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“Probleme kann man niemals mit derselben Denkweise losen,
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Abstract

In this work the magnetic properties of a 1.6 ML Co film grown on an Ir(111)
substrate were investigated using spin-polarized electron energy loss spectroscopy
(SPEELS). Two magnon excitation peaks were identified, and their dispersion rela-
tion was measured along the I'-K-direction of the surface Brillouin zone. A careful
analysis of the two magnon peaks revealed that they originate from a complex surface
with trilayer patches. The first excitation peak was identified to originate from the
n = 0 magnon mode of a trilayer structure. The second excitation peak could either
originate from the n = 0 magnon mode of bilayer patches, or from the n = 1 magnon
mode of trilayer patches. It was concluded that the Co film grows in a Vollmer-Weber
manner. Measurements have been conducted with the aim to quantify the effects of
the DM-interaction on the magnon dispersion relation. Our measurements showed
a slight effect, but the broadening of the magnon peaks made it hard to quantify
this interaction. The system has successfully been modelled by first-principles cal-
culations, taking into account the correlation effects. The exchange constants were
estimated to be Jﬁ = 4.8meV, Ji" = 6meV and Jp = 8.2meV, where Jﬁ7 Ji" and
JHS represent the values of the intralayer exchange constants in the interface, middle
and surface layer, respectively. For interlayer exchange, the exchange constants were
estimated to be J; = 5.2meV for exchange between the interface and middle layer,

and J; = 11.8meV for exchange between the middle and surface layer.
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Chapter 1

Introduction

Magnetism is an exciting phenomena that has been known, and studied, since an-
cient times. The word "magnet" comes from old Greek and means "stone from
Magnesia" [1|. The first definite statement on magnetism is attributed to Thales
of Miletus (approx. 634-546 BC) who said that lodestone attracts iron [2]. The
invention of the compass is perhaps the first practical application of magnetism.
The use of the compass for navigation represented an important progress in human
abilities. The first scientific publication on magnetism is the book "De magnete"
by William Gilbet, published 1600 in London. In this book he proposed that the
Earth itself is a giant magnet. The field of the Earth was modeled in detail around
1835 by Carl Friedrich Gauss (1777-1855) [2]|. In 1819 Hans Christian Orsted (1777-
1851) observed that a magnetic force is exerted on a magnetic needle by the electric
current in a nearby wire, leading to the discovery of electromagnetism [3|. This
represented a revolution in our understanding of magnetism as well as our practical
applications of it. Electromagnetism was thoroughly studied throughout the 19th
century by scientists like Jean-Baptiste Biot (1774-1861), Felix Savart (1791-1841),
André Mairue Ampére (1775-1836), Michael Faraday (1791-1867) and James Clerk
Maxwell (1831-1879) [4-6]. The next big revolution came during the 21st century,
with the establishment of quantum theory [7-11]. Within this framework, the un-

derlying mechanisms leading to magnetism can be understood.

In parallel with the development of our understanding of magnetism, new technolog-
ical equipment were invented that have revolutionized our societies. Today, in our
modern civilization, the utilization of magnetism is of crucial importance. The mod-
ern world is completely reliant on electricity, wireless communication at the speed
of light and high-tech magnetic devices used in information technology. Since the
very beginning of computer science, magnetism was utilized for memory recording
in devices like hard drives and the old fashioned floppy disk. Computers today, are

still reliant on magnetic recording, but getting access to the recorded data is not as
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efficient as it could be. A potential new technology that could utilize bosonic quasi-
particles for information processing, would be expected to generate both faster and

more energy efficient devices [12-14].

Magnons are bosonic quasi-particles that refer to the collective modes of spin exci-
tations in a magnetic solid. They play an essential role in many observed magnetic
phenomena and represent a very interesting field of study, that lies at the heart of
condensed matter physics. Magnons in ultrathin ferromagnetic films, with thickness
of a few atomic layers, are of particular interest, both for potential utilization in
new technologies and from a physical point of view. In ultrathin films one can fabri-
cate the system to investigate specific effects and geometries that would be possible
to observe in nature. The vertical constraint of such a film allows only for short-
wavelength magnon modes. The number of confined magnon modes is equal to the
number of atomic layers [15]. The presence of the vacuum-film and substrate-film
interfaces influences the bonding environment for the atoms in each layer. The dif-
ferences in bonding environment leads to distinctive magnon states, each with their
own characteristics [16]. Modifications to the exchange interaction that for example
can be imposed by adjustments of the lattice strain, the atomic structure and the

film substrate are possible tools to engineer these magnon modes.

In this thesis 1.6 monolayers (ML) of Co grown on an Ir(111)-substrate is inves-
tigated. Here, "atomic monolayer" (ML) refers to a single atomic layer of the
material. The system is of great interest, because a quantitative understanding
of the dispersion relation of Co films grown on different surfaces is not yet avail-
able. Earlier research has found that first-principles calculations within the gener-
alized gradient approximation of the density functional theory (DFT) are efficient
for predicting magnon energies for Fe systems [16-18]. A study where the magnon
dispersion relations were measured for different Co systems revealed that the first-
principles calculations heavily overestimate the magnon energies of the films [19].
A better agreement with the experimental results was found by a renormalization
of the majority-spin states of the 3d bands towards the Fermi level while keeping
the minority-spin states unchanged [20-22]. However, it was, necessary to explain
the experimental data from the Co film grown on a Pt(111)-surface with a stronger
renormalization compared with the Ir(001) and Cu(001) surfaces. The answer to this
question, whether the (111)-surface in general requires a stronger renormalization
of the majority bands remains unclear. The Ir(111) substrate is chosen to provide

further insights on this matter. Moreover, Ir is a heavy metal and exhibits a large
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spin-orbit coupling. It is therefore expected that it is possible to measure the an-
tisymmetric Dzyaloshiniskii-Moriya-exchange-interaction (DM-interaction) for this
substrate [23-26]. This is also an interesting topic, that has not yet been investi-

gated.

A brief theoretical introduction to the specific topics discussed in this thesis is given
in Chapter 2. The chapter also includes an introduction to the Dzyaloshiniskii-
Moriya-exchange-interaction mentioned above. The dispersion relation of a bilayer
and trilayer fcc(111)-system is calculated by a simple Heisenberg model in Section
2.4. Chapter 3 provides an introduction to the SPEELS lab and a calibration calcu-
lation for the deposition of Co. The results are presented and discussed in Chapter
4. The measured dispersion relation is compared with calculations in Section 4.3 of
this chapter. Chapter 5 provides a short summary and the conclusions that have

been drawn from this work.






Chapter 2

Theoretical Background

2.1 Long range magnetic order

The Bohr van Leeuwen theorem states that when statistical mechanics and classi-
cal mechanics are applied consistently, the thermal average of the magnetization is
always zero [27]. As a consequence, magnetization is a purely quantum phenom-
ena. In quantum theory, permanent magnetization is caused by the alignment of
electron spin in the material. On an atomic scale, electrons in the same orbital
prefers to have their spin parallel in accordance with Hund’s 1st rule [28]. This is
due to the Coulomb interaction between the electrons and the charged nucleus [29].
The closer the electrons are to each other in space, the more efficiently they screen
the nuclear charge and the weaker they are bound to the nucleus. The Coulomb
energy is minimized when the electrons are in an antisymmetric spatial state, and
thus a symmetric spin state, because this maximize the distance between them and
thus minimize the screening of the nuclear charge. The most well known magnetic
materials are of the 3d-transition metals, such as Mn, Fe, Co and Ni. These are
materials that all have a total spin magnetic moment on an atomic scale due to their
spin configuration, the electron orbits and spin-orbit effects. The electron configu-
ration of Co, which is studied in this paper, is [Ar]3d"4s?. The spin configuration is
shown in Fig. (2.1). In sum the Co has three spin up that contribute to the magne-
tization. The magnetic moments of the transition metals are almost entirely due to
the d-electrons [2]. It is, however, important to note that because they are metals,
the atoms are coupled together through metallic bonds. Some of the electrons are

therefore itinerant and the isolated atomic picture is incorrect. Rather than single
TR VI T S
3d
4s

FIGURE 2.1: The spin configuration of Co, that has electron configuration [Ar]3d"4s?
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isolated atoms, one may consider each lattice point in the metallic crystal as a car-
rier of a magnetic moment. For long range magnetism, the magnetization of these
lattice sites must prefer to align. One may consider each lattice site, i, to have net
magnetic moment ;. The interactions between the sites are determining the long
range order of the system. The spins themselves produce a dipolar magnetic field
and may interact through a dipole-dipole interaction. This interaction is, however,
too weak to explain magnetic order at temperatures above 1K [27]. The strongest
long-range interaction between spins, and the main reason for magnetic order above
1K, is the exchange interaction. The exchange interaction origins from the energy
required to change quantum states between two electrons. The joint wavefunction
of two electrons may be a singlet of total spin 0 and energy Eg, or a triplet of total
spin 1 and energy Et. The energy associated with an exchange from a singlet to a

triplet state defines the exchange constant

2J = Eg — Er. (2.1)

In a microscopic description of a macroscopic magnetic system, the exchange inter-

action may be described by the Heisenberg Hamiltonian [30, 31|
Hpe = — Z JijSi - Sy, (2.2)
ij

where J;; is the exchange constant between the it and j*" spins. If J is positive,
E; > Er the spins prefer to align parallel. If J is negative, F; < Er and the spins
prefer to be antiparallel. Even though the exchange interaction is responsible for
long range magnetic order it does require an overlap of the electron wavefunctions.
It is therefore a strong, but short-ranged, interaction. The Heisenberg Hamiltonian
is symmetric on the behalf of spin exchange and does not discriminate between
the spatial directions in which the spins may be parallel or anti-parallel. Real fer-
romagnets, however, often have a preferred axis of magnetization. The magnetic
anisotropy is defined as the energy that it takes to rotate the magnetization direc-
tion from the easy (preferred) into the hard direction. The main contributor to the
magnetic anisotropy is the spin-orbit interaction. The magnetic anisotropy couples
the spin to the crystal lattice [2]. In comparison to the Heisenberg exchange inter-
action, this effect is weak. In some arrangements the exchange coupling also has an
antisymmetric component, that also origins from spin-orbit coupling. The so-called
Dzyaloshiniskii-Moriya (DM) interaction act between two spins S; and S, and has

the Hamiltonian
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Hpu =—» Dij-Si xS, (2.3)
ij

where ﬁij is the Dzyaloshiniskii-Moriya vector [23-26]. The lowest DM-energy is
obtained when the spins are at right angles to each other in a plane perpendicular
to the DM-vector. The DM interaction is much weaker than the Heisenberg inter-
action and varnishes for systems with inversion symmetry. In systems with broken
inversion symmetry, its most common effect is to rotate the spins by a small an-
gle. An ultrathin surface of a magnetic material often has a broken symmetry and
therefore also a DM-contribution to its Hamiltonian. From Eq. (2.3), one can show
that the dispersion relation of this DM-term, considering only the nearest neighbor

interactions can be written as

Epy = c sin?6 Z (D, - &)sin(q - R). (2.4)
R

Here c is the chirality rotation index (+1 for right rotating sense and -1 for left),
0 denotes the relative angle between the neighboring spins, D; is the DM vector of
the nearest neighbors, & denotes the direction of the easy axis and R represent the
position vector of nearest neighbors [32]. From this equation one expects a sinusoidal
behaviour of the energy shift due to the DM interaction, as a function of wavevector

q. In summary, the total Hamiltonian for a spin system may be written
H=Hp+Hr:+Hpu (2.5)

where Hp describes the response of the system to an external magnetic field and
Hp, and Hpys are defined by Eq.(2.2) and Eq.(2.3) respectively.

