this method
more difficult to apply than other forms of electron microscopy.

The third way to visualize the magnetic field produced by a magnetic sample is to
decorate the sample with small magnetic particles, which will arrange themselves along
magnetic field lines [15]. This process is called the Bitter method. Compared to other
methods of domain imaging it is very simple, and requires no specialized equipment,
just a standard optical microscope. For better resolution, a SEM can be used [16]. An
exotic variant of the Bitter method uses magnetotactic bacteria to decorate the sample
[17]. These anaerobic bacteria living in muddy water possess an internal compass in the
form of a magnetite particle to help them navigate away from the oxygen-rich surface.

All these methods have three important disadvantages in common. First of all, they
cannot be used in combination with a large applied magnetic field. Secondly, theyre-
quire a nonzero local magnetization, which means that they cannot be used toimage
anti-ferromagnetic domains. Moreover, for all of the mentioned techniques except TEM
and SEM with type-II contrast there has to be a stray field outside the sample, which
makes them unsuitable for ferromagnetic domain patterns which do not ‘leak’ field lines
to the outside. Thirdly, they have poor depth resolution, as the magnetic field can contain
contributions from deep within the sample.
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Methods based on magneto-optical effects

Another type of domain imaging method employs the relation between the opticalprop-
erties of a material and its magnetic structure. There are various types of magneto-optical
effects which can be used to image magnetic domains: the Kerr effect in reflection,the
Faraday effect in transmission and the Voigt effect in both reflection and transmission
[18]. All these magneto-optical effects cause a rotation of the plane of polarization for
linearly polarized light which depends on the magnetic structure. The Kerr and Faraday
effects are limited to ferromagnets, while the Voigt effect can be used to image anti-
ferromagnetic materials as well as ferromagnetic materials. In their simplest form, these
experiments are performed with a conventional optical microscope in combination with
two linear polarizers. A disadvantage in that case is the limited spatial resolution of a
few hundred nm as a result of diffraction of the light. This can be improved by using a
scanning near-field optical microscope (SNOM), which however is a much more com-
plicated instrument [19]. A major advantage of magneto-optical methods is that they can
be used in combination with arbitrarily large applied magnetic fields. The information
depth for magneto-optical techniques in reflection depends on the penetration depth of
the light, and is usually of the order of 10 nm. Transmission methods of course give an
average of the domain structure over the entire thickness of the sample.

Methods based on spin-polarized electrons

Since the magnetic structure of a material is essentially the ordering of the electron
spins, the most fundamental way to image this structure is to image in some way the
electron spins themselves. This can be done quite directly with spin-polarized scan-
ning tunnelling microscopy (SP-STM), with which it is possible to measure the spin of
individual atoms [20]. This makes it possible to image the magnetic structure of both
ferromagnetic materials and anti-ferromagnetic materials. However, since domains are
typically thousands of atoms large, imaging a domain pattern in this way is difficult.
For ferromagnetic materials we can forsake the atomic resolution to increase the field
of view, but for anti-ferromagnetic materials atomic resolution is needed to resolve the
magnetic ordering. Attempts to use the exchange interaction in AFM to image anti-
ferromagnetic domains have so far been unsuccessful [21].

Another way to image the electron spins is to do electron microscopy with spin-
polarized electrons. In a SEM, we can analyze the spin of the collected secondary
electrons, which will give information on the minority and majority spins inside the
material [22]. This technique is commonly referred to as SEM with polarization analy-
sis (SEMPA). The resolution attainable with SEMPA is comparable to that of ordinary,
non-magnetic SEM, about 10 nm. SEMPA is a technique for imaging ferromagnetic
materials. Another electron microscopy technique with spin sensitivity is spin-polarized
low-energy electron microscopy (SP-LEEM), where a beam of spin-polarized low en-
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ergy electrons is incident on the sample and the contrast is provided by the exchange
interaction with the electrons in the material [23]. Resolutions achieved with SP-LEEM
are also of the order of 10 nm. Apart from ferromagnetic domains, SP-LEEM can use
spin-dependent electron diffraction to image anti-ferromagnetic domains [24]. An ad-
vantage of both SEMPA and SP-LEEM is that they are extremely surface sensitive: the
information depth for the magnetic information is of the order of one atomic layer. On
the other hand, as all electron microscopy techniques, they do not permit strong applied
magnetic fields.

Methods based on X-ray magnetic dichroism

The term dichroism refers to a difference in absorption coefficient dependent on the po-
larization of the light. Ferromagnetic materials exhibit X-ray magnetic circular dichro-
ism (XMCD), i.e. magnetically induced X-ray dichroism for circularly polarized light,
and anti-ferromagnetic materials X-ray magnetic linear dichroism (XMLD). In both
cases, the dichroism depends on the orientation of the spins in the material. The dichro-
ism can be utilized for domain imaging in two ways. In X-ray transmission microscopy
(XTM), a thin sample is illuminated with X-rays and the transmitted X-ray intensity
at each position is recorded. The difference in absorption between different domains
then supplies magnetic contrast [25]. XTM is a bulk sensitive technique, in which the
domain structure of the whole sample is projected onto a two-dimensional plane. The
lateral resolution that can be achieved is of the order of 50 nm.

A more surface sensitive technique based on X-ray magnetic dichroism is X-ray
PEEM (XPEEM) [26]. The principle of XPEEM is as follows. The adsorption of an X-
ray photon creates a core hole, which is filled by an Auger process. XPEEM images the
secondary electrons created by the escaping Auger electron. The higher the X-rayab-
sorption coefficient, the more secondary electrons are created within one electron mean
free path from the surface, the higher the external yield. As a result of this contrast
mechanism, the information depth for XPEEM is of the order of the electron mean free
path, which at the electron energies involved is several nanometers. The spatial resolu-
tion for a good XPEEM system is about 50 nm. An very nice feature of X-ray dichroism
is its chemical sensitivity, as core levels are involved, which are element-specific. This
advantage makes XTM and XPEEM very attractive for the study of complicated mag-
netic multilayer structures. Unfortunately, the polarized and tunable X-ray beam needed
for XTM and XPEEM requires a synchrotron source, which more or less prohibits them
from becoming standard laboratory techniques.
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1.3 Threshold PEEM

As a technique, PEEM exists since 1933 when the first operational PEEM system was
built by E. Br̈uche in Berlin [27]. The development of this instrument into the modern
PEEM is related in detail in an historical overview by Griffith and Engel [28].

The principle of photoemission electron microscopy1 has remained unchanged through
all these years: photons are incident upon a sample, from which they free electrons as
a result of the photoelectric effect. These photoelectrons are accelerated towards an
electron-optical lens system by a uniform electric field. The lens system creates a mag-
nified image of the lateral intensity distribution of photoemitted electrons and projects
this onto a phosphor screen, which translates the electron image into a visible light im-
age. PEEM can be done with light from the UV up till X-ray frequencies. PEEM with
light at the low end of the frequency spectrum is called threshold PEEM, as the pho-
ton energy in this case is close to the photoemission threshold of the sample. The light
source for threshold PEEM is typically a Hg arc lamp outside the vacuum, which delivers
a photon spectrum with a strong peak at 4.9 eV.

1.3.1 Non-magnetic contrast

Threshold PEEM is a versatile technique, which allows for a number of contrast mech-
anisms. The term contrast refers to a difference in intensity across the image which is
significant, as opposed to statistical fluctuations. The contrast between two areas 1 and
2 can be expressed quantitatively in an asymmetryA, which is defined as

A =
I1− I2
I1 + I2

, (1.2)

whereI1 and I2 are the electron intensities for the two areas. The asymmetry is a rel-
ative quantity, which for linear effects is independent of the incident photonintensity.
An asymmetry of zero means that there is no contrast. Contrast mechanisms can be di-
vided into primary and secondary mechanisms. Primary contrast mechanisms produce
a difference in the intensity or the angular distribution of photoemitted electrons. The
origin of the contrast in this case is the transmission of the light into the sample or the
photoemission process. Secondary contrast mechanisms do not affect the electron emis-
sion, but the electron trajectories after emission, deflecting electrons into or out of the
acceptance cone of the microscope, or shifting the position where electrons end upin
the image. Because they interfere with the electron optics of the accelerating field, the
resolution that can be obtained with secondary contrast mechanisms is usually inferior
to that which can be achieved with primary contrast mechanisms. A complicating factor
in PEEM, as in most forms of microscopy, is that there is seldom only a single contrast

1PEEM also goes by the name of photo-excitation electron emission microscopy (PEEM) [26] or pho-
toelectron microscopy (PEM) [28]. The last name is used mainly by biologists.
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mechanism responsible for the observed variations in electron intensity. More often,
various types of contrast are superimposed, and their individual contributions have to be
disentangled through special procedures. Below we briefly describe the most important
types of non-magnetic contrast in threshold PEEM.

Topographic contrast

PEEM is highly sensitive to height variations of the sample. These produce a contrast
which is referred to as topographic contrast [29]. In its simplest form, topographic con-
trast is a combination of a primary and a secondary contrast mechanism. The primary
contrast is caused by simple shading effects. Since the UV light is incident under a large
angle with the surface normal, in order to pass between the sample and the microscope,
topographic features will have a ‘sun-side’ where the incident photon flux is higher than
average and a ‘shadow-side’ where less or no light is incident. Secondary contrast as a
result of the sample topography is caused by deviations in the accelerating field, which
in the presence of a rough surface is no longer strictly uniform. The deviations in electric
field are called microfields, not because they are small but because they vary over mi-
croscopic length scales. Depending on the shape of the topographic features, the electric
field lines are spread out or concentrated, giving respectively a reduction or an increase
in the observed electron intensity .

Workfunction contrast

Because the photon energy in threshold PEEM is very close to the workfunction of
the sample, small differences in workfunction can have a large effect on the intensity
of photoemitted electrons. Such workfunction differences can be due to e.g. different
materials, different grain orientations in a polycrystalline material, different doping in a
semiconductor, or inhomogeneous coverage with adsorbed species. The latter example
forms the basis for the imaging of spatial and temporal oscillations in catalytic reactions
on surfaces. In particular for the oxidation of CO on Pt beautiful patterns were observed
[30].

Contrast due to inhomogeneous surface potential

Apart from height variations, electric microfields can also result from variations in sur-
face potential. This occurs e.g. in badly conducting samples. If part of the surface
has a higher resistivity than other areas, it may accumulate a positive charge dueto the
continuous removal of electrons. This produces a difference in surface potential,which
perturbs the accelerating field, leading to a secondary contrast in the electron image [31].
If charging occurs over the whole sample area, it might not be possible to form a PEEM
image at all. A useful application of contrast from surface potentials is the imaging of
local potentials in semiconductor microelectronics [32].
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1.3.2 Magnetic contrast

The contrast we are interested in is magnetic contrast. Magnetic contrast with PEEM
was first realised in 1957 by Spivak et al. They observed magnetic domains on the
(0001) basal plane of Co using Lorentz deflection contrast [33]. This type of secondary
magnetic contrast in threshold PEEM, akin to type-I contrast in a SEM, was recently
revived by Mundschau et al. [34]. Apart from the limitations of this contrast mechanism
which were already mentioned in the previous section, Lorentz deflection interferes with
the electron-optical properties of the accelerating field. This limits the resolution which
can be achieved with this method, independent of the quality of the microscope. On
the other hand, it has the benefit of simplicity, and does not require any specialsample
preparation apart from polishing to suppress topographic contrast. In principle, it is
possible to extract quantitative information about the stray field from the image [26].

The magnetic contrast mechanism investigated in this thesis however is a primary
mechanism, which does not depend on deflection by the stray field. The central idea
is that as a result of the magnetically induced optical anisotropy, the electromagnetic
field of the UV light inside the sample becomes dependent on the magnetic structure.
Because the electromagnetic field enters in the Hamiltonian for the photoemission, the
angular distribution of photoelectrons is also affected by the magnetic structure. In this
way we can combine the rich contrast mechanisms from magneto-optical methods with
the higher resolution possible in an electron emission microscope. In theory, this should
work for both ferromagnetic and anti-ferromagnet materials, making it one of the few
techniques capable of imaging anti-ferromagnetic domains. At present, the standard
technique for anti-ferromagnetic domain imaging is XPEEM. Compared to XPEEM,
threshold PEEM is much simpler, using a inexpensive arc lamp as excitation source
instead of a synchrotron. If anti-ferromagnetic domain imaging with threshold PEEM
is successful, it can become a standard laboratory technique which can even be added
to existing vacuum systems, rather than a facility available only at a few synchrotron
sources.

1.4 Outline

The outline of this thesis is as follows. In chapter 2 we will give a description of the ex-
perimental setup we constructed. We will pay special attention to the electron emission
microscope, and present some test results. Since the setup was not originally designed
as a microscopy setup, it was carefully adapted for use with a PEEM. The success of this
adaptation proves the value of PEEM as an ‘add-on’ instrument. In chapter 3 we will
explain our theoretical model for magnetic contrast in threshold PEEM. The model is
based upon a synthesis of wave optics in anisotropic media and the three-step model for
photoemission. To our knowledge, their combination has never before been attempted
in such a systematic fashion. As a reference system, the photoemission is calculated
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for non-magnetic Fe. Chapter 4 gives our theoretical and experimental results for anti-
ferromagnetic NiO. Theoretical results and first experimental results on FeSi are given
in chapter 5. We end with a general conclusion and outlook in chapter 6.



CHAPTER 2

Experimental setup

In this chapter we will give a description of the Oyster setup in which our experiments
were performed. The most important experimental technique available in this setup is of
course threshold PEEM. A supplementary technique is low-energy ion scattering (LEIS),
which we use to characterize the surfaces of our samples. Fig. 2.1 is a photograph of the
setup. A more schematic overview identifying the main components is given in fig. 2.2.
The system was not originally constructed for microscopy, but as an ion scattering setup
[35]. In that capacity, it was used for a series of successful experiments (e.g. [36, 37]).
The ion scattering part of the setup and the modifications made for the microscopy work
are described in sec. 2.1 and sec. 2.2. Sec. 2.3 describes the UV lamp and the optics used
for polarizing the UV light. The electron emission microscope is discussed in sec. 2.4.
In sec. 2.5, we will describe our metastable He beamline, which can be used in combi-
nation with the microscope to perform metastable-impact emission electron microscopy
(MEEM). MEEM is not used for the experiments in this thesis, but a description is added
here to provide a complete picture of the setup we constructed.

2.1 Vacuum chamber and sample manipulator

The main chamber of the setup is a cylindrical stainless steel vacuum vessel, with a
diameter of 45 cm. This chamber is pumped by a 500 l s−1 turbomolecular pump, in
combination with a rotary vane type roughing pump. To further reduce the pressure a
liquid nitrogen trap and a Ti sublimation unit are placed between the vacuum cham-
ber and the turbomolecular pump. The pressure inside the chamber is measured with
a Bayart-Alpert ionization gauge. The background pressure of the system is approxi-
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Figure 2.1: Photograph of the Oyster setup. The point of view is the same as in fig. 2.2.

mately 5×10−10 mbar. A good vacuum is necessary for several reasons. First of all, the
electron microscope requires a certain maximum pressure in order to have a sufficient
mean free path for the electrons and to avoid sparking. The vacuum requirements ofthe
microscope are however determined by the channel plates in the detection system,which
require a pressure of below∼ 10−6 mbar in order to avoid ion feedback in the channels.
The reason for going further down to pressures in the 10−10 mbar range is to keep the
sample surface free from contamination with absorbed species. Inhomogeneous surface
contamination, e.g. in the shape of islands, can lead to additional contrast in PEEM,
obscuring the desired contrast. Homogenous contamination can also be detrimental, as
it can e.g. increase the work function of the sample to a point where no electrons can
be emitted with the available UV light. Controlled inlet of gasses into the system is
possible through a needle valve. The partial pressure of these gasses can be monitored
with a quadrupole mass spectrometer, type SRS 100. For sputter-cleaning the sample, a
saddle-field ion source is installed, which delivers a broad beam of Ar ions with a current
of the order of 1µA.

The sample is mounted on the head of a sample manipulator which protrudes into
the chamber from one of the side flanges. The sample manipulator is depicted in fig. 2.3.
Two types of rotations are possible with this manipulator: a polar rotation of the entire
manipulator around its axis over 250◦, and an azimuthal rotation of the manipulator
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Figure 2.2: Schematic overview of the Oyster setup with the main components. The sample is
positioned in the center of the main chamber on a rotatable sample manipulator. Theelectron
emission microscope is mounted on top of the chamber and can be lowered down towards the
sample to perform PEEM measurements, using UV photons from a Hg arc lamp outside the
vacuum. An electrostatic energy analyzer in combination with a keV ion gun is used to perform
LEIS. The ion gun is located behind the main vacuum chamber, with the ion beam perpendicular
to the drawing plane. The metastable He beam was not used for the experiments in this thesis.

head with respect to the rest of the manipulator over 360◦. For the first rotation, the
rotation axis lies within the sample surface, while for the second rotation, the rotation
axis is along the surface normal. In addition to these two rotations, the manipulator can
be translated over 20 mm in three directions with the help of anxyz translation table.
The accuracy of the rotations is about 0.1◦. The translation table can be positioned
reproducibly with an accuracy of about 10µm. For doing PEEM, it is very important
to have the surface normal of the sample well aligned along the axis of the microscope.
The tolerance specified by the manufacturer of the microscope is 0.3◦. The polar axis
of rotation of the sample manipulator is aligned perpendicular to the microscope axisby
tilting the translation table with three alignment bolts outside the vacuum. The sample
surface can be oriented perpendicular to the azimuthal axis of rotation by tilting the top
plate of the manipulator head with three alignment screws. This alignment is checked
by reflecting a laserbeam off the sample surface and looking at the movement of the spot
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(a)

(b)
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Figure 2.3: (a) Sample manipulator; (b) close-up of the manipulator head. The possible rotations
of the sample are indicated. The sample shown here is disk-shaped and attached to the manipu-
lator head via two molybdenum clamps. Differently shaped samples can be mounted by gluing
them onto a disk-shaped dummy with special two-component glue, or clamping them underneath
a thin molybdenum ring.

projected onto some far away surface under an azimuthal rotation of the sample.The
typical accuracy achieved in this way is about 0.15◦. The correct polar angle for doing
PEEM is determined by optimizing the observed electron intensity. Since we were able
to obtain good images at all azimuthal angles with only minor adjustments to the polar
angle, the alignment of the polar axis of rotation with respect to the microscope axis
seems to be in order.

The manipulator head is equipped with a tantalum filament, which is capable of
heating the sample to over 1000 K by a combination of radiation heating and electron
bombardment. The temperature can be monitored by a Pt-PtRh thermocouple. To keep
the temperature of the rest of the manipulator as low as possible, it is water cooled.

All parts of the manipulator head, as well as those parts of the manipulator arm
nearest to the sample, are constructed of non-magnetic materials, such as copper and
molybdenum. The reason for this is to minimize the divergent magnetic field close to
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the sample. Magnetic fields are undesirable, because they influence the trajectories of the
slow electrons produced by threshold photoemission. The uniform part of the magnetic
field, predominantly due to the Earth’s magnetic field, is compensated by three pairs of
Helmholtz coils of about 1.5 m diameter surrounding the setup. At the position of the
sample, the residual magnetic field was determined to be less than 1µT.

A important point in any microscopy experiment is isolation of the setup from me-
chanical vibrations. In our system, this is especially relevant because of the long manip-
ulator arm, which is not connected directly to the electron microscope. There are two
main sources of vibration which we have to deal with: building vibrations and vibrations
from mechanical parts of the setup. Building vibrations have a typical frequency of a few
Hz and are caused by people walking about, elevators, wind acting on the building,road
traffic etc. They are transmitted to the setup via its supports. To isolate the setup as much
as possible from these vibrations, the entire apparatus is placed on rubber mats. The main
vacuum chamber itself is isolated from the frame by means of four pneumatic dampers.
The supports of the main chamber were redesigned for the addition of the microscope
and attached to the relatively stiff side flanges in stead of the weaker vessel wall, in order
to increase the resonance frequencies of the system. The building vibrations experienced
by the setup were also decreased as a result of the relocation of the setup to the target
hall of our accelerator building, which is located on ground level and has a thick concrete
construction. The second source of vibrations is the setup itself, which contains moving
parts in the form of pumps. To reduce vibrations coming from the turbopumps, pumps
with magnetically suspended rotors are used for the main chamber and the ion gun. The
roughing pumps are responsible for strong vibrations with frequencies of 50 and 100 Hz.
These vibrations are transmitted through the floor, but also via the pump connections.
To minimize the vibrations from the roughing pumps, they were placed at several meters
distance from the rest of the setup. For the connections to the turbopumps, plastic hoses
were used, which have much better damping properties than metal bellows.

2.2 Ion scattering equipment

The apparatus for doing LEIS consists of a combination of a keV ion gun and an elec-
trostatic energy analyzer. The ion gun is located in a separate vacuum chamber,pumped
by a 380 l s−1 turbomolecular pump. The only connection between the main chamber
and the vacuum system of the ion gun is the exit aperture of the gun.

The ions are created in the ion source by impact-ionization. A cathode heated by
thermal radiation from a filament behind it emits a constant flow of electrons. After
leaving the cathode, the electrons are accelerated towards the ionization volume by a
potential of several hundred volts. The ionization volume is surrounded on all sides
by electrodes. Gas is let in through a variable leak valve to a pressure of the order of
10−5 mbar. The electrons collide with the slowly moving gas atoms and thus create
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Ion source Wien filter

Figure 2.4: Schematic drawing of the ion gun. Ions are created in the ion source, which is at
the acceleration potential, by collisions with thermally emitted electrons. A Wien filter is used
to select one particular type of ion. Three electrostatic lens systems ensure that the ion beam is
parallel.

singly and doubly charged ions. The potentials of the electrodes are chosen to create
a potential well which traps the electrons. They will move backward and forward a
great number of times, ionizing new atoms with each pass. To minimize electron losses,
a magnetic field is applied along the axis of the ion gun. The source as a whole is
raised to a positive potential of a few kV with respect to ground potential. The potential
difference between the source and the sample is responsible for accelerating the ions and
determines their final kinetic energy.

