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Abstract
Probing the fundamental magnetic interactions in layered magnetic structures is
essential to the understanding of the properties of these systems. Such physical
quantities can be experimentally measured by probing the magnon dispersion
relation over the whole Brillouin zone. On this regard, high wavevector magnons
in ultrathin Fe and Co multilayers grown on W(110) and Ir(111) are studied using
spin polarized high resolution electron energy loss spectroscopy.
In layers of Fe and Co films deposited on W(110) the magnons are probed
along the [001] direction in the wavevector range of 0.25 Å−1.3 Å−1 . Experimental
results reveal two magnon modes which exhibit a clear dispersion as expected. The
results are described within the Heisenberg model. In the case of 1ML Co/1ML
Fe/W(110) structure, the interface Fe intralayer exchange coupling constants are
found to be enhanced when compared to 1ML Fe/W(110). The interlayer exchange
coupling was found to be weak (4.5 meV) relative to the 2ML Fe deposited on the
same substrate (7.6 meV). The antisymmteric Dzyaloshinskii-Moriya interaction
(DMI) was observed to be enhanced when compared to the 2ML Fe/W(110) system.
Fe films with the thickness of 2ML and 3ML showed very soft magnons when they
were grown on Ir(111). This indicates rather small exchange coupling constants in
these systems. For the case of 2ML Co/1ML Fe/Ir(111) two magnon modes were
observed. Comparing the experimental results with those of ab initio calculations
it is observed that the exchange interaction in the Fe layer at the interface is very
weak, with a large antiferromagnetic contribution.
The results provide a deeper understanding of the magnetic interactions in layered
structures and may help to advance the understanding of the role of symmetric and
antisymmetric exchange interaction in low dimensional magnetism.
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"Start by doing what’s necessary; then do what’s possible; and suddenly
you are doing the impossible."
- Francis of Assisi
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1.