2.2 Magnetic excitations

In a perfect ferromagnet at 0K, all the electron spins that contribute to the mag-
netization are parallel. A possible excitation in such a system is the spin flip of an
electron. A spin flip from S = h/2 to S = —h/2 requires a change in spin angular
momentum of AS = 1h. Such a spin flip excitation can be shared by many electrons
and is referred to as a magnon. A magnon is a quasi-particle which carries a total
angular momentum of S = 1A and is thus a Boson. The energy of the magnon
depends on how localized the spin excitation is. There are two main pictures de-
scribing the spin excitation, that are suited for each their energy range. The Stoner

model describes an itinerant band-model that is suitable for high-energy magnon
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Stoner continuum

Energy, E

Majority Spin waves ¢

Electron wave vector, K Magnon wave vector, qT

FIGURE 2.2: (a) Exchange split bands according to the Stoner model. The majority band
lies under the Fermi energy Ep, by an amount §. The exchange energy separating the two
bands is marked by U and is here constant across the Brillouin zone. As an electron from
the Majority band is excited to the Minority band, a hole is created in the Majority band.
Due to the spin flip, the electron hole pair has angular momentum 1/ and may be referred
to as a magnon. The magnon momentum q = AK is marked by the green arrow. The
energy of the magnon e is marked by the blue arrow. (b) The magnon energy as a function
of wave vector, q. The gray region mark the Stoner continuum, the allowed energies for
Stoner excitations according to the band shown in (a). Note that the energy of a Stoner
excitation with wave vector q = 0, corresponds to the exchange energy U. The Spin wave
line represents the energy dispersion for low energy magnons. They can be seen as spin
waves or bound excitation states according to the picture in (a). Bound excitations are
however not part of the Stoner model, that only considers non-interacting electron-hole
excitations. Figure inspired from [32].

excitations [33-35]. The spin wave model describes a picture in which the magnon
is shared by many lattice sites in the crystal and therefore the energy may be very
low [36-39]. The Stoner model is discussed in subsection 2.2.1 and the spin wave

picture is discussed in subsection 2.2.2.

2.2.1 Stoner excitations

The Stoner model takes into consideration that most permanent magnetic materials
are metals and that therefore, some of the carriers of magnetic moments are conduc-
tion electrons that must be considered as freely moving in a periodic potential. This
leads to a band model in which the electrons are located in k-space rather than at
particular positions in the crystal. Magnetism is in the Stoner model explained by
an energy shift between the band containing spin up states and the band contain-
ing spin down states. A ferromagnet has the majority of its spins pointing in the
direction opposite to the magnetic field. (Electrons are particles of negative charge
and has magnetic moment in the opposite direction as the angular momentum, thus
spin.) Defining spin up to be the spin antiparallel to the magnetic field, the majority

band in a ferromagnet consists of states with spin up and the minority band consists
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of states with spin down (this notation is the convention used the SPEELS-society).
Fig. 2.2(a) illustrates the Stoner bands for a strong ferromagnet. The exchange
energy discussed in Section 2.1 is here represented by the term U, that is the en-
ergy shift between the bands and is here assumed to be a constant throughout the
Brillouin zone. The majority band lies below the Fermi energy Er by an amount 9,
and is thus completely filled. The minority band is only partially filled. This leads
to a net magnetization of the material, as there are more spin up than spin down.
As temperature rise some electrons in the majority band may get thermally excited
and jump up to the minority band, leaving a hole behind. This weakens the net
magnetization and at sufficiently high temperatures the spontaneous magnetization
is completely broken. The Stoner model can therefore give predictions about the
Curie temperature of a material but the predictions are heavily over estimated [2]
because only high energy magnon excitations are considered by the model. The
only excitation considered in the Stoner model, the so-called Stoner excitation, is an
magnon exciton with zero correlation between the excited electron and hole. There
are therefore no lower energy, bound, magnon exciton states in the Stoner picture.
Additionally the excitation requires that the excited electron undergoes a full spin
flip, changing its spin angular momentum by 1A, at the cost of the full exchange
energy of each surrounding neighbor. Lower energy excitations are possible when
the spin flip is shared by many electrons. The spin wave picture is made to describe
the lowest energy excitations in a spin system, and complements the Stoner model.
The energy dispersion of the two models are sketched in Fig.2.2(b). It can be seen
that the discrete spin wave energies merge with the energies of the Stoner excita-
tions, referred to as the Stoner continuum. For a Stoner excitation, the magnon
wavevector, q, is given by the green arrow in Fig.2.2(a). The excitation energy, e,
is given by the blue arrow. By moving the Stoner excitation in Fig.2.2(a) across
the Brillouin zone it can be easily seen that the energies, €, establish a continuum.
At zero magnon wavevector the excitation costs energy de = U and at high magnon

wavevector the excitation energy is de = 4.

2.2.2 Spin Waves

The spin wave model considers the lowest energy excitations of a spin system. They
are, opposed to the Stoner excitations, of collective nature. In a Stoner excitation,
the excited electron undergoes a full spin-flip transition. The spin wave excitation
share the spin reversal coherently over the whole crystal. In a semi-classical picture

the spin wave excitation may be considered as a distortion of the Larmor precession
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FIGURE 2.3: (a) Larmor precession of the spin and magnetic moment of an electron. The
magnetic moment, m, experiences a torque, T, that causes m to move in the opposite
direction of the torque and thus precess around H rather than align to it. This comes from
the fact that the electron has a spin angular momentum that the torque acts to change
according to Equations 2.8 and 2.9. (b) A spin wave in the semi-classical picture. As the
spin flip is shared by many electrons, it cause an out of phase precession of the magnetic
moments, m. The wavelength of the spin wave is illustrated in the lower part of the figure.

/@

about the local exchange field across the crystal. Fig. 2.3(a) illustrates, semi-
classically, how the magnetic moment and spin of an electron precess about a H-
field. The magnetic moment, m, of an electron, points in the opposite direction of
its spin angular momentum, S , due to the fact that electrons are negatively charged

particles. The moment, m, experiences a torque:

7= x H, (2.6)
that tends to rotate m to align parallel with H. The electron does, however, have
angular momentum in the direction of the spin and the magnetic torque will change
the direction of the angular momentum, forcing the spin to precess about ﬁ, rather

than to align to it. This can be easily derived from Newton’s 2nd law for rotational

motion:
dL
T =—. 2.7
T=— (2.7)
The magnetic moment of the electron is given by the angular momentum as:
M = —L (2.8)

with v = gupg/h, where g is the g-factor and pup = eh/2m, is the Bohr magneton
[2]. Substituting Equation 2.6 and 2.8 into Equation 2.7 gives an expression for the

precession of the magnetic moment, m:
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Z—T — —4[m x H] = —7. (2.9)
As shown by Fig.2.3(a), the magnetic moment will move in the opposite direction
as the magnetic torque. The lowest energy state of a spin system, is a state in which
all spins are aligned, precessing coherently about the local exchange field H. If the
spin of an electron as illustrated in Fig.2.3(a) is flipped slightly, it will cause the
angle 0 to change. A change in 6 will cause a change in the torque, 7, as the torque
is defined through Equation 2.6 as 7 = mH sinf. The change in the torque will
cause a change in dm/dt, that will make this electron precess slightly out of phase
relative to the others. The coherence is broken. In this semi-classical picture, a spin
wave is seen as such an out-of-phase precession of the spins. Fig. 2.3(b) provides
an illustration of such a spin wave with phase shift ¢. The longer the wavelength
of the spin wave, the more electrons share the spin flip and the lower the energy
of the excitation. The lowest energy spin waves have so large wavelength that the
strong, short-ranged, exchange interaction is not as dominant and the the weak, long
range, dipole-dipole interaction becomes important. This is the case for spin waves
with wavevectors below q < 107387 [40]. For wavevectors above q > 107247
the exchange interaction is as good as the only interaction that determines the spin
wave energy. The measurements in this thesis is well within the exchange interaction

regime.

2.3 Ir(111) surface

Iridium is a metal with a face centered cubic (fcc) structure and lattice parameter
ar, = 3.839 A [41]. The fcc(111) surface is shown by the three figures in Fig. 2.4.
Figure2.4(a) shows the fcc structure and the shaded region marks the (111)-surface.
The blue color marks the lattice sites that are contributing to the shaded surface.
In Fig. 2.4(b), consecutive (111)-surface layers are illustrated, each surface marked
by a different color. Figure 2.4(c) is an illustration of the surfaces as seen from
above. The top layer is marked by red, the layer beneath is marked by yellow,
and the layer beneath the yellow layer is marked by blue. The surface is clearly
hexagonal, and each layer is slightly shifted with respect to its neighboring layers.
This is emphasized by the colored hexagons that clearly shift as one moves to another
layer. A 4th layer would overlap with one of the layers already shown in the figure,

as seen from above.
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FIGURE 2.4: (a) The fcc structure with a (111)-surface marked by the shaded area. The

blue, mark lattice sites that are at the surface. (b) Consecutive (111)-surfaces each marked

by a different color. The interplanar distance is d = a/v/3. (c) The fcc(111) surface as

seen from above for three consecutive surface layers. The top layer is marked by red, the

layer beneath is marked by yellow, and the layer beneath the yellow layer is marked by

blue. Each layer is slightly shifted with respect to its neighbors, which is made clear by
the colored hexagons.

2.3.1 Film growth

Epitaxy refers to the method of depositing a mono-crystalline film on a mono-
crystalline substrate. The deposited film is denoted as epitaxial if it matches the
crystalline order of the substrate. In the case of Frank-van der Merwe layer-by-
layer growth, or Stranski-Krastanov layer-plus-island growth, the first atomic layer
of an epitaxially grown film is perfectly aligned with the crystalline structure of the
substrate. As more atomic layers are added, the film surface may deviate from the
substrate surface and at some thickness the film structure is completely independent
of the substrate [42]. The measurements in this thesis are of a 1.6 ML thick Co film
grown on an Ir(111) surface. For 1 ML thickness the Co grow completely according to
the crystalline structure of the Ir(111) substrate. Co has naturally a hexagonal close
packed structure with lattice parameters ac, = 2.507 A [41] and ¢ > a. The surface
inter-atomic distance, dj,., of the Ir(111) surface is, as can be seen in Fig.2.4(c),

dp, = L~ 27A. (2.10)
From this it is clear that the inter-atomic distance in basal plane of Co is smaller

than the inter-atomic distance of the Ir(111)-surface; ac, < dr.. The Co prefers to
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maintain its volume density. To compensate for the larger lattice parameter when
grown on the Ir-film, the inter-planar distance of the Co layers is less than the inter-
planar distance in the Ir substrate. The film does not grow perfectly smooth. A
1.6 ML film consists of large patches of 2 ML, maybe even some small patches of 3
ML because the Co could prefer to complete the unit cell. It is known that for a
Co film, ferromagnetic order is observed at film thicknesses above 1.3 ML [43]. Tt is
therefore reasonable to assume that the magnon signal is originating from patches
of 2 ML. A film of thickness 1.6 ML has sufficiently large areas covered by 2ML to
ensure a good magnon signal and can be considered to be a 2 ML film when used

for measuring magnons.

2.4 Spin waves in the Heisenberg model

The exchange interaction energy of two neighbouring electrons i and j, each with

spin S, is described by the Heisenberg Hamiltonian:

h?
ij ij

Here J;; is the exchange coupling constant between to spins S; and S;. Positive J;;
corresponds to ferromagnetic coupling. This expression can be written in another
form by using Dirac’s spin exchange operator Pisjpinex7 that exchanges the spin on

electron j with the spin on electron i, as [44]:

- 1
o; - o5 =2(Py — 5). (2.12)

In a spin wave system the ground state represents a state where all spins are aligned
in the same direction; spin up. A state with one magnon, one spin excitation may

be represented by a superposition of orthogonal base states:
@) =Y Culn) e/ (2.13)

where the time independent state |n) is defined as a state in which electron n has
spin in the opposite direction; spin down. C), is the amplitude that the opposite
spin is on the n’th electron. As discussed in Section 2.1, the exchange interaction
requires an overlap of wavefunctions and is therefore greatest for nearest neighboring
electrons. In the first approximation, where only the nearest neighbor interactions

are considered, the spin exchange operator has the following features:

P34[n3) = |ng) (2.14)
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P33 [n3) = [ns) (2.15)

Pysng) = |n3) . (2.16)

To simplify the calculations that follows, the ground state energy may be set to zero.

Then the spin exchange operator is given by:

o; o5 = 2P — 1) (2.17)

and the Hamiltonian is:

H=—J;> (Py—1), (2.18)

with J being a term representing the nearest neighbor interaction between the spins.