The ions are extracted from the ion source by a Pierce electrode and formed into a
parallel beam by an electrostatic unipotential lens. The beam at this point still consists
of several different ion types: different gas-species, but also different ionization states.
For LEIS experiments, we need an ion beam consisting of one type of ion only. To
filter out all non-desired ions, we use a Wien filter consisting of a permanent magnet in
combination with an uniform electrostatic field. The Wien filter allows only ions with
a specific velocity to pass, which given the fixed acceleration potential, is equivalent to
selecting the charge-over-mass ratio of the ions. To remove any divergence in the filtered
ion beam, a second electrostatic lens is placed after the Wien filter. The ion beam enters
the target chamber through a 12 cm long exit tube, with two 2 mm× 1 mm apertures on
either side. A typical beam current for 2 keV He+ ions is 200 nA.

The incident ions which are scattered by the sample, are analyzed with a hemispher-
ical energy analyzer. This energy analyzer can be rotated to select different scattering
angles. The axis of rotation is the same as the axis for polar rotations of the sample.
As illustrated in fig. 2.5, the hemispherical energy analyzer consists of two concentric
hemispheres, a solid inner hemisphere with a radius of 45 mm and a hollow outer one
with a radius of 55 mm. If the two hemispheres are at the correct potentials, the electro-
static field between them exactly compensates the centrifugal force for ions of a specific
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Figure 2.5: Schematic drawing of the hemispherical energy analyzer

energy [38]. Consequently, ions with that particular energy can pass the analyzer, while
all other ions hit one of the hemispheres or the exit aperture and are lost. By scanning
the potentials on the hemispheres, we can measure an energy spectrum of the scattered
ions. Detection of the transmitted ions is done with a channel electron multiplier.

2.3 UV lamp and polarization optics

The UV lamp used for threshold PEEM is a 100 W Hg arc lamp manufactured by Oriel
Instruments. It produces UV photons with an energy of 4.9 eV, as well as photons
with other energies in the visible and infrared [39]. A collimating lens on the lamp
produces an parallel beam of light. This beam enters the vacuum chamber through a
quartz window, and is focussed onto the sample by a quartz lens. The angle of incidence
with respect to the microscope axis is 75◦. The spot diameter is about 2 mm.

Without a filter, the infrared and visible light photons produced by the lamp are
absorbed by the sample. Since they cannot produce photoemission, the absorbed energy
is entirely converted into heat. This causes a rise in sample temperature of about 80 K.
For the experiments in this thesis this would not be too much of a problem, apart fromthe
delay at start-up necessary to establish equilibrium. Unfortunately however, the output of
the lamp was found to fluctuate with a period of about half an hour, causing temperature
oscillations of the order of 10 K. These temperature variations were in turn accompanied
by a sample drift of several micrometers due to thermal expansion. For this reason we
mounted a liquid infrared filter between the lamp and the setup, in the form of a water-
cooled tube with quartz windows, filled with de-ionized water. This greatly reduced
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thermal drift, at the expense of about 50% loss in UV intensity.
In between the liquid filter and the quartz window, a rotatable Glan-Taylor polarizer

can be mounted to linearly polarize the UV light. Such a polarizer consists of two optical
grade calcite prisms separated by a small air gap. Calcite is naturally birefringent, which
means that the incident light is split up into two rays which are linearly polarized at
a right angle with respect to each other. The refractive indices for the two rays are
different, so that at the air gap, one of the rays is transmitted, while the other is totally
reflected. The second prism serves to refract the polarized light back along the axis of the
polarizer. The advantage of this type of polarizer above a dichroic sheet polarizer is that
it can handle high intensities of UV light for long periods without loosing its polarizing
capacity. The disadvantage is a loss in intensity due to the aperture of 2 cm× 2 cm,
which is less than the diameter of the light beam coming from the lamp. The air gap
further causes a displacement of the center of the light beam of about 3 mm, or 15%
of the total width. This means that the light spot on the sample is also displaced by
approximately 15% of its width if we rotate the polarizer. The accuracy with which we
can choose the orientation of the plane of polarization relative to the sample normal is
better than 1◦.

2.4 Electron emission microscope

In this section we will describe the main instrument of the setup, the electron emission
microscope.

2.4.1 Overview

Fig. 2.6 is a schematic picture of the STAIB Instrumente PM-350-10 electron emission
microscope that is mounted on our setup. The microscope is mounted on top of the
vacuum chamber, on a translation table which allows it to be lifted over a distance of
5 cm. The microscope is pumped by a bellows which connects it interior to the main
chamber. Pressure measurements indicate that the pressure inside the microscope is
within a factor two identical to that in the main chamber. To screen the interior from
external electromagnetic fields, the whole microscope is enclosed in aµ-metal shield.

For doing microscopy the sample is rotated in horizontal position and the microscope
is lowered, so that the distance between sample and microscope becomes about 4mm.
The center of the sample is illuminated with UV photons. The interaction between the
sample and the probe beam produces free electrons. The electron yield from a specific
point on the sample will depend on the number of photons impinging on that spot and
the local sample properties, as explained in sec. 1.3. The effects of differences inprobe
beam intensity can be neglected over the field of view of the microscope, which is at
most a few hundredµm. The only remaining variations in electron intensity are then
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Figure 2.6: Schematic drawing of the STAIB Instrumente PM-350-10 electron emission micro-
scope.
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due to the variations in sample properties.

The emitted electrons are accelerated towards the microscope by an electric field.
The accelerating field is created by grounding the sample and applying a large positive
potential to the entrance of the microscope. This potential is called the transfer po-
tential, and the difference between the transfer potential and ground potential is called
the transfer voltage. The maximum transfer voltage we can apply is 15 kV, giving a
field strength of 3.75×106 V m−1 between sample and microscope. The electric field is
necessary to transform the wide angular distribution of electrons coming from the sam-
ple into a narrow beam suitable for image formation in an electron optical lens system.
It also reduces the negative effect of the spread in initial kinetic energy on the image
formation and makes the microscope less sensitive to stray electromagnetic fields. As
explained below, the electric field creates a virtual image of the sample at about twice the
distance from the microscope as where the real sample is located. This virtual sample
then acts as the object for the image formation by the lens system of the microscope.

The lens system of the microscope is made up of four lenses: an objective lens, an
intermediate lens and two projective lenses, labelled A and B. All four lenses are of the
electrostatic type. Because the lenses are electrostatic, there is no need to cool lens coils
as in magnetic lenses. Each lens consists of three axially symmetric electrodes aligned
on a common axis. The outer two electrodes are at the transfer potential, while the center
electrode is at a potential which is in between the transfer potential and ground potential.
This arrangement is known as an Einzel- or unipotential lens. The ratio between the lens
potential and the transfer potential determines the focal length of the lens. The lowerthis
ratio, the stronger the focussing effect of the lens. A lens can be made inactive by setting
the lens potential equal to the transfer potential. The objective lens and projectivelens
B are always active. The objective lens forms a real intermediate image of the virtual
sample. This image then acts as object for the next active lens in the lens column, which
forms a new intermediate image. This process is repeated until projective lens B forms
the final image at the entrance of the microchannel plate (MCP) assembly. Each new
image that is formed is magnified with respect to the previous image. The number of
active lenses determines the number of intermediate images and therefore the totalmag-
nification that can be achieved. The range of magnification factors is about 200to 2000
times. It is very important that the final image is formed at exactly the position of the
microchannel plate assembly; otherwise it will be unsharp. This introduces a constraint
on the possible combinations of lens potentials. The way the microscope is operated, is
that the intermediate lens and the projective lenses determine the magnification factor,
while the objective lens is used to focus the image. This is different from the way in
which light microscopes are operated, because there, the sample position is adjusted,in
stead of the fixed focal lengths of the lenses.

Directly behind the objective lens there is a narrow aperture. This contrast aperture
determines the acceptance angle of the microscope, the maximum emission angle at
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which electrons are still transmitted to the detection system. Clearly, a larger acceptance
angle means a higher image intensity. There are however two good reasons for restricting
the range of emission angles which contribute to the image. First of all, at larger emission
angles, non-ideal lens behavior, in particular so-called spherical abberations, plays a
greater role. Secondly, by accepting only a selection of the emitted electrons, the image
contrast can be improved in some cases. The contrast aperture in the microscope can be
changed to find the optimum balance between contrast and intensity. The work in this
thesis was performed with a contrast aperture of 70µm diameter.

The microscope came equipped with an high-pass energy filter, which only transmits
electrons which were emitted with a certain minimum kinetic energy. The filter is posi-
tioned between projective lens B and the microchannel plate assembly and can be moved
out of the optical path for unfiltered imaging. It consists of a pair of metallic grids which
are set at a small negative potential with respect to ground. The result is a retarding field
which reflects all electrons with an initial kinetic energy which in absolute terms is lower
than the filter potential. By subtracting images made at different settings of the energy
filter, energy resolved images can be obtained. Each of these energy resolved images
of course has a lower intensity than the integrated image. Besides the loss of intensity,
there is also a price to pay in terms of the resolution, as the low kinetic energy of the
electrons in the filter makes them susceptible to stray electromagnetic fields.

In front of the MCP assembly there is a deceleration lens. The purpose of this lens
is to help bring the electron energies down to between 500 and 1500 eV, the energy
range in which the microchannel plates have their highest sensitivity. The potentialon
the deceleration lens is identical to the potential at the entrance of the MCP assembly.
If the energy filter is used, the deceleration lens is split into two parts, one part in front
of the filter and one part behind it. The first part, deceleration lens A, helps bring the
electrons down to the filter potential, while the second part, deceleration lens B, assists
in accelerating them back to the potential at the microchannel plate entrance.

The detection system in the microscope consists of the already mentioned MCP as-
sembly in combination with a phosphor screen. It is sketched in fig. 2.7. The purpose
of the detection system is to transform the electron image created by the electrostatic
lens system into a visible light image. The MCP assembly, supplied by Burle Industries,
is composed of two separate microchannel plates which have been stacked in series.
Each of these plates is a two-dimensional array of miniature channel electron multipliers
[40]. The channels are 10µm wide glass tubes with a special high-resistivity coating. A
metal film has been deposited onto the front and back surface of each channelplate, so
that a potential can be applied over the channels. A typical microchannel plate voltage
is 750 V per plate. The result of an electron hitting one of the channels of the first chan-
nelplate is the emission of a number of secondary electrons, which are then accelerated
to create secondary electrons of their own. The effect is an electron avalanche inthat
particular channel, which is then continued in the second channelplate. In this way, the
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Figure 2.7: Sketch of the detection system of the microscope, with typical values for the poten-
tials. The effect of an electron hitting one of the channels of the first channel plate isto start a
cascade of secondary electrons. This cascade is continued in the second channel plate, typically
in several adjacent channels.

microchannel plate assembly acts as an image intensifier for the electron image. The
gain factor can be up to 108 times. The channels are placed under a small bias angle
of 8◦ with respect to the plate normal in order to maximize the chance of an incident
electron hitting the channel wall, in stead of flying straight through.

From the exit of the microchannel plate assembly, the electrons are accelerated to-
wards the phosphor screen. The potential difference between the exit of the MCP assem-
bly and the phosphor screen is 3 kV. The phosphor screen is a coating of P20 phosphor
(ZnCdS:Ag) on a fiberoptic viewport. The impact of electrons excites the phosphor,
which then decays back to the ground state under the emission of green light. This trans-
forms the intensified electron image coming from the microchannel plates into a visible
light image. This visible image is then conveyed to the outside through the viewport
and recorded with a digital CCD camera. The camera is a Peltier cooled 12-bit QImag-
ing Retiga. The diameter of the phosphor screen, which determines the size of the final
image, is 40 mm.

Fig. 2.8 shows a PEEM image of our first test sample, a Cu grid on a Ni disk. The
contrast in this image is partly due to workfunction differences between the different
materials and partly due to topography.

The energy filter is demonstrated in fig. 2.9, which shows a series of images taken
on our second test sample. This sample was kindly provided by Philips Semiconductors
and consists of an Al pattern deposited on a Si wafer. At large negative potentialson
the filter grids, only the highest energy electrons are transmitted by the filter. Clearly,
the Si substrate emits more of such high energy electrons than the Al bars. As the filter
potential is increased, more electrons can pass the filter. This leads to an inversion of the
contrast between Si and Al, so that at full transmission the Al bars in the image appears
brighter than the Si substrate. Note that the image changes also for positive potentials on
the filter grids. An increase in electron intensity was observed up to a potential of about
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Figure 2.8: PEEM image of the first test sample sample. The sample is a Cu mesh on a Ni disk.
The hole width is 11µm and the periodicity is 15.6 µm.

0.7 eV. This is the result of several factors, such as workfunction differences between
the sample and the grid material, slight charging of the grids and penetration of fields
into the region between the grids.

2.4.2 Image formation by the accelerating field

The accelerating field is an important part of the electron-optics of the microscope. Suc-
cessful imaging by an electrostatic lens requires an electron beam which is both narrow
and monochromatic. If the angular spread of the incoming electrons is too large,the lens
will suffer from deviations from ideal lens behavior known as spherical aberrations.A
spread in electron energies will produce chromatic aberrations, non-ideal lens behavior
as a result of the different ‘color’ of the electrons. The angular distribution of electrons
immediately after emission is very wide, typically extending the whole range from zero
to 90◦ with respect to the surface normal. The accelerating field decreases the angle
between the electron trajectories and the microscope axis by selectively increasing the
axial component of the electron velocity. This lowers the spherical aberrations ofthe
microscope. The chromatic aberrations are lowered because of the bias energy given to
all electrons by the acceleration potential, which greatly reduces the relative spreadin
kinetic energy. Because the accelerating field increases the axial velocity of the electrons
with respect to their transverse velocity, it has a converging effect. However, sincethe
transverse velocity itself is unaffected by the axially directed accelerating field, the elec-
tron trajectories originating from a single site on the sample surface will not intersect in
any point after emission. This means that the accelerating field cannot form a real image
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Figure 2.9: Series of PEEM images taken with the energy filter on an Al structure deposited on
Si. The width of the Al bar is 32µm. The potential applied to the filter grids for each image
is shown in the top left corner. Exposure times ranged from 5 s for the image taken at−1 V to
30 ms for the image at+0.8 V. The three bright spots in the right of the image, as well as the
smaller spots on the left, come from cracks in our first set of channelplates.
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of the sample. Instead, it will form a virtual image, at the point where the tangent rays
to the electron trajectories at the entrance of the objective lens intersect.

The construction of the virtual image of the accelerating field is illustrated in fig. 2.10.
We assume that electrons are emitted at timet = 0 from an emission spotr 1 = (x1,y1,0)
on the sample surface, which is thexy plane. The microscope axis acts asz axis. Their
initial velocity is v1 = (v1x,v1y,v1z). The equations of motion in Cartesian coordinates
are given by

ẍ = 0, ÿ = 0, z̈=
V2

md
, (2.1)

whereV2 is the transfer potential in eV, so including the electron charge,m the electron
mass andd the distance between the sample and the microscope. We can integrate these
equations with the given initial conditions to obtain

x(t) = x1 +v1xt, y(t) = y1 +v1yt, z(t) = v1zt +
V2

2md
t2. (2.2)

The time of flightτ, i.e. the time it takes for the electron to reach the entrance of the
objective lens, can be obtained by solvingz(τ) = d. The result is

τ =
md
V2

(

√

2V2

m
+v2

1z−v1z

)

. (2.3)

From the time of flight we can calculate the transverse position(x(τ),y(τ)) at which
the electron enters the objective lens and the slopes dx/dz = ẋ(τ)/ż(τ) and dy/dz =
ẏ(τ)/ż(τ) of the electron trajectory at that point. These then provide us with a parametric
description of the tangent to the electron trajectory atz= d:
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We see that the tangent rays for all the electrons with initial axial velocityv1z pass
through the pointr 2 = (x2,y2,z2), with x2 = x1, y2 = y1 and

z2 = −d

[

1− mv1z

V2

(

√

2V2

m
+v2

1z−v1z

)]

. (2.5)

This is then the image point for electrons with initial axial velocityv1z. For v1z = 0,
we havez2 = −d. For v1z > 0 the image is located closer to the microscope, but the
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Figure 2.10: Image formation by the accelerating field. The location of the virtual image point
can be obtained by extrapolating the tangent rays at the objective lens entrance in backward
direction. The virtual sample is located at a distance of approximately 2d from the microscope.

variation in position is small compared tod. As can be expected from the translational
symmetry of the accelerating field, the image point is located straight below the emission
point. This means that the magnification factor of the accelerating fieldM12 is unity. The
image atz= z2 will be called the virtual sample, because to the rest of the microscope,
this is where the electrons appear to come from [41].

The polar and azimuthal angle of emissionθ2 and φ2 with respect to the surface
normal in virtual sample space can be determined from the tangent rays eq. (2.4),or
more simply from the conservation of energy and momentum parallel to the surface.
They are related to the polar and azimuthal emission angle in real sample spaceθ1 and
φ1 by

sinθ2 =

√

U
U +V2

sinθ1 ; φ2 = φ1 , (2.6)

whereU = mv2
1/2 is the total energy of the electron, which is identical to the kinetic

energy immediately after emission, since the sample is grounded. We can define

ζ12 =

√

U
U +V2

, (2.7)
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as the angular magnification of the accelerating field. SinceV2 �U , the angular magnifi-
cation is much smaller than unity. Emission angles in virtual sample space are restricted
to a narrow cone of widthζ12 around the surface normal, which we will call the virtual
emission cone. For a 0.5 eV electron at a transfer potential of 15 keV,ζ12 = 0.0058.

Not all emitted electrons will contribute to the microscope image; some will be
blocked by the contrast aperture behind the objective lens. Restricting the range of
accepted angles can have two benefits. First of all, it reduces the aberrations in the
microscope, and more importantly, those of the accelerating field. Secondly — and to
this the contrast aperture owes its name — it can improve certain types of image con-
trast. An example of this is topographic contrast, which partly comes from a rotation of
the emission cone in and out of the range of accepted angles. The effect of the contrast
aperture in virtual sample space is to define for each point on the surface an acceptance
cone. Electrons emitted within this acceptance cone are accepted by the microscope, i.e.
they can pass the contrast aperture. Electrons emitted outside the acceptance cone are
blocked by the contrast aperture. The acceptance cone can be characterized by a beam
angleβ2, which is the angle between the axis of the acceptance cone and the microscope
axis, and an acceptance angleα2, which gives the half-width of the acceptance cone. In
general,β2 is proportional to the radial distancer2 from the emission point to the micro-
scope axis. But by the right choice of aperture position with respect to the focal planeof
the objective lens,β2 can be made zero for all emission points. The aperture position in
our microscope was fixed by the manufacturer at an optimum value for the focalrange of
the objective lens. A zero beam angle in virtual sample space is very important, because
only then, the emission cone and the acceptance cone are both centered aroundthe same
axis. If the acceptance cone is tilted, depending on the width of the emission cone,a
larger fraction of the emitted electrons may fall outside the acceptance cone. Thisleads
to a reduction of the image intensity for emission points away from the axis, known as
vignetting.

The acceptance angle in virtual sample space is determined by the lens parameters
of the objective lens, which are to first-order independent of the electron energy.To
determine the acceptance angle we calculated the potential in the objective lenswith the
SIMION program [42] and from this calculated the lens properties. For a 70µm aperture
this gave an acceptance angle of 2.6 mrad. The acceptance angle in real sample space
α1 can now be determined by applying eq. (2.6), which gives the following relation:

sinα1 =
sinα2

ζ12
. (2.8)

Since the angular magnification of the accelerating field is a function of energy, so is
the acceptance angle in real sample space. For 0.5 eV electrons, the acceptance angle
in real sample space is about 27◦. Eq. (2.8) is only valid ifζ12 ≥ α2. At very low
electron energies, whereζ12 < α2, the emission cone, which has a half-widthζ12, falls
entirely within the acceptance cone. This means that all electrons can pass through the
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contrast aperture, giving an effective acceptance angle in real sample space of 90◦. The
situation whereζ12 < α2 is said to be energy-limited, because the angular spread of the
electrons inside the microscope is not determined by the contrast aperture, but by the
electron energy. The energy at which the transition to the energy-limited regime occurs
is U = V2α2

2 . For a transfer voltage of 15 kV and an acceptance angle of 2.6 mrad, this
threshold energy is about 0.1 eV.

The contrast aperture has a strong effect on the intensity of the image, because it
blocks electrons emitted with an angle which is larger than the acceptance angle. An
important property of the contrast aperture is that the number of transmitted electrons
depends on the electron energy. This is a consequence of the fact that the solid angle
corresponding to the virtual emission coneπζ 2

12 increases linearly with the electron en-
ergy, whereas the accepted solid angleπα2

2 remains fixed. Therefore, at higher energies,
a smaller fraction of the emitted electrons is transmitted — assuming that is, that we
are not in the energy-limited regime where all electrons are transmitted regardless of
their energy. Ignoring the angular distribution of the emitted electrons, the reduction in
transmission is inversely proportional to the electron energy.

2.4.3 Resolution

The spatial resolution of the microscope is to a large extent determined by the imaging
properties of the accelerating field. Eq. (2.5) tells us that the position of the virtual
sample is dependent on the initial axial velocityv1z of the electrons. Let us assume that
the microscope is focussed at the planez= z̄2, wherez̄2 is z2 of eq. (2.5) for some initial
axial velocity v̄1z. For electrons emitted with axial velocity ¯v1z, the tangent rays at the
entrance of the objective lens all pass through the pointr̄2 = (x1,y1, z̄2). This means that
the microscope sees these electrons as coming from a single point in the planez= z̄2.
The tangent rays for electrons starting with a different axial velocityv1z cut the plane
z= z̄2 at a position

X(z̄2) = x1−d
mv1x

V2
(v1z− v̄1z) ;

Y(z̄2) = y1−d
mv1y

V2
(v1z− v̄1z) .