Introduction

Magnetism has been undertaken as a study for a few thousand years. The Greek scholars discussed an iron ore called lodestone which eventually resulted in the development
of navigational magnetic compasses. Only around the 13th century the first mention of
the magnetic compass was recorded, and in the last two centuries we have seen a rapid
progress in the subject [6, 99]. Today magnetism is still an important topic, being at the
heart of condensed matter research. Magnetism is a purely quantum mechanical effect
as the Bohr-van Leeuwen theorem states, where in the classical description at any finite
temperature there should not be any net magnetization observed.
A magnetic solid may be imagined as a latice of spins. The elementary collective magnetic
excitations in a such a system are called spin waves and the associated quasiparticles are
called magnons. In order to explain magnetic ordering at a finite temperature and the
emergence of the critical temperature, TC called the Curie temperature, to a paramagnetic
transition, magnons are of great importance. In the vast range of temperatures, primarily
two types of interactions are responsible for magnetic order: dipole and the exchange interaction. While the dipolar interaction may be able to explain some magnetic ordering at
temperatures below 1 K, many ferromagnets have their ordering taking place at far higher
temperatures such as bulk Fe at 1043 K and therefore cannot explain long range order in
these materials. The exchange interaction on the other hand is able to explain long range
order at such high temperatures [6]. Investigating these phenomena is essential to have
an understanding of magnetic interactions. In that context high wave vector magnons are
ideal to investigate the exchange interaction since the length scales of both are on the order
of up to a few angstroms. Also, reducing the dimensionality of magnets can produce many
exotic states [109]. Investigation of magnetic properties of thin films holds a fundamental
importance for the understanding of magnetism and can lead to important technological
advancements (e.g. hard disk drive).
A magnetic solid has competing magnetic interactions that will define it’s ground state. In
particular, there is the symmetric exchange interaction and antisymmetric DzyaloshinskiiMoriya interaction among others. If the symmetric exchange interaction is dominant, then
the system will exhibit either ferromagnetic or antiferromagnetic behavior. This interaction is a consequence of the Coulomb interaction between electrons and the Pauli exclusion
principle and is a purely quantum mechanical effect having no classical analogue. In the
case where the antisymmetric Dzyaloshinskii-Moriya interaction becomes comparable to
the symmetric term and larger than the magnetic anisotoropy , the result is a tendency
to have a non-collinear ground state. Here the origin is in the spin-orbit coupling and
the absence of inversion symmetry [6, 109]. As a results of these competing interactions,
there can arise many exotic states in a magnetic system [35, 42, 86, 104]. Therefore it
is important to quantify these magnetic interactions in order to understand properties of
3
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various magnetic systems.
Various experimental techniques can be employed in order to study magnetic interactions
in ferromagnetic materials. In inelastic neutron scattering (INS) neutrons are scattered
from a bulk material to study the magnetic properties of materials (magnons). However,
this technique is very limited when it comes to thin films because neutrons have a large
penetration depth into the material and a relatively weak interaction with matter. This
makes this technique not sensitive to surfaces. Ferromagnetic resonance (FMR) and Brillouin light scattering (BLS) experiments have been employed to investigate thin films,
however studies are done in the limit of small wavevectors. High wavevector magnons on
the other hand are governed by the exchange interaction with lifetimes on the order of
femtoseconds and interatomic lenghtscales [6, 85]. Therefore, SPEELS has been employed
in order to probe high wavevector magnons [109, 110].
Well modeled and interesting systems to study magnetic interactions are ultrathin films.
They provides a well defined, high purity system due to the epitaxial thin film growth and
nearly a perfect crystal structure in the low coverage regime. Of particular interest is the
interface of the ultrathin films and the substrates that they are grown on. The spin polarized high resolution electron energy loss spectroscopy (SPHREELS or SPEELS) technique
is a very powerful tool that can probe these interfaces and investigate magnetic interactions in thin films due to its high sensitivity and the ability to probe the magnons up to the
surface Brilluoin zone (SBZ) boundary. This technique can also be used to investigate non
magnetic excitations such as phonons and plasmons. Experimental results in ferromagnetic
thin films would give information on the symmetric Heisenberg exchange, antisymmetric
Dzyaloshinskii-Moriya interaction (DMI), lifetime and the dynamic properties of magnons.
The W(110) substrate has been one of the most extensively investigated systems by means
of SPEELS, with elemental films of Co and Fe being grown on top [15, 27, 92, 104, 106,
107, 110, 112]. First ever results using SPEELS on the Fe/W(110) system were achieved
by Kirschner et al., thus demonstrating the ability and potential of SPEELS to study
magnons in thin films [67]. Later, SPEELS was used to study magnons across the SBZ in
[27, 92] and quantify the symmetric exchange interaction. Recently, using SPEELS, the
antisymmetric DMI has been demonstrated to have a large effect on the magnon dispersion in the 2ML Fe/W(110) system [104].
The Ir(111) substrate has been used to grow various configurations of thin films which exhibited exotic spin states [3, 35]. In particular a system of interest is the 1ML Fe/Ir(111).
It was reported that a lattice of exotic magnetic structures called skyrmions was measured
in such a structure by spin polarized scanning tunneling microscopy [35]. The SPEELS
experiment is potentially able to quantify the exchange coupling constants and the DMI
in this system. The magnetic state of the 1ML Fe/Ir(111) is not easily defined and this
presents in itself a challenge for SPEELS, because of the complexity of the magnetic
system. The Fe interface in this system can still be probed however, this is done by
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investigating layered ultrathin films where the interface layer is Fe. Such systems were
investigated in this work and in particular included 2ML Fe, 3ML Fe and 2ML Co/1ML
Fe/Ir(111).
In this work, different thicknesses and alternating layers of Co and Fe monolayers are
grown on W(110) and are studied by means of SPEELS. The magnon dispersion is discussed in the framework of the Heisenberg model. The low interlayer coupling of the films
is compared to the elemental films on W(110). The large effect of the DMI on the magnon
dispersion is compared to the 2ML Fe/W(110) case. The other system that is investigated
is the Ir(111) system with films of 2ML Fe, 3ML Fe and up to 17ML Fe thickness. The low
exchange coupling constants in all of the investigated systems are derived from ab initio
calculations and discussed. For the 2ML Co/1ML Fe/Ir(111) system the interfacial DMI
is observed.
This thesis is organized in the following way. In chapter 2, the theoretical background
of magnetic excitations is presented where magnons are first described in the Heisenberg
model as spin waves and later as Stoner excitations in the itinerant electron model. The
antisymmetric DMI is introduced and its effect on the magnon dispersion. Spin-polarized
electron scattering is discussed in section 2.3. Chapter 3, presents the experimental methods used in this work, the material characterization techniques, the SPEELS spectrometer
and the sample preparation. Chapter 4 presents the experimental results of thin films on
W(110) in terms of the symmetric Heisenberg exchange interaction and the antisymmetric
DMI. Chapter 5 presents the experimental results of thin films on Ir(111) in terms of the
symmetric Heisenberg exchange interaction and the antisymmetric DMI. Finally, chapter
6 summarizes and concludes the results which is followed by brief outlook.
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2.

Theoretical background

In this chapter the theoretical framework for magnetic excitations is introduced along
with how this pertains to spin-polarized electron energy loss spectroscopy (SPEELS). In
section 2.1 magnetic excitations will be introduced and discussed. There we will look at
the mechanisms of spin wave excitation, describing them within the Heisenberg model and
the Stoner excitations with their relationship to spin waves in the itinerant electron model.
In section 2.2, the antisymmetric Dzyaloshinskii–Moriya interaction (DMI) is introduced
and how it affects the spin wave dispersion. The last section 2.3 will look at the principles
of electron scattering and SPEELS along with how one would quantify the above said
effects.