When acting on a base state |n), each pair of nearest neighbor adds a set of terms:

H|n) = —zj( i) + [miet) — 2|m) ) (2.19)

Equation (2.19) is the Hamiltonian acting on the base state |n) in a system where
electron n has two nearest neighbors. The base states may be assumed to be plane

waves in the form:

In) = A,e*m™ (2.20)

where A, is the amplitude of the spin wave at electron n and 7, is the position
of electron n. The spin waves studied in this thesis are surface spin waves, with
k-vectors pointing in one specific direction. The amplitude A, may be assumed to
be the same for electrons belonging to the same surface layer. The base states may

therefore be written as:

In) = A9 (2.21)

where @ is the magnon wave vector direction in the surface plane and A; is the
amplitude of a spin wave in surface layer ;. When the Hamiltonian operator acts on
such a base state, |n), with two nearest neighbors, placed at positions 7} from 7,,

the result is:

HAleiQ_‘“.(Fn) — _QJH [Al (eiQ_‘”'(Fn"r"—’Tj) + eiQH-(Fn—Fj) o 26%?”'7%)] (222)



2.4. Spin waves in the Heisenberg model 15

= Ay = =2} | A (2c08 (@) - 75) - 2)] (2.23)

Here J) is the exchange constant for exchange in the same plane. In case of a base
state |n) that, in addition to the two in-plane nearest neighbors, also have nearest

neighbors in a neighboring layer, placed at positions +7; from 77,, the result becomes:

AT = = [Al(e@”.(ﬁﬁj) 1 i@ (=) _ 261’@'“-&)}

L 1 (2.24)
_ZJJ_ [A2<61Q”~(7‘i+7’1) _i_ezQH.(ri—n)) —Al(QeZQH'”)]

= HA, = — [4J||(cos (@) 7)) —1) — 4JL]A1 - [4@ cos (G -ﬁ)] Ay (2.25)

Here J, is the exchange constant for interlayer exchange with the neighboring layer.
The last term in Eq.(2.25) describes the situation in which a magnon from layer 1
exchanges to layer 2. The system studied in this thesis is assumed to consist of large
patches with 2 ML. The Hamiltonian then has the form:

H n,m) 2 (M) =295 ) 420, N ] 1917 [ - JL2ei@ 7] i1 Ay (2.26)
n,m)y = ST L P .
[ — L Zei@i7i] i@ Tm [20) (M) =2e'@175 ) 420, N |90 m 9
where the state: -
AleiQH T,
= s 2.27
) = | 3 ] (2.27)

is the base state and represents one magnon per layer. The Hamiltonian allows for
magnons to move between the layers. Ny is the number of nearest neighbors in layer
i and N{ is the number of nearest neighbors in the neighboring layer from layer
i. The vectors £7; represent the neighbor position from 77, in the same layer, and
vectors £7; the positions of neighbors in the neighbouring layer. Equation (2.26)

can be shortened to:

Ay
As

Ay
Az

1" (2.28)

_ (2 [N =S cos (G)-5) | +27. Ni* ~2J S cos (G - )
—2J 1S cos (G - ) 27y [N) =S cos (@7 ) | +20 L N5+

in accordance to the shortening of Eq.(2.22) to Eq.(2.23), by dividing with i QT
The sums are over nearest neighbors. The nearest neighbors in a layer of an two-
layered fcc(111) surface are illustrated in Fig.2.5(a). The yellow points mark nearest
neighbors in the same plane, while the red spots mark nearest neighbors in the plane
below. The orange arrow mark the QH—direction that has been measured in this thesis
- the I-K direction of the surface. The yellow arrows mark r;q, the projection of 7

onto @”. The red arrows mark rq, the projection of r; onto QH' There are 6 nearest
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[o1i]

[ro1]

FIGURE 2.5: The (a) nearest and (b) next nearest neighbors on a fcc (111) surface. The
yellow spots mark neighbors in the same layer, while the red spots mark neighbors in the
layer below. A layer above would align itself like the red spots, but rotated 60° about
the centre. See Fig. 2.4 for further clearance. The direction of momentum transfer Q||,
is marked by the orange arrow. The yellow arrows mark the projection of 7; onto the

Q||—direction. The red arrows mark the projection of 77 onto the @||—direction.

neighbors in the same plane, and three nearest neighbors in the plane below/above.
Therefore both Layer 1 and Layer 2 have NI = Ny = 6 and N;* = Nt = 3.
Equation (2.28), the shortened version of the Hamiltonian acting on the base state
Eq.(2.27), is given by Eq.(2.29).

. Ayl 27y [6-2 cos (Q) %) 4 cos (Q) 3%5)| +6.7. 2Jl[—1—2cos(QH2%}§)} Ay (2.29)
Ay 2J1 [7172 COS (Q QGW)} 2J) [672 cos (Q %)74(:05 (@ ﬁ)] +6J, Ao .

To get neater expressions, the Hamiltonian matrix entries in Eq.(2.29) may be writ-

ten as variables a and b:

a=2J)[6 — 2cos ( —4cos ( +6J,,

Qn%) QIIQ;:&)]

b=2J,[—1 —2COS(Q$)]

The energy of the system is given by the time independent Schréodinger equation:

(2.30)

Hlp) = E|o). (2.31)

The right hand side in Eq.(2.31) is given by Eq.(2.26). The expression can be
shortened by dividing both sides with ¢iQ T Then the right hand side of Equation
2.31 is given by Eq.(2.29) and the resulting expression is:
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A bl |A A
w| =Y H=p | (2.32)
A2 b a AQ Ag
This eigenvalue-problem has non-trivial solutions if and only if:
- F b
det |* — 0. (2.33)
b a—F
The two non-trivial solutions for E are:
Ei=a+b AN Ey=a-—bh. (2.34)

The resulting dispersion curves are illustrated in Fig. 2.6(a), by the dashed lines.
The exchange coupling constants Jj and J; depends on the distances 1j and 1. As
discussed in Section 2.3.1, is the inter-planar distance between the Co-layers less
than that between layers of the substrate, d;, = a”/\/g. As seen in Fig. 2.5(a), the

distance to the nearest neighbor in the same plane is:
1
dj = —=ar, = 0.707ay,, (2.35)

V2

while the distance to the nearest neighbor in a neighboring plane is:
dp < \JT2%+ FHQ ~ 0.677ay,. (2.36)

J1 > Jj. (2.37)

From this it is clear that:

A better approximation may be achieved when including the next nearest neighbor
in the calculation. Figure 2.5(b) illustrates the next nearest neighbors for a fcc (111)
surface. The yellow spots indicate next nearest neighbors in the same plane, and the
red ones the next nearest neighbors in the plane below. The next nearest neighbor

interactions add:

_ 8J1UI[1 — CO8 (Qllgii_a@)] +6Jy  2Jx% [ —1—2cos (Q”\%)]

= (2.38)
25 [~ 1—2cos@%)]  SIU[1 - cos(Q2%)] + 6%

to the Hamiltonian in Eq.(2.29). Here JIUI is the exchange coupling constant for next

nearest neighbors in the same layer, and Jg in neighboring layer. The solutions are
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FIGURE 2.6: The calculated dispersion curves for magnons in a 2-layered (a) and 3-layered
(b) fcc (111) structure. The solid lines are the calculated dispersion when only nearest
neighbor interactions are considered. The dashed lines are the with next nearest neighbor
interactions also included. In this simulation the exchange coupling constants are set at

Jj=6.5meV, J =10.5meV, lel, = 0.5meV and Jﬁ = 1.3meV. The nearest neighbor is
in the neighboring layer and therefore J; > J.

on the same form as given by Equations (2.34), with the variables a and b substituted
by:

a =a+8J] [1— cos (ng—a)} +6Jx,
, K Ve (2.39)
b=b+2 —-1-2 —)|.
+2Jy | cos (| \/5)]

2.4.1 'Trilayer structure

There could be patches of 3 layers in the system studied in this thesis as well. For

a 3 layered structure the state:

Aleié\\-ﬂ
I, m,p) = | Agei@in (2.40)
Age@uﬂ
is the base state with one magnon in each layer. The shortened Hamiltonian
[Eq.(2.28)] has the form:

Ay 2y [N] =265 ] 20, N —J 2eiQuTi 0 A,

Az = —J 2 27 [V} =275 | 427, N3 —J) i@y | A,

As 0 —J, Dei 1 20y [N =z’ 7T ] 20, N | | As
(2.41)

Layer 1 and Layer 3 are identical to Layer 1 and Layer 2 of the 2-layer-calculation
above, N] = Nl = 6 and Ni* = Ni* = 3. The middle layer is a bit different since
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a magnon there has probability of exchange both to the layer above and the layer
below. The total number of nearest neighbors is therefore 12: N2” =6 and Nj- = 6.
Eq.(2.41) can be written on the form:

A1 a b 0 A1
Ag 0 b «a A3
with the variables a and b defined by Eq.(2.30) and variable ¢ defined by:
¢ =2J;[6 - 2cos (Q—=) — dcos (Q——=)] + 12J,. (2.43)
V2 2v2

Again the time-independent Schrédinger equation of the system, Eq.(2.31), can be
shortened by dividing both sides with ¢’ Then the right hand side matches
Eq.(2.42) and one can write:

Ay a b 0| | A Ay
H A2 =1|b ¢ b A2 =F A2 . (244)
A3 0 b a Ag Ag
This equation has the constraint:
a—F b 0
det b c—F b = 0. (2.45)
0 b a—F

for non-trivial solutions. The three non-trivial solutions for E are:

2 _ _ 2
Bi=a A Em:aﬂi\/(“*? Aac - 26%) (2.46)

The next nearest neighbor interactions adds:

84 [1-cos (@ £2%)]+6.J5 2/ [~1-2c0s (¢, %5)] 0
H=| 2J¢[-1-2cos(@%)] 8J4[1-cos(@£%5)]+12J¢ 2% [~1-2c0s (@) 5%)]
0 2J8 [~1-2c05 (@ %)) 8JL[1-cos (@ 2%)]+6J%

(2.47)
to the Hamiltonian in Eq.(2.42). The solutions are on the same form as given by
Equations 2.46, with the variables a,b as substituted by a’, b defined in Eq.(2.39)
and c¢ substituted by:

= o8l - 2] + 128,
¢ =c+8Jy| COS(QHQ\@)]jL N (2.48)
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The three layer dispersion relation is shown by Fig. 2.6(b). Compared to the 2-layer
dispersion in Fig. 2.6(a) the 3-layered dispersion has an extra mode, marked in red.
Calculations of similar systems, based on a classical argument are represented in
Refs.[17, 45].

FIGURE 2.7: A schematic illustration of the energy modes in a 3 layered structure with
identical boundary conditions of the top and bottom. The broken transnational symmetry
in the the out-of-plane direction exerts a constraint on the out-of-plane wavevector . The
3 allowed modes are standing spin waves and are represented by the left box. The quantum
number n indicates how many nodes the mode has. The in-plane magnon wavevector is
marked by q). E;, K; and Ef, K¢ are the energy and wavevector of the incident and scat-
tered electrons in a spin-polarized electron energy-loss spectroscopy (SPEELS) experiment.
Figure taken from [19].

The different energy levels may be understood as a phase shift of the spin wave in
each layer. The lowest energy band corresponds to a situation in which the spin
wave of each layer are in phase. The higher energy bands corresponds to the spin
waves of each layer being out of phase. In the out-of-plane direction the translation
symmetry is broken, and this exerts a constraint on the magnons. The allowed
magnon states in the out-of-plane direction are quantized standing spin waves with
wave vector ¢, = nw/d, where d is the film thickness and n is the quantum number.
In a system with 3 layers there are three allowed out-of-plane magnon modes. A
schematic representation of the three modes are shown in Fig. 2.7. The quantum
number n represents the number of nodes inside the film. For n = 0 there are
coherent precession between the layers and therefore zero nodes. The n = 1 and
n = 2 modes has one and two nodes inside the film. It has been observed, in
earlier measurements done at our lab, that higher energy magnon modes are more
strongly damped and have shorter lifetime than the low energy modes. This has
been attributed to the stronger damping that occurs as higher energy modes precess
out of phase between the layers. Generally the higher energy magnons show stronger

damping due to dissipation to the Stoner continuum. This effect comes on top of
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qy = kiy — kg

-

FIGURE 2.8: Due to transnational symmetry, the in-plane component of k is conserved

during scattering experiments on a (smooth) surface. Here, k;, 6; and ky,0; are the

incident and final wavevectors and angles respectively. The transferred in-plane momentum
th =k;—k f-

that. A magnon of mode n = 1 that has the same energy as a magnon of mode

n = 0, is expected to have stronger damping than the magnon of mode n = 0.

2.5 Inelastic electron scattering

The work of this thesis is based on spin-polarized electron energy-loss spectroscopy
(SPEELS) experiments, that is a type of inelastic electron scattering technique. In-
elastic scattering is a scattering process in which the kinetic energy of the incident
particle is not conserved. In a surface scattering experiment the transnational sym-
metry is conserved in the in-plane direction, but broken in the out-of-plane direction.
According to Noether’s theorem [46], the in-plane momentum is therefore conserved,
which means that the in-plane wavevector k is also conserved through a scattering
event. Thus:

Fil = kg + i (2.49)
with Ei,H and Eﬂ” being the incident and final wavevector in the plane-parallel di-
rection and j being the plane-parallel momentum transfer. The energy lost in the
scattering process is:

Eloss - Elim - Ef

. (2.50)
A general surface-scattering event is schematically illustrated in Fig. 2.8. Inelastic
electron scattering may be divided into two regimes; dipole scattering and impact
scattering. In dipole scattering the incoming electron scatters off the electric dipolar
field that may be created by the charge carriers on the surface, in particular surface
plasmons. The electrons scatter here, for the most part before they reach the surface.