Because the initial kinetic energy of the electrons is much smaller thanV2, we have
neglectedv2

1z and v̄2
1z relative to 2V2/m. In the ideal case,X(z̄2) = x1 andY(z̄2) = y1

for all electrons emitted atr 1. The fact that not all tangent rays pass throughr̄2 shows
that the accelerating field has aberrations. In virtual sample coordinates, the transverse
aberrations are

∆x2 = −d
mv1x

V2
(v1z− v̄1z)

∆y2 = −d
mv1y

V2
(v1z− v̄1z) .
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These are also the aberrations in real sample coordinates, since the transverse magnifica-
tion of the accelerating field is unity. Written in terms of the polar and azimuthal angles
of emission in virtual sample space, the aberrations become

∆x2 = δ2cosφ2 ; ∆y2 = δ2sinφ2 , (2.9)

where

δ2 = −2dθ2

(

√

ζ 2
12−θ 2

2 −ξ
)

. (2.10)

The parameterξ expresses the choice of focus of the microscope, and is related to ¯v1z by

ξ =

√

mv̄2
1z

2V2
. (2.11)

The energy features in eq. (2.10) throughζ12.
The effect of the aberrations is that the emitted electrons seem to come from a small

disc around the ideal image pointr 2. This disc is called the aberration disc. The radius of
the aberration disc is determined by the maximum of|δ2| over all energies and accepted
polar angles. By a proper choice ofξ , a minimum value for the radius of the aberration
disc can be realized. This is then the ‘disc of least confusion’. Calculating the radius of
the disc of least confusion for a given maximum energyU max and acceptance angleα2

is a tedious but straight-forward exercise. For small acceptance angles, we can find the
following analytical expression for the radius of the disc of least confusion:

ρ2 = dα2ζ max
12

√

1− (α2/ζ max
12 )2 , (2.12)

whereζ max
12 is the value ofζ12 for the maximum energyUmax. This relation is valid if

α2/ζ max
12 ≤ 1/

√
3. For a maximum electron energy of 0.5 eV, the radius of the disc of

least confusion is 54 nm.
Other aberrations come from the lenses in the microscope, especially the objective

lens. Diffraction, which is the main limiting factor to the resolution in optical micro-
scopes, plays only a minor role in the electron emission microscope, since the de Broglie
wavelength of the electrons at the transfer potential is very small compared to the radius
of the contrast aperture.

All these aberrations affect the resolution of the instrument, i.e. the minimum dis-
tance between two point-like objects on the sample that can still be seen as separate
objects in the image. The manufacturer specifies a resolution of 80–100 nm for the mi-
croscope [43]. The resolution achievable in combination with our setup was determined
with the help of the Philips test sample. Apart from the wide Al bars shown in fig. 2.9,
this test sample also contained a periodic structure with 1.7 µm wide Al bars placed
1.3 µm apart. An image of this structure is shown in fig. 2.11 (a). By taking linescans
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Figure 2.11: (a) PEEM image of the Philips test sample, showing the periodic structure used to
determine the resolution of the microscope. The width of the Al bars is 1.7 µm and their spacing
is 1.3 µm. (b) Linescan along the line indicated in (a). This scan is an average over ten separate
scans taken at intervals of one pixel.

perpendicular to the bars, we determined the effective resolution of the microscope.A
typical linescan is given in fig. 2.11 (b). The definition of the resolution for a structure
consisting of step-like changes in emission intensity is the distance between the points
where the image intensity is at 25% and 75% of the total step height. With this definition
we found a typical resolution of about 250 nm. The best resolution was about 200nm.
The real resolution of the microscope is probably better than this, since the structure we
used itself negatively affects the resolution by distorting the accelerating field [44].

2.5 Metastable-impact emission electron microscopy

Apart from a UV lamp, the setup is also equipped with a metastable He source. This
source produces a beam of metastable He atoms with which we can do metastable-
impact emission electron microscopy (MEEM). In MEEM He atoms in the 21S0 or
23S1 state are incident upon the sample. These two states are called metastable, because
in vacuum they have a life-time of respectively 20 ms and 7900 s. At the sample surface
the He atoms are de-excited through a combination of resonant ionization and Auger
neutralization or through Auger de-excitation [45]. In both cases, the internal energy
of the metastable He atom, 20.6 eV for the 21S0 state and 19.8 eV for the 23S1 state,
is transferred to an electron. Part of these Auger electrons can escape to the vacuum
and be used for microscopy [46]. A major advantage of MEEM is its extreme surface
sensitivity, as the metastable atoms are de-excited outside the top layer of the surface and
thus have zero penetration depth. In addition, metastable He are also very soft probes, as
they only have a kinetic energy of about 40 meV. In combination with the energy filter,
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the energy distribution of the Auger electrons can be used to obtain element specific
information.

A schematic drawing of the metastable He source can be seen in fig. 2.12. The com-
plete source consists of three separate vacuum chambers, each pumped by a 240 ls−1

turbomolecular pump, and is connected to the main chamber via a bellows anda metal-
sealed valve.

Gas is let into the source through a glass tube. At one end of this tube, there is a
small opening called the nozzle. The diameter of the nozzle is 100µm. The pressure
inside the tube is about 50 mbar, while the pressure in the surrounding vacuum chamber
is of the order of 10−3 mbar during operation. As the gas moves towards the nozzle
it is accelerated until it reaches the speed of sound, right at the narrowest point. After
leaving the nozzle the gas will expand, while the flow velocity continues to increase.
This is called a supersonic expansion. Because the pressure in front of the nozzle is
relatively low, the expansion can proceed unhindered by the background gas.After a
distance of the order of the nozzle diameter, the density has decreased so much that
there will be a transition from continuum flow to free molecular flow, where the He
atoms follow straight-line trajectories and the number of collisions between He atoms is
negligible [47]. To form a He beam out of the expansion, a conical collimator known
as a skimmer is placed a few mm behind the nozzle. The shape of the collimator is
chosen to minimize the disturbance to the expansion. The diameter of the skimmer is
300µm. A second skimmer with a larger diameter of 2 mm is placed behind the first, to
reduce the pressure down to 10−7 mbar. Between the beamline and the main chamber
finally is a 5 mm wide aperture. The beam is incident on the sample under an angle of
75◦ degrees with respect to the surface normal, if the sample is in horizontal position.
During operation of the He source, the pressure in the main chamber rises to about
10−8 mbar, but the extra gas is almost exclusively He, which does not contaminate the
surface.

The excitation of the He atoms from their ground state to the metastable 2S states is
done by creating a glow discharge in the expansion. The cathode is a tungsten needle
inside the glass tube, while the grounded first skimmer acts as anode. The discharge
current is 20 mA. The chosen polarity has the advantage that produced He+ ions move
towards the glass tube, so opposite to the beam direction. The disadvantage is that
the ions sputter away the tungsten needle, so that in the course of several weeks of
continuous operation, the front of the glass tube gets covered by a thin layer of metal.
Eventually, this metal film makes it impossible to sustain a discharge and the tube has to
be cleaned. Apart from ions and metastable He atoms, He atoms in other excited states
are created, as well as electrons and photons. He atoms in non-metastable excited states
are too short-lived to reach the sample and electrons are deflected out of the beam by
the background magnetic field, but the photons of course have no such problems. A
large part of the produced photons are He-I photons with an energy of 21.2 eV, which is
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Figure 2.12: Schematic drawing of the metastable He source, with typical values for the pressure
in the various chambers during operation. Gas enters the source through the glass tube and
expands supersonically into the leftmost chamber. The beam is collimated by two skimmers and
enters the main chamber through a small aperture. The He atoms are excited by a glowdischarge
between a needle-shaped cathode inside the glass tube and the first skimmer.

sufficient to cause photoemission. For a MEEM experiment, these photons constitute a
beam contamination.

Because successful MEEM measurements require a metastable He beam of high in-
tensity, the output of the metastable He source was carefully optimized. For this purpose,
the source was temporarily mounted on a test setup. Two types of measurements were
performed: current measurements with a Faraday cup to determine the beam intensity,
and more complicated time-of-flight (TOF) measurements to determine the beam com-
position, i.e. the fraction of photons compared to that of metastables. Fig. 2.13 shows
the results of the current measurements. The current was measured with an applied
bias voltage of−30 V on the Faraday cup, to ensure that all emitted electrons could
escape. The metastable He intensity is calculated from the observed current under the
assumption of aγ value of 0.25, i.e. an average emission of 0.25 electrons per incident
metastable [48]. Fig. 2.13 (a) shows that the intensity strongly increases as the nozzle
gets closer to the skimmer. It was also observed however that the discharge becomes
unstable at small separations, so that a minimum distance of about 5 mm is advisable
to ensure reliable operation. The pressure dependence in fig. 2.13 (b) shows a clear op-
timum around 40–50 mbar. At lower or higher pressures there are either not sufficient
He atoms to excite, or too many collisions so that metastable He atoms get de-excited.
The workable pressure range is from 20 mbar, below which the discharge extinguishes,
to 90 mbar, when the pumping capacity of the turbopumps is exceeded. The maximum
stable intensity of the He source is about 3.5×1015 sr−1 s−1, which compares favorably
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Figure 2.13: Intensity of the metastable He beam from current measurements as a function of (a)
the distance between the nozzle and the first skimmer and (b) the pressure inside the glass tube.
The various symbols correspond to measurements taken on different times and with different
tubes. It is assumed that for every metastable or photon 0.25 electrons are emitted.

with other glow-discharge sources, e.g. [49].

To determine the contamination of the beam with He-I photons, we did TOF exper-
iments. In these experiments, the He beam was interrupted by a mechanical chopper.
A combination of a laser and a photodiode registered the exact moment of interruption,
which was used to start a timer. This timer was stopped by a metastable or photon hitting
a channeltron detector at the end of a 75.8 cm long flight tube. After thousands of such
events, a TOF spectrum can be composed, giving the number of particles with a certain
time of flight versus this time of flight. More details on the experimental method are
reported elsewhere [50]. As photons have practically zero time-of-flight, and He atoms
a time-of-flight of several hundred microseconds, we can determine the photon fraction
in the beam. Fig. 2.14 shows a series of TOF spectra taken at different pressures. As
we can see, in this pressure regime, the pressure has little effect on the photon intensity.
Similar series for different nozzle-skimmer distances and glow discharge currents also
show relatively little effect on the photon intensity. Under optimum conditions, the pho-
ton fraction in the beam — assuming identicalγ values for photons and metastables —
is about 5%. The average velocity of the He atoms is 2200 m s−1 and the FWHM of the
velocity distribution is 1650 m s−1.

After mounting the metastable He source on the setup, we tested the MEEM tech-
nique on the Philips test sample. A series of energy filtered MEEM images is shown in
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Figure 2.14: TOF spectra of the metastable He beam taken at different pressures. The drift
length is 75.8 cm. At lower pressures than 37 mbar, we could not keep the beam stable for a
sufficient time to collect a spectrum. The typical measurement time per spectrum was about one
day.

fig. 2.15. We clearly see the large energy range for the electrons excited with metastable
He. Compared to the PEEM images in fig. 2.9, the variation in exposure time over the
series is identical, but the channelplate voltage had to be increased from 1.55 kV to
1.70 kV to compensate for the lower electron intensity. Unfortunately, the low electron
intensity transmitted by the contrast aperture in combination with ‘hotspots’ resulting
from cracks in the channelplates prevented us from recording usable images at filter po-
tentials below−8 V. Fig. 2.16 shows a electron spectrum for the Al bars and the Si
substrate constructed from the MEEM images. For electron energies below 3 eV there is
a clear difference in intensity between Si and Al. Most of these low energy electrons are
secondary electrons created by the primary Auger electrons. At higher electron energies,
the Al and Si spectra look very similar. This is probably the result of the fact that both
materials were covered by an identical adsorbate layer, as no special sample preparation
was performed prior to this test.
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Figure 2.15: Series of MEEM images taken with the energy filter on a Al structure deposited
on Si. The position and field of view are the same as in fig. 2.9. The potential applied to the
filter grids for each image is shown in the top left corner. Exposure times ranged from 5 s for the
image taken at−8 V to 30 ms for the image at+1 V. The larger ‘hotspots’ from the cracks in
the channelplates compared to fig. 2.9 are a result of the increased channelplate voltage, 1.55 kV
instead of 1.70 kV.
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Figure 2.16: Energy spectra obtained from fig. 2.15, by averaging the intensity in a 25×25 µm2

area on the Al bars and on the Si substrate and taking the difference with the previous image in
the series, taking into account the different exposures. The intensity was corrected for the energy
dependence of the electron transmission by multiplying with the energy. The energyrange was
shifted by 0.7 eV to account for the difference between the selected filter potential and the true
retardation potential seen by the electrons.



CHAPTER 3

Theoretical model

In this chapter we will present a theoretical model for primary magnetic contrast in
threshold photoemission. The model is based on the optical anisotropy which is induced
in the sample by the magnetic order. Because the magnetic ordering changes the sym-
metry of the material, directions which were equivalent in the absence of magneticorder
are no longer equivalent in the magnetically ordered material. This affects the optical
properties, and consequently the electromagnetic field which excites the photoelectrons.
As a result, more or less photoelectrons are emitted into the acceptance cone of the
microscope.

A simpler model for ferromagnetic materials was proposed by Marx et al. [4]. Their
model is restricted to one particular geometry, the so-called transverse Kerr geometry,
and incorporates the optical anisotropy in a rather phenomenological manner.Our model
is an improvement in three areas. First of all, the optical part of our model is rigourously
derived from Maxwell’s equations for an absorbing medium, and includes the elliptical
polarization of the light inside the sample. Secondly, our model is broader and covers
arbitrary types of magnetically induced anisotropy and orientations of the plane of in-
cidence. Thirdly, we include the effects of light attenuation, a finite electron mean free
path and angle-dependent electron transmission through the surface barrier.

The outline of this chapter is as follows. We begin by describing in general the
threshold photoemission from optically anisotropic materials, without making assump-
tions about the nature or the origins of the anisotropy. In principle, the model we present
can also be applied to materials with optical anisotropy resulting from a non-cubic crystal
structure, or anisotropic molecular polarizibilities. It consists of two parts: the optical
model, which deals with the transmission and refraction of the incident light, and the

47
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emission model, which describes the excitation and emission of the photoelectrons. The
optical model constitutes an important difference between threshold PEEM and XPEEM.
Since the wavelength of the light in threshold PEEM, 254 nm, is much larger than the
interatomic dimensions, the medium can be described as a continuum, in contrast to the
X-ray regime. After introducing the model, we will give results for a non-magnetic,
isotropic sample. This illustrates the theory and provides a reference system, so that for
magnetic samples we can focus on the effects of the anisotropy. The chapter is concluded
with a discussion of the relationship between magnetic ordering and optical properties.
In chapter 4 and chapter 5, the model will then be applied to two samples which each
have a different type of magnetically induced anisotropy.

3.1 Assumptions of the model

We begin by stating the assumptions on which the model is based. We will require
that the assumptions are reasonable and consistent. No rigorous derivation from first
principles is attempted.

The most important question in a theoretical description of threshold PEEM, is
whether to treat the photoemission as a volume effect [51], a surface effect [52], or
both. Indeed, the relative importance of the volume and surface contributions has been a
major topic in the literature on photoemission in general [51, 53]. We will assume here
that the volume contribution is dominant in threshold photoemission from bulk materi-
als, and neglect the surface effect. This assumption is based on the combination of two
factors. The first of these is the relatively large penetration depth of the light, which is
typically of the order of 10 nm. Because of this large penetration depth, the majority of
the photons are absorbed well below the surface. The second is the large inelastic mean
free path length for electrons at energies of a few eV above the Fermi level, whichis
also in the 1–20 nm range [54]. This large mean free path length allows photoelectrons
which are excited deeper inside the sample to reach the surface without energy loss.

An experimental confirmation of this view is given by Marx et al. [55], who imaged
magnetic domains of an Fe film beneath an overlayer of Ag with threshold PEEM. From
the dependence of the observed asymmetry on the Ag film thickness, they determined
a probing depth of 16.2 nm, which is much larger than the probing depth of truly sur-
face sensitive techniques such as SEMPA. Useful contrast information could be obtained
from as deep as 30 nm below the surface.

It should be kept in mind that the assumption of a volume photoelectric effect does
not imply that the surface has no effect on the photoemission. On the contrary, the
presence of e.g. adsorbed oxygen can easily change the workfunction of a material by as
much as 0.5 eV [56], thereby seriously affecting the external intensity of photoelectrons
[30]. What is meant, is that the origin of the photoelectrons is in the interior of the
sample. In order to get to the vacuum, they still have to pass through the surface, with
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the possibility of surface properties influencing the transmission coefficient.
For the description of the photoemission process we will use the well-known three-

step model [57]. As the name suggests, this model treats the photoemission as a sequence
of three steps: the optical excitation of an electron, the transport of this electron to the
surface, and the transmission through the surface barrier. Within the scope of the three-
step model, the electrons are considered independent particles. It can be shown, that in
the absence of strong inelastic scattering processes, this description is equivalent to an
exact many-body theory [58].

In addition to — and consistent with — the key assumptions of bulk photoemission
and the three-step model, we make the following assumptions:

• Throughout the model we assume a single frequencyω for the incident light. The
assumption of monochromatic light is quite reasonable given the sharp peak at
4.9 eV in the emission spectrum of a Hg arc lamp [39].

• All the calculations in the model will also be for a fixed electron energyU . By
setting the potential of the vacuum to zero, we can equateU with the kinetic
energy of the emitted electrons. The maximum spread in the emission energy is
determined by the difference between the photon energy ¯hω and the workfunction
of the sampleΦ. A typical value for the latter is 4.5 eV. The contrast that is
calculated in the model is the contrast visible in an energy-filtered PEEM image.
If we want to make a quantitative comparison to unfiltered images, we have to
integrate the results of the model over all possible electron energies. This falls
outside the model, as it requires knowledge about the density of initial states.
However, a lot of useful qualitative information can be obtained for the unfiltered
image, such as the variation of the contrast with the azimuthal angle of incidence,
as well as upper and lower bounds for the contrast.

• We assume that the sample is uniform in composition and structure over distances
which are large compared to the length scales entering the model, primarily the
wavelength of the light.

• At the interface between sample and vacuum, we assume a abrupt transition from
the optical properties of vacuum to the bulk optical properties of the sample, char-
acterized by a generalized permittivity tensorε̃εε. With this we neglect the grading
of the gradual change of the optical properties at the surface, due to the extension
of electron states into the vacuum [59]. The width of this transition region is of the
order of the electron wavelength, typically a few tenths of a nanometer, so much
less than the probing depth. The front surface of the sample is further assumed to
be completely flat. At the other side the sample is assumed to be semi-infinite, so
that there is no light reflected from the back surface.
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• For the photoexcited electrons we will use the jellium model, which means that
they behave as free electrons in a uniform attractive potential−V0 resulting from
the smeared out positive charges in the material. At the interface between sample
and vacuum, the potential changes abruptly from−V0 to zero.

• We will assume that the total excitation rate of photoelectrons with energyU is
proportional to the photon absorption rate. The proportionality constantγ will be
referred to as the internal quantum efficiency for the excitation of photoelectrons
with energyU . The quantum efficiency accounts for the fact that not all absorbed
photons excite electrons to the same energyU ; in fact, a large fraction of the
excited electrons will have an energy below the vacuum level.

• We further assume that the angular distribution of photoelectrons inside the sample
is proportional to|E ·p|2, whereE is the macroscopic electric field in the complex
representation. It can be shown that if the final state in the photoexcitation process
is a plane wave, then the transition rate in the dipole approximation is proportional
to the product of|E ·p|2 and a factor which depends on the Fourier transform of
the initial wave function [60]. Our assumption for the angular distribution of the
photoelectrons thus amounts to neglecting the angular dependence of this second
factor, when it is summed over all initial states contributing to the final state with
momentump. Intuitively, the idea that more electrons are emitted in the direction
of the electric field than perpendicular to it makes good sense.

• The inelastic scattering of the excited electrons is incorporated through an isotropic
mean free pathδe. After a scattering event, the electron has lost part of its energy.
Since the energy of electrons in threshold photoemission is only slightly higher
than the vacuum level to begin with, they are assumed to be ‘lost’ for the external
photoemission after inelastic scattering. For the same reason, no secondary elec-
trons created by scattering events can participate in the external photoemission.

• At the interface with the vacuum, we assume that the energy and parallel mo-
mentum of the electrons are conserved. The latter is equivalent to saying that we
assume that interface is perfectly flat. If it satisfies the requirements for energy
and parallel momentum conservation, an electron is transmitted into the vacuum
with a transmission probability determined by the quantummechanics of a finite
potential step; otherwise it is reflected back into the sample with a probability of
one.

3.2 Light propagation in an anisotropic medium

In order to explain the model, we first summarize some facts about the propagation of
light in optically anisotropic media. For more details, the reader can consult e.g. Born



3.2. Light propagation in an anisotropic medium 51

and Wolf [61] or Landau and Lifshitz [62]. The optical properties of an isotropic medium
can be expressed in two real scalar quantities, the refractive indexn and the extinction
constantk, which can be combined into a single complex refractive index ˜n = n+ i k. In
an anisotropic medium however, the refractive index1 is no longer constant, but depends
on the propagation direction of the light. In fact, there are two different refractive indices
for each propagation direction, both corresponding to a specific polarization of the light.
The origins for this behavior have to be sought a level deeper, at the level ofMaxwell’s
equations, where the constants describing the response of the medium are tensors rather
than scalars. As we will show, all optical properties can be combined into a single
anisotropic tensor, called the generalized permittivity tensor.

The macroscopic electromagnetic field inside a medium is characterized by the elec-
tric field E, displacement fieldD, magnetic inductionB and magnetic fieldH. These
four fields are coupled by Maxwell’s equations2

∇×××E+
∂B
∂ t

= 0 ; ∇ ·B = 0 ; (3.1)

∇×××H− ∂D
∂ t

= J ; ∇ ·D = ρ . (3.2)

HereJ is the free current density andρ the free charge density. To facilitate the mathe-
matical treatment, we will work with complex fields and afterwards take the real part to
obtain the physical values. For incident light of angular frequencyω, the fields inside the
sample, as well as the current and charge density induced by the light, will oscillatewith
a phase factor e−i ωt . This allows us to rewrite the inhomogeneous Maxwell equations
eq. (3.2) as

∇×××H− ∂ D̃
∂ t

= 0 ; ∇ · D̃ = 0 , (3.3)

where

D̃ = D+
i
ω

J (3.4)

is a generalized displacement field.
The relations betweenD andE, and betweenH andB are given by

D = ε0E+P ; H =
1
µ0

B−M . (3.5)

Hereε0 andµ0 are the permittivity and permeability of vacuum, related byε0µ0 = 1/c2,
andP andM the induced electric and magnetic dipole moments per unit of volume. If

1From now on, we will use the term ‘refractive index’ to refer to the complex refractive index ñ= n+ i k,
unless otherwise stated.