2.1

Theory of magnetic excitations

Magnetism is a purely quantum mechanical effect. This idea is enshrined in the Bohr-van
Leeuwen theorem. Using this theory it can be shown that the partition function Z for
N particles with a charge q is not a function of the magnetic field and neither is the free
energy of the system. This means that the thermal equilibrium magnetization is zero in
classical physics [6]. Such quantities as the electron wave function, spin and orbital angular momentum have to be considered. In 1927 an important result about determining
the ground state of a multi-electron system was put forward by Hund [45]. Together these
new ideas paved the way to what comes out eventually as the exchange interaction which
explains magnetic ordering in solids.
There are various excitations one may access in a solid: vibrational, collective charge
density oscillation, and magnetic excitations. These are called, phonons, plasmons and
spin waves, respectively. Spin waves are quantized with the quanta of a spin wave called
a magnon.
There are two categories into which we can sort magnetic excitations: collective excitations and single particle excitations also known as Stoner excitations. The former can be
described in the Heisenberg model which assumes a localized magnetic atomic moment.
The latter is within the framework of an itinerant electron model where it is described as
an electron-hole pair within the band picture. Between the two approaches, spin waves
can be described as a superposition of a number of electron-hole pairs [15]. In this work,
we use the term "spin waves" (SW) within the Heisenberg model.
One may use the term "magnon" to refer to magnetic excitations in both the Heisenberg
and the itinerant electron model. A magnon has a wave vector Q, an energy E and an
angular momentum 1~. Magnons can be regarded as bosonic quasi-particles and are de7
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scribed by the Bose-Einstein statistics.
When thinking of two magnetic moments interacting, it can be thought that they can be
coupled together by a dipole interaction since each magnetic moment produces a dipolar
field. However this interaction is relatively weak and will come into prominence at low
temperatures below 1 K. On the other hand the magnetic anisotropy energy (MAE) is
also present but is also relatively weak corresponding to only about 0.1 meV/atom in Fe
thin films on the W(110) substrate [79]. However, magnons are observed at much higher
temperatures, even higher than room temperature, and therefore another type of interaction between spins is expected.
Heisenberg found that the above mentioned strong interaction is due to the so called exchange interaction where the central ideas are the Pauli exclusion principle and the fact
that electrons with the same spin are identical and therefore indistinguishable. This leads
to the requirement that the total wave function of a multi electron system should be antisymmetric when two electrons are exchanged. The total wave function can be written as a
product of the spatial and spin part. This leads to the symmetry requirement that under
exchange, when the spins of two electrons are parallel or antiparallel which corresponds
to symmetric or antisymmetric spin wave functions, the spatial wave function has to be
symmetric or antisymmetric to keep total wave function antisymmetric. It is then evident
that the spin wave function affects the real space one and the electrons being differently
spacially distributed will have different electrostatic interactions due to the strong nature
of the Coulomb force. Nevertheless, this is a short range interaction since it depends on
the overlap of electron wave functions.
Just like for other excitations that have energy dispersion relationships associated with
them, magnons also have a characteristic dispersion relationship. Depending on which
range of wave vectors one wants to probe, the interaction mechanism is different and
therefore the measurement method would be different. For wave vectors |Q| > 10−2 Å−1 ,
magnons are governed by the exchange interaction, while for wave vectors |Q| < 10−3
Å−1 the dipole-dipole interaction is dominant. There is an intermediate range between
approximately 10−3 −10−2 Å−1 , where both dipole-dipole and the exchange interaction can
have comparable effects [19].
In this work the wave vectors studied are between ± 0.25 − 1.3 Å−1 . It is then appropriate to use the exchange interaction description as a theoretical basis to build on and
interpret the measurements. Within this model description two approaches can be used:
the Heisenberg model where the localized magnetic moment approximation is used and
each atomic magnetic moment is localized on that atom and the itinerant electron model
where the magnetic moment is delocalized and is carried by an effective wave function.

2.1.1

Spin waves in the Heisenberg model

First, we look at spin waves in the Heisenberg model. We start with a simple depiction
of a localized magnetic moment on each atom. When there is an excitation, the magnetic

2.1. Theory of magnetic excitations
(a)
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(b)

ω

µ
S i-1
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S
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(c)

Figure 2.1: (a) An electron with the magnetic moment µ and magnetic angular momentum S,
subject to an external magnetic field, precessing around an equilibrium position. (b) Side view of
a one dimensional chain (1D) of spins precessing around an equilibrium position with a constant
phase difference between each spin neighbor. (c) Top view of a 1D chain of spins. The spin wave
of one wavelength is shown.

moment starts precessing around an equilibrium position with a constant phase difference
between two neighboring atoms. In a one dimensional chain of magnetic moments depicted
in Fig. 2.1, the spin wave is shown having a particular wavelength when there is a change
of spin by 1~. Since the spin waves discussed here are within the exchange interaction
picture, we can look at the Hamiltonian which describes the energy due to this interaction:
H=−