The energy loss is small and therefore dipole scattering is typically strongest observed
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close to the specular beam in scattering experiments. In impact scattering the
incoming electron penetrates the surface and scatters by impact. In contrast to the
dipole scattering regime, the incoming electron may here get at such a low distance
to the electrons in the sample, that exchange processes are possible. The possible
outcomes of inelastic scattering of a electron beam consisting of minority electrons,
is shown in Fig. 2.9. The yellow arrows represent the incoming (minority) electrons
having an energy Ey, before the scattering event. The blue arrows represent the
electrons of the sample, that can both be of minority and majority spin. Ep is the
Fermi energy and E). is the energy lost in the scattering process. The energy loss of
the electron leads to an excitation of the electron in the sample. From the left, the
first possibilities are that the incoming electron of minority spin loose energy E;,qs
and transfer it to an electron in the sample that is either of majority of minority spin.
The incoming electron of minority spin may also exchange with an electron in the
sample that are either of minority or majority character. The only spin flip process
is illustrated to the right, where the incoming minority electron exchanges with a
majority electron of the sample. This exchange process leads to a magnon excitation
in the sample. The magnon excitation can be distinguished from other excitations
by comparing the signal from scans with the incoming beam being of minority
and majority character. A magnon peak will show when the incoming electrons
are of minority spin. The peak will vanish for an incoming beam of electrons of
majority spin. Other excitations that may contribute to the low energy inelastic
scattering intensity spectra are phonons, excitons, vibrational modes of adsorbates,

and excitation of conduction band electrons.
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FIGURE 2.9: Four possible outcomes of inelastic electron scattering with incoming elec-
trons (yellow arrows) being of minority spin. The blue arrows represents the electrons of
the sample. The incoming electron may loose energy E;,ss and transfer it to an electron
in the sample, that can be of either minority or majority spin. This would lead to no total
spin flip in the sample, and is illustrated by the two cases furthermost to the left. The
exchange processes are illustrated by the two cases furthermost to the right. If an incom-
ing minority electron exchanges with an minority electron of the sample there is again no
total spin flip in the sample. The magnon excitation occurs when a incoming electron of
minority spin exchanges with an electron of the sample with majority spin. Figure inspired
by [40]
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Chapter 3

Experimental Setup

3.1 Overview

The experiments are performed in an ultrahigh vacuum (UHV) system (section 3.1.1)
consisting of three chambers, as illustrated in Fig. 3.1. In the Preparation cham-
ber (Section 3.3), a GaAs photocathode is cleaned and prepared by adsorption of
Cs and Cs,0. This photocathode is later used as the source of the spin-polarized
electron beam in the SPEELS-experiment. In the Analysis Chamber (Section 3.2)
the sample is cleaned and prepared. An epitaxial film of Co is grown on an Ir(111)
substrate by means of an electron beam evaporator. Additionally, the chamber is
used for MOKE-, AES- and LEED-measurements. The SPEELS-experiment is per-
formed in the SPEELS chamber(Section 3.4). There, the photo-emitted electron

Preparation
chamber

Analysis chamber

Manipulator arm \

FiGURE 3.1: The UHV system. The sample is located at the end of the manipulator

arm and can be moved from the Analysis chamber to the SPEELS-chamber. The GaAs

photocathode is prepared in the Preperation chamber and moved via a wobble stick to the
SPEELS chamber. Graphic inspired from [45]
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FIGURE 3.2: (a) A schematic illustration of the UHV system. All chambers have an ion

pump connected to them, while only the preparation chamber and the analysis chamber are

each connected to one turbomulecular pump. The crossed areas in between the chambers

represent UHV isolation valves. (b) The UHV system with colors marking the components
used for pumping the Analysis chamber.

beam is accelerated, focused and energetically dispersed as it goes through a 90°
and 180° monochromator, before it hits the sample. The scattered electrons pass
through an analyzer before they are collected by a channeltron. The energy of the
electrons is measured by the analyzer. The momentum transfer from the electron
beam onto the sample can be altered by a sample rotation which is changing the

scattering geometry.

3.1.1 Ultrahigh Vacuum

All investigations and preparations for SPEELS are surface sensitive and require to
be performed in UHV environment. This UHV environment is substantial, to reduce
surface contamination to a minimum, but also to ensure a sufficiently long free path
of the electron beam in the electron scattering experiment. The chambers can reach
pressures down to 2 x 107! mbar and are well within the 10~'! mbar-range during
measurements. To be able to obtain such good pressures a sophisticated pump
system as well as securely sealed vacuum-chambers are necessary. The chambers
are made of stainless steel and are sealed by copper gaskets. A schematic repre-
sentation of the pump system is given in Fig. 3.2(a). In Fig. 3.2(b) the pump
setup of the Analysis Chamber is sketched. Starting from atmospheric pressure,
the first activated pump is the rotary pump. It pumps the pre-vacuum chamber
down to 8 x 1072 mbar and is automatically reactivated when the pressure reaches
2 x 10~ mbar. The turbomolecular pump is used for pumping the chamber pressure
down to the 1078 mbar-range. The turbomolecular pump exhausts to the pre-vacuum
chamber. Finally, the ion pump is used from the 1078 mbar-range on. All the cham-

bers are also equipped with a titanium sublimation pump as a supplement to the ion
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pump. In addition to the pumps, the bottom part of the chamber walls are contin-
uously cooled by liquid nitrogen. In theory, pressures down to the 1072 mbar-range
can be achieved, but this would require stronger cooling. The chamber-pressure is

measured with a hot-filament ionization gauge.

3.2 Analysis Chamber

3.2.1 Growth of Co films

The Co film is grown using an electron beam evaporator, as illustrated in Fig. 3.3.
High voltage (Uae = 866 V) is applied to the Co rod positioned in the middle of
the cylindrical chamber. A filament loop surrounds the tip of the rod and once a
current ows (I fiigment ~ 2.02 A) some of the electrons will detach from the filament,
accelerate towards, and hit the rod. This causes an emission current bombarding
the rod of about I.pission = 11.2mA. The electron bombardment causes intense
local heating of the tip of the rod, as well as scattering of some clusters of Co atoms
and ions. When the shutter is opened, the gas flows into the Analysis Chamber and

can be adsorbed onto the substrate. The flux of clusters leaving the evaporator is

SHUTTER FILAMENT CURRENT

e e

'.-‘:..' o ol
0 oo o {}

1 T
fl:

—
FLUX COBALT ROD
(HV)

FIGURE 3.3: Sketch of the electron beam evaporator used to deposit Co. The Co rod

inside the cylinder is at high voltage (HV), so that electrons from the filament current will

accelerate towards it. This electron bombardment causes intense local heating at the tip

of the rod, as well as scattering of some clusters of Co atoms and ions. When the shutter is

open the gas can flow out and will be adsorbed onto the substrate. Some ions will attract

to the flux loop creating a current. This current is directly proportional to the amount of
Co deposited.
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measured using a flux monitor. Some ions will attract to the flux loop and cause a
current (I, ~ 60nA) that is directly proportional to the gaseous flow towards the
shutter. This current can therefore be used to determine the amount of Co deposited
at the substrate. After calibration (Section 3.5), it was found that a monolayer of
Co corresponds to the deposition of 10 nC. For this thesis 1.6 ML of Co was grown,
with the deposition of 15.9 nC.

3.2.2 Flashing and Annealing

Flashing and annealing are both about heating the sample by electron bombard-
ment. Annealing is used to make the Co surface smoother, while flashing is used
to remove the film and residual gases from the substrate. Before a new sample is
grown, the old sample and residual gases must be removed from the substrate by
flashing. The samples investigated in this thesis were flashed twice for 20s with a
filament current of Ifjjgment = 3.4 A, a HV of 620V and a resulting emission current
of Imission = 150mA. The Co films were deposited after the substrate was cooled
down to room temperature. A new Co film can be made smoother by annealing.
Research have also revealed that the easy axis of the magnetization of Co grown
on Ir(111) is stabilized after annealing treatments [47]. It is however important
that the temperature obtained during each annealing treatment does not overcome
600°C. Annealing at higher temperatures than this results in alloy formations and
Ir segregation on the surface [48]. In this work, the films were annealed 2 — 3 times
for 99s with I igmens = 2.4A, a HV of 800V and a resulting emission current of
Lomission = 2mA. With this approach the temperature of the sample was kept safely
beneath the critical temperature for alloy formations. In between the annealing

steps, the sample was left for thermalization with its environment for half an hour.

3.2.3 MOKE

Magneto Optic Kerr Effect (MOKE) measurements [49], were used to test the mag-
netic properties of the sample, and to calibrate the film thickness as a function of
deposited Co. MOKE measurements were performed in the longitudinal geometry
[50]. Fig. 3.4 shows an illustration of the setup. The magnetic field produced by
the electromagnets are in the in-plane direction of the sample. Incident polarized
laser light (A = 650 nm) is reflected from the surface and the Kerr rotation of the
reflected beam is measured by the analyzer and detector. The analyzer consists of
two polarizers set at almost 90° against one another. The offset of 90° ensures that

there is a signal transmitted to the detector while the intensity is very sensitive to
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FI1GURE 3.4: Illustration of the MOKE setup. The substrate with a thin Co film on it is

placed in an in-plane magnetic field produced by electromagnets. Incident polarized laser

light is reflected from the surface and the polarization of the reflected beam is measured
by the analyzer and detector.

rotations in the incoming polarization. The light intensity that passes through a
polarizer is proportional to cos?(f) [51]. The derivative of this is higher for angles

deviating from 90° and therefore such angles are preferable.

3.2.4 Auger Electron Spectroscopy

After flashing it is necessary to check whether the substrate is clean. This is done by
running an Auger scan over the substrate [52, 53]. The Auger spectrometer consists
of a cylindrical mirror analyzer (CMA) integrated with a coaxial electron gun. Fig.
3.5 shows a sketch of the spectrometer. An electron beam of 3kV is focused onto
the substrate and expels some core electrons as it penetrates the surface, creating
a hole. Now, a higher energy electron can recombine with the hole, releasing its
energy either by emitting an X-ray photon, or by transmitting its energy to another
high level electron that is then ejected from the atom. The latter process is termed
Auger recombination and the ejected electrons are called Auger electrons. For atoms
near the surface, these Auger electrons have a high chance to be emitted from the
film. The emitted electrons are deflected around the electron gun and pass through
an aperture before reaching the cylindrical mirror analyzer. After passing a second
aperture the electrons are collected by the channeltron. The energy of the electrons
that can pass through the aperture to the channeltron is determined by the voltage
in the cylindrical mirror analyzer. In this way, the energy spectra of the emitted
electrons is measured and the spectra of the compounds present at the surface can be

identified [54]. During an Auger scan CO and CO, molecules, caused by the electron
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beam stimulated desorption, adsorb on the surface. It is therefore necessary, to flash

the substrate after an Auger scan, before a new film can be grown on it.
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FI1GURE 3.5: Sketch of the Auger spectrometer. An electron beam is focused onto the sub-
strate and the emitted Auger electrons are passing through the cylindrical mirror analyzer
before they reach the channeltron where they are measured.

3.2.5 LEED

Low Energy Electron Diffraction (LEED) can be used to investigate the orientation
of the surface of the substrate crystal. The LEED pattern shows the reciprocal
lattice of the surface. The orientation of the reciprocal lattice tells what orientation
the surface structure has. The LEED measurement is done by shooting a beam
of low energy electrons on the substrate. Those electrons will penetrate the first
few layers of the surface. Some will scatter and diffract back towards the electron
gun. The diffraction pattern of the scattered electrons is recorded on a fluorescent
screen wrapped on a hemisphere-surface behind the electron gun. To filter out
the inelastically scattered electrons electric grids are placed on the way from the

substrate to the fluorescent screen.

3.3 Preparation Chamber

3.3.1 Photocathode Preparation

In 1976 D. T. Pierce and F. Meier showed that GaAs can be used to create a
spin-polarized electron beam [55]. Due to spin-orbit interaction, the P; 12 and Py)o

valence bands of GaAs lie at different energy levels. The bands are illustrated in
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FIGURE 3.6: (a) A schematic representation of the valence and conduction bands of GaAs.