2Throughout this thesis, SI units are used.
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we assume that non-linear optical effects can be neglected, the complete set ofmaterial
equations, including that for the current densityJ, can be written as

D = εεε ·E ; H = µµµ−1 ·B ; J = σσσ ·E , (3.6)

whereεεε is the normal electric permittivity,µµµ the magnetic permeability andσσσ the elec-
tric conductivity, all at frequencyω . For light in the ultraviolet frequency range, we can
set the permeability equal toµ0, as the response of the magnetic dipoles is too slow to
follow the radiation [62]. Characteristic of an anisotropic material is that the permittivity
and the conductivity are tensors rather than scalars. As a result, the displacement and
the current do not necessarily point in the same direction as the electric field. For the
generalized displacement field, we can introduce a generalized permittivity tensor

ε̃εε = εεε +(i /ω)σσσ , (3.7)

so that

D̃ = ε̃εε ·E . (3.8)

This generalized permittivity tensor then offers a complete description of the optical
properties of the medium. At first sight this may seem perhaps somewhat surprising, as
we have lost the information concerning the separate contributions of the displacement
current∂D/∂ t and the free currentJ. However, the distinction between the free current
and the displacement current is in fact to a certain extent arbitrary, since both amount
to a periodic redistribution of charge, bonded charges in the case of the displacement
current and free charges in the case of the free current [7]. An alternative description
of the optical properties, which is sometimes encountered in literature (e.g. [63]), is in
terms of an optical conductivity tensorσ̃σσ . This optical conductivity tensor is related to
the generalized permittivity tensor by the relationσ̃σσ = −i ωε̃εε.

So what consequences does the anisotropy of the permittivity tensor3 have for the
propagation of light through the medium? It is well known that in an isotropic medium,
Maxwell’s equations have plane wave solutions of the form [61]

E(r , t) = E0exp

{

i ω
[

ñ
c
(s· r)− t

]}

, (3.9)

with similar expressions for̃D, B andH. Here ñ is the refractive index ands the wave
normal. The wave normal indicates the propagation direction of the wave. It has the
propertys2 = 1. The refractive index is connected to the phase velocity of the wave, i.e.
the propagation speed. If the refractive index ˜n= n+ i k has a non-zero imaginary partk,
the amplitude of the wave decreases as it propagates through the medium, indicating that

3From now on, the generalized permittivity will be simply referred to as the permittivity.
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light is absorbed. For an anisotropic medium, we can try a solution of the same form.
Substitution of eq. (3.9) into the first equation of eq. (3.1) gives

H0 =
ñ

µ0c
s×××E0 . (3.10)

With this expression for the magnetic field amplitude, the divergence equation forB is
satisfied automatically. The curl equation forH then gives

ñ2 [E0− (E0 ·s)s] = µ0c2(ε̃εε ·E0) . (3.11)

Writing this out into components yields4

[

µ0c2 ε̃αβ + ñ2(sαsβ −δαβ )
]

E0β = 0 , (3.12)

for α = 1,2,3.
The coefficients between square brackets form a three-by-three matrixCCC. In order

for the propagation of light to be possible, i.e. forE0 to be nonzero, the determinant of
this matrix has to be zero:

detCCC = 0 . (3.13)

This constitutes a characteristic equation for ˜n, which is quadratic in ˜n2. The coefficient
for the third order term in ˜n2 in the expansion of the determinant is identically zero due
to the normalization of the wave normals. If the characteristic equation is written in
a coordinate system in which the permittivity tensor is diagonal, it reduces to Fresnel’s
equation for wave normals [61]. However, the existence of such a coordinate systemfor
a complex permittivity tensor is in general not guaranteed. It is easily verified that for
an isotropic permittivityε̃, the solution to the characteristic equation is ˜n2 = µ0c2ε̃ =
ε̃/ε0. For an anisotropic permittivity, there are in general two different refractive indices
ñ± for each propagation directions. This phenomenon is called birefringence. The
difference in absorption resulting from the imaginary part of the refractive indices is
called dichroism. An exact expression for these refractive indices can be written down,
but is rather awkward and not particularly insightful. In chapter 4 and chapter 5, we
will consider two special cases. A general result is that the refractive indices are real
if and only if the permittivity tensor is Hermitian. Absorption is thus connected to the
anti-Hermitian part of the permittivity tensor [62].

With each refractive index is associated a wave with a specific direction of the elec-
tric field amplitudeE0. This polarization direction can be found by solving eq. (3.12),
supplemented by the divergence equation forD̃,

ε̃αβ sα E0β = 0 . (3.14)

4Summation over repeated indices is implied.
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The polarization can be expressed in a complex polarization vectore= E0/|E0|. For a
fixed propagation directions, the two polarization vectorse± corresponding to the two
different refractive indices ˜n± then form an orthonormal set, or they can be chosen in
that way in cases where the refractive indices coincide:

e± ·e?
± = 1 ; e± ·e?

∓ = 0 . (3.15)

Although they are mutually orthogonal, the two polarization vectors are in general not
orthogonal to the wave normals. The orthogonality ofE0 ands in an isotropic medium
comes from the divergence equation forD̃. In an anisotropic medium, the displacement
is still perpendicular to the wave normal, but since the electric field is not necessarily in
the direction of the displacement field, the electric field vector is in general not orthogo-
nal to the wave normal.

3.3 Optical model

The first step in the photoemission process — ‘step zero’ in the terminology of the three-
step model — is the optical transmission of the light into the sample, accompanied by
refraction at the surface. The refraction is much more complicated than usual, since in
addition to being complex, the refractive index is also dependent on the wave normal
of the refracted light. And because there are two different refractive indices for each
propagation direction, we will actually get two refracted waves propagating throughthe
sample with different wave normals. This in turn will have an important effect on the
transmission and reflection at the surface and on the absorption of light in the sample.
In particular, refraction, transmission and absorption will all become dependent on the
orientation of the plane of incidence with respect to the axes of the permittivity tensor.
We will present the optical model in detail, since the description of refraction and trans-
mission for absorbing anisotropic media in standard literature is limited, or restricted to
special geometries.

3.3.1 Geometry

The geometry used in the optical model is sketched in fig. 3.1. The sample surface is
the planez = 0, with the positivez-axis pointing along the outward surface normal.
The incident light falls on the sample with a polar angle of incidenceθi , measured with
respect to the surface normal, and an azimuthal angle of incidenceφi , measured with
respect to thex-axis. It can be described by a plane wave of the form eq. (3.9), with ˜n= 1.
The wave normal of the incident light is given bysi = (sinθi cosφi ,sinθi sinφi ,−cosθi).
The amplitude can be written as

Ei0 = Ei0peip +Ei0seis , (3.16)
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whereeip = (cosθi cosφi ,cosθi sinφi ,sinθi) andeis = (sinφi ,−cosφi ,0)are two orthonor-
mal polarization vectors, one in the plane of incidence, and one perpendicularto it. In
general, a superposition of the form of eq. (3.16) represents elliptically polarized light.
If ψi is the angle between the major axis of the ellipse and the plane of incidence, andηi

the ratio between the length of the minor axis and the length of the major axis, then the
componentsEi0p andEi0s can be written as

Ei0p = |Ei0 |ei ξi
cosψi − i ηi sinψi

√

1+η2
i

; Ei0s = |Ei0 |ei ξi
sinψi + i ηi cosψi

√

1+η2
i

, (3.17)

where ei ξi is a random phase factor. Important special cases areηi = 0 andηi =±1, rep-
resenting respectively linearly and circularly polarized light. For linearly polarized light,
the polarization angleψi is the angle between the electric field vector and the plane of in-
cidence. Light which is linearly polarized in the plane of incidence is generally referred
to as p-polarized light. Light which is linearly polarized perpendicular to the plane of
incidence — in other words, parallel to the surface — is known as s-polarized light. Of
the two possible circular polarizations,ηi = +1 represents left circularly polarized light,
while ηi =−1 represents right circularly polarized light.ψi has no physical meaning for
circularly polarized light and can be absorbed into the common phaseξi .

3.3.2 Refraction

At the interface between the sample and the vacuum, part of the incident light isreflected,
while another part is transmitted into the sample. The reflected light is described by
a plane wave of the form eq. (3.9), with wave normalsr and refractive index ˜n = 1.
Inside the sample, the light is a superposition of two attenuated plane waves, one with
the+ polarization of sec. 3.2 and one with the− polarization. If we denote the wave
normal of the first ray byst1 and that of the second ray byst2, then the corresponding
refractive indices are ˜n1 = ñ+(st1) and ñ2 = ñ−(st2). The boundary condition at the
interface dictates that parallel components of theE andH fields are continuous. This
can only be achieved if for allr in the planez= 0,

si · r = sr · r = ñ1(st1 · r) = ñ2(st2 · r) . (3.18)

The first identity in eq. (3.18) givessrx = six andsry = siy, from which follows the familiar
law of specular reflection. The second and third identity give the equivalent of Snell’s
law:

st jx = six/ñ j ; st jy = siy/ñ j , (3.19)

for j = 1,2. It is clear thatst1y/st1x = st2y/st2x = siy/six, so that the wave normals of the
two refracted waves lie in the same plane as those of the incident and the reflected wave.
The propagation direction of the refracted waves within the plane of incidence however
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Figure 3.1: Geometry used in the optical model. The symbols are explained in the text. All
vectors are drawn as real vectors, but in reality, the wave normals and polarization vectors inside
the sample are complex. Characteristic of an anisotropic medium is the existence of two refracted
waves, a phenomenon known as birefringence. Each wave has its unique polarization vectoret j ,
which is not necessarily orthogonal to the wave normalst j .

is more complicated, since the refractive indices ˜n1 andñ2 are a function of the respective
wave normalsst1 andst2. An iterative solution can be found by first calculating a wave
normalst0 using a refractive index based only on the isotropic part of the permittivity.
This wave normal is then substituted into ˜n±, giving ñ1 ' ñ+(st0) andñ2 ' ñ−(st0). From
this, new wave normalsst1 andst2 are obtained by applying eq. (3.19). The results are
correct up to first order in the birefringence. Thez-component ofst j is determined by
the normalization conditions2

t j = 1:

st jz = −
√

1−s2
t jx −s2

t jy . (3.20)

Note that the normalization condition is not changed despite the fact that the wave nor-
mal is now complex. The wave normal is therefore not a proper unit vector in thesense
that |s|2 = 1. The process is then repeated starting from the first order wave normals to
obtain higher order corrections, until convergence is reached.

Because the wave normals of the refracted light will in general be complex, they
have an effect not only on the propagation direction, but also on the attenuationof the
light. Writing out the phase of eq. (3.9) into a real and imaginary part yields

ñ j(st j · r) = sinθi(cosφix+sinφiy)− (ν j + i κ j)z , (3.21)
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whereν j = −Re(ñ jst jz) andκ j = −Im(ñ jst jz) are an effective refractive index and ex-
tinction coefficient in the direction perpendicular to the surface. We see that the normal
to the planes of constant real phase makes an angle

θt j = arctan

(

sinθi

ν j

)

(3.22)

with the z-axis. For most geometries, the two anglesθt1 andθt2 will not be equal, so
that the propagation directions in real space of the two waves in general do not coin-
cide. It should be noted that the angleθt j is not thegeometricalangle of refraction. The
geometrical angle of refraction is defined as the angle between the refractedrays and
the surface normal. Rays in geometrical optics propagate in the direction of the group
velocity, which is the direction of the energy flow. In an isotropic medium, the direction
of energy flow coincides with the direction of the wave normal, but in an anisotropic
medium this is generally not the case [62]. The effective extinction coefficientκ j de-
scribes the attenuation of the light as it penetrates into the sample, the amplitude of wave
j decaying as exp(−ωκ j |z|/c). The optical penetration depth, the distance over which
the square of the amplitude decays by a factor e, is given by

δoptj =
c

2ωκ j
=

λ
4πκ j

, (3.23)

whereλ is the wavelength of the light in vacuum.

3.3.3 Reflection and transmission

Further application of the boundary conditions at the interface will give us the complex
amplitudesEt01 = Et01et1 andEt02 = Et02et2 of the transmitted waves atz = 0. The
polarization vectors of the two waves areet1 = e+(st1) andet2 = e−(st2), consistent with
the assignment of the refractive indices. Since the two wave normals do not coincide, the
polarization vectors of the two waves will in general not be orthogonal. The amplitudes
of the magnetic field are related to the electric field amplitudes through eq. (3.10). If
we defineht j = ñ j st j ×××et j and use the continuity ofE andH at z= 0, then after some
algebra we arrive at the following expressions for the amplitudes of the refracted waves,
and the p- and s-components of the reflected light:

(

Et01

Et02

)

=
2cosθi

a1b2−a2b1

(

b2 −a2

−b1 a1

)(

Ei0p

Ei0s

)

; (3.24)

(

Er0p

Er0s

)

=
1

a1b2−a2b1

(

a′1b2−a′2b1 a′2a1−a′1a2

b′1b2−b′2b1 b′2a1−b′1a2

)(

Ei0p

Ei0s

)

, (3.25)
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where

a j = +(et jx cosφi +et jy sinφi)+(ht jx sinφi −ht jy cosφi)cosθi ;

a′j = −(et jx cosφi +et jy sinφi)+(ht jx sinφi −ht jy cosφi)cosθi ;

b j = (et jx sinφi −et jy cosφi)cosθi − (ht jx cosφi +ht jy sinφi) ;

b′j = (et jx sinφi −et jy cosφi)cosθi +(ht jx cosφi +ht jy sinφi) . (3.26)

In contrast to the situation for an isotropic medium, the reflection matrix in eq. (3.25) is
not necessarily diagonal. This means that p-polarized light reflected off the sample can
contain a small s-component. In magneto-optics, the off-diagonal terms of the reflection
matrix give rise to the Kerr and Voigt effects (see sec. 3.6).

The time-averaged energy flow in a medium is given by the Poynting vector

S=
1
2

Re(E×××H?) . (3.27)

The magnitude of the Poynting vector is the intensity of the light. If we evaluate
eq. (3.27) for the incident and the reflected light, we can determine the optical reflec-
tion and transmission coefficients:

Ropt =
|Er0 |2
|Ei0 |2

=
|Er0p|2 + |Er0s|2
|Ei0p |2 + |Ei0s|2

; Topt = 1−Ropt . (3.28)

3.4 Emission model

In the previous section we have looked at the calculation of the electromagnetic field
inside the sample from the permittivity tensor and the direction and polarization of the
incident light. The second part of the model deals with the calculation of the photoemis-
sion yield from this electromagnetic field. As stated in sec. 3.1, our description of the
photoemission process follows the three-step model.

3.4.1 Excitation

The first step in the three-step model is the excitation of the photoelectrons. The to-
tal excitation rateWe of electrons with energyU per unit of volume is in our model
proportional to the number of absorbed photons, the proportionality constant beingthe
quantum efficiencyγ for the excitation process. The number of absorbed photons can be
calculated from the energy absorption, given by−∇ ·S. Each photon corresponds to an
energyh̄ω, so

We = − γ
h̄ω

∇ ·S . (3.29)
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TheE andH fields inside the sample are a coherent superposition of the fields of the two
transmitted waves. If we substitute them into eq. (3.27) and take the divergence, wefind

We = −γε0

2h̄
Re

{

2κ1 |Et01|2e2ωκ1z/c(et1xh?
t1y−et1yh?

t1x)

+2κ2 |Et02|2e2ωκ2z/c(et2xh?
t2y−et2yh?

t2x)

+ [(κ1 +κ2)− i (ν1−ν2)]Et01E
?
t02 eω [(κ1+κ2)−i (ν1−ν2)]z/c

× (et1xh?
t2y−et1yh?

t2x+e?
t2xht1y−e?

t2yht1x)

}

. (3.30)

The third term, which is an interference term, has to be retained, since the two refracted
waves have a fixed phase difference, independent of the random phaseξi of the incident
light.

The absorbed energy gives the total number of excited electrons, but tells us nothing
about their angular distribution. We assume that the angular distribution of photoelec-
trons inside the material is proportional to|E ·p0|2, wherep0 is the momentum of the
excited electrons. The momentum is related to the energy by

p0 =
√

2m(U +V0) , (3.31)

whereV0 is the inner attractive potential of the sample. Ifθ0 andφ0 denote the internal
polar and azimuthal emission angle, then the angular distribution is given by

Pe(θ0,φ0) =
3

4π |E|2 |(Excosφ0 +Eysinφ0)sinθ0 +Ezcosθ0|2 . (3.32)

The prefactor normalizes the angular distribution to unity over the full solid angle. For
linearly polarized light, the angular distribution has a dumbbell-like shape, with two
lobes in the direction of the electric field, as can be seen in fig. 3.2 (a). If the light
is circularly polarized, the angular distribution is rotated along with the electric field
vector, resulting in the torus-like shape of fig. 3.2 (b). For elliptic polarization, the shape
is somewhere in between these two extremes. The internal photoemission rate per unit
of volume and per unit of solid angle in the direction(θ0,φ0) is the productWePe(θ0,φ0).

3.4.2 Escape to the surface

The second step in the photoemission process is the escape of the excited electron to the
surface. On the way out, the electron can be scattered by electrons, phonons, or defects.
Inelastic scattering entails energy loss, and since the electron energy is already very close
to the vacuum level, the scattered electron will be lost for the external photoemission.
The escape probability from a depthz is determined by the time it takes the electron to
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(a) (b)

Figure 3.2: Shape of the angular distribution for (a) linearly polarized light and (b) circularly
polarized light. The arrows indicates the movement of the real electric field vector Re(E) with
time.

reach the surface, in comparison to the life-time for inelastic scatteringτ. This leads to
an exponential decay of the escape probability:

De(θ0) =







exp

(

z
δecosθ0

)

for θ0 < π/2

0 for θ0 ≥ π/2
, (3.33)

whereδe = pτ/m is the inelastic mean free path. The provisionθ0 < π/2 states the
obvious fact that the electron has to be emitted towards the surface in order to ever reach
it. The mean free path is a function of the energy of the excited electrons with respectto
the Fermi level, which is the sumU + Φ. In the energy regime accessible by threshold
photoemission, the dependence is given by the semi-empirical relation [54]

δe =
Ca

(U +Φ)2 , (3.34)

wherea is the monolayer thickness of the material andC an empirical constant, which
has a more or less ‘universal’ value for a particular class of materials, e.g. metals or
anorganic compounds.

3.4.3 Transmission to the vacuum

The final step in the photoemission process is the transmission of the electron to the
vacuum. At the surface the potential jumps from−V0 to zero. We assume that when
the electron crosses the surface barrier the total energyU is conserved, as well as the
component of the momentum parallel to the surface. The momentum in the vacuum p1

is related to the energy by
p1 =

√
2mU . (3.35)

If we denote the the external emission angles byθ1 andφ1, then from the conservation
of parallel momentum, we have

sinθ1

sinθ0
= ζ01 ; φ1 = φ0 , (3.36)
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where

ζ01 =

√

U +V0

U
. (3.37)

The quantityζ01 is always greater than one. Since sinθ1 cannot exceed one, there is a
maximum internal polar emission angle equal to arcsinζ −1

01 above which the parallel mo-
mentum can no longer be conserved. Electrons with a larger internal emission angleare
totally reflected by the surface. This creates an intrinsic acceptance cone, independent of
the acceptance cone selected by the contrast aperture of the microscope. Electronswith
a smaller internal emission angleθ0 are able to cross the surface barrier into the vacuum.
The probability transmission coefficientTe(θ0) for these electrons can be calculated by
applying the boundary conditions for the electron wave function, namely that thewave
function and itsz-derivative are continuous atz= 0. This gives

Te(θ0) =























4cosθ0

√

ζ−2
01 −sin2 θ0

(

cosθ0 +
√

ζ−2
01 −sin2 θ0

)2 for θ0 < arcsinζ−1
01

0 for θ0 ≥ arcsinζ−1
01

. (3.38)

The transmission goes to one ifζ01 approaches unity, or in other words, ifU becomes
very large compared toV0. This may be the case for X-ray or even VUV photoemission
[60], but for threshold photoemission, it is more likely thatV0 is in fact larger thanU .
Consequently, we have to use the angle-dependent transmission function of eq. (3.38).

The main output we desire from the model is the accepted electron intensityI acc
e ,

which is the external photoemission rate of electrons with energyU per unit area, inte-
grated over the acceptance cone of the microscope. In the three-step model,I acc

e is given
by

I acc
e =

∫ 0

−∞
dz

∫ α0

0
dθ0sinθ0

∫ 2π

0
dφ0WePe(θ0,φ0)De(θ0)Te(θ0) . (3.39)

Hereα0 is the acceptance angle of the microscope inside the sample. It is related to the
acceptance angle in the vacuumα1 by eq. (3.36). The acceptance angle in the vacuum
is not constant, but depends on the electron energy through eq. (2.8). Combining these
two equations gives

sinα0 =

√

U +V2

U +V0
sinα2 , (3.40)

whereα2 is the constant acceptance angle in virtual sample space andV2 the transfer
potential. At low energies, whereζ12 < sinα2, the contrast aperture does not restrict the
acceptance, so that the acceptance angle inside the sample is equal to the intrinsic accep-
tance angle arcsinζ−1

01 . The integration over the azimuthal emission angle in eq. (3.39)
is straightforward, giving

I acc
e =

∫ 0

−∞
dz

∫ α0

0
dθ0sinθ0WeP̄e(θ0)De(θ0)Te(θ0) , (3.41)
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where

P̄e(θ0) =
3

4|E|2
[(

|Ex |2 + |Ey |2
)

sin2 θ0 +2|Ez|2cos2 θ0
]

. (3.42)

The other two integrations cannot be done analytically due to the complicatedz depen-
dence of the absorption rate and the electric field inside an anisotropic material.

3.5 Results for an isotropic sample

In this section, results are given for a non-magnetic, isotropic sample. A material is
optically isotropic if it is amorphous, or if it has a cubic crystal structure [62]. The
results for an isotropic sample will establish the dependence of the electron intensity
on the polarization, the electron energy etc. In discussing magnetic materials, we can
then focus on the differences in electron intensity introduced by the magnetic order.The
numerical values used for the material parameters in this section are those of Fe, which
are given in table 3.1.

Parameter Value Unit Ref.

ε̃/ε0 Relative generalized per-
mittivity

−1.9+5.0i [64]

h̄ω Photon energy 4.9 eV [39]
U Electron energy 0.3 eV
Φ Work function 4.3 eV [65]
V0 Jellium potential 13 eV [4]
C Mean free path constant 538 (eV)2 [54]
a Monolayer thickness 0.228 nm [66]
V2 Transfer potential 15 keV
α2 Acceptance angle in vir-

tual sample space
2.6 mrad

θi Polar angle of incidence 75 degrees

Table 3.1: Model parameters for isotropic Fe, as given by the references.