X

Jij Si · Sj ,

(2.1)

ij

where Jij is the exchange constant between two spins Si and Sj and comes from the energy
difference between the triplet and singlet state [6]. A positive or a negative Jij indicates
ferromagnetic or antiferromagnetic coupling, respectively. Since the exchange interaction
has its origin in the Pauli exclusion principle and the Coulomb repulsion, one may expect
that the overlap of the involved and localized valence orbitals will decrease drastically
between atoms with increasing atomic distances. We will address this later for various
systems.
Treating the magnetic spins as classical vectors meaning that the moments are localized
on each atom, we can solve the Heisenberg Hamiltonian to obtain the spin wave dispersion
relation. Assuming the orbital magnetic moment to be quenched [6], each atom carries
an effective magnetic moment of µi = -gµB Si . The energy of a magnetic moment µi in a
magnetic field B is given by -µi · B. Then it follows from Eq.(2.1) that given two magnetic
moments, the exchange coupling is given as an effective magnetic field
2 X
Beff
Jj Sj ,
(2.2)
i = −
gµB j
with the factor 2 representing the sum over the nearest neighbors twice. In the effective
eff
field Beff
i , the spin Si experiences a torque τ i = µi × Bi , and because the magnetic mo-
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ment is associated with an angular momentum, the spin precesses around the equilibrium
position. The time dependence of the angular momentum which is the sum of the torques
is then
X
X
dSi
~
= τ i = −gµB
Si × Beff
Jj (Si × Sj ).
(2.3)
i = 2
dt
j
j
If the z direction is defined as the spin direction in the ground state or the magnetization
direction then one may expand and solve Eq.(2.3) to show
X
dSix
=2
Jj (Siy Sjz − Sjy Siz )
dt
j

(2.4)

X
dSiy
=2
Jj (Sjx Siz − Six Sjz ).
dt
j

(2.5)

~
and
~

It can be assumed that the deviation from the equilibrium position of the z axis is small
z
to be the approximately equal to S, the value of the spin moment Si . Also, S x
and Si,j
and S y are much smaller than S. The two above equations can be coupled together using
the operator S + = S x + iS y , therefore multiplying Eq.(2.5) by i and adding it to Eq.(2.4),
the following is obtained,
i~

X
dSi+
=2
Jj (Si+ − Sj+ ).
dt
j

(2.6)

Now, the energy dispersion relation for spin waves can be derived by solving Eq.(2.6) with
the ansatz S + = Ai exp(i(Q · Ri − ωt)). Ai is the spin wave amplitude at the position Ri ,
Q is the wave vector and ω is the angular frequency of the spin wave. We can insert the
expression for S+ into Eq.(2.6), and after dividing by exp(i(Q · Ri − ωt)), the following is
obtained,
X
~ωAi = 2S
Jj (Ai − Aj ei(Q·(Rj −Ri )) ).
(2.7)
j

The above equation is the starting point in the Heisenberg model to derive the spin wave
energy dispersion for an arbitrary crystal structure. Since in this work two crystal surface
structures were investigated, bcc(110) and fcc(111), we start with deriving the energy
dispersion for the bcc(110) case.
W is a bcc metal and the corresponding (110) crystalline structure is shown in Fig. 2.2(a)
and (b). One can then extend this to two or more layers and build the spin wave energy
dispersion from this. In Fig. 2.2(a), the first two layer stacking is shown with the nearest
and next nearest neighboring atoms. We can use Eq.(2.7) to derive the spin wave dispersion
in this particular case. The exchange interaction contribution of the nearest and next
nearest neighboring atoms to the spin wave amplitude is shown. The subscripts N and
NN signify the nearest and next nearest neighbors, respectively, and the propagation
direction and contribution Qk is inplane. Practically, A1 and A2 represent the spin wave
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2JNS(A1 - A1 exp(-i 12 Q a0 ))

1
2

(b)

[110]

(a)

[001]
1
2

2JN S(A1 - A1 exp(-i 12 Q a0 ))

1
2

Q

Figure 2.2: (a) An extended bcc(110) surface showing two layers. Each atom in the unit cell has
the spin wave amplitude contribution shown for the nearest neighbors. (b) Spin wave amplitude
contributions for the next nearest neighbors. The direction of spin wave propagation is shown
relative to the crystal.

amplitude in the first and second layer, respectively. Next, we sum up the six terms shown
in Fig. 2.2(a) to obtain spin wave amplitude expressions in the nearest neighbor picture
in the first layer,
1
1
~ωA1 = 8JN k S[1 − cos( Qk a0 )]A1 + 4JN ⊥ SA1 − 4JN ⊥ S cos( Qk a0 )A2 .
2
2

(2.8)

For the second atomic layer, we similarly obtain the expression,
1
1
~ωA2 = 8JN k S[1 − cos( Qk a0 )]A2 + 4JN ⊥ SA2 − 4JN ⊥ S cos( Qk a0 )A1 .
2
2

(2.9)

The variables JN k and JN ⊥ represent the exchange constants in the plane parallel and
perpendicular to spin wave propagation in a specific layer, respectively. Eqs.(2.8) and
(2.9) can be rewritten in matrix form
  

A1
8JN k S[1 − cos( 21 Qk a0 )] + 4JN ⊥ S
−4JN ⊥ cos( 12 Qk a0 )
~ω
=
.
A2
−4JN ⊥ cos( 12 Qk a0 )]
8JN k S[1 − cos( 12 Qk a0 )] + 4JN ⊥ S
(2.10)
In the above matrix Eq. (2.10), ~ω is the eigenvalue of the matrix on the right side of
the equation. We can then obtain analytical solutions for this matrix , assuming that the
equation for the wave amplitudes A1 and A2 can be solved non-trivially. It then follows,
−~ω + 8JN k S[1 − cos( 12 Qk a0 )] + 4JN ⊥ S
−4JN ⊥ cos( 12 Qk a0 )
=0
−~ω + 8JN k S[1 − cos( 21 Qk a0 )] + 4JN ⊥ S
−4JN ⊥ cos( 12 Qk a0 )
(2.11)
There are two solutions to the above matrix which turn out to be,
1
1
~ω = 8JN k S[1 − cos( Qk a0 )] + 4JN ⊥ S[1 − cos( Qk a0 )]
2
2