(b) A schematic illustration of the energy levels of GaAs. The transitions that require a

spin-flip of AS = 1, are marked by o*. The transitions that require a spin-flip of AS = —1,

are marked by o~. The red lines illustrates the lift of the m; =| 2/3 | states, that can be

obtained by adding strain to the GaAs lattice at the surface. This increases the transition
polarization. Graphic inspired from [40]

Fig. 3.6 (a). When illuminating the GaAs with light finely tuned to the energy
E, = 1.52¢eV, only transitions from the P, /3 band are allowed. In Fig. 3.6(b) the
energy levels are illustrated and marked to show the different transitions from the
valence P-band to the S-conduction band. The transitions that require a spin-flip of
AS =1, and are thus excited by right circular (RC) polarized light, are marked by
o". The transitions that require a spin-flip of AS = —1, and thus are excited by left
circularly (LC) polarized light, are marked by o~. Each transition is marked with
numbers 1 — 3. The transitions marked by 2 are the transitions from the P/, band
to the S band, that are not allowed for energies finely tuned to £, = 1.52¢eV. Under
such conditions the transitions 1 and 3, the ones from the P/, band to the S band,
are the ones contributing to the electrons in the conduction band. As can be seen
in Fig. 3.6, both spin up and spin down electrons can be excited to the conduction
band for both LC- and RC-polarization of the incoming light. To increase the
transition polarization, it is possible to lift the energy of the m; =| 3/2 | states
by adding strain to the GaAs lattice at the surface. This can be done by growing
layers of GaAs, 1P, epitaxially on the surface of the cathode[56], and is done by
the manufacturer of the cathode. The transition from the lifted P/, m; =| 3/2 |
energy levels to the S band are marked in red. The energy of this transition is
E = E;, — A ~ 1.49 and corresponds to a wavelength of A\ ~ 830nm [57|, which
is the wavelength of the laser used during the experiment. As the incident light is
finely tuned to E = 1.49, the main excitations contributing to the electrons in the

conduction band are from the m; =| 3/2 |— S-transitions. For RC polarization
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the transition is from m; = —3/2 — m; = —1/2 and for LC polarization the
transition is from m; = 3/2 — m; = 1/2. With this manufacturing method the
conduction band can reach spin polarizations up to 90 % [40]. The purpose of the
cathode is to create an electron beam, and therefore the workfunction must be as
low as possible. For a clean GaAs-surface, however, the workfunction is too high to
produce an significant electron beam. The workfunction can be reduced drastically
by adsorption of layers of Cs and CsyO on the surface [55]. These layers are very
sensitive to contaminations and must be freshly grown every week. Before new layers
can be grown, the GaAs cathode must be cleaned. This is done by carefully heating
it to about 570 K by resistive heating. After cooled down to about 370 K, the first
layer of Cs is deposited. The photocurrent is measured during the deposition and
after a peak in the photocurrent, O, is added to the chamber to create a layer of
Cs20. As the photocurrent once again shows a peak, the Og-valve is closed to grow
the next layer of Cs. This cycle is repeated until 6 layers of Cs,O are grown on
top of the cathode. For each Cs layer, the O is introduced when the photocurrent
is about 1/2 of the peak value. For each Cs,O layer, the Os-valve is closed as the
photocurrent is about 1/3 of the peak value. With this method, photocurrents up to
20 pA where reached. For the experiment, this current was reduced to about 10 pA
by reducing the laser intensity with a polarizer, to ensure stability. The freshly

prepared cathode can last up to 5 days, if it is held at good UHV-conditions.

3.4 SPEELS Chamber

3.4.1 SPEELS

In the SPEELS experiments a spin polarized electron beam scatters off the sam-
ple. The energy spectrum of the scattered electrons is measured, and the spectra
rerecorded for each spin polarization of the incident electron beam. For films with
in-plane magnetization, a magnon peak will show for the spin down direction, but
not for the spin up direction. Phonons, vibrational modes and out-of-plane mag-
netic excitations will show equally well in both spectra. A schematic sketch of the
experiment is shown in Fig. 3.7 and a Fig. 3.8 is a photo of the spectrometer.
The spin polarized beam is generated by photoemission from the GaAs photocath-
ode. The photoemission is initiated by a 830nm laser, that, after going through
a Pockels cell, is circularly polarized. The polarization switches between left- and
right-circular polarization, as the voltage through the Pockels cell is varied. The

polarization of the electron beam is determined by the polarization of the laser.
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strained
GaAs
photocathode

180°-monochromator

FI1GURE 3.7: The spectrometer consisting of a 90° and 180° monochromator, an analyzer

and a channeltron. The sample is positioned between the monochromator and the analyzer.

The electron beam is generated by a 830 nm laser photoemitting the GaAs cathode. The

monochromators and the analyzer are at a fixed angle 6y = 80° with respect to each other.

In the upper right corner is sketch of the scattering geometry with the incident (k;) and
final (kf) wavevector. Graphic taken from [40].

The spin polarized beam goes through a 90° and 180° monochromator, that ener-
getically disperses, accelerate and focus the beam before it hits the sample. The
angle of incidence is varied by rotating the manipulator arm, on which the sample
is mounted. The scattered electrons are collected by the analyzer that only allow
electrons with a specific energy, to pass through the aperture and be collected by
the channeltron. Both, the monochromator and analyzer filter the electron energy
by varying the voltage on the inner and outer curved plate and vary the size of the
entrance and exit slits. An electron that travels through the device can only arrive
at the exit slit if it has a specific energy. The resolution of the beam can be increased
by reducing the size of the slit, but this is at the expense of lower beam intensity.
The components can be seen in Fig. 3.8, where also the head of the manipulator
arm is part of the photo. The monochromator and analyzer are fixed at an angle
0y = 80° with respect to each other. It is possible to change this angle by rotating
the analyzer and detector using the rotatable arm, but this is never done in this
thesis. The beam energies used in this work lie in the range of 3.2 — 4.5eV. The
resolution lies in the range of 14 — 19.6 meV. The SPEELS experiment is designed

with AK being defined positive in the opposite direction as the momentum transfer
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FI1GURE 3.8: A photo of the spectrometer and the head of the manipulator. The different
components are marked. The laser is reflected by a mirror that is not included in the
picture. Graphic inspired from [40].

q, in accordance with Equation 2.49. The scattering geometry is for positive AK like
illustrated in Fig. 3.9(a), while for negative AK it is like illustrated in Fig. 3.9(b).
For large magnitudes of AK, the incident angle 6; goes towards 0° for the positive
side, and towards 90° for the negative side. It is clear that the incident beam has
a larger projection to the plane-parallel direction for negative AK. This may cause
more general excitations in in-plane direction of the film, that are visible in the
SPEELS spectra. The presence of more general excitations can make it harder to
resolve the magnon peak. In addition, as 6; — 90° the incident beam may scatter off
the sample holder and the corner of the sample, as well as the Co/Ir-surface at the
other side of the corner (vertical orientation in figure). For positive AK, it is harder
to excite in-plane excitations. As 6; — 0°, the beam hits the sample at normal in-
cidence and most of the electrons either penetrate the sample or are backscattered.
However, with this geometry the measurements look clearer, and the magnon peaks

are better resolved.
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(a)

FIGURE 3.9: The scattering geometry for the positive (a) and negative (b) AK-direction.

3.5 Deposition Calibration

A calibration of the system is necessary to estimate how many atomic monolayers a
certain amount of deposited Co is. The amount of monolayers deposited on a surface
may be determined by RHEED (Reflection High Energy Electron Diffraction). For
magnetic samples, the amount of Kerr rotation under MOKE is proportional to the
number of atomic monolayers deposited. It is known, from earlier measurements on
our lab, that for Co, deposited and measured at room temperature, on a W(110)-
surface, the Kerr rotation develop as seen in Firgue 3.10(a). The point at which the
linear curve crosses the y-axis, corresponds to 1ML of Co deposited [58]. A calibra-
tion that was done just before the measurements for this thesis begun, gave that
1ML correspond to 9 nC. There are no known measurements that relate the number
of atomic monolayers to Kerr rotation for Co grown on an Ir(111)-surface. The
amount of monolayers on the Ir(111) surface must therefore be estimated through
calculation. The W(110) surface is illustrated in Fig. 3.10(b). The darker circles
represent corner-atoms, while the brighter circles represents the center atoms that
contribute to the surface. The shaded area is v/2a? and contains 2 atoms. From
that it can be deduced that the atom-density at the W(110)-surface is

V2 -

w

The Tr(111) surface is illustrated in Fig. 3.10 (c). The shaded area is v/3a?/8 and

contains 3/6 = 1/2 atoms. The surface atom-density of the Ir(111)-surface is thus

4
Oy =
Ir(111) \/§a§r

~ 0.157TA7". (3.2)



36 Chapter 3. Experimental Setup

(b) W(110) Surface

. V2a

(a) Co deposited on W(110)

_. ' Ol K'err lEllip')ticilty S T
_ 120 —— Linear fit a
T 100- .
(8]
© |
3 80 .
-
'8 60—_ ] ® Cube-atom
% 40- . @® Center-atom
C 20 ]
s_ 4
vl () Ir(111) Surface

0 ' 1I0 ' 2IO ' 3I0 ' 4IO ' 5IO ' 6IO ' 7IO ' 1

. —a
Co deposited [uC] V2

FIGURE 3.10: (a) The Kerr rotation as a function of nC of Co deposited on W(110) with

the lab equipment used in this thesis. The point where the linear fit crosses the y-axis,

represents 1ML. (b) the surface structure of a W(110) surface. (c) the surface structure of
an Ir(111)-surface.

The lattice constant for W is a,, = 3.165 A, for Ir it is a;, = 3.839 A. The ratio
between the surface particle density of the two surfaces, should be approximately

the ratio between the deposited Co per monolayer,

UW(llO) _ CO/ML(W) -~
UIr(lll) CO/ML([?”)

0.9. (3.3)

Following this, approximately 10 pC deposited Co corresponds to one monolayer on

the Ir(111) suface, with the instruments used in this thesis.
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Chapter 4

Results and discussion

4.1 Out-of-plane magnetization

The MOKE data for different thicknesses of Co grown on the Ir(111) substrate are
presented in Fig. 4.1(a). It is clear form the data that a hysteresis loop is first
observed at 3 ML film thickness. As more Co is added, from 3 ML to 3.5 ML,
the coercivity of the loop decreases. For in-plane magnetization, one would expect
the MOKE data to develop in a manner like in Fig. 3.10. In that case a small
hysteresis loop would be observed at all thicknesses above 1 ML. It is known that in

a longitudinal MOKE geometry, Kerr rotation can be observed also for out-of-plane,
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FIGURE 4.1: MOKE hysteresis loops measured for 1-3.5 ML Co grown on the Ir(111)
substrate.
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polar, magnetization [59]. Generally, the Kerr rotation is much larger for out-of-
plane than for in-plane magnetization in such a geometry !. Figure 4.1(a) provides
a reference about roughly which magnitudes one would expect for a Co film with
in-plane magnetization; for a film with a thickness of 3.5 ML, the remanence is
about 50 prad. The measured remanence at 3.5 ML, in the present case, is 219 prad,
which is huge in comparison to the one of the in-plane sample. It is therefore natural
to conclude that this is a polar Kerr signal. The measured MOKE signal for 1-2.5
ML may be understood as an indication of a minor loop. This is due to the fact
that the coercivity of the loop is far above the reachable fields in our setup, that
is limited to applied fields of 4238 mT. It is clear from the 3 ML graph, that the
coercivity is at the edge of the field that can be applied by our instrument. It seems
that the coercivity of 2.5 ML is larger than that of 3 ML and therefore cannot be

properly measured. It is reasonable that the anisotropy increases as the sample
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F1GURE 4.2: SPEELS spectra for measured with wave vector transfer AK = 0.6 A7'. The

blue and red arrows, corresponds to data collected with opposite electron beam polariza-

tion. They are polarizations of spin-up (blue) and spin-down (red) orientation in the frame

of reference of a sample with in-plane magnetization. It can be seen the magnon excitation

peak is not spin resolved. This is a clear indication that the magnetization of the sample
is out-of-plane.