3.5.1 Results of the optical model

For an isotropic generalized permittivitỹε, the refractive index has a constant value
ñ = (ε̃/ε0)

1/2, independent of the propagation direction of the light. For Fe, with the
permittivity in table 3.1, the refractive index is ˜n= 1.3+1.9i . Since the refractive index
is constant, the calculation of the refracted wave normalst from eq. (3.19) and eq. (3.20)
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is straight-forward. The angleθt describing the propagation direction of the refracted
wave and the optical penetration depthδopt, given by eq. (3.22) and eq. (3.23) respec-
tively, are plotted in fig. 3.3 as a function of the polar angle of incidence. For an angle of
incidence of 75◦, the wave normal of the refracted light makes an angle of 38.7◦ with the
surface normal. As can be seen from the graph, the penetration depth does not change
very much with the angle of incidence. At normal incidence, the penetration depth is
10.6 nm, while at 75◦ incidence, it is 9.5 nm.

In an isotropic medium, the polarization vectors can be chosen freely, except for the
constraint thatst ·et j = 0. A logical choice is then one polarization vector in the plane of
incidence and one perpendicular to the plane of incidence:

etp =
1

|ñst|





−ñstzcosφi

−ñstzsinφi

sinθi



 ; ets =





sinφi

−cosφi

0



 (3.43)

The polarization vectors are labelled p and s, analogous to the polarization vectors of
the incident light. It should be noted however, that except at normal incidence,etp cor-
responds to elliptically polarized light. With this choice of polarization vectors, the
transmission matrix of eq. (3.24) is diagonal:

Et0p =
2|st|cosθi

ñcosθi −stz
Ei0p ; Et0s =

2cosθi

cosθi − ñstz
Ei0s . (3.44)

This means that if the incident light is either p- or s-polarized, the transmitted light will
also be ‘p’- or s-polarized — in other words: in the plane of incidence or perpendicular
to it. The reflection coefficient is diagonal as well. In fig. 3.4, the optical transmission
coefficient is plotted as a function of the polar angle of incidence for p- and s-polarized
incident light. At normal incidence, the two transmission coefficients are of course equal,
as there is no unique plane of incidence in this case with respect to which we can define p-
and s-polarization. For incidence parallel to the surface, the transmission coefficients are
both zero. In between these two extremes however their behavior is quite different. The
transmission coefficient for s-polarized light decreases monotonically with increasing
angle of incidence, but the transmission coefficient for p-polarized light has a maximum
at about 64◦. At an angle of 75◦ the ratio between the two transmission coefficients is
3.6.

3.5.2 Results of the emission model

The difference between p- and s-polarized light is even more pronounced in the electron
emission. Fig. 3.5 illustrates the electron emission for p- and s-polarized incident light.
The overlap between the angular distribution of photoexcited electrons and the accep-
tance cone is an important factor in the accepted electron intensity. For p-polarized light
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Figure 3.3: Plot of the angle of refractionθt (solid line) and the optical penetration depthδopt

(dashed line) as a function of the polar angle of incidenceθi for isotropic Fe
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a much larger fraction of the excited electrons falls within the acceptance cone than for
s-polarized light. The reason for this is the difference in the orientation of the angular
distribution of photoelectrons for p- and s-polarized light. The angular distribution has
a maximum in the direction of the electric field, and is zero in directions perpendicular
to the field. For s-polarized light, the electric field always points parallel to the surface.
This means that no electrons are emitted along the surface normal, and only very few
inside the acceptance cone. For p-polarized light on the other hand, the electricfield will
point more and more towards the surface as the angle of incidence increases, andthe
angular distribution of electrons is rotated along with the electric field vector. Conse-
quently, the acceptance cone of the microscope selects a part of the angular distribution
with more electrons in it. If we defineΩe as the integral ofPe(θ0,φ0) over the acceptance
cone, then from eq. (3.32) and eq. (3.43) we have for p- and s-polarized lightrespectively

Ωe,p =
(ν2 +κ2)(2+cos3 α0−3cosα0)+2sin2 θi(1−cos3 α0)

4(ν2 +κ2 +sin2 θi)
; (3.45)

Ωe,s =
1
4

(2+cos3 α0−3cosα0) . (3.46)

For small acceptance angles, this becomes

Ωe,p '
3sin2 θi

4(ν2 +κ2 +sin2 θi)
α2

0 ; Ωe,s '
3
16

α4
0 . (3.47)

For the parameters in table 3.1, the internal acceptance angle is 5.0◦, giving an accepted
solid angle of 0.024 sr. The fraction of electrons excited within the acceptance cone is
8.0×10−4 for p-polarized light and 1.1×10−5 for s-polarized light — a difference of a
factor 73.

Dependence on the polar angle of incidence

In fig. 3.6 the accepted electron intensityI acc
e is plotted as a function of the angle of

incidenceθi . The electron intensity has been calculated with the full model of sec. 3.3
and sec. 3.4, including inelastic scattering and the angle-dependent electron transmis-
sion through the surface barrier. It has been normalized to the total number of excited
electrons per unit of time and per unit of areaI exc

e , to take out the effect of the optical
transmission and the oblique incidence of the light, as well as the unknown quantum
efficiencyγ. The resultΓe = I acc

e /I exc
e is the collection efficiency for the photoelectrons

of energyU . The behavior ofΓe follows quite closely that ofΩe: for s-polarized light,
the normalized electron intensity is almost independent of the angle of incidence,while
for p-polarized light it increases to a good approximation as sin2 θi .

The calculated values of the collection efficiency are roughly one sixth of the overlap
between the electron emission and the acceptance cone, both for p- and s-polarized light.
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Figure 3.5: Illustration of the electron emission from an isotropic material for (a) p-polarized
incident light and (b) s-polarized incident light. In (a) the plane of incidence is parallel to the
drawing plane, in (b) it is perpendicular to the drawing plane. The electron intensity depends
on the overlap between the angular distribution of photoelectrons and the acceptance cone of
the microscope (shaded). The intrinsic acceptance cone of the material is indicated withdotted
lines. Note that for p-polarized light, there is some emission along the propagation directionof
the light, as a result of the elliptical polarization of the transmitted wave. For s-polarized light,
the emission is zero for all directions in the plane of incidence.
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The losses are due to inelastic scattering and reflection at the surface barrier. For both,
we can estimate their magnitude by looking at electrons emitted along the axis of the
acceptance cone, i.e. perpendicular to the surface. The effect of the inelasticscattering
is determined by the inelastic mean free pathδe of the electrons. At 0.3 eV above the
vacuum level, the mean free path is 5.8 nm, which is approximately half the optical
penetration depth. For electrons emitted perpendicular to the surface, the contribution
from a depthz inside the sample decreases as exp(z/δe+ z/δopt). The excitation rate
eq. (3.30) is proportional to 1/δopt, so that the average escape probability for electrons
emitted along the surface normal isδe/(δopt+δe). Because the optical penetration depth
varies only very little with the angle of incidence, and the inelastic mean free path not at
all, the average escape probability is almost constant. At 75◦ incidence, it is 38%. The
second loss factor is the incomplete transmission through the surface barrier, given by
eq. (3.38). For the parameters in table 3.1,ζ01 = 6.7. The transmission factorTe(0) for
electrons emitted perpendicular to the surface is then 45%.

The fact that not all accepted electrons are emitted exactly perpendicular to thesur-
face has a small effect on the ratio between the collection efficiencies for p- ands-
polarized light. Both the escape probability and the transmission favor electrons emitted
with small emission angles. For p-polarized light there are relatively more of such elec-
trons in the acceptance cone than for s-polarized light. This results in a slight increase
of the ratio between the collection efficiencyΓe,p andΓe,s for p- and s-polarized light
compared to the ratio of the two overlap factorsΩe,p and Ωe,s, from 73 to 76 at 75◦

incidence. Combined with the difference in optical transmission, the accepted electron
intensity for p-polarized light is 274 times as high as for s-polarized light, assuming an
equal intensity of the incident light.

Energy dependence

The energy dependence ofΓe is plotted in fig. 3.7. The electron energy enters the model
via the mean free path, the acceptance angle and the transmission factor at the surface.
The energy dependence of the inelastic mean free path is given by eq. (3.34).Over the
energy range of 0–0.6 eV, the mean free path decreases by approximately 23%, giving
a decrease in the average escape probability for electrons emitted perpendicular to the
surface from 41% to 35%.

The energy dependence of the acceptance angle is characterized by a threshold en-
ergy, as explained in sec. 2.4.2. This threshold energy is visible in fig. 3.7 as thekink
at 0.1 eV. Above the threshold energy,α0 is given by eq. (3.40), which has only a very
weak energy dependence. At energies below the threshold energy, the acceptance is no
longer restricted by the contrast aperture and the acceptance angle in the vacuum be-
comes a full 90◦. Inside the sample, the acceptance angle is then equal to the intrinsic
acceptance angle of the material arcsinζ−1

01 . SinceV0 is much larger thanU , arcsinζ−1
01

is roughly proportional toU1/2. Since the overlap between electron emission and ac-
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ceptance cone increases asα2
0 for p-polarized light andα4

0 for s-polarized light, this
gives a linear increase of the collection efficiency with energy for p-polarized light and
a quadratic increase for s-polarized light.

ζ01 also appears in the expression for the electron transmission through the sur-
face barrier. At high energies, where the acceptance angle is considerably smaller than
arcsinζ−1

01 , the average transmission has a square-root like variation with energy. At low
energies, whereθ0 is not necessarily small compared toζ−1

01 , the angular dependence
of the transmission factor becomes more important and the transmission deviates from
U1/2 dependence.

The combined effect as seen from fig. 3.7 is a strong increase in collection efficiency
below the threshold energy, more so for s- than for p-polarized light, and a reduced,
square-root like increase above the threshold energy. Below the threshold energy,the
ratio between the collection efficiencies for p- and s-polarized light is to a good approx-
imation inversely proportional to the electron energy, while above the threshold energy
it remains virtually constant.

Dependence on other parameters

The dependence of the collection efficiencyΓe on the mean free path constantCa, the in-
ner potentialV0 and the acceptance angle in virtual sample spaceα2 is plotted in fig. 3.8.
These results can readily be understood using arguments like those above for the energy
dependence. For example, the kink in theα2 dependence at 4.5 mrad is again related to
the acceptance angle in the vacuum becoming 90◦, so that the contrast aperture becomes
irrelevant for the acceptance.

3.6 Magneto-optics

Sofar, we have not specified the optical anisotropy in any way. The anisotropy we will
use for the domain imaging is induced by the magnetic order. This chapter is therefore
concluded with a brief review of the relation between the magnetic structure of a mate-
rial and its optical properties, expressed in the generalized permittivity tensorε̃εε. In the
following chapters, we will apply the model to two specific forms of optical anisotropy,
corresponding to two different types of magnetic ordering.

Connections between the optical and magnetic properties of a material are called
magneto-optical effects. They can be classified by expanding the permittivity tensor in
the components of the spins which are involved in the magnetic order. If there is only
one type of spinS, then the permittivity, up to second order in the spin expansion, can
be written as [67]

ε̃αβ = ε̃(0)
αβ +Kαβγ〈Sγ〉+Gαβγδ 〈SγSδ 〉 . (3.48)
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Figure 3.6: Plot of the collection efficienciesΓe with p- and s-polarized light (solid lines) and
their ratio (dashed line) for isotropic Fe as a function of the polar angle of incidenceθi
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their ratio (dashed line) for isotropic Fe as a function (a) the mean free path constantCa, (b) the
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Hereε̃εε(0) is the permittivity in the absence of magnetic order andKKK andGGG are the first-
and second-order magneto-optical tensors. If there is more than one type of spin involved
in the magnetic order, such as the spins at odd and even sites in an anti-ferromagnet,we
have to sum over all spin types in the first-order term and all possible combinations of
spin types in the second-order term. In principle, contributions of third or higher order
in the spin components are also possible, but these are generally negligible compared to
the first and second order terms.

From the Onsager relation, it can be shown that the components of the first-order
magneto-optical tensorKαβγ are symmetric in their first two indicesα andβ [68]. The
anti-symmetric first-order magnetic contribution to the permittivity produces an optical
anisotropy which is called magnetic circular birefringence (MCB). As the name suggest,
this type of birefringence is characterized by a separate refractive index for left circularly
polarized light and one for right circularly polarized light. If linearly polarized light is in-
cident on a material which exhibits MCB, the polarization direction and the amplitude of
the reflected light are changed with respect to the situation without MCB. This magneto-
optical effect is called the Kerr effect [69]. The corresponding effect in transmission is
known as the Faraday effect [70]. As already mentioned in sec. 1.2, the magneto-optical
Kerr and Faraday effects can be used for magnetic domain imaging. The components of
the second-order magneto-optical tensorGαβγδ are symmetric in their first two indices
α andβ . The anisotropy resulting from the symmetric second-order contribution to the
permittivity is called magnetic linear birefringence (MLB), as the two refractive indices
correspond to different linear polarizations of the light5. The change in reflection and
transmission as a result of MLB is known as the Voigt [71] or Cotton-Mouton effect
[72].

As can be seen from eq. (3.48), MCB is connected to a net spin polarization〈S〉
in the material. Such a net spin polarization occurs e.g. in ferromagnetic materials be-
low the Curie temperature or paramagnetic systems in an applied magnetic field. For
anti-ferromagnetic materials the sum of〈S〉 over all spin sites is zero, so that they do
not exhibit MCB. MLB requires no net spin-polarization, so that it can occur in both
ferromagnetic and anti-ferromagnetic materials. However, in ferromagnetic materials
the anti-symmetric first-order contribution to the permittivity tensor is usually dominant,
so that the linear birefringence is suppressed. For both types of magnetic birefringence
holds that they are usually small compared to the much larger natural birefringenceef-
fects which occur in crystals with a symmetry which is lower than cubic.

In a classical picture, the first-order magneto-optical effects are a consequence of
the Lorentz force which is exerted on the oscillating electrons by the internal magnetic
field inside the material [6]. This Lorentz force produces a secondary oscillation, per-
pendicular to the primary oscillation defined by the polarization direction of the light.

5Note that thelinear birefringence comes from thequadraticterm in the spin expansion eq. (3.48). The
possible confusion is obvious.
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As a result of Huygens principle, the secondary oscillation adds to the amplitude of the
reflected and transmitted light. In the same way, the second-order magneto-optical ef-
fects can be explained by the action of the Lorentz force on the secondary motion of the
electrons [73].

The proper, quantummechanical explanation of the first-order magneto-optical ef-
fects however is based upon a combination of spin-orbit coupling and the abundance of
one spin direction [74, 75]. An important observation in this respect is that the mag-
nitude of the magneto-optical effects depends on the magnetization, i.e. the degree of
spin ordering, rather than on the magnetic field directly. The orbital Zeeman effect, the
quantummechanical equivalent of the Lorentz force, is much too weak to produce the
observed changes in the refractive index [76].

The second-order magneto-optical effects can have two different origins. As with the
first-order effects, they can be the result of spin-orbit coupling, in this case of second-
order terms in the perturbation expansion. Another mechanism which also gives a
second-order contribution to the permittivity is magnetostriction. Magnetostriction is
the deformation of the lattice which accompanies the magnetic order. It results from the
balance between the elastic deformation energy of the lattice and the dependence of the
exchange energy on the interatomic distance [77]. Since the exchange energyis propor-
tional to the inner product of two spins, the contraction of the lattice and the resulting
effect on the permittivity will also be quadratic in the spin components.



CHAPTER 4

Anti-ferromagnetic contrast in NiO (001)

NiO, known to mineralogists as bunsenite, is a member of the family of transition metal
mono-oxides. Over the past sixty years, a great deal of research has been conducted into
the interesting electronic and magnetic properties of this group of materials [78]. NiO is
anti-ferromagnetic with a high Ńeel temperature of 524 K [79]. Other anti-ferromagnetic
transition metal oxides have Néel temperatures close to or below room temperature,
which makes NiO a very attractive candidate for studying the anti-ferromagnetic order.
For this reason, most of the XPEEM work on anti-ferromagnets has been done on this
material [26]. A recent study by Weber et al. [5] showed a rather high contrast in
threshold PEEM of about 9% coinciding with the anti-ferromagnetic domain pattern
measured with XPEEM. In this chapter, we will study threshold PEEM as a method for
imaging the anti-ferromagnetic domains on polished NiO (001)1. We will do this both
theoretically, by applying the model of chapter 3, and experimentally.

4.1 Magnetic structure of NiO

NiO has the rocksalt (NaCl) crystal structure, with the Ni and O ions arranged on two
fcc Bravais lattices which are displaced over half the cube diagonal with respect toeach
other. This is illustrated in fig. 4.1. The lattice constant, i.e. the distance between two
corners of the fcc cube, is 0.417 nm [78].

1The Miller notation(hkl) for lattice planes and the associated notation[hkl] for lattice vectors are
explained in standard solid state textbooks (e.g. [8]). We will always use a coordinate system where thex
axis points in the [100] direction, they axis along the [010] direction and thezaxis along the [001] direction.

73



74 Chapter 4. Anti-ferromagnetic contrast in NiO (001)

Ni

O

Figure 4.1: Crystal structure of NiO. Both Ni and O ions are arranged on fcc Bravais lattices.
The lattice constant measured between two Ni ions along the side of the fcc cube is 0.417 nm.

In a purely ionic picture, the Ni ions have an electronic configuration of 3d8, giving
an ionic charge of 2+, while the O atoms have a 2p6 configuration, giving an ionic
charge of 2−. Since the Ni d-band is not completely filled, NiO should be a conductor.
However, it is an insulator with a band gap of 4.3 eV [80]. This bandgap is thought to
be the result of the strong on-site repulsion between the Ni 3d electrons, which raises
the energy of a Ni ion with an additional, ninth 3d electron. Depending on whether the
top of the valence band is Ni (3d) or O (2p) character, NiO is then a Mott-Hubbard or
a charge-transfer insulator [81]. Recent experimental evidence supports the latterview
[82], but the question is still not fully resolved.

The anti-ferromagnetism of NiO below the Néel temperature originates in the spins
associated with the partly filled 3d shells of the Ni ions. These spins are coupled through
a superexchange interaction mediated by the O ions [83]. The magnetic ordering which
results from the superexchange interactions is sketched in fig. 4.2. The Ni spins are
aligned parallel within (111) planes, which are therefore referred to as ferromagnetic
planes [84, 85]. In adjacent (111) planes, the spins are aligned anti-parallel, so the anti-
ferromagnetic vector points in the [111] direction. The alignment axis for the spins has
long been unclear, but is now generally thought to be the [112̄] direction [86]. Since there
are four sets of (111) planes, four different T-domains are possible in NiO. Projected onto
the (001) surface, the anti-ferromagnetic vectors for these domains show a 90◦ rotational
symmetry around the surface normal. Within each T-domain, the spins may point in
three equivalent [11̄2] directions. For each T-domain there are therefore three possible
S-domains, giving a total of twelve different domains [9].

The anti-ferromagnetic order is accompanied by a lattice contraction in the direc-
tion of the anti-ferromagnetic vector [87, 88] as a result of magnetostriction. At room
temperature, the distance between the ferromagnetic planes is decreased by about0.1%
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Figure 4.2: Anti-ferromagnetic spin ordering in NiO. Only the Ni ions are shown. The Ni (3d)
spins within a single (111) plane are aligned parallel. Two adjacent (111) planes have opposite
spins. The spin alignment axis is the [112̄] axis.

of the lattice constant [89]. The deformation changes the crystal symmetry from cubic
to rhombohedral and introduces uniaxial magnetic linear birefringence [79]. Uniaxial
MLB is a special form of MLB, where the generalized permittivity is equal in two di-
rections and different in a third direction. This third direction is called the optical axis.
In the case of NiO, the optical axis coincides with the contraction direction, i.e. the
anti-ferromagnetic vector, and not with the spin axis. This shows that the contribution
to the anisotropy from magnetostriction is more important than that from second-order
spin-orbit coupling. Different T-domains have a different anti-ferromagnetic vector, and
therefore also a different optical axis. The magnetic birefringence of NiO was used al-
ready in the 1950s and 1960s to image anti-ferromagnetic domains in thin single crystals
with optical techniques [85, 90, 91]. In this chapter we will try to determine whetherthe
same is possible in combination with threshold PEEM. Deviations from the uniaxial
anisotropy between different S-domains corresponding to the same T-domain are very
small [91] and are not expected to yield any detectable contrast.

4.2 Model calculations

Uniaxial MLB is characterized by a different permittivity for electric fields pointing in
the direction of the optical axis than for fields perpendicular to the optical axis [61].This
can be expressed by the following relation between generalized displacementD̃ and the
electric fieldE:

D̃ = ε̃(0) [E+Λ(E ·m)m ] , (4.1)
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where ε̃(0) is the isotropic permittivity of the material without MLB,Λ the relative
change in permittivity andm a unit vector in the direction of the optical axis. The
general form of the generalized permittivity tensor for a material with uniaxial MLB is
then

ε̃εε = ε̃(0)





1+Λm2
x Λmxmy Λmxmz

Λmymx 1+Λm2
y Λmymz

Λmzmx Λmzmy 1+Λm2
z



 , (4.2)

The two refractive indices for a wave normalsare found by solving the characteristic
equation eq. (3.13):

ñ2
− = ñ2

0 ; ñ2
+ = ñ2

0
1+Λ

1+Λs2
‖

. (4.3)

We will uses‖ = s·m ands⊥ = [1− (s·m)2]1/2 to indicate the components ofsparallel
and perpendicular to the optical axis. ˜n0 = (ε̃(0)/ε0)

1/2 is the refractive index without
MLB. Because ˜n− is independent of the propagation direction and equal to the isotropic
refractive index, this refractive index is known as the ordinary refractive index. Theother
refractive index ˜n+ is then the extra-ordinary refractive index. The polarization vectors
for the ordinary and the extra-ordinary wave are from eq. (3.12)

e− =
1

N−
n ; e+ =

1
N+

[(

1+Λs2
‖

)

(s×××n)+Λs‖s⊥s
]

, (4.4)

whereN± are normalization constants andn is given byn = (s×××m)/s⊥. If s⊥ = 0, then
n can be any unit vector perpendicular tom. We see that the ordinary wave is polarized
perpendicular to the plane spanned bys andm, the so-called principal plane, while the
extra-ordinary wave is polarized in the principal plane.