(2.12)

12
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Figure 2.3: Dispersion curves plotted for a two layer infinite slab of bcc(110) crystal. The
solid lines plotted from Eq.(2.12) and Eq.(2.13) represent the nearest neighbor Heisenberg (NNH)
model. The dashed lines plotted from Eq.(2.16) and Eq.(2.17) represent the next nearest neighbor
Heisenberg (NNNH) model. The n = 0 mode is represented by the blue color and the n = 1
mode is represented by the orange color. The in-plane wave vector Qk is in the [001] direction.
For the surface Brillouin zone boundaries, the W(110) surface was assumed.

and
1
1
~ω = 8JN k S[1 − cos( Qk a0 )] + 4JN ⊥ S[1 + cos( Qk a0 )].
2
2

(2.13)

The first solution which is Eq.(2.12) is the n = 0 mode of the spin waves, this satisfies
the Goldstone mode theorem [6, 109]. The second solution, Eq.(2.13), is the n = 1 mode
and all higher modes are n ≥ 2 . If we substitute Eqs.(2.12) and (2.13) into equations
(2.8) and (2.9) then one can see that in the n = 0 mode the magnetic spin moments are
precessing in phase while in the n = 1 mode the precession is out of phase. The two
solutions representing the two spin wave modes are plotted in Fig. 2.3.
It was shown in [65] and [110] that in bcc Fe, the next nearest neighbor (NNN) exchange
interactions are not negligible and can be as much as 60% of the nearest neighbor (NN)
value. Therefore one should consider this and include these interactions into the magnon
dispersion calculation. Similar to the NN nearest case, the terms in Fig. 2.2(a) and 2.2(b)

2.1. Theory of magnetic excitations
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are summed up. As a result, the equation for the spin wave amplitude in the first layer is
1
~ωA1 = 8JN k S[1 − cos( Qk a0 )]A1 + 4JN ⊥ SA1 +
2
4JN N k S[1 − cos(Qk a0 )]A1 + 4JN N ⊥ SA1 −
1
− 4JN ⊥ S(cos( Qk a0 ))A2 − 4JN N ⊥ SA2 .
2

(2.14)

and similarly for the second layer it is
1
~ωA2 = 8JN k S[1 − cos( Qk a0 )]A2 + 4JN ⊥ SA2 +
2
4JN N k S[1 − cos(Qk a0 )]A2 + 4JN N ⊥ SA2 −
1
− 4JN ⊥ S(cos( Qk a0 ))A1 − 4JN N ⊥ SA1 .
2

(2.15)

In this case JN N represents the exchange constant between next nearest neighbors. Because
of the added interactions Eqs.(2.14) and (2.15) have more terms than Eqs.(2.8) and (2.9)
but they are still linear equations of A1 and A2 . Similarly as before the dispersion can be
calculated to obtain two solutions,
1
~ω = 8JN k S[1 − cos( Qk a0 )] + 4JN N k S[1 − cos(Qk a0 )]
2
1
− 4JN ⊥ S cos( Qk a0 ) + 4JN ⊥ S
2

(2.16)

1
~ω = 8JN k S[1 − cos( Qk a0 )] + 4JN N k S[1 − cos(Qk a0 )]
2
1
+ 4JN ⊥ S cos( Qk a0 ) + 8JN N ⊥ S + 4JN ⊥ S.
2

(2.17)

and

Eq.(2.16) and Eq.( 2.17) represent the n = 0 and the n = 1 spin wave mode, respectively.
The two equations (2.16 and 2.17) are plotted in Fig. 2.3, with the dashed blue and orange
curve representing the nearest (NNH) and next nearest neighbor Heisenberg (NNNH)
model calculation. The exchange constants JN k were set equal to JN ⊥ and JN N k were set
equal to JN N ⊥ . In effect we can write JN k = JN ⊥ = JN and JN N k = JN N ⊥ = JN N . This
means that the inplane exchange constants are equal to the ones perpendicular to the
spin wave propagation, from now on referred to as intralayer and interlayer, respectively.
Eq.(2.16) and (2.17) will reduce to

and

1
~ω = 12JN S[1 − cos( Qk a0 )] + 4JN N S[1 − cos(Qk a0 )].
2

(2.18)