Tt is important to note that the Kerr-rotation is an optical effect and cannot always be directly
converted to the total magnetic moment of the magnetism of the sample. The strong polar Kerr
rotation does not mean that the magnetization is larger for an out-of-plane easy axis.
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thickness decreases. Coercivity is a measure of the system’s resistance to become
demagnetized - the stronger the magnetic anisotropy the more energy is needed to
flip the magnetization and the higher the coercivity. The easy magnetization axis of
a sample is determined by a competition between the magneto-crystalline anisotropy
and the shape anisotropy. The magneto-crystalline anisotropy is determined by the
preferred magnetization direction of the crystalline structure and can favour polar
magnetization. The shape anisotropy is determined by the shape of the magnet. For
an ultra-thin film, the surface contribution to the magneto-crystalline anisotropy
usually tends to rotate the magnetization to the out-of-plane geometry. In contrast,
the shape anisotropy prefers an in-plane magnetization direction. As the thickness
of the film increases, the influence of the shape anisotropy increases. At a certain
thickness the shape anisotropy is the dominating term and the easy magnetization
axis will be in-plane. The MOKE data indicate that the Co film has an out-of-
plane easy magnetization axis and that the polar anisotropy is reduced as the film
thickness increases. This can be seen by the behaviour of coercivity as function
of film thickness. One would expect that at some film-thickness the easy direction
of the Co film will be in-plane. At that point one would expect that the MOKE
data show a behaviour similar to Fig. 3.10(a). A further evidence that the Co film
has out-of-plane magnetization is the SPEELS intensity spectra. A typical intensity
spectra is shown in Fig. 4.2, for a wavevector transfer AK = 0.6 A7 Our setup is
designed to measure in-plane magnetization. The blue arrows, I, are the measured
electron intensities for an electron beam, polarized in the spin-up direction in the
frame of reference of a sample with in-plane magnetization. The red arrows, I_, are
measurements done with the opposite electron beam polarization. It is clear that
the magnon-peak ? is equally well resolved for the two electron beam polarizations.
If the sample had in-plane magnetization, there would have been a discrimination
between the two polarizations of the beam. For out-of-plane magnetization, however,
the sample does not see the electron beam as spin polarized because in the frame
of reference of the sample, spin-up and spin-down refers to states orthogonal to the
polarization vector of the beam [18]. Spin-up and spin-down as seen in the reference
frame of an out-of-plane magnetized film, are equally probable states for an electron
beam polarized in the up- or down-direction in the frame of an in-plane magnetized
film. Based on the strong evidence from the SPEELS and MOKE measurements, we
conclude that the magnetization of a 1.6 ML Co film grown on the Ir(111) substrate
is out-of-plane. This is in agreement with Refs. [60-62].

2How one can conclude that the peak comes from a spin wave excitation is discussed in 4.2.
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4.2 Features of the SPEELS spectrum

Since the SPEELS measurements of Co on Ir(111) are not spin-resolved, a thorough
investigation is necessary to identify the magnon excitations in the spectra. There
are two main characteristics of the magnon excitation peak, that distinguishes it
from peaks originating from phonon excitations and vibrational modes. One feature
is that the magnon disperses in a nearly quadratic form, as the wave vector transfer
AK is varied. Another feature is that the FWHM (full width at half maximum) of

a magnon peak is rather large and increases with wavevector.

4.2.1 Development of excitations with changing wave vector

Low energy magnon modes disperse strongly with wave vector ¢ and can be dis-
tinguished from other excitations by this feature. The non-spin-resolved SPEELS
spectra contains other excitations such as phonon modes and vibrational modes of
adsorbates on the Co surface in addition to the magnon modes. It is known that

phonon modes in thin magnetic films have energies much lower than that of magnons.
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FIGURE 4.3: The quasi-elastic peak for SPEELS measurements with wave vector transfer

AK = 05471 (yellow dots) and AK = 0.8A7" (green dots). The inset represents a

qualitative sketch of the phonon and magnon dispersion curves. The development of the
quasi-elastic peak can be explained by the contribution of low energy phonon modes.
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FIGURE 4.4: Normalized SPEELS spectra of wavevector transfer AK = 0.7 A (a) and

AK =0.9547" (b) measured on the same sample. The blue (green) dots are measurements

done the same day as the sample was grown. The yellow (red) dots are measurements done

the day after the sample was grown. The intensity of the CO and H adsorbate-peaks have

clearly increased as more adsorbates have stuck to the surface over night. In (b), the green
spectrum is multiplied by a factor of 0.8 for clarity.

Phonon modes also disperse with wave vector but their energies are so low that their
presence first and foremost influence the position of the quasi-elastic peak. This can
be seen in Fig. 4.3, where the data from two SPEELS-measurements are plotted
together with a qualitative sketch of the magnon and phonon dispersion relations.
The yellow dots represent the intensity spectrum for AK = 0.5 A_l, the green dots
for AK = 0.8A™". The apparent shape of the quasi-elastic peak is influenced by
phonon excitations. At low wavevector transfer the influence is small, because the
phonon modes have very low energy. This is accordance with the yellow quasi-elastic
peak, that is fairly symmetric and well centered about zero. The phonon dispersion,
peaks around the middle of the Brillouin zone. At this point, their energy is high
enough to skew the position of the overall peak. The overall peak is then asymmet-
ric with a larger proportion towards positive energy loss, because more phonons are
created (loss) than annihilated (gain). This can be seen in the green quasi-elastic
peak. The overall peak is asymmetric and moved to the right, due to the presence

of phonon peaks.

At higher energies some peaks appear that originate from vibrational modes of
adsorbates on the surface. Those modes have flat dispersion relation and therefore
do not move considerably with AK. The peak intensity of an adsorbate vibrational
mode, grows as more adsorbates have stuck to the surface. This can be seen in
Fig. 4.4 that show the evolution of the SPEELS spectra as the sample was left over
night, for momentum transfers AK = 0.7A™" [Fig. 4.4(a)] and AK = 0.95 AT, [Fig.
4.4(b)|. The intensity spectra are normalized and in Fig. 4.4(b), the green spectrum
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FIGURE 4.5: The measured vibrational modes as function of the wavevector. The lowest
(orange) and top (red) mode originate from CO molecules. The middle (yellow) mode is a
result of H(Hy) vibrational excitations. All modes show a flat dispersion.

is multiplied by a factor of 0.8 for clarity. In both graphs it is clear that the CO and
H peaks have grown over night, while the magnon peak is of the same magnitude.
The magnon peak move as the wavevector transfer AK is varied, while the adsor-
bate peaks show no dispersion. It is well documented that adsorbates of CO and H
have vibrational modes matching the energies indicated in the figure [63]. It is also
expected that residual gases of CO and H are present in the UHV chamber. Based
on this, and their flat dispersion, it is clear that these peaks originates from CO and
H vibrational excitations. Fig. 4.4 underpin the importance of a clean sample - as
the adsorbate peaks rise, the magnon peak becomes less resolved. The measured
vibrational mode energies as a function of wave vector is given in Fig. 4.5. The
two lowest modes, circle (orange) and square (yellow), are the CO- and H-modes
seen in Fig. 4.4. The diamond (red) mode is a higher energy vibrational mode of
the CO adsorbate. As all these vibrational modes have fixed positions in the energy

loss-spectra, they can easily be distinguished from a magnon mode on a clean sample.

The dispersion of the magnon peak can be seen in Fig. 4.6, that show intensity spec-
tra measured at the same day, with the same sample and electron beam optimization,
for wavevector transfers spanning from AK = 0.5 A" to AK = 0.8A7". Also in
this figure the intensities are normalized. In addition each spectrum is multiplied
with a factor to make the comparison clearer - the AK = 0.8 AT spectrum show
for example higher intensities than the AK = 0.55 A spectrum, due to this. The

dots mark the magnon peak centres. For the spectrum measured at AK = 0.5 A_l,
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FIGURE 4.6: Intensity spectra measured at the same day, on the same sample and with the
same electron beam optimization, for wavevector transfers spanning from AK = 0.5 At
to AK = 0.8A7". The intensity is normalized and each spectrum is multiplied with a
factor to make the comparison clearer - the AK = 0.8 A™ " spectrum show for example
higher intensities than the AK = 0.55 A spectrum, due to this. Each color represents a
wavevector, that can be seen along the y-axis. The dots mark the magnon peak centres.
For the spectrum measured at AK = 0.5 A_l, it seems that the peak is at slightly smaller
energies. This is because the CO vibrational excitation coincides with the magnon peak
in this spectrum.

it seems that the peak is at slightly smaller energies. This is because the CO vi-
brational excitation coincides with the magnon peak in this spectrum. The magnon

peak moves about 50 meV as AK is varied from AK = 0.5A — 1 to AK = 0.8A — 1.

4.2.2 Magnon lifetime

Beside the strong dispersive behavior, a magnon peak broadens with energy. This is
again a feature that distinguishes a magnon peak from the vibrational modes present
in the non-spin-resolved SPEELS-spectra - vibrational modes do not broaden as
strong as magnons. The broadening of the measured intensity peaks, origins from
both homogeneous and inhomogeneous broadening effects. Each event of an elec-

tron being measured by the channeltron represents an independent random variable.
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FIGURE 4.7: Intensity spectrum for (a) AK = —0.5 A" and (b) AK = 0.7 A7 fitted with

Voigt profiles. The marked FWHM is of the Voigt peak and increases with wavevector. The

Voigt profile in (a) is a convolution of a Gaussian with 16.8 meV FWHM and a Lorentzian

with I' = 25meV. The Voigt profile in (b) is a convolution of a Gaussian with 18.2meV

FWHM and a Lorentzian with I' = 49 meV. This corresponds to a lifetime of 7 = 53 fs in

(a) and 7 = 27fs in (b). In (a) the arrow mark the place where the vibrational excitation
of adsorbed H on the surface were observed.

The central limit theorem states that the sum of independent, equally distributed,
random variables, will be normally distributed as their quantity goes to infinity.
The measurements themselves are therefore normally distributed and represent an
inhomogeneous broadening. The normal distribution is described by a Gaussian
function. The excitations are naturally homogeneously broadened due to Heisen-

berg’s uncertainty principle,

AEAt > g (4.1)
that relates the uncertainty in energy, AE, and lifetime, At. Time and frequency
domain are related through Fourier transforms. According to Fermi’s Golden Rule a
quantum excited state decays exponentially with time, which leads to a Lorentzian
distribution of the energy (frequency domain), as the Fourier transform of an expo-
nential decay function is a Lorentzian. In opposite direction, the broadening of the
Lorentzian function in energy domain can be used to calculate the lifetime of the
excited state. The Fourier transform of a Lorentzian is an exponentially decaying
function. Denoting the FWHM of the Lorentzian distribution as I, the lifetime

T=— (4.2)

is defined as the time in which the amplitude of the excited state drops to e™! of
its original value. An observed peak in the intensity spectra has a Voigt profile -
it is a convolution between Gaussian and Lorentzian distribution functions. The

Gaussian distribution represents the instrumental broadening while the Lorentzian
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FIGURE 4.8: Intensity spectra for (a) AK = 0.8 A7" and (b) AK = 0.9 A7 fitted with

Voigt profiles. The marked FWHM is of the Voigt peak and increase with wavevector. The

Voigt profile in (a) is a convolution of a Gaussian with 17.3 meV FWHM and a Lorentzian

with T' = 59 meV. The Voigt profile in (b) is a convolution of a Gaussian with 17.5 meV

FWHM and a Lorentzian with I' = 78 meV. This corresponds to a lifetime of 7 = 22fs in

(a) and 7 = 17fs in (b). The arrows mark the places where the vibrational excitations of
adsorbed CO- and H on the surface is observed.

distribution represents the intrinsic magnon signal. For a Voigt-fit, the linewidth of
both the Gaussian and Lorentzian distribution must be determined. The linewidth
of the instrumental broadening, the FWHM of the Gaussian distribution, is set
to the resolution of the electron beam that is about 15-20 meV, depending on the
optimization used during measurement. This is a slight overestimation, due to the
phonons influence on the quasi-elastic peak, discussed in Section 4.2.1. The linewidth
of the intrinsic magnon signal, I'; is determined by fitting the Voigt profile to the

measured data. As the electron beam resolution is kept at approximately the same
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FIGURE 4.9: (a) I of the Lorentzian in the Voigt-fit of all the magnon peaks measured

in this thesis. The uncertainty is given by the uncertainty in linewidth of the fitted peak.