The wave normals of the two transmitted waves are determined by the refraction
condition eq. (3.19). This can be solved by the iterative procedure explained in sec. 3.3.
With the wave normals thus obtained, the polarizations of the two waves can be deter-
mined and from this the optical transmission, and finally the electron emission. The
model parameters we will use for NiO are listed in table 4.1. The refractive index cor-
responding to the isotropic permittivitỹε(0) is ñ0 = 2.35+2.02i . The value forΛ is an
estimate, based on the difference in refractive index for 2.5 eV photons propagating per-
pendicular to the optical axis. Unfortunately, no values for 4.9 eV photons are available.
Note that reported values for the birefringence vary considerably between authors, by at
least a factor two in the visible [79, 90, 91]. The magnetic contrast is to first order linear
in Λ, so that it is easy to adapt our results for a different value ofΛ. The inelastic mean
free path constantC for NiO is about a factor four larger than for Fe. This reflects the
fact that no low-energy electron-hole pairs can be created in a bandgap material. For
the optical axism, there are four possible choices, corresponding to the four different
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Parameter Value Unit Ref.

ε̃/ε0 Relative generalized per-
mittivity

1.4+9.5i [92, 93]

Λ Relative change in gener-
alized permittivity

0.005 [79]

h̄ω Photon energy 4.9 eV [39]
U Electron energy 0.3 eV
Φ Work function 4.3 eV [94]
V0 Jellium potential 3.5 eV [94]
C Mean free path constant 2170 (eV)2 [54]
a Monolayer thickness 0.21 nm [66]
V2 Transfer potential 15 keV
α2 Acceptance angle in vir-

tual sample space
2.6 mrad

θi Polar angle of incidence 75 degrees

Table 4.1: Model parameters for NiO

T-domains:

m1 =
1√
3





1
1
1



 ; m2 =
1√
3





−1
1
1



 ;

m3 =
1√
3





−1
−1
1



 ; m4 =
1√
3





1
−1
1



 . (4.5)

In fig. 4.3 the optical transmission coefficient is plotted as a function of the azimuthal
angle of incidence for the first choice of optical axis. The collection efficiencyΓe for
the electrons is plotted in fig. 4.4. All curves have been normalized to the values for
isotropic NiO, calculated withΛ = 0. As can be seen from these graphs, the optical
anisotropy affects the collection efficiency more than the optical transmission. The max-
imum change in optical transmission with respect to the isotropic case is about 0.13%
for s-polarized incident light, and about 0.016% for p-polarized incident light. The max-
imum in change in collection efficiency on the other hand is 0.7% for s-polarized light
and 1% for p-polarized light.

The relative change in collection efficiency for s-polarized light is always non-negative.
This is easily understood if we remember that the angular distribution of photoelectrons
for s-polarized light in an isotropic sample has its maximum in a direction parallel to the
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Figure 4.3: Plot of the calculated optical transmissionsTopt with p- and s-polarized light (solid
lines) and their ratio (dashed line) as a function of the azimuthal angle of incidenceφi . The
optical axis is [111]. The azimuthal angle of incidence is measured from the [100] direction. The
transmission coefficients have been normalized to their values for the isotropic caseΛ = 0.
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Figure 4.4: Plot of the calculated collection efficienciesΓe with p- and s-polarized light (solid
lines) and their ratio (dashed line) as a function of the azimuthal angle of incidenceφi . The
optical axis is [111]. The azimuthal angle of incidence is measured from the [100] direction. The
collection efficiencies have been normalized to their values for the isotropic caseΛ = 0.
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surface and is zero in a direction perpendicular to the surface. This is the least favorable
orientation for external electron emission. Any change in the electric field direction as
a result of the anisotropy will therefore be a change for the better, and lead to a higher
collection efficiency. For an azimuthal angle of incidence of 45◦ or 225◦, the change in
collection efficiency for s-polarized light is zero. At those particular angles of incidence,
the optical axis lies within the plane of incidence, so that the plane of incidence coin-
cides with the principal plane. The ordinary wave is then polarized perpendicular tothe
plane of incidence, while the extra-ordinary wave is polarized in the plane of incidence.
The transmission matrix of eq. (3.24) is diagonal, with s-polarized light being transmit-
ted entirely into the ordinary wave and p-polarized light entirely into the extra-ordinary
wave. Because the refractive index and the polarization vector for the ordinary wave are
not different from those of s-polarized transmitted light in the isotropic case, the change
in collection efficiency for s-polarized light is zero.

For p-polarized light, a change in the electric field can either increase or decrease the
collection efficiency, depending on whether the field rotates towards or away fromthe
surface normal. The maximum effect occurs at an azimuthal angle of incidence of 45◦

or 225◦, when all of the incident p-polarized light is transmitted into the extra-ordinary
wave.

For comparisons with experiments, we require the expected contrast between differ-
ent domains. The total asymmetry in the accepted electron intensity between domains
with optical axesm2 andm1 is plotted in fig. 4.5 (a) as a function of the azimuthal angle
of incidence. This total asymmetry contains the effects of both the differences in the
optical transmission and those in the collection efficiency. The surface projections of the
two optical axesm2 andm1 make an angle of 90◦. The other possibility is an angle of
180◦ between the surface projections of the optical axes, such as form3 andm1. The
asymmetry curve for this case is plotted in fig. 4.5 (b). In both cases, the asymmetry with
p-polarized light is much larger than with s-polarized light. This suggests that taking the
ratio between PEEM images measured with p- and s-polarized light is a good way to
reduce other forms of contrast which do not depend on the polarization, especially topo-
graphic contrast. The maximum expected asymmetry in the ratio image is about 0.8%
for 90◦ rotated domains and 0.9% for 180◦ rotated domains.

4.3 Experimental results

Below are our experimental results on two different NiO (001) samples. The samples
were obtained from the Surface Preparation Laboratory in Zaandam, the Netherlands,
where they were cut within 0.5◦ along the (001) surface and subsequently polished. Our
PEEM experiments showed that the quality of the second sample was much better than
the first one, with significantly less scratches and other polishing damage. We will first
discuss our preliminary experiments performed on the first sample. These experiments
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Figure 4.5: Plot of the calculated total asymmetries in the accepted electron intensity with p- and
s-polarized light (solid lines) and in the ratio of the accepted electron intensities (dashed line)as
a function of the azimuthal angle of incidenceφi between (a) domains with optical axes [1̄11]
and [111]; (b) domains with optical axes [1̄1̄1] and [111]. The azimuthal angle of incidence is
measured from the [100] direction.
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prompted the calculations described in the previous section. Guided by the results of
these calculations, more detailed experiments were carried out on the second sample.

4.3.1 Experimental details

All experiments have been carried out in the experimental setup described in chapter 2.
This setup has the possibility of doing LEIS experiments to determine the surface com-
position and structure of the samples. Two types of LEIS measurements were performed.
In both cases, the incident ion beam consisted of 2 keV He+ ions. The angle of incidence
with respect to the surface was 10◦, and the energy analyzer was placed under an angle
of 90◦ with respect to the incident beam. To check the surface composition, the energy
setting of the analyzer was scanned from zero to 2 keV. In this way an energy spectrum
of the scattered He+ ions was recorded. A typical spectrum, recorded on the first sample,
is shown in fig. 4.6 (a). The energy of the scattered ions can be translated into a mass for
the scattering partner by assuming a binary collision between the incoming ion and the
surface atom and applying energy and momentum conservation. Formulae are given in
the book by Feldman and Mayer [95]. The two peaks in fig. 4.6 (a) could be identified
as scattering by O and Ni atoms. Clearly, the sample contains no foreign species such as
C or S. Note that the heights of the Ni and O peaks cannot be translated into a surface
stoichiometry because of the unknown difference in neutralization probability between
scattering from O and Ni.

To determine the surface structure, azimuthal LEIS spectra were recorded for Ni and
O. In such a measurement, the energy setting of the analyzer is fixed at one of the peaks
in the energy spectrum, and the sample is rotated around its surface normal. In close-
packed directions, the repulsive potentials of atoms in the same row overlap, makingit
difficult for incident ions to closely approach a single atom and be scattered over large
scattering angles. Consequently, the close-packed directions show up as valleys in the
azimuthal spectrum. An example of azimuthal LEIS spectra for Ni and O is shown
in fig. 4.6 (b). These spectra were recorded immediately after the energy spectrum of
fig. 4.6 (a). The main crystal directions are indicated. Clearly, the spectrum has the
four-fold rotational symmetry that is expected of the (001) surface of NiO. Apart from
the closest-packed [110] direction, the second and third closest-packed directions are
visible.

Because NiO is an insulator, care has to be taken to avoid charging problems in
PEEM experiments. Without sufficient conductivity, the surface acquires a positive
charge as a result of the electron emission, counteracting the accelerating field and
eventually stopping all current flow from the sample to the microscope. Conductivity
was provided by sputtering the sample with Ar+ ions from the ion gun and the sputter
source. Such soft sputtering leads to defect states in the bandgap close to the Fermi
level, thereby facilitating photoemission and improving the conductivity of the sample.
As discussed elsewhere [5, 78] these defect states probably correspond to O vacancies.
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Figure 4.6: LEIS spectra measured with 2 keV He+ incident under 10◦ with the surface and
detected under 90◦ with the incident beam: (a) energy spectrum identifying the surface compo-
sition; (b) azimuthal spectrum identifying the surface structure.
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Even after sputtering though, the electron intensity remains rather low. This results in
long exposures, 10–100 s for images with a 300µm field of view and 100–1000 s for
images with a 100µm field of view. During these long measurements, a slow drift of
the sample was observed. In the p/s ratio images we will show, a correction for this drift
has been applied. By comparing the positions of distinct topographic features in both the
image with p- and s-polarized light, the drift can be estimated. The s-polarized image
is then translated back over the same distance before taking the ratio. In combination
with small non-uniformities in the channelplate and phosphor screen efficiency, the drift
limits the minimum asymmetry that can be observed to about 0.5%.

4.3.2 Preliminary experiments

After introducing the first sample into the vacuum chamber and pumping down to a base
pressure of 5×10−10 mbar, the sample was sputtered for one hour with a 2 keV Ar+

beam from the ion gun. The angle of incidence of the Ar+ ions with respect to the
surface was 15◦ and the sample was rotated around the surface normal. The integrated
sputter current was approximately 0.5 µAh cm−2.

After sputtering, PEEM images where made with p- and s-polarized light. The az-
imuthal angle of incidence was within a few degrees along the [110] direction. Two
typical sets of images, taken at different positions on the surface, are shown in fig. 4.7.
The electron intensity with p-polarized light was on the average a factor four higher than
with s-polarized light. The images show a number of dark spots, which correspond to
deep holes at the surface, where the accelerating field is so strongly perturbed that no
electron trajectories lie within the acceptance cone. Also observed are more extended
patterns, which show a large contrast, especially in the images made with p-polarized
light. The features in the left set of images are line-shaped, whereas the pattern in the
right set is much wider. The bottom images are p/s ratio images, taken by dividing the
intensity Ip of the image with p-polarized light by the intensityIs of the image with
s-polarized light on a pixel-by-pixel basis. The asymmetry

A =
(Ip/Is)1− (Ip/Is)2

(Ip/Is)1 +(Ip/Is)2
(4.6)

between the light (1) and the dark (2) areas in these ratio images is about 7%. To verifya
possible magnetic origin of the observed patterns, we heated the sample to temperatures
significantly above the Ńeel temperature of 524 K. A p-polarized image taken at 790 K is
shown in fig. 4.8. The corresponding s-polarized image shows much less contrast, as for
the measurements at room temperature. The large drift at these elevated temperatures
makes it impossible to obtain good quality p/s ratio images, but clearly, the contrast
does not disappear. An interesting effect was observed after exposing the sampleto
200 L of oxygen, which is shown in fig. 4.9. Apart from a very strong reduction in
electron intensity, the bright areas in the p-polarized image show up with a much weaker
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and inverted contrast after oxygen exposure. In the s-polarized image, the contrast is
also inverted. Compared to the contrast before oxygen exposure, it is much stronger.
As a result of the lower electron intensities the image quality of the p/s ratio image is
much reduced, but otherwise, the pattern is this image remains largely the same. The
asymmetry has decreased to about 5%.

Since the observed patterns do not disappear above the Néel temperature, a mag-
netic origin can be excluded. We found that after prolonged sputtering, the contrast
disappears. It therefore seems likely that the patterns are caused by polishing damage of
the NiO surface. This is certainly consistent with the scratch-like shape of some of the
patterns. The effect of oxygen exposure on the electron intensity can be explainedby the
filling of O vacancies created during the initial sputtering.

4.3.3 Detailed experiments

The model calculations show that magnetic contrast due to MLB in threshold PEEM
depends on the azimuthal angle of incidence of the light beam, and that themaximum
asymmetry is of the order of 1%. This asymmetry is much smaller than the observed
asymmetries during our preliminary experiments. A very careful study is needed there-
fore to make any magnetic structures visible. For our more detailed experiments, we
used a second NiO (001) sample of considerably better polishing quality.

Initial sputtering was performed with the sputter source, delivering 680 eV Ar+ ions
under an angle of incidence of 36◦ with respect to the surface. The integrated sputter
current was again 0.5 µAh cm−2. PEEM images taken after this initial sputtering stage
are shown in fig. 4.10. These images were taken at six different azimuthal angles of in-
cidence. Since the azimuthal axis of rotation was not in the field of view, rotations were
combined with translations, in order to keep the same spot on the sample in view. The
angles of incidence with respect to the [100] axis were calculated with the help of an
azimuthal LEIS spectrum similar to fig. 4.6 (b). The asymmetry in all of the images is
about 20–25%. Unlike in our preliminary experiments, a clear pattern was now observed
in both the images taken with p-polarized light and with s-polarized light. The electron
intensity with p-polarized light was again about a factor four higher than with s-polarized
light. Ratio images are shown in fig. 4.11. The asymmetry in the ratio images ranges
from about 1% to 3%, with no clear dependence on the azimuthal angle. This, andthe
fact that a comparable contrast is observed with p- and s-polarized light for all azimuthal
angles of incidence points away from a magnetic contrast based on MLB. Also the abso-
lute value of the contrast in the p- and s-polarized images is much larger than we expect
from our model calculations. As will be shown, prolonged sputtering removes the pat-
terns and we therefore conclude that they again originate in polishing damage. The fact
that the patterns now appear in the s-polarized images with similar contrast as in the p-
polarized images may be caused by the different procedure of sample preparation, both
with regard to polishing and sputtering.
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Figure 4.7: Two sets of PEEM images taken at different positions on the first NiO (001) sample:
image with p-polarized light, image with s-polarized light and p/s ratio image. The field of view
for these images is 300µm. The gray scale for the ratio image has been chosen in such a way
that 50% gray corresponds to a intensity ratio of one. The black and white edges are aresult of
the drift correction.
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Figure 4.8: PEEM image measured at 790 K with p-polarized light. The sample position is
almost the same as in the right column of fig. 4.7; the sample has drifted slightly to the righttop
corner.

To remove any contrast connected to polishing damage, we further prepared the sam-
ple by prolonged sputtering with 680 eV Ar+ ions under 36◦. The total sputtering time
was ten hours, giving an integrated sputter current of 10µAh cm−2. A comparison be-
tween two PEEM images before and after sputtering is shown in fig. 4.12. Clearly, the
main pattern visible before the sputtering has disappeared. The dark spots connected
to holes on the surface however remain, and provide us with a means of identifying lo-
cations on the sample. In fig. 4.13, we show a series of p/s ratio images measured at
different azimuthal angles of incidence after the prolonged sputtering. Again, acombi-
nation of rotations and translations was employed to keep the same spot of the sample
in view. The pattern of holes visible in the images shows that we succeeded in this.
Special care was taken to keep the drift as small as possible, remeasuring the p and s
images if the drift was too large. Within the detection limit of our setup, apart from the
holes no contrast was observed in these ratio images. Similar results were found on other
positions on the sample, both in the center and close to the edges.

4.4 Discussion and conclusions

Threshold PEEM on defect-free NiO (001), with a Hg arc lamp delivering photons with
energies up to 4.9 eV, is not possible. As shown by Kuhlenbeck et al. [94], the minimum
binding energy of valence band electrons with respect to the vacuum level is given by
the workfunction of 4.3 eV and an additional energy of 1–2 eV because of the energy
difference between the Fermi level and the top of the valence band. The same authors
show that for polished samples and for thin films grown on a Ni substrate the situation
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Figure 4.9: Effect of oxygen exposure on the PEEM images. Left is a set of images taken before
oxygen exposure; right a set after exposure to 200 L of oxygen. Sample position and field of
view are the same as in the right column of fig. 4.7.



88 Chapter 4. Anti-ferromagnetic contrast in NiO (001)

74°

216°

167°

263°

311° 358°

Photons

Figure 4.10: Series of PEEM images taken with p-polarized light at different azimuthal angles
of incidence. The field of view of these images is 108µm. The azimuthal angle of incidence
given in the top left corner of each image is measured with respect to the [100] crystal direction.
The position on the sample is the same in all images. The direction from which the sample is
illuminated is indicated in the top left image.
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Figure 4.11: P/s ratio images corresponding to the images in fig. 4.10.
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Before After

Figure 4.12: Comparison between two PEEM images taken with p-polarized light at the same
position on the sample, before and after prolonged sputtering. The field of view is 108µm.

is quite different. In their UPS studies with 21.2 eV photons they observed (defect)
states with energies up to very close to the Fermi level. As already mentioned, these
defect states are probably related to O vacancies. We have experimentally shown that
our polished NiO (001) samples contain large patterns, which we ascribed to polishing
damage. It seems likely that the bright areas in these patterns are regions with a larger
concentration of O vacancies than the rest of the surface. This is consistent with the
observation that the patterns respond to an oxygen exposure of the sample. The low
electron intensity before sputtering can be explained by the existence of large defect-
free areas, where photoemission is not only impossible but where the conductivity is
expected to be extremely low. When photoemission from areas with many O vacancies
takes place, this quickly leads to local charging of the surface since the createdholes
cannot be removed via the defect-free areas. By soft sputtering, O vacancies are also
produced in the areas which were initially defect-free, thereby increasing the overall
conductivity of the surface and making PEEM experiments feasible.

In fig. 4.5, calculated total asymmetry curves are shown for T-domains rotated by 90◦

and by 180◦ with respect to each other. The small asymmetry in the images obtained with
s-polarized light led us to the procedure of searching for magnetic asymmetries by taking
the ratio between images obtained with p- and with s-polarized light. However, as shown
in our experiments, patterns likely related to polishing damage may show very large
asymmetries in p/s ratio images. For identifying magnetic contrast, therefore, additional
tests like heating the sample above the Néel temperature were essential. Concerning
the patterns attributed to polishing damage, we found significant differences between
the two samples used, in the observed contrast as well as in the asymmetries in the
ratio images. We ascribed these differences to the different polishing and sputtering
procedures used. This is not surprising giving the sensitivity of threshold PEEM to the
first few nanometers of the sample. In fact, a change in the topmost layers of the surface
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Figure 4.13: P/s ratio images measured at the same spot on the sample under different azimuthal
angles of incidence after prolonged sputtering. Contrast in these images, apart from topographic
contrast from holes, is less than 0.5%.
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alone can already produce a significant change in reflectivity of the sample [96].
So far, we have not been able to identify magnetic asymmetries on polished NiO (001)

with threshold PEEM. The patterns with large contrast observed after only initial sput-
tering do not pass the temperature test: upon heating to temperatures above the Néel
temperature, they did not disappear. Their removal by longer sputtering supports this,
since a true anti-ferromagnetic domain structure will extend into the bulk of the sample.
Careful measurements at different azimuthal angles of incidence after prolonged sput-
tering did not reveal any significant contrast other than pure topographic contrast from
holes in the sample. This can mean three things: (i) the sample is one single domain; (ii)
the domains are too small to be resolved; (iii) the anti-ferromagnetic contrast is below
the detection limit of the setup. The first possibility seems highly unlikely, as no special
precautions were taken to avoid stress on the sample during polishing or mounting, stress
being the main driving force behind domain formation in NiO. To produce domains of
a macroscopic size, the sample has to be annealed at temperatures in excess of 1000 K,
which were not applied to our samples [85]. In the same way, it is not expected that
the domain size will be smaller than the typical length scales of the polishing damage,
which was well resolved in our microscope images. Other domain patterns of NiO single
crystals which were not subjected to special annealing treatment show typical domain
sizes of 10µm [90, 5], which is much larger than the resolution of our microscope. We
therefore conclude that is most likely that the anti-ferromagnetic contrast for NiO (001)
in threshold PEEM is below the detection limit of our system, i.e. smaller than 0.5%.
This is smaller than the asymmetry of 0.9% predicted by the model calculations, but
some of the model parameters are not very well-known, especially the value ofΛ. As
we already stated, values differing by at least a factor two are reported forΛ in the visible
by different authors. A more detailed discussion of the model will be given in chapter 5.

Finally, we will discuss the only other study of NiO with threshold PEEM, by We-
ber et al. [5]. They reported an asymmetry of 9% in their p/s ratio images of cleaved
NiO (001), and from a comparison with XPEEM images taken on the same spot they
concluded that the contrast was anti-ferromagnetic. We have shown in this chapterthat
without additional tests such a conclusion is not justified. The patterns they observed
with threshold PEEM are much more likely to be similar to the ones observed by us on
polished NiO (001), i.e. areas with high O deficiencies alternating with virtually defect-
free areas as a result of the polishing/cleaving procedure. Their XPEEM results merely
show that anti-ferromagnetic domains coincide with these defect patterns. Such a rela-
tion between defects and domain pattern was also observed on a thin NiO (001) film by
Stöhr et al. [97]. The magnitude of the contrast reported by Weber et al. is a full order of
magnitude larger than the contrast expected from our model calculations. For this reason
also, an anti-ferromagnetic origin seems unlikely. To rule out any effect of the type of
sample, cleaved or polished, we will in the near future repeat our measurements on a
cleaved NiO (001) sample.



CHAPTER 5

First results on ferromagnetic contrast in FeSi (001)

The magnetic and electrical properties of silicon iron, Fe1−xSix, have been well studied.
One reason is that this material is frequently used as a transformer core. Iron contain-
ing a few atomic percent of Si has the same excellent magnetic properties as pure iron
whereas the electrical resistivity is significantly increased. This reduces eddy currents
compared to the use of pure iron, resulting in less power loss and heat generation. Ex-
periments have shown that the (001) surface of FeSi1, which has a bcc structure, shows a
rich variety of ferromagnetic domain patterns [6, 98]. The detailed shape of the domains
depends on many parameters, like stress, misorientation of the (001) surface, surface
roughness etc. The regularity of the domain pattern and the large domain size, of the
order of 10–100µm, make silicon iron a good choice as a test system for developing
ferromagnetic domain imaging in threshold PEEM. To this can be added that the use
of magneto-optical effects for the imaging of domains in silicon iron with optical mi-
croscopy is well established. In this chapter we will present theoretical calculations as
well as our first experimental results on a polished Fe0.97Si0.03 (001) sample.