1
~ω = JN S[3 − cos( Qk a0 )] + 4JN N S[3 − cos(Qk a0 )].
2

(2.19)
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The exchange constants used for the plot in Fig. 2.3 that includes the NNNH model
were set to JN S = 7.6 meV and JN N S = 4.6 meV. The value of JN N S was set to 60%
of JN S which is the ratio of NN and NNN interaction from [65] in bulk Fe. In Figure
2.3, one can notice that the dispersion for the acoustic mode in the NNNH model is
stiffer than the one of NNH. This is due to the additional exchange interaction term
4JN N S[1 − cos(Qk a0 ) in Eq.(2.16) when compared to Eq.(2.12). For the n = 1 mode in
the NNNH model, represented by Eq.(2.17), there is shift upward in energy. Comparing
Eq.(2.13) and Eq.(2.17) it can be seen that the energy shift upwards is caused by the
relative difference of 8JN N S along with the term 4JN N S[1 − cos(Qk a0 )] . This is due to
the NNN interlayer and intralayer exchange interactions whose spins are out of phase and
inphase to the central spin from Fig. 2.2.
In the limit of small wave vectors Qk or long wave lengths, the dispersion curve can be
approximated by E = ~ω ∝ Qk 2 a0 2 by using the relation limx→0 cos(x) = 1 − 21 x2 . It then
follows that Eq.(2.18) can be written as
1 1
1
~ω = 12JN S[1 − 1 + ( Qk a0 )2 ] + 4JN N S[1 − 1 + (Qk a0 )2 ].
2 2
2
3
2 2
2
= ( JN + 2JN N )Sa0 Qk = DQk .
2

(2.20)

In Eq.(2.20) D is the magnon stiffness coefficient and is valid only in the limit of small Q.
An important point is that since spin waves carry a total angular momentum of 1~, the
Bose-Einstein distribution says that as the temperature is reduced, the thermally excited
spin waves are mainly the low energy ones from the n = 0 mode. Since the reduction of
magnetization is the product of excitation of spin waves, the behavior of magnetization as
a function of temperature reveals the Bloch T 3/2 law, assuming a single magnetic domain.
This is only valid at low temperatures [6].
For a film thickness of 3 atomic layers, the calculation has been also done analytically
in the NNNH model. Starting with Eq.(2.7) and following a similar procedure to the
previous cases where one sums each atomic magnetic moment contribution to the spin
wave amplitude, we obtain the following equations for the first, second and third layer
1
~ωA1 = 8JN k S[1 − cos( Qk a0 )]A1 + 4JN N k S[1 − cos(Qk a0 )]A1
2
1
− 4JN ⊥ S cos( Qk a0 ))A2 + 4JN N ⊥ SA2 + 4JN ⊥ SA1 + 4JN N ⊥ SA1
2

(2.21)

1
~ωA2 = 8JN k S[1 − cos( Qk a0 )]A2 + 4JN N k S[1 − cos(Qk a0 )]A2
2
1
− 2JN ⊥ S cos( Qk a0 ))A1 − 2JN N ⊥ SA1 + 4JN N ⊥ SA2 + 4JN ⊥ SA2
2
1
− 2JN N ⊥ SA3 − 2JN ⊥ S cos( Qk a0 )A3
2

(2.22)
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1
~ωA3 = 8JN k S[1 − cos( Qk a0 )]A3 + 4JN N k S[1 − cos(Qk a0 )]A3
2
1
− 4JN ⊥ S cos( Qk a0 ))A2 + 4JN N ⊥ SA3 + 4JN ⊥ SA1 + 4JN N ⊥ SA3 .
2
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(2.23)

The solutions to Eqs.(2.21-2.23) are
1
~ω = 8JN k S[1 − cos( Qk a0 )] + 4JN N k S[1 − cos(Qk a0 )]+
2
1
4JN ⊥ S − 4JN ⊥ S cos( Qk a0 )
2

(2.24)

1
~ω = 8JN k S[1 − cos( Qk a0 )] + 4JN N k S[1 − cos(Qk a0 )]+
2
4JN ⊥ S + 4JN N ⊥ S

(2.25)

1
~ω = 8JN k S[1 − cos( Qk a0 )] + 4JN N k S[1 − cos(Qk a0 )]+
2
(2.26)
1
4JN ⊥ S + 8JN N ⊥ S + 4JN ⊥ S cos( Qk a0 )).
2
The solutions represented by Eqs.(2.24−2.26) are plotted in Fig. 2.4. In Fig. 2.4 the
exchange constants JN k were set equal to JN ⊥ = 7.6 meV and JN N k were set equal to JN N ⊥
= 4.6 meV. Similar as before we can write JN k = JN ⊥ = JN and JN N k = JN N ⊥ = JN N .
The other crystallographic surface that was studied in this work was the fcc(111), in our
case Ir(111). The crystal structure of an fcc(111) is shown in Fig. 2.5. Starting with
Eq.(2.7), the equations with eigenvectors A1 · · · AN can be built up as in previous cases in
Eqs.(2.21-2.23) for example, which include the exchange constants up to the third nearest
neighbor in the Heisenberg model (NNNNH). The eigenvalue solutions were obtained for a
two fcc(111) layer slab of film in the NNNNH model, the solutions are given in Eqs.(2.27)
and (2.28),
1
3
1
~ω = 4JN S[4 − 3 cos( Qk a0 ) − cos(Qk a0 )] + 8JN N S[2 − cos( Qk a0 ) − cos2 ( Qk a0 )]
2
2
2
1
1
+ 4JN N N S[7 − 2 cos(Qk a0 ) − cos(2Qk a0 ) − 2 cos2 ( Qk a0 ) − 4 cos3 ( Qk a0 )
2
2
1
+ 2 cos( Qk a0 )]
2
(2.27)
1
1
~ω = 4JN S[5 − cos(Qk a0 ) − 2 cos( Qk a0 ) + cos2 ( Qk a0 )]+
2
2
3
1
4JN N S[3 − 2 cos( Qk a0 ) + 2 cos2 ( Qk a0 )]+
2
2
1
+ 4JN N N S[5 − 2 cos(Qk a0 ) − cos(2Qk a0 ) + 4 cos3 ( Qk a0 )]
2