(b) An estimate of the lifetime of the magnons in (a), calculated with Equation 4.2. The
uncertainty is estimated by standard error propagation (AT = AI'2h/T 2)
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value throughout the measurements, it is clear that the broadening of the magnon
peaks is due to an increase in I'. Fig. 4.7 and Fig. 4.8 show magnon peaks, each
fitted with a Voigt profile, for AK = —0.5A"" [Fig. 4.7(a)], AK = 0.7A™" [Fig.
4.7(b)], AK = 0.8 AT [Fig. 4.8(a)] and AK = 0.9 AT [Fig. 4.8(b)]. The electron
beam resolution and I of each Voigt fit is given in the Figure captions. It is clear that
the peak, not only move, but broadens with increasing AK. This is again a strong
evidence that the measured peak indeed is a magnon excitation. It is the change of
magnon lifetime with wave vector that causes the broadening of the magnon peak
with increasing wave vector - high energy magnon states have shorter lifetime than
magnon states of lower energy. Figure 4.9(a) shows the I' values extracted from
the experimental data in this thesis, as function of the wavevector (absolute value).
Fig. 4.9(b) is a plot of the corresponding lifetimes that span from 66-15fs. The
short lifetime of high-energy magnons are mainly due to the dissipation into the
Stoner continuum. As discussed in Section 2.2.1 and seen in Fig. 2.2 the spin wave
states coincide with the Stoner continuum at high energies. This results in a decay
of high-energy magnon states into the available Stoner states. The higher order
magnons are in addition influenced by the damping mechanism discussed in Section
2.4.1 [Fig. 2.7]. The additional damping means that higher order magnons have

even shorter lifetime than a magnon with the same energy but of lower order.
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4.3 Dispersion relation

The main experimental results of this thesis are the measurements of SPEELS spec-
tra for a 1.6 ML thick Co film on an Ir(111)-surface, along the I'-K direction of the
surface Brillouin zone. In the course of this thesis, 93 intensity spectra with visible
magnon peaks were collected and analyzed. Each spectrum is a result of 3-21 con-
secutive scans. The peak position was identified using a Voigt-profile, as discussed
in Section 4.2.2.

In order to understand the behaviour of the magnon modes, first-principles cal-
culations within the generalized gradient approximation of the density functional
theory (DFT) have been performed in collaboration with Prof. Arthur Ernst (JKU,
Linz). The magnon dispersion relation theoretically calculated with this method,
has shown very good agreement with experiments for Fe-films [16-18]. For Co-films,
it was discovered that the fist-principles calculations overestimate the magnon en-
ergies. It has been found that this overestimation is because experimentally probed
electronic band structures of Co films cannot be described appropriately within
the singe-particle DFT [21, 22|. To obtain better agreement with the experimen-
tal results, one should renormalize the majority-spin states of 3d bands towards
the Fermi level, keeping the minority-spin states unchanged [20-22|. The need for
this renormalization has been attributed to the stronger correlation effects for the
majority-spin states. The weakness of the single-particle DF'T based approach, is
therefore that it overestimates the values of the exchange splitting. This has been
taken into account in the first-principles calculation performed in this thesis. Here,
the majority bands are renormalized according to magnitudes found for a 3ML Co
film grown on a Pt(111)-surface [19], that was discovered to be higher than for a
Co(001)- or Ir(001)-surface. As only the majority band is renormalized, the mag-
nitude of the renormalization is directly proportional to the reduction in exchange

splitting.

The measured peak energies as a function of the wavevector are represented in
Fig. 4.10(a). The results are plotted with the dispersion relation obtained by the
first-principles calculations. The colored dispersion relation has been obtained as
discussed above. The gray dispersion relation is the result of the first-principles
calculations without taking the correlation effects into account. It is clear that the
dispersion relation is overestimated compared with the experimental data, with and
without considering the correlation effects. In the case where the correlation effects

are not taken into account, the overestimation is even higher. This is interesting, as
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FIGURE 4.10: The measured magnon dispersion relation along the I-K direction of the
surface Brillouin zone. In (a) the experimental data are plotted with dispersion relations
calculated in collaboration with Prof. Arthur Ernst (JKU, Linz), based on first principles.
The colored dispersion relation is the result of the calculation with correlation effects taken
into account. in which the energy of the Co majority band has been renormalized with
a magnitude matching the results of earlier research [19]. The gray dispersion relation is
the result of the calculation without taking correlation effects into account. In (b) the
experimental data are fitted with a dispersion relation calculated based on the Heisenberg
model with nearest and next nearest neighbor interactions taken into account (solid line).
The dashed line is the dispersion relation when only nearest neighbors are considered.
The exchange constants used in this fit are Jj = 6.5meV and J; = 10.5meV for nearest

neighbor interaction, and J ]Il, = 0.5meV and J 1# = 1.3meV for next nearest interactions.

The uncertainty in each data point is estimated through the uncertainty of the peak-fit.

The uncertainty is strongest for wavevectors near 0.75 A, because there the magnon peak
coincides with the CO- and H vibrational modes discussed in Section 4.2.1.
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it is in agreement with earlier work, stating that the electronic band structures of

Co films cannot be described appropriately within the singe-particle DF'T.

To provide an estimation of the appropriate values of the exchange constants, a sim-
ple calculation was done to fit the the experimental data according to the Heisenberg
model as discussed in Section 2.4. The resulting dispersion relation is plotted with
the experimental data in Fig. 4.10(b). The dashed line is the dispersion relation
calculated considering only nearest neighbor interactions. The solid line is the result-
ing dispersion relation when also next nearest neighbor interactions are taken into
account. This calculation was conducted with the (incorrect) assumption that the
exchange constants are the same for both layers. In reality, the exchange constants
of the interface layer are lower than those of the surface layer. This is due to the hy-
bridization of the electronic states of the ferromagnetic interface layer with those of
the substrate. The degeneracy near the Brillouin zone boundary in this model is due
to the fact that an isotropic exchange interaction is assumed. In the first-principles
calculations, the fact that the exchange constants in different layers are different
has been properly taken into account. This can clearly be seen in 4.10(a) where the
degeneracy of the magnon bands is lifted. The calculations based on the Heisenberg
model produce a dispersion relation that fit the data rather well. This is because the
values used for this model represent average values of exchange constants of the two
layers. Here the exchange constants are set to Jj = 6.5meV and J; = 10.5meV for
nearest neighbor interaction, and J ]ll, = 0.5meV and Jy = 1.3meV for next nearest
interactions. J represents the exchange interaction within each layer. J, represents
inter-layer exchange interactions. As discussed in Section 2.4, is J, > J because
the distance to the nearest neighbors in the neighboring layer is less than the dis-
tance to the nearest neighbor in the same layer. The exchange constants equivalent
to Jj and J, in the first-principles calculation are Jj = 7meV for nearest neighbor
interactions on the interface (bottom) layer and Jj = 10meV for nearest neighbor
interactions on the surface (top) layer. The value of the inter-layer exchange con-
stant is J; = 13.3meV. These are all higher than the values obtained by our simple
fitting based on the Heisenberg model.

While going through the SPEELS-spectra, analyzing them, a weak signal that look
like a higher energy magnon-mode was discovered. The signal is observed in the
SPEELS-spectra presented in Fig. 4.11 for the wave vector transfers AK = 0.6 A_l,
AK = 0.7A7" and AK = 0.9A™". The orange Voigt-peak is the fitted magnon
of mode n = 0 (n represents the magnon quantum number). The grey peaks are
the Voigt-fits of the CO- and H vibrational modes discussed in Section 4.2.1. The
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F1GURE 4.11: SPEELS intensity spectra for three different AK. The orange Voigt-fit is

of magnon mode 0. The yellow Voigt-fit may be of a potential magnon mode 1. The grey

peaks are Voigt-fits for the vibrational modes discussed in Section 4.2.1. In the top spectra

of AK = 0.6 A_l, the yellow peak is centered at an energy loss of (128 & 15)meV. In the

middle, AK = 0.7 A_l—spectra, the peak has moved to an energy loss of (158 + 20)meV.

For the bottom, AK = 0.90.9 A_l—spectra, the peak has moved further to an energy loss
of (230 £ 25)meV.
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FIGURE 4.12: The measured magnon dispersion relation along the I'-K direction of the
surface Brillouin zone. The data are plotted with dispersion relations calculated in col-
laboration with Prof. Arthur Ernst (JKU, Linz), based on first principles, for a bilayer
system (a) and a trilayer system (b). The purple dots are the experimental data from the
first magnon peak. The red dots are the experimental data from the second magnon peak.
The uncertainty in each data point is estimated through the uncertainty of the peak-fit.
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FIGURE 4.13: The measured magnon dispersion relation along the I'-K direction of the
surface Brillouin zone. The experimental data are plotted with the dispersion relation
of a trilayer system calculated by the use of our simple Heisenberg model (a). In part
(b) is the dispersion relation calculated in collaboration with Prof. Arthur Ernst (JKU,
Linz), based on first principles, multiplied with a factor of 0.77. The factor was extracted
from a comparison between the exchange constants used in the original calculation and the
exchange constants extracted from the simple Heisenberg-fit seen in (a). The purple dots
are the experimental data from the first magnon peak. The red dots are the experimental
data from the second magnon peak. The uncertainty in each data point is estimated
through the uncertainty of the peak-fit.
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yellow peak is a Voigt-fit to the magnon peak discovered. The blue curve is the sum
of the fitted peaks and match well with the experimental data points (light blue).
Without the yellow magnon peak, there would be a large gap between the blue line
and the experimental data points - the fit would not match the experimental data
very well. The peak behaves like a magnon, as it disperses with wavevector and
has a broad linewidth. It is, as discussed in Section 4.2.2, expected that the higher
order magnon modes exhibit a shorter lifetime. The broadening of the peak, and its
low intensity, makes it hard to detect. The peak is not seen in all the 93 SPEELS-
spectra in which the magnon of mode n = 0 (orange peak) is resolved. In some
measurements the signal is so weak that is hard to detect. However, even though
the signal is weak, it is possible to see in 63 of the 93 SPEELS-spectra that have
been analyzed. From these 63 SPEELS-spectra data points have been extracted to
get an estimation of the behaviour of this peak. When plotted with the dispersion
relation based on first-principles calculations, one discovers that the second magnon
peak fits very well with the n = 0 magnon mode. This can be seen in Fig. 4.12(a),

where the red data points are the measured energies of the second magnon peak.

The presence of the second magnon mode in the SPEELS intensity spectra, in the
unexpected energy region, indicates that the sample is no longer a flat film composed
of only bilayers. It also contains patches with various thicknesses. Since we have
grown 1.6 ML of Co, one would naturally think that the film is composed of mainly
bilayer Co. However, the dispersion relation of this higher order magnon mode indi-
cates that there are patches of more than two layers. The purple and red data points
represents the dispersion relation of magnon modes with different quantum number.
The magnon mode with quantum number n = 1 in the bilayer system is rather flat,
and clearly distinguishable from the magnon mode with quantum number n = 0.
The existence of two magnon modes that have so similar dispersion relations, is a
clear evidence that the Co film is not strictly of mono- and bilayer structure (no
Frank-van der Merwe growth). To get a better understanding of the system, first-
principles calculations were performed, in the same manner as described above, for
a trilayer system (calculations are performed by Prof. Arthur Ernst, JKU, Linz).
The resulting dispersion relation, together with the experimental data are presented
in Fig. 4.12(b). It is apparent that the dispersion relation is overestimated also in
the present case, similar to the one of the bilayer system. A calculation for a trilayer
system has been made in accordance to our Heisenberg model. This calculation can
be seen in Fig. 4.13(a), plotted with the data points. Though the simple Heisenberg
model was efficient to fit the data in the case of a bilayer system, it is not as straight-

forward in the trilayer-case. The trilayer system is more complex than the bilayer
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one, and when considering modes with higher quantum numbers it is important to
consider each layer individually. The exchange constants are very different in each
layer. As the interface and surface layers are treated equally in this calculations,
the degeneracy, discussed above for the bilayer system, is also present here. If the
interface and surface layers were treated unequally, the dispersion relation, particu-
larly of the n = 1 magnon mode, would have had a shape similar to the dispersion
relation in Fig. 4.12(a). Due to the complexity and the large number of unknown

variables, we have not used this approach in this thesis.

The fit based on the Heisenberg model, for the trilayer system could be useful, even
if the shape of the modes with higher energy are not realistic. When looking at
Fig. 4.12, one could assume that the red data points could eventually originate
from the n = 0 magnon mode in the bilayer system, they could also originate from
the n = 1 mode of the trilayer system which in the calculations, the energies are
overestimated. This is in line with the fact that the purple data points, which could
eventually correspond to the n = 0 mode of the trilayer system, are also lower in
energy compared to the calculation. Putting these arguments together one may

conclude that the calculations for the trilayer system overestimates all the magnon
bands.