5.1 Model calculations

Since FeSi is a ferromagnet, the dominant magnetic birefringence effect is magnetic
circular birefringence, which is linear in the components of the average electron spin. If

1For simplicity, Fe1−xSix will be abbreviated to FeSi from now on.
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we ignore MLB, which is a second-order effect, the permittivity tensor becomes [6]

ε̃εε = ε̃(0)





1 −i Λmz i Λmy

i Λmz 1 −i Λmx

−i Λmy i Λmx 1



 , (5.1)

Hereε̃(0) is the isotropic permittivity without MCB andΛ is the relative change in per-
mittivity. m is a unit vector pointing in the magnetization direction, i.e. the direction of
〈S〉. This shape of the permittivity tensor clearly satisfies the requirement that the first-
order magnetic contribution is anti-symmetric. The identification of the three constants
mx, my andmz with the components of the magnetization follows from the symmetry of
the situation [62]. The strength of the MCB, expressed inΛ, is proportional to the de-
gree of spin-polarization. For ferromagnetic materials, the magnetization within a single
domain is saturated, so thatΛ has a fixed value.

Solving the characteristic equation eq. (3.13) gives us the two refractive indices for
a general wave normals:

ñ2
± = ñ2
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wheres‖ = s·m ands⊥ = [1− (s·m)2]1/2 are the components ofs parallel and perpen-
dicular to the magnetization and ˜n0 = (ε̃(0)/ε0)

1/2 is the refractive index without MCB.
The polarization vectors corresponding to these refractive indices are:
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, (5.3)

wheren = (s×××m)/s⊥ andN± is a normalization factor. Ifs⊥ = 0, thenn can be any
unit vector perpendicular tom. For a real wave normals, the polarization vectors in
eq. (5.3) represent light which is nearly circularly polarized, hence the name circular
birefringence.

The parameters for Fe with 3 atomic percent Si will be taken equal to those of Fe,
which are given in table 3.1. For Fe,Λ is approximately real, with a value of about
−0.02 for 4.9 eV photons [63]. The preferred orientation of the magnetizationm in FeSi
is along one of the [100] directions, which are the so-called easy axes of magnetization
[98]. A magnetization perpendicular to the surface is not expected in the absenceof an
applied field in that direction, as the field energy of the resulting stray field makes this
orientation energetically unfavorable. So we will assume thatm lies in the [100], [̄100],
[010] or [01̄0] direction.

In fig. 5.1, we plotted the optical transmission as a function of the azimuthal angle
of incidenceφi of the light for a magnetization in the positivex direction. The curves
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have been normalized to the values for isotropic Fe, which were presented in sec. 3.5.
The maximum variation in the optical transmission is not very large, about 0.1% for p-
polarized light and 0.01% for s-polarized light. A much stronger effect is observed in the
dependence of the collection efficiency on the azimuthal angle of incidence, plotted in
fig. 5.2. The maximum variation here is 6% for p-polarized light and 27% for s-polarized
light, much larger than the relative change in permittivity. Besides the magnitude of the
variations, there are two other differences between p- and s-polarized light. First of all,
for p-polarized light, the relative change in collection efficiency can be either positive
or negative, whereas for s-polarized light, it is always positive or zero. This wasalso
observed in the previous chapter for NiO. Secondly, the effects for p-polarized light
are largest when the magnetization is perpendicular to the plane of incidence, while the
effects for s-polarized light are largest with the magnetization in the plane of incidence.

To illustrate the origins of the variations in collection efficiency we will discuss in
more detail two special geometries, and derive approximate analytical expressions.The
magnetization is still assumed to lie along the positivex axis.

Longitudinal Kerr geometry In the so-called longitudinal Kerr geometry, the mag-
netization vector lies in the plane of incidence. This is the case forφi = 0◦ or φi = 180◦.
If we solve eq. (3.19) for the refractive indices of eq. (5.2), we find to first order inΛ

ñ j ' ñ0

(

1+
sinθi cosφi

2ñ0
Λ
)

;

ñ j ' ñ0

(

1− sinθi cosφi

2ñ0
Λ
)

; (5.4)

st1x ' sinθi cosφi

ñ0

(

1− sinθi cosφi

2ñ0
Λ
)

;

st2x ' sinθi cosφi

ñ0

(

1+
sinθi cosφi

2ñ0
Λ
)

. (5.5)

The y components of the wave normals are zero and thez components are determined
by the normalizations2

t j = 1. φi appears in these expressions only to give the correct
sign to cosφi . The wave normals in combination with eq. (5.3) provide us with the
polarization vectorset1 = e+(st1) andet2 = e−(st2) for the two transmitted waves. We
can then compose the transmission matrix eq. (3.24), and calculate the wave amplitudes
Et01 andEt02 for the case of p- and s-polarized incident light. The amplitude of the
total electric field directly after transmission is the combinationEt01et1 +Et02et2. For p-
and s-polarized incident light, the electric field directly after transmission, normalized to
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Figure 5.1: Plot of the calculated optical transmissionsTopt with p- and s-polarized light (solid
lines) and their ratio (dashed line) as a function of the azimuthal angle of incidenceφi . The mag-
netization is the along [100]. The azimuthal angle of incidence is also measured from the [100]
direction. The transmission coefficients have been normalized to their values for the isotropic
caseΛ = 0.

0.7

0.8

0.9

1

1.1

1.2

1.3

0 60 120 180 240 300 360

Azimuthal angle of incidence [°]

N
o
rm

a
liz

e
d
 c

o
lle

c
ti
o
n
 e

ff
ic

ie
n
c
y

p

s

p/s

Figure 5.2: Plot of the calculated collection efficienciesΓe with p- and s-polarized light (solid
lines) and their ratio (dashed line) as a function of the azimuthal angle of incidenceφi . The mag-
netization is the along [100]. The azimuthal angle of incidence is also measured from the [100]
direction. The transmission coefficients have been normalized to their values for the isotropic
caseΛ = 0.
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unity, is given up to first order inΛ by:

etp '
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 . (5.7)

Herest0 is the wave normal for the isotropic refractive index ˜n0. Note that these normal-
ized fields are not true polarization vectors for any wave. Deeper in the sample, theratio
between the amplitudes of the two waves changes due to the difference in penetration
depth. Consequently, the total electric field will be different there also.

The effect of the MCB on the electric field direction for p-polarized light is to rotate
the field slightly out of the plane of incidence by adding a component in they direction.
The change in the overlap between the angular distribution of photoelectrons and the
acceptance cone which results from this is of the orderΛ2, asEy appears in squared
form only in eq. (3.42). In combination with the small value ofΛ, this explains why no
effect is visible on the collection efficiency for p-polarized light atφi = 0◦ andφi = 180◦

in fig. 5.2. Transmitted s-polarized light gains components in thex andz direction as a
result of the MCB. Again, these only lead to second-order effects on the overlap between
emission and acceptance cone. However, the collection efficiency for s-polarizedlight
greatly benefits from even a slight electric field component in thezdirection, as this gives
a contribution to the overlap which is quadratic inα0, instead of theα4

0 contribution
from the components parallel to the surface (see eq. (3.47)). Therefore, the collection
efficiency can increase by as much as 27%, even in the absence of a linear effect.

Transverse Kerr geometry For φi = 90◦ or φi = 270◦, the magnetization is perpen-
dicular to the plane of incidence. This geometry is called the transverse Kerr geometry.
Within first order inΛ, the two refractive indices in this geometry are equal to ˜n0. This
means that the refraction is not changed with respect to the isotropic case, and the wave
normal for both waves isst0. One of the waves is linearly polarized perpendicular to the
plane of incidence, like an s-polarized wave in an isotropic material. The other wave is
polarized as a ‘p’-polarized wave, but with an extra elliptical component:
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 . (5.8)

Just as for an isotropic material, the transmission matrix is diagonal. This means the
incident s-polarized light is polarized alongets after transmission and p-polarized light
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alongetp. For s-polarized light, there is no change in the electric field direction as a
result of the MCB, not even in higher order inΛ. Consequently, the collection efficiency
is unaltered. For p-polarized incident light however, there is a linear effect ofthe MCB
on the overlap between the angular distribution of photoelectrons and the acceptance
cone. As it turns out, after some algebra we end up with a relatively simple expression
for the overlap in this case:

Ωe,p '
3sin2 θi

4(ν2
0 +κ2

0 +sin2 θi)
α2

0

[

1+
2Λκ0

sinθi

(

ν2
0 +κ2

0 −sin2 θi

ν2
0 +κ2

0 +sin2 θi

)

sinφi

]

, (5.9)

whereν0 = −Re(ñ0st0z) andκ0 = −Im(ñ0st0z), and we have ignored contributions of
orderα4

0 . The second term between the square brackets represents the relative variation
in the overlap between emission and acceptance cone as a result of the MCB. For Fe,
with an angle of incidence of 75◦, it is ±6.2%, which agrees very well with the varia-
tion in the collection efficiency calculated with the full model, including scattering and
quantummechanical transmission through the surface.

Asymmetries between domains with a different orientation of the magnetization can
be calculated by shifting the collection efficiency curve for one domain over the angle
between the two magnetizations. If for example, two domains have opposite magnetiza-
tions, the variations in the collection efficiency with the azimuthal angle of incidencefor
the two domains are shifted with respect to each other over an angle 180◦. This means
that with s-polarized light, the collection efficiencies for the two domains are equal, and
no contrast is observed. With p-polarized light on the other hand, the maximum positive
difference in collection efficiency for one domain coincides with the maximum negative
difference for the other domain. If we choose the orientation of the plane of incidence so
that is perpendicular to the two magnetizations, the PEEM image taken with p-polarized
light shows one domain as a bright area and the other as a dark area.

Asymmetry curves, giving the expected asymmetry as a function of the azimuthal
angle of incidence for domains with perpendicular or opposite magnetizations, are given
in fig. 5.3. The curve in fig. 5.3 (a) shows the asymmetry between a domain which is
magnetized in the positivey direction, and one which is magnetized in the positivex
direction. The maximum asymmetry with p-polarized light is about 4%, while with s-
polarized light we obtain asymmetries as high as 15%, as a result of the strong variation
in the collection efficiency with the azimuthal angle of incidence. For domains with
magnetizations which are rotated over 180◦, shown in fig. 5.3 (b), the asymmetry with
s-polarized is identically zero. The asymmetry curve with p-polarized light is sine-like,
with a maximum value of 6%.

For completeness, we conclude by giving the results obtained for the polar Kerr
geometry, where the magnetization is perpendicular to the surface. As stated, this ge-
ometry is not expected in the absence of an applied magnetic field. The azimuthalangle
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Figure 5.3: Plot of the calculated total asymmetries in the accepted electron intensity with p- and
s-polarized light (solid lines) and in the ratio of the accepted electron intensities (dashed line)as
a function of the azimuthal angle of incidenceφi between (a) domains with magnetizations in the
directions [100] and [010]; (b) domains with magnetizations in the directions [1̄00] and [100].
The azimuthal angle of incidence is measured from the [100] direction.
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of incidence is not an interesting parameter in this geometry, since the sample is rota-
tionally symmetric around the surface normal. The results we obtain from the model are
similar to those for the longitudinal Kerr geometry. There is no significant difference in
the collection efficiency for p-polarized light with respect to the isotropic situation. For
s-polarized incident light, the collection efficiency increases by 10.5%, independent of
the sign of the magnetization: into or out of the surface. Because the electron intensity
is insensitive to the magnetization direction for both polarizations of the light, we cannot
distinguish between domains with different out-of-plane magnetizations using threshold
PEEM.

5.2 Experimental results

The FeSi sample, containing 3 atomic percent Si, was obtained from the Surface Prepa-
ration Laboratory in Zaandam, the Netherlands, where it was cut within 0.5◦ along the
(001) surface and polished. After introduction into the setup, the sample was prepared
by sputter cleaning with a 680 eV Ar+ ion beam from the sputter source under an angle
of 36◦ with the sample surface. We continued sputtering until all contaminants like C
and O were removed from the sample. This was checked by LEIS measurements. A
typical energy distribution of 2 keV He+ ions scattered under an angle of 90◦ with the
incoming ion beam is shown in fig. 5.4 (a). The angle of incidence of the ions with re-
spect to the sample surface was 10◦. The energy spectrum shows the peak associated
with scattering from Fe, but also the smaller peak associated with scattering from Si.
The azimuthal distribution measured with the energy analyzer set to the energy of the Fe
peak is shown in fig. 5.4 (b). FeSi crystallizes in a bcc Bravais lattice, with the Si atoms
substituting for Fe atoms. The azimuthal LEIS spectrum for Fe shows the appropriate
structure for the (001) surface, with the [100] closest-packed directions and the [110]
second closest-packed directions clearly identifiable.

All PEEM experiments have been carried out directly after sputter cleaning the sam-
ple. We found that the sample was of very good quality. Deep holes leading to dark
spots in the PEEM image were very scarce, and no large patterns similar to those ob-
served for NiO could be seen. The images that will be presented have been taken on
different locations on the sample and under different angles of incidence. Toreduce
the effect of drift, we alternated measurements with p-polarized light and s-polarized
light, ten of each with typical exposures of 50 s and 200 s respectively. Before adding
the images to obtain an average p- and s-polarized image, each individual image was
corrected for its drift. In all measurements, we found that the electron emission slowly
decayed with time after sputtering until it reached a stable value after about 3000 s. This
decay is plotted in fig. 5.5. Because it takes about 15 min to optimize the microscope,
the first image was taken 15 min after the sputtering. An exponential fit yielded a 1/e
time of 742±68 s for the decrease of the electron intensity with p-polarized light and
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Figure 5.4: LEIS spectra measured with 2 keV He+ incident under 10◦ with the surface and
detected under 90◦ with the incident beam: (a) energy spectrum; (b) azimuthal spectrum for Fe
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Figure 5.5: Decay of the electron intensity with time after sputtering, with p-polarized light
(diamonds) and s-polarized light (squares). The curves are exponential fits to the data.

628±44 s with s-polarized light. The intensity ratio between p- and s-polarized light
immediately after sputtering is 5.2±0.6, which has decreased to 3.9±0.1 an hour after
sputtering.

In fig. 5.6 two averaged PEEM images are shown, one with p-polarized light and one
with s-polarized light. The azimuthal angle of incidence determined from comparison
with azimuthal LEIS is 2◦ off the [100] direction. The field of view for these images
is 166µm. The two images are very similar, with the brighter center and darker edges
mainly coming from vignetting, in combination with non-uniformities in the sensitivity
of the channelplates and the phosphor screen. The ratio image between the images with
p- and s-polarized light is shown in fig. 5.7 (a). Apart from the dark spot, virtually no
contrast is seen in this image. The dark and white bands at the edge of the image are
caused by the drift correction. In fig. 5.7 (b–d) the gray scale in a rectangular area has
been gradually changed, thereby revealing small asymmetries in the image. Especially
noteworthy is the dark, more or less zigzag shaped band running from the lower left
corner to the upper right. Wide bands which were attributed to magnetic contrast have
also been observed by Marx et al. [4, 55] in a thin polycrystalline iron film. To quantify
the contrast, we scanned a mask of the same shape as the observed pattern across the ratio
image and at each step averaged the image intensity within the mask. This is illustrated
in the inset of fig. 5.8. The mask is meant to improve the statistics compared to a single
line scan. We experimented with the size and shape of the mask to determine the mask
which best suited the pattern. The obtained p/s intensity ratio profile is shown in fig. 5.8.
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p s

Figure 5.6: PEEM images with p- and with s-polarized light taken at the same position on the
sample. Each image is the average of ten images taken in alternation. Field of view forthese
images is 166µm. The images look almost identical. Only by close inspection it becomes clear
that the shape of the small dark spot near the center is slightly different in both images. The
unsharp edge of the images is a result of the drift correction applied to each individual p- or
s-image before averaging.

The asymmetry calculated from this profile is(0.7±0.1)%.
Another series of PEEM measurements were carried out on a different part of the

sample. The azimuthal angle of incidence in this case was 9◦ with respect to the [010]
direction and the field of view was 326µm. The separate images made with p- and s-
polarized light show no interesting features. The ratio image is shown in fig. 5.9. The
gray scale in a small area was changed, revealing weak but regular structures. A scan
similar to that for the previous image was performed. The result is plotted in fig. 5.10.
The asymmetry between the light band at 17µm and the dark band at 33µm is (0.8±
0.1)%. The dip in intensity at 10µm is significant and points to a thin dark band which
is only partly resolved.

5.3 Discussion and conclusions

Only two papers have been published in which threshold PEEM was used to image fer-
romagnetic domains by means of a primary contrast mechanism. Marx et al. [4] from the
group of G. Scḧonhense have performed threshold PEEM experiments in the transverse
Kerr geometry on a polycrystalline Fe film with a thickness of 100 nm. They have the
same polar angle of incidence in their setup, but their acceptance angle mightbe dif-
ferent. After application of a small magnetic field parallel to the surface, they observed
patterns in the shape of broad bands parallel to the field direction. The width of the bands
changed with changing magnitude of the applied magnetic field. They interpreted these
patterns as magnetic domains with opposite magnetizations, whereby domains with one
magnetization direction grow at the expense of domains with the opposite magnetiza-
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Figure 5.7: P/s ratio images corresponding to fig. 5.6: (a) p/s ratio image as measured (b–d) ratio
image with adapted gray scale in part of the image, to reveal subtle contrast. The main crystal
directions and the direction of photon incidence have been indicated.

0.99

0.992

0.994

0.996

0.998

1

1.002

1.004

1.006

1.008

0 10 20 30 40 50 60 70 80

Position [µm]

p
/s

 i
n

te
n

s
it
y
 r

a
ti
o

Figure 5.8: P/s intensity ratio profile, multiplied by a constant scaling factor. The inset shows
an illustration of the procedure with which the profile was obtained. A mask of the shape given
by the white lines was moved across the image in the direction of the arrow. At each step the
intensity of the pixels within the mask was averaged.
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Figure 5.9: P/s ratio image on a different position of the sample. The field of view for this image
is 326µm. (a) Ratio image as measured; (b) with adapted gray scale in part of the image.
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Figure 5.10: Profile corresponding to the image in fig. 5.9.
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tion direction if the magnetic field is increased or decreased. They found an asymmetry
between domains of opposite magnetization of 0.37%. Marx continued his work in the
group of R. Allenspach [55]. They studied the depth sensitivity of threshold PEEM using
ferromagnetic contrast in a 90 nm polycrystalline Fe film covered by an overlayer of Ag.
The asymmetry was measured as a function of Ag layer thickness. Large domains were
observed, with a rather arbitrary shape. For zero Ag layer thickness, a similar asymmetry
as in the other experiment was found.

For single crystalline FeSi it is well known that magnetic domains in general show
up as regular structures, with a large variety of possible patterns [6, 98]. The advantage
of using a single crystal over a polycrystalline film is that regular patterns, which are
easy to recognize, can be expected without the need of applying a magnetic field. In
the previous section we showed patterns which were found on different positions on
our FeSi sample. Both contain weak but distinct zigzag shaped bands, with different
widths. The domain walls seem to have a preference for aligning along one of the{100}
easy axes. The asymmetries we observed are twice as large as those found by Marx
et al. We take the regular shape of the patterns observed by us as a support for their
ferromagnetic origin. Of course, this has to be confirmed by an independent test, such
as application of a magnetic field or heating the sample above the Curie temperature.
Since our sample manipulator contains no facilities for applying a magnetic field, but
does allow for heating of the sample to high temperatures, the temperature test seems
the easiest. However, the Curie temperature of FeSi lies above 1000 K [66]. Heating
the sample to such high temperatures will doubtless affect the cleanliness of the surface
and should only be attempted after a thorough preparation of the sample by multiple
sputter and anneal cycles. The experiments reported here show only first results and
were conducted before such an extensive sample preparation.

That surface contamination is an issue in threshold PEEM is shown already by the
change in electron emission with time after sputtering observed in the present experi-
ments. The changes in photoemission are probably related to a slow contamination of
the surface with oxygen. Our sample, containing only a few atomic percent of Si, is
probably as sensitive to oxygen exposure as pure Fe (001). For the latter it is knownthat
at room temperature exposure of the sample to even 1 L of oxygen already increases the
workfunction by 0.1 eV [99]. As known, threshold PEEM is very sensitive to changes
in the work function, so this is one explanation of the observed behavior of the photoe-
mission yield with time. Another mechanism by which oxygen exposure changes the
photoemission is through the sample reflectivity, which changes if a thin layer of oxide
is formed on top of the FeSi [96]. This effect depends on the polarization of the light,
which can explain the change in the ratio between the electron intensity with p- and s-
polarized light. A question is to what extent the surface contamination influences the
asymmetry patterns. Since we alternated images with p- and s-polarized light, we can
determine separately the p/s ratio image for the first half hour of measurement and for
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the second half hour of measurement. It turned out that the asymmetry patterns were
present in both images.

When we compare our experimental results to our model calculations, we note that
the experimental asymmetry of 0.75% is about an order of magnitude smaller than the
maximum predicted asymmetries of 6% for domains with opposite magnetizations and
15% for domains which have magnetizations under 90◦ with respect to each other. As
the dependence of the contrast on the azimuthal angle of incidence has notbeen studied
yet, we cannot draw any conclusions with regard to this from our own measurements.
However, if we compare our predicted asymmetries to the experimental asymmetries
found by Marx et al. [4] for the transverse Kerr geometry, it seems that our predictions
are also about an order of magnitude larger. This cannot be explained by differences in
acceptance angle, since eq. (5.9) predicts that for small acceptance angles,the predicted
asymmetry is independent ofα0.

To explain an overestimation of the magnetic contrast by our model, we note that
the asymmetry depends not only on the optical anisotropy, but also on the anisotropy
of the angular distribution of photoelectrons shown in fig. 3.2. This angular distribution
in turn is based on the assumption that the photoexcited electrons in FeSi behave as
free electrons, which is of course an idealization. In reality, these electrons move in
the periodic potential of the lattice, and have to be described by Bloch waves [7]. This
has several consequences with respect to the photoemission. The most important is that
the angular distribution of photoelectrons is no longer proportional to|E · p|2, so that
photoemission can occur in directions perpendicular to the electric field. The angular
distribution can also deviate from the simple form assumed in the model because of
the angular dependence of the initial state wave functions, which modulates the|E ·p|2
factor coming from the final state. If spin-dependent Bloch states are used, the magnetic
order will also affect the angular distribution of the photoelectrons directly, independent
of the electromagnetic field of the light.