(2.28)
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Figure 2.4: Dispersion curves plotted from Eqs.(2.24-2.26) for a three layer infinite slab of
bcc(110) crystal. The solid blue, orange and purple line represent the n = 0, n = 1 and n = 2
mode, respectively. The exchange constants values used here are JN = 7.6 meV and JN N = 4.6
meV. The in-plane wave vector Qk is in the [001] direction. W(110) lattice constant a0 = 3.16 Å
is taken.
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Figure 2.5: (a) An extended fcc(111) surface showing three layers. Each atom in the atomic cell
has spin wave amplitude contribution shown for up to 3 nearest neighbors. (b) Crystallographic
directions within the fcc(111) surface. The nearest atomic neighbor distance is a0 = 2.71 Å and
the Ir lattice constant is aIr = 3.84 Å. The direction of spin wave propagation is shown relative
to the crystal.
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Figure 2.6: (a) Dispersion curves plotted for a two layer infinite slab of fcc(111) crystal. The
solid blue and orange curves are represent the n = 0 and n = 1 spin wave mode, respectively.
The exchange constants used are JN = 5.6 meV, JN N = 3.4 meV. (b) Dispersion curves plotted
for a three layer infinite slab of fcc(111). In layer 1, 2 and 3 the exchange constants used are JN
= 5.6 meV, JN N = 3.4 meV. All third nearest neighbor exchange constant values have been set
to meV for representation purposes only. A nearest atomic neighbor distance of a0 = 2.71 Å is
used. JN exchange coupling constant values taken from [15].

Eq.(2.27) and (2.28) assumes the intraplane and interplane coupling to be equal JN k =
JN ⊥ . Later on in chapter 4 and 5, it will be shown that this assumption has to be
changed. The solution given in Eq.(2.27) and Eq.(2.28) are plotted in Fig. 2.6(a).The
exchange constants used are JN = 5.6 meV, JN N = 3.4 meV and JN N N = 0 meV and are
taken as a very rough estimate from [15]. The JN N is set to 60% of JN . The calculation
for a 3 ML fcc(111) slab of film are also done in the NNNNH model and plotted in Fig.
2.6(b). The curves in Fig. 2.6 have been plotted including the coupling between first and
third layer. The exchange constants used were JN = 5 meV, JN N = 3 meV and JN N N for
the first layer and second layer. For the third layer the exchange constants that were used
are JN = 4 meV JN N = 2.5 meV JN N N = 1 meV with the coupling between the first and
third layer being JN = 1 meV, JN N = 0.5 meV and JN N N = 0 meV.
When the number of layers is increased above 3 atomic layers, the analytic calculations
can get very long and tedious. For the case where the number of layers N is greater than
3, N > 3, N number of equations can be established for N number of layers according
to Eq.(2.7). For a particular thickness of film N, the spin wave amplitude equations are
linear equations A1 · · · AN in layer 1· · ·N . These equations can be expressed in similar
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form to Eq.(2.10) for example to obtain,


 
A1
A1
 · 
 · 
 
 
 
 
~ω  ·  = M  ·  .
 
 
 · 
 · 
AN
AN


(2.29)

The approach in Eq.(2.29) can be used to derive numerical solutions to N number of layers.
In the end there will be an N number of eigenvectors with N eigenvalues obtained. Each
eigenvector will consist of spin wave amplitudes A1 · · · AN and shows the precession amplitude of the magnetic moments in each respective layer. Also, Eq.(2.29) implies that for N
number of atomic layers, there will be N number of spin wave modes with quantinization
numbers n = 0, 1, ...N − 1 due to quantum confinement in the direction perpendicular to
the film layers [17, 73, 110]. Of these modes, the two lowest energy ones are the surface
modes resulting from a lower coordination number of spins at the top and bottom layers of
the film. In terms of spin wave amplitudes, the two surfaces modes show high amplitudes
in the top and bottom layer and decay exponentially into the bulk of the crystal [28].
If the multilayers are magnetically identical, meaning they are of the same material and
surrounding, then it is not possible to separate the contribution of the two surface modes
to the layers. However, when the layers become magnetically different, i.e. the exchange
constants are different, then the degeneracy of these two surface modes breaks and we may
assign a mode to each layer by analyzing the amplitude of the eigenstates AN in different
layers [110].
The Heisenberg model is very powerful in its relative simplicity and the ability to describe
experimental results. This approach has had success in describing the experimental data
in a number of studies [27, 28, 92]. However, there are shortcomings to the Heisenberg
model. For example the spin waves are not damped in this picture and therefore have
an infinite lifetime. Therefore another description needs to be given to complement the
Heisenberg model and explain experimental data. In the next section we present a brief
description of magnetic excitations in the itinerant electron model.
A very important note must be made here. The above derivation of the solutions to the
eigenstate equations that were plotted in the bcc(110) and fcc(111) case study, namely in
Figs. 2.3, 2.4 and 2.6, are only valid if one assumes that the intra and interlayer exchange
coupling constants in all layers are the same. This is because these are analytical solutions
and the exchange coupling constants JN,N N.. are not distinguished when building up the
eigenvector matrix. Therefore their contributions cannot be separated.
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Magnetic excitations in the itinerant electron model