Comparing the value of the exchange constants to those estimated using our simple
Heisenberg model, one realizes that the exchange constants in the first-principles
calculations are overestimated by a factor 1.3. Considering this factor, one obtains
the dispersion relation shown in 4.12(b), which explains both the n = 0 and n = 1
magnon modes of the trilayer system rather well. In order to provide an estimation
of the exchange constants, the nearest neighbor inter- and intra-layer exchange pa-

rameters, after considering the factor of 1.3, are presented in Table 4.1.

The experimental data provides evidence that the Co film consist of patches of
three and two atomic monolayers. The strongest magnon signal (purple data points)
originate from the magnon mode with quantum number n = 0 of a trilayer structure,

seen in Fig. 4.13(b). The weak magnon signal (red data points) could originate

Co

Ir(111) Substrate

FIGURE 4.14: Co growth with islands of of 1-3 ML of difference size spread on the Ir(111)
substrate.



54 Chapter 4. Results and discussion

Interface layer | Middle layer | Surface layer
J|| [rne\/] 4.8 6 8.2
J) [meV] 5.2 5.2/11.8 11.8

TABLE 4.1: An estimation of the nearest neighbor exchange constants of the trilayer sys-
tem, based on an comparison between the values obtained in the first-principles calculations
and the fit to the experimental data.

from the n = 0 magnon mode of the bilayer structure [Fig. 4.12(a)| as well as the
n = 1 magnon mode of the trilayer structure [Fig. 4.13(b)|]. The fact that the
strongest signal originates from patches of trilayer thickness, could be an indication
that the film is grown in a Vollmer-Weber manner with islands of three layers. The
weak signal from the bilayer structure could indicate that this signal comes from
smaller areas of two layers that are also present on this film. Figure 4.14 provides
a qualitative sketch of how the structure could look like. The trilayer dispersion
relation calculated by first-principles had to be multiplied by a factor 0.77 in order
to fit the experimental data. This could very well be due to the complexity of
the surface growth structure. The trilayer patches could grow in either fcc or hep
stacking. In all the calculations discussed here, it was assumed that the Co film
grows in an fcc-like manner. A potential presence of hcp structures would only
affect the trilayer dispersion relation. This matter could be further investigated for
example by the use of STM (scanning tunneling microscope). In the calculations
based on first-principles, it was assumed that the inter-layer distance of the film
was 2.02 A between consecutive layers of Co and 2.10 A between the first Co layer
and the substrate. In a real sample this values may differ. In particular would
a smaller distance between the first Co layer and the Ir substrate influence the

exchange interaction so that the exchange constants of this layer would be smaller.

4.4 Antisymmetric exchange interaction

The antisymmetric exchange interaction, the DM-interaction, is of much lower mag-
nitude than the symmetric, Heisenberg exchange interaction. It is therefore hard
to make measurements sensitive enough to measure its influence. In a sample with
strong DM-interaction, the dispersion relation of the magnon excitation energy is
asymmetric with respect to wavevector. The excitation energy is therefore different
comparing the spectra for +AK to those of —AK. The DM-interaction is a result of
spin-orbit coupling and the absence of inversion symmetry in the system. An ultra-
thin film has broken inversion symmetry. Grown on a heavy element substrate, like
Ir, one would expect the DM-interaction to be present. Particularly if there are

strong interactions between the film and substrate. As discussed in Section 2.1,
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and seen in Eq. (2.4), one expects a sinusoidal behaviour of the energy shift due
to the DM-interaction. The energy shift is expected to be highest for intermediate

wave-vectors.

As the DM-interaction is very weak in comparison to the Heisenberg exchange in-
teraction, it is challenging to measure it. To be able to attribute a change in peak-
energy to the DM-interaction, measurements for £AK must be done at the same
day with the same sample. Preferably the beam optimization should be the same
for both measurements as well. To preform a measurement on both the plus and
minus side with the same beam optimization is often a bit challenging. Often a
beam optimization that works well for positive wave vectors has less resolution for
negative wave vectors and vice versa. There are therefore not many measurements
in which the same beam optimization has been used for both positive and negative
wavevector, but there are some. In total, 16 sets of +AK measurements were done,
and 7 of those sets are measured with the same beam optimization for both the
plus and minus side. Some selected data sets with £ AK measurements are shown
in Figures 4.15 and 4.16. The intensity specta are measured with the same sample,
on the same day, with the same electron beam optimization for AK = +0.5 A_l,
AK = 40.6A"" and AK = +0.8A7". The AK = +0.7A™" set was measured with
the same sample, at the same day, but with a slightly different electron beam op-

timization. The orange data points are from the positive AK measurements, while
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FIGURE 4.15: SPEELS intensity spectra for AK = i0.51&71,taken with the same sample,

at the same day and with the same electron beam optimization. The experimental data are

shown by solid dots and the fits based on Voigt profiles are shown by solid lines. The green

plots and curve are the data set and Voigt-fit from the negative side, while the orange and
yellow plot and Voigt-fit are from the positive side.
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FIGURE 4.16: SPEELS intensity spectra for AK = 40.6 A_l(top), AK =
+0.7 A_l(middle) and AK = £0.8 A_l(bottom). Each +AK-set is taken with the same

sample at the same day. The AK = +0.6 A" and AK = £0.8 A" sets were in addition

measured with the same electron beam optimization. The green plots and curve are the

data set and Voigt-fit from the negative side, while the orange and yellow plot and Voigt-fit
are from the positive side.
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the green data points are from the negative AK measurements. The data sets are
fitted with a Voigt-peak and the centre of the peaks is given in each Figure legend.
In the AK = +0.5 A" set, no significant movement of the peak is seen. This is as
expected, as the energy asymmetry due to DM interaction is small for low wavevec-
tor. In the AK = 40.6 A" and the AK = +0.7A ™" sets, a shift is observed. In the
AK = £0.6 A" set, the peak measured at negative AK is at a higher energy than
the peak measured at positive AK. In the AK = +0.7 A set, a shift in the oppo-
site direction is observed. In the AK = +0.8 A™" there is again no significant shift.
Tt could be that the shifts observed in the AK = 0.6 A" and AK = +0.7 A" sets
originates from the DM-interaction but it is hard to conclude based on these data

only.

Figure 4.17 is a plot of the excitation energy differences from each of the 16 data
sets sets of ZAK measurements done in this thesis. The excitation energy difference
is here defined as the movement of the peak measured at negative AK relative to

the peak measured at positive AK, that is
AE = F(—AK) — E(+AK). (4.3)

The blue dots in the figure are data points from the sets where +AK have been
measured at the same day with the same sample. The yellow dots are data points
from sets where £AK have been measured the same day, with the same sample and
with the same electron beam optimization. The data set as a whole, show a slight
tendency towards negative excitation energy difference. All of the blue data points
indicate that there is a negative shift. Some of the yellow data points are on the
positive side, but at very small magnitudes. The deviation from zero is largest for
wavevectors above AK = +0.6. It could very well be that this is due to the stronger

DMe-interaction at those wavevector transfers.

It is hard to make a clear conclusion based on these data. Some measurements
show that at intermediate wavevecotrs there is some effect, but due to the broad
magnon spectra it is hard to quantify. In order to quantify the effect, it would
be necessary with a spin-resolved signal. With our SPEELS-setup, this would be
possible to obtain by growing a thicker Co film. The thicker film would have neither
in-plane nor out of plane magnetization and the SPEELS signal would be partially
spin-resolved. Such a measurement could provide useful insights to the nature of

this phenomena.
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FIGURE 4.17: The measured excitation energy difference between +AK, as function of
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optimization. The uncertainty is estimated through the standard uncertainty propagation
of the peak-uncertainties.
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Chapter 5

Conclusion

In this thesis the SPEELS-spectra of a 1.6 ML thick Co film grown on an Ir(111)
substrate have been investigated. Throughout the work of this thesis 93 intensity
spectra with visible magnon peaks were collected and analyzed. Each spectra is a

result of 3-21 consecutive scans.

The magnetization of the Co film was found to be perpendicular to the surface.
This was confirmed by MOKE measurements, showing a polar Kerr rotation. This
fact was further confirmed by our SPEELS measurements, in which we observe the

magnon excitation peak in both spin channels.

Magnon peaks could be identified in the non-spin-resolved SPEELS spectra. Their
peaks could be distinguished from peaks originating from excitations of H and CO
adsorbates based on their dispersion relation and their broadening as function of the

wavevector.

The magnon spectra were analyzed as a function of wavevector along the I'-K direc-
tion of the surface Brillouin zone. A careful investigation of the spectra revealed a
higher order magnon peak. This peak was observed in an energy region in which one
would not expect to observe the n = 1 magnon mode of a Co bilayer. In contrast to
the almost flat dispersion relation to the n = 1 magnon mode expected for a bilayer,
this mode showed a strong dispersion relation, indicating that the Co film is not only
composed of mono- or bilayer regions. The magnon dispersion relation of the system
was also theoretically analyzed by the use of two methods. Calculations based on
first-principles within the generalized gradient approximation of the DFT, were con-
ducted in collaboration with Prof. Arthus Ernst (JKU, Linz). These calculations
were performed for both a bilayer and a trilayer fcc-system. Calculations based on
a simple Heisenberg model, taking nearest and next nearest neighbor interactions

into account, were performed in order to estimate the effective interatomic exchange
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constants.

It was found that the first-principles calculations overestimate the energies of the
magnon bands. The overestimation was even higher when correlation effects were
not taken into account. This is in agreement with earlier work, stating that the
electric band structures of Co films cannot be described appropriately within the

single-particle DFT.

When the experimentally measured dispersion relation was compared with the re-
sults of calculations based on first-principles, for the trilayer and bilayer system, it
was found that the strongest magnon signal originates from the n = 0 magnon mode
of the trilayer system. The second magnon signal could originate from the n = 0
mode of the bilayer structure as well as the n = 1 mode of the trilayer structure.
The fact that the larger intensity is observed for the first magnon signal, could be an
indication that the film is grown in a Vollmer-Weber manner, with islands of three

layers.

Furthermore, it was observed that the trilayer dispersion relation based on first-
principles calculations, overestimates the energies of the magnon bands. In order
to understand the origin of this overestimation, the measured dispersion relation
for the lowest energy magnon mode was fitted by calculations based on a simple
Heisenberg model, taking only isotropic exchange interactions into account. This
calculations could provide an estimate of the average values of the exchange con-
stants of the three layers. Comparing the values obtained through this fit, with the
exchange constants in the first principles calculations, it was found that they are
overestimated by a factor of 1.3. Considering this factor, the dispersion relation
calculated for the trilayer system, based on first principles, matches rather well to
the experimental data. Based on this analysis the values of the exchange constants
were estimated to be Jﬁ = 4.8meV, Jﬁ” = 6meV and JHS = 8.2meV, where Jﬁ, J"‘”
and JHS represent the values of the intralayer exchange constants in the interface,
middle and surface layer, respectively. For interlayer exchange, the exchange con-
stants were estimated to be J = 5.2meV and J** = 11.8 meV where J{" denotes
the interlayer exchange constant between the interface and the middle layer, while

J7"* denotes the exchange between the middle and the surface layer.

The overestimation of the magnon band energies in the trilayer dispersion relation,
based on first principles, is very likely due to the complexity of the structure. More-

over, one has to consider that the trilayer patches can in principle grow in either
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fce or hep stacking. The potential presence of hep structures would only affect the
trilayer dispersion relation. The inter-layer distances, that were considered as the

input of the first principles calculations, could also be different in a real sample.

A series of measurements were performed with the aim to measure the antisymmet-
ric exchange interaction, the DM-interaction of the sample. These measurements
were carried out on the same sample, at the same day to ensure the highest level
of precision. In total 16 data sets with +AK were collected, and 7 of those sets
were measured not only on the same sample, at the same day, but also with the
same e-beam optimization. The data sets were investigated to quantify the energy
asymmetry of AF = E(—AK) — E(+AK). A slight tendency towards negative AE
was observed, in particular for intermediate wavevectors. However, due to the broad
magnon spectra, it is difficult to quantify the value of the DM-interaction. Such an
effect can eventually be better investigated in a sample in which one observe a spin

resolved signal.

This work provides some insights into the magnetic nature of ultrathin Co films
grown on an Ir(111)-surface as well as the complex surface structure of such a film.
The results are in agreement with predictions based on previous research on Co
films. In particular does the film show similar magnetic properties as seen in a 3
ML Co film grown on a Pt(111)-surface [19]. To fully understand the structure and
magnetic properties of such a system more research must be done. Spin-resolved
measurements could provide more insight into the magnetic properties. The film
structure could be investigated by STM [64].
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