The model presented by Marx et al. does produce asymmetries which are in agree-
ment with their experimental results. Their considerably simpler model is based on the
same assumptions as our model, but leads to a lower value for the asymmetry because
they do not include the elliptical polarization of the light inside the sample. Properly
including the effects of the elliptic polarization can increase the asymmetry by as much
as an order of magnitude, as demonstrated by our results.

A second point which has to be addressed with regard to the comparison between
our model and our experiments is the fact that the ratio between the electron intensity
with p- and with s-polarized light from our model calculation given in sec. 3.5 is more
than an order of magnitude larger than the experimentally observed value of 5.2. The
main reason for this is probably again the shape of the angular distribution. Since the
photoemission with s-polarized light will benefit much more than the photoemission
with p-polarized light from emission perpendicular to the field, the intensity ratio will
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be strongly decreased if we assume a more isotropic shape for the angular distribution.
Minor effects of the Bloch character of the excited electrons arise from the transport of
the electrons to the surface and the transmission through the surface. For the transport,
we have to take into account the fact that the group velocity of the electron in a Bloch
state is not necessarily isotropic, so that electrons travelling in certain directions will
take longer to travel a certain distance and consequently have more chance of being lost
via inelastic scattering. The transmission is affected because the incoming electron wave
function is a Bloch wave instead of a plane wave.

A reduction in the intensity ratio is also possible by using other model parameters.
The inner potentialV0 for instance is an important parameter in this respect, since this
determines the internal acceptance angleα0. The value we used is close to the sum of
the workfunction and the Fermi energy, as it should be for a completely free electron
material, but a lower value might better agree with the actual band structure. This helps
the electron emission from s-polarized light, which is proportional toα 4

0 more than that
from p-polarized light, which is proportional toα2

0 , as can be seen also in fig. 3.8 (b).
The asymmetry however is not expected to depend strongly on the acceptance angle, as
is shown by eq. (5.9).

Another explanation is a possible inhomogeneity of the top layers of the sample,
where a considerable part of the electron emission comes from. This inhomogeneity can
be due to polishing or sputter damage, though it must be said that the azimuthal LEIS
spectrum shows a reasonable surface quality, and only a few isolated spots of damage
could be seen with PEEM. A more likely cause of inhomogeneity is oxidation of the top
surface layers. During our experiments, we did observe a change in the electron intensi-
ties over time, and we ascribed this to oxygen exposure. The intensity ratio immediately
after sputtering was determined to be 5.2, still considerably less than what the model
predicts, but this is an extrapolation based on intensities measured after 15 min.

Finally, it should be said that the main value of the model is in the understanding it
provides of the contrast mechanism and the dependence on the geometry, optical proper-
ties etc. We believe that the basic framework is correct, and a more accurate description
of the electron states can easily be incorporated, thereby improving the numerical results.



CHAPTER 6

General conclusions

In this thesis, the possibilities of threshold PEEM as a tool for magnetic domain imag-
ing were studied. The goal was the development of threshold PEEM as a technique
for studying both ferromagnetic and anti-ferromagnetic domains. Domain imaging in
threshold PEEM has received comparatively little attention. Apart from studies using
Lorentz deflection contrast, only three reports have appeared in literature so far.

The idea behind magnetic contrast as a primary contrast mechanism in threshold
PEEM is the coupling between the angular distribution of photoelectrons inside the sam-
ple and the electromagnetic field of the transmitted light. Through magneto-optical ef-
fects, this electromagnetic field is influenced by the magnetic structure of the material.
Threshold PEEM therefore in potential combines the well-studied magnetic contrast
mechanisms from optical microscopy with the much higher resolution of an electron
microscope.

Our setup demonstrates the possibility of equipping a general vacuum system with a
PEEM. With some modifications, aimed at reducing vibrations, we were able to obtain a
very satisfactory performance of the instrument. With a sample manipulator which was
not specially designed for microscopy, we obtained a demonstrated resolution of about
200 nm, and there is good reason to believe that the true resolution is better than that.
We have not yet demonstrated an improvement in the resolution for magnetic domain
imaging compared to optical microscopy, but this is because our first priority was the
establishing of magnetic contrast.

In chapter 3, a model for the magnetic contrast in threshold PEEM was developed,
based on a combination of magnetically induced optical anisotropy and the three step
model for photoemission. The model predicts the electron emission for a given geom-
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etry and polarization of the light from a number of material parameters. The model
was applied to a non-magnetic, isotropic material with the parameters of Fe and to two
magnetic materials. For the isotropic material, a large difference in electron emission
was observed between excitation with p- and s-polarized incident light. The ratio be-
tween the accepted electron intensities with p- and s-polarized light was calculated to be
274, a factor 3.6 coming from the optical transmission and the rest from the collection
efficiency for the excited electrons. Because the assumed angular distribution for the
photoelectrons is maximal in the direction of the electric field and zero perpendicularto
the field, the electron emission with s-polarized light is directed mainly parallel to the
surface. For p-polarized light, the electric field has a component perpendicular tothe
surface, so the electron emission within the acceptance cone of the microscope is much
larger.

The first magnetic material modelled was anti-ferromagnetic NiO (001), which has
magnetic linear birefringence as a result of a magnetostrictive lattice contraction. The
second material was Fe0.97Si0.03(001), which is ferromagnetic and has magnetic circu-
lar birefringence from spin-orbit coupling. In both cases, the effect of the birefringence
on the optical transmission was relatively small. The main effect of the anisotropy was
on the collection efficiency, through a rotation of the electric field inside the material.
The model predicted a value for the change in electron collection efficiency as a func-
tion of the orientation of the plane of incidence with respect to the magnetic ordering
direction. This could then be translated into an expected asymmetry between different
domains. For NiO the maximum expected contrast in a p/s ratio image is 0.7% for 90◦

rotated domains and 0.9% for 180◦ rotated domains. For FeSi it is 15% for domains
with perpendicular magnetizations and 6% for domains with opposite magnetizations.

PEEM experiments were also performed on polished crystals of both materials. In
the case of NiO (001) strong contrast was observed, but a magnetic origin could be ruled
out. We ascribed this contrast to differences in O deficiency as a result of sample prepara-
tion. This was supported by the behavior upon oxygen exposure, and the disappearance
of the contrast after prolonged sputtering. An upper limit for the anti-ferromagnetic con-
trast in NiO (001) of about 0.5% could be determined, based on the detection limit of our
setup. For FeSi (001) we found regular patterns in the p/s ratio images with an asymme-
try of (0.75±0.10)%. The magnetic origin of the patterns has not yet been confirmed
by an independent test, but their regularity and preferential orientation along the{100}
easy axes support this hypothesis.

A comparison between the theoretically predicted asymmetry for FeSi and exper-
imental observations by Marx et al. [4], as well as our own first experimental results,
seems to suggest that the model overestimates the contrast by an order of magnitude.
The ratio between the electron intensity with p- and with s-polarized light is also over-
estimated, if we compare it to our experimental value of 5.2. The main cause of these
differences is probably the assumed shape of the angular distribution, which followed
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from the jellium description of the photoexcited electrons. This can be remedied by
incorporating a more realistic band structure into the model.

As a final conclusion, we can state that for NiO, we have not observed any con-
trast related to anti-ferromagnetic domains. We expect that for this system the mag-
netic contrast in threshold PEEM is too small to be detected. Our first results with FeSi
are encouraging, since we did observe regular structures reminiscent of ferromagnetic
domains. We conclude that threshold PEEM has definite potential for ferromagnetic
domain imaging.

Next steps in the research project here in Utrecht will be to confirm the magnetic
origin of the patterns observed on FeSi by performing measurements above the Curie
temperature, and vary the azimuthal angle of incidence of the UV light. On the theoret-
ical front, we will improve the numerical results of the model by using a more realistic
description of the electron states based on band structure calculations.
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[6] A. Hubert and R. Scḧafer.Magnetic Domains: The Analysis of Magnetic Microsctructures.
Springer, Berlin, 1998.

[7] N.W. Ashcroft and N.D. Mermin.Solid State Physics. Holt, Rinehart and Winston, New
York, international edition, 1976.

[8] C. Kittel. Introduction to Solid State Physics. John Wiley and Sons, New York, 7th edition,
1996.

[9] F.U. Hillebrecht, H. Ohldag, N.B. Weber, C. Bethke, and U. Mick. Magnetic moments at
the surface of antiferromagnetic NiO(100).Phys. Rev. Lett., 86(15):3419–3422, 2001.

[10] J.K. Gregory, S.J. Bending, and A. Sandhu. A scanning Hall probe microscope for large
area magnetic imaging down to cryogenic temperatures.Rev. Sci. Instrum., 73(10):3515–
3519, 2002.

113



114 Bibliography

[11] J.R. Kirtley, M.B. Ketchen, et al. Design and applications of a scanning SQUID micoscope.
IBM J. Res. Develop., 39(6):655–668, 1995.

[12] M.R. Koblischka, U. Hartmann, and T. Sulzbach. Resolving magnetic nanostructures in the
10 nm range using MFM at ambient conditions.Mater. Sci. Engineering C, 23:747–751,
2003.

[13] G.A. Wardly. Magnetic contrast in the scanning electron microscopy.J. Appl. Phys.,
42:376–386, 1971.

[14] J.N. Chapman. The investigation of magnetic domain structures in thin film foils by elec-
tron microscopy.J. Phys. D: Appl. Phys., 17:623–647, 1984.

[15] R.V. Coleman and G.G. Scott. Magnetic domain patterns on single-crystal iron whiskers.
Phys. Rev., 107(5):1276–1280, 1957.

[16] A. Ourmazd, J.A. Rentschler, et al. Magnetic microstructure and flux dynamicsof high-Tc

superconductors.Phys. Rev. B, 36(16):8914–8917, 1987.

[17] K. Futschik, H. Pf̈utzner, et al. Why not use magnetotactic bacteria for domain analysis?
Physica Scripta, 40:518–521, 1989.

[18] R. Scḧafer. Magneto-optical domain studies in coupled magnetic multilayers.J. Magn.
Magn. Mater., 148:226–231, 1995.

[19] G. Eggers, A. Rosenberger, et al. Scanning near-field magneto-optic microscopy using
illuminated fiber tips.Ultramicroscopy, 71:249–256, 1998.

[20] M. Bode. Spin-polarized scanning tunneling microscopy.Rep. Prog. Phys., 66:523–582,
2003.

[21] R. Hoffmann, M.A. Lantz, et al. Atomic resolution imaging and frequency versus distance
measurements on NiO(001) using low temperature scanning force microscopy.Phys. Rev.
B, 67:085402, 2003.

[22] M.R. Scheinfein, J. Unguris, et al. Scanning electron microscopy with polarizationanalysis
(sempa).Rev. Sci. Instrum., 61(10):2501–2526, 1990.

[23] E. Bauer, T. Duden, and R. Zdyb. Spin-polarized low energy electron microscopy of ferro-
magnetic thin films.J. Phys. D: Appl. Phys., 35:2327–2331, 2002.

[24] B. Poelsema. Private communication.

[25] P. Fischer, T. Eim̈uler, et al. Imaging of magnetic domains by transmission X-ray mi-
croscopy.J. Phys. D: Appl. Phys., 31:649–655, 1998.

[26] C.M. Schneider and G. Schönhense. Investigating surface magnetism by means of pho-
toexcitation electron emission microscopy.Rep. Prog. Phys., 65:R1785–R1839, 2002.
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Samenvatting

Magnetisme en magnetische materialen zijn van groot fundamenteel en technologisch
belang. Een bekend voorbeeld van de technologische toepassing van magnetisme is de
opslag van computergegevens op magnetische informatiedragers, zoals harde schijven.
Een ander voorbeeld is ‘spintronica’. In deze nieuwe vorm van electronica wordt gebruik
gemaakt van een quantummechanische eigenschap van elektronen, spin, om informatie
over te brengen. Dit zal in de toekomst leiden tot kleinere, snellere en energiezuinigere
electronica. De electrodes die de spinstroom maken zijn magnetische materialen.

Het concept spin is nauwverbonden met dat van magnetisme. Een magnetisch mate-
riaal bevat ionen met een netto spin en deze spins zijn beneden de ordeningstemperatuur
op een bepaalde, regelmatige manier geordend. De twee voornaamste soorten ordening
zijn ferromagnetische en anti-ferromagnetische orde. In een ferromagnetisch materiaal
staan de spins beneden de Curie temperatuur allemaal dezelfde kant uit. Dit geeft een
netto magnetisatie. In een anti-ferromagneet staan de spins beneden de Néel temper-
atuur om en om, zodat er geen netto magnetisatie is. Beide soorten materialen kennen
een verdeling in magnetische domeinen: gebieden waarin de magnetische structuur op
een bepaalde manier georiënteerd is. In een ferromagneet staan de spins in verschillende
domeinen in een andere richting. In een anti-ferromagneet is ofwel de spinas anders, of
de richting waarin de spins alterneren.

Voor het onderzoek aan magnetisme is het van belang om de domeinstructuurvan
een materiaal op microscopisch niveau te kunnen afbeelden. Daarvoor bestaat een heel
scala aan technieken, elk met specifieke voor- en nadelen. In dit proefschrift wordt
een nieuwe techniek bestudeerd, namelijk foto-emissie elektronenmicroscopie (photoe-
mission electron microscopy, afgekort PEEM) met laagenergetisch UV licht (‘threshold
PEEM’). Het principe van deze techniek is als volgt. Een magnetisch materiaal (het
‘sample’) in vacüum wordt onder een scherende hoek bestraald met UV licht waarvan
de fotonenergie net boven de drempelwaarde voor elektronenemissie ligt. Als gevolg van
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het foto-electrisch effect worden elektronen vrijgemaakt uit het materiaal. Deze worden
versneld door een elektrisch veld in de richting van een electrostatische lenzenkolom.
Deze kolom maakt een vergrote afbeelding van de elektronenemissie vanaf het sample
oppervlak. Met behulp van een fosforscherm wordt de elektronenafbeelding omgezet
in een zichtbare beeld dat met een CCD camera wordt geregistreerd. Magnetisch con-
trast ontstaat doordat de optische eigenschappen van het sample afhankelijk zijn van
de magnetische ordening. Dergelijke verbanden noemt men magneto-optischeeffekten.
Als het licht het sample binnendringt wordt het gebroken en deze breking hangt af van
de magnetische struktuur. Het electromagnetische veld van het doorgelaten UV licht
heeft als gevolg daarvan in verschillende domeinen een andere richting. Dit resulteert
op zijn beurt weer in een andere intensiteit van geëmitteerde elektronen. Specifieke
voordelen van threshold PEEM boven andere technieken om domeinen af te beelden
zijn de hoge resolutie vergeleken bij optische microscopie, de mogelijkheid van in-
bouw in bestaande vacuümsystemen en de relatief geringe investeringskosten. Daar-
naast kan threshold PEEM in principe zowel ferromagnetische als anti-ferromagnetische
domeinen afbeelden. Voor het laatste type magnetische materialen wordt nu vooral
PEEM met R̈ontgenstraling gebruikt, hetgeen alleen mogelijk is bij een van het beperkte
aantal synchrotron faciliteiten in de wereld.

In Utrecht hebben we een bestaande vacuümopstelling, origineel gebouwd voor io-
nenverstrooiing, voorzien van een PEEM instrument. Na een aantal aanpassingen, be-
doeld om trillingen van de samplehouder ten opzichte van de microscoop te reduceren,
werd een resolutie van 200 nm gerealiseerd. Doordat het testsample dat we gebruikt
hebben om deze resolutie te meten niet geheel vlak was en daarmee het versnelveld van
de microscoop enigzins verstoorde, is er reden om aan te nemen dat de werkelijkeres-
olutie beter is dan 200 nm. Voor de hier bestudeerde systemen is dit ruim voldoende
en bovendien is onze eerste prioriteit het vinden van magnetisch contrast, waarna ineen
tweede stadium aan de resolutie gewerkt kan worden. Een gedetailleerde beschrijving
van de opstelling is te vinden in hoofdstuk 2 van dit proefschrift.

In hoofdstuk 3 wordt een theoretisch model voor het magnetisch contrast gepresen-
teerd. Zoals gezegd is dit model gebaseerd op de optische effekten van de magnetische
ordening. Het sample wordt optisch anisotroop als gevolg van de magnetische orden-
ing, hetgeen inhoudt dat de brekingsindex afhangt van de voortplantingsrichting en de
polarisatie van het licht in relatie tot de magnetische struktuur. In het optische deel
van ons model worden de consequenties hiervan voor de breking en transmissie van
het licht uitgewerkt vanuit de Maxwell vergelijkingen. Dit optische model wordt ver-
volgens gecombineerd met het drie-stappenmodel voor foto-emissie. De eerste stapin
dit model is het exciteren van elektronen naar een toestand met een hogere energie als
gevolg van de absorptie van een foton. De geëxciteerde electronen worden beschouwd
als vrije elektronen, met een hoekverdeling die evenredig is met het kwadraatvan het
inprodukt tussen het elektrische veld van het licht en de elektron impuls. De volgende
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stap is transport van de elektronen naar het sample oppervlak, waarbij een deelverloren
gaat door interacties met andere elektronen, defekten of fononen. De derdestap in de
foto-emissie is de transmissie van de elektronen door de oppervlaktebarrière, waarbij
een deel weer het materiaal in gereflecteerd wordt. Uiteindelijk zal een bepaalde fractie
van de gëexciteerde electronen het vacuüm inschieten onder een hoek die licht binnen
de acceptatiekegel van de microscoop. Deze fractie noemen we de collectie effici ëntie.

Het model werd als eerste toegepast op niet-magnetisch ijzer. Daarbij werd een
groot verschil waargenomen tussen de elektronenemissie bij polarizatie van het licht
in het vlak van inval (p-polarizatie) en loodrecht op het vlak van inval (s-polarizatie).
De verhouding tussen beide bedroeg 274, waarbij een factor 3.6 kwam van het verschil
in optische transmissie en de rest van de collectie efficiëntie. De verklaring voor het
verschil in collectie efficïentie is dat de elektronenemissie vooral plaatsvindt langs de
richting van het elektrisch veld. Bij s-polarizatie is het elektrisch veld langs het opper-
vlak gericht. Bij p-polarizatie is het elektrisch veld enigzins uit het oppervlak gericht,
waardoor relatief meer elektronen binnen de acceptatiekegel van de microscoop vallen.

Als eerste magnetische materiaal werd in hoofdstuk 4 het (001) oppervlak van een
gepolijst nikkeloxide (NiO) kristal bestudeerd. NiO is anti-ferromagnetisch en vertoont
optische anisotropie als gevolg van een samentrekking van het kristalrooster onder in-
vloed van de magnetische ordening. De samentrekking van het rooster vindt plaats in de
richting waarin de spins alterneren, en is van domein tot domein verschillend. Een voor-
spelling gebaseerd op ons model liet zien dat verschillen in elektronenemissie tussen ver-
schillende domeinen vooral afkomstig zijn van verschillen in collectie efficiëntie. Het ef-
fekt van de optische anisotropie op de reflectie en transmissie van het licht is veel kleiner.
Tussen domeinen waarvan de struktuur ten opzichte van elkaar over 90◦ gedraaid is werd
een maximaal contrast van 0.7% voorspeld in de verhouding van elektronen emissie met
p-gepolariseerd licht en met s-gepolariseerd licht. Voor 180◦ gedraaide domeinen is het
verwachte maximum contrast 0.9%. Experimenteel werden duidelijke patronen met een
sterk contrast waargenomen bij het NiO sample. Bij verhitten van het sample tot boven
de Ńeel temperatuur echter verdwenen deze patronen niet, hetgeen uitsluit dat wete
maken hebben met magnetisch contrast. Een betere verklaring is dat het gebieden be-
treft waarin de zuurstofconcentratie verschilt als gevolg van de manier van prepareren.
Dit wordt ondersteund door de observatie dat de patronen reageren op blootstellenvan
het oppervlak aan zuurstof en het feit dat de patronen verdwijnen na langdurige beschi-
eting met argonionen. Voor het eventuele magnetische contrast kunnen weconcluderen
dat dit kleiner moet zijn dan de gevoeligheid van onze opstelling, circa 0.5%.

Hoofdstuk 5 beschrijft onze eerste resultaten aan het (001) oppervlak van een ijzer-
silicium (Fe0.97Si0.03, kortweg FeSi) kristal. FeSi is een ferromagneet die bekend
staat om een grote variëteit aan mogelijke domeinpatronen. Deze domeinpatronen zijn
ideaal om threshold PEEM mee te testen vanwege hun regelmatige vorm en grootte.
Ons model voorspelde voor FeSi een maximum contrast van 15% in de p/s verhouding
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tussen domeinen met loodrechte magnetisatierichtingen en een maximum contrast van
6% tussen domeinen met tegengestelde magnetisatierichtingen. Experimenteel konden
we in p/s beelden gemeten met de microscoop zwakke, maar min of meer regelmatig
gevormde patronen herkennen. Het contrast in deze patronen bedroeg(0.75±0.10)%.
De magnetische oorsprong moet nog met een onafhankelijke test worden bewezen, maar
de vorm en de voorkeursoriëntatie in bepaalde kristalrichtingen suggereren dat het in-
derdaad om magnetische domeinen gaat.

Vergeleken bij onze experimentele resultaten, en de enige resultaten aan Fe met
threshold PEEM in de literatuur, overschat ons model het magnetisch contrast in FeSi
met een orde van grootte. Ook de verhouding tussen de absolute elektronen emissie
met p- en s-gepolariseerd licht wordt overschat, als we deze vergelijken met de experi-
mentele waarde van 5.2. We vermoeden dat deze verschillen worden veroorzaakt door
het gebruik van vrije elektronen in onze theoretische beschrijving van het emissieproces.
Toepassing van meer realistische quantummechanische toestanden voor de elektronen
zal het model verbeteren en tot een nauwkeurigere numerieke voorspelling leiden. Het
principe en de kwalitatieve resultaten van ons model echter blijven overeind.

Als slotconclusie kunnen we stellen dat we erin geslaagd zijn om met threshold
PEEM patronen te zien in FeSi die hoogstwaarschijnlijk magnetische domeinen zijn,
maar dat het magnetisch contrast in NiO te klein is om waar te nemen. Daarmee lijkt
threshold PEEM als techniek voor de afbeelding van ferromagnetische domeinen zeker
potentie te hebben.
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