Normally, when referring to spin excitations in metallic solids, the term that is assigned
is magnons. This refers to the description of spin waves in the itinerant electron model.
Therefore the term magnon will henceforth be used to describe excitations in the Heisenberg model and the itinerant model.
In itinerant ferromagnets, magnetism is governed by the itinerant electrons where they interact strongly with each other in momentum space, although it is still possible to imagine
that the magnetic moment is partially localized on each atomic site [61, 110]. In reality
the electrons have delocalized magnetic moments and are therefore described in the band
model of magnetism as was shown by Stoner [88, 89]. When the Stoner criterion is fulfilled
then the spin up and down bands in the itinerant electron system spontaneously split by an
exchange splitting ∆ to save total energy. The net result is more spin states occupation of
one direction than the other and the system becomes magnetic. The exchange interaction
is responsible for the observed magnetic order in Fe, Co and Ni and not other metallic
materials such as Pd and Pt [6].
The excitations that are manifest in the itinerant electron model are the Stoner excitations. These are electron-hole pairs, with electrons and holes in bands of opposite spin
sign. Stoner excitations come in two forms, majority spin-hole with minority spin electron state and the minority spin-electron with majority spin hole state. In Fig. 2.7 the
majority-hole and minority electron excited state T(Q,E) is shown for a single electronic
band of a weak ferromagnet with the exchange splitting U. When the magnon branch
enters the Stoner continuum shown in Fig. 2.7(b) then it is strongly damped as there
are available Stoner states that the magnon decays into [109]. Analogous to the creation
of a spin wave, the Stoner state represented in Fig. 2.7 represents the spin flip of a majority electron, where the exchange splitting U is the energy cost to do so [6]. Contrary
to a magnon dispersion relation, the Stoner excitations show a continuum of energies in
relation to their wavevector Q. The state T(Q,E) in Fig. 2.7(a) corresponds to the state
T(Q,E) in the Stoner continuum represented by an orange circle in Fig. 2.7(b). Due to the
weak ferromagnet nature of the band structure in Fig. 2.7 the majority electron band is
not completely filled and the minority electron band is nearly empty except for the states
near the Brillouin zone (BZ) boundary. This means that some electron-hole states are not
available to be produced and therefore in the Stoner continuum there would be a region of
lower intensity which is seen as the lighter regions in Fig. 2.7(b). The exchange splitting U
is assumed to be constant throughout the BZ and therefore from Fig. 2.7 one can see that
the Stoner continuum converges to one point at Q = 0. In this case the Stoner state with
the minority-electron is exactly vertical relative to the majority-hole shown in Fig. 2.7.
At low wave vectors and small energies, single particle Stoner excitations are forbidden
and collective excitations or magnons with a particular wave vector Q can be produced
[15]. Note, in Fig. 2.7(a) the horizontal axis is the electron wavevector and in Fig. 2.7(b)
the horizontal axis is the momentum transfer or in other words the magnon wavevector.
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Figure 2.7: (a) A Stoner excitation of a majority-hole with minority-electron character in a
weak ferromagnet. The band splitting is denoted by U, the excitation energy T(Q,E) is the state
represented by the majority-hole (hollow blue circle) under the Fermi level and the minorityelectron (solid red circles) above the Fermi level. (b) A graphical representation of the Stoner
continuum of states of the simple electronic band structure from (a). The grayscale represents
the density of the Stoner states continuum. The red line represents the single band magnon
dispersion which decays strongly into Stoner excitations at the intersection between the magnon
band and the Stoner continuum.

While the above discussion is about an idealized scenario, in real world 3d transition metals
the electronic band structure is very often much more complicated than the one presented,
with multiple bands and non uniform exchange splitting U across the BZ. Accordingly,
the Stoner continuum could also be very much different than the one presented in Fig.
2.7(b). In [43, 54] it was found that the Stoner excitations have a broad peak at an energy
loss between 2-2.5 eV in an Fe sample. This fit approximately with the average exchange
splitting value of Fe. Although the loss peak was rather broad this still enables studies to
estimate the band splitting in 3d transition metals [43, 54, 56, 96].

2.1.3

Spin waves and Stoner excitations

So far we have described magnons in the Heisenberg model that assumes localized spins
and the Stoner excitations in the itinerant electron model that assumes no correlation
between the electron-hole pair. Therefore the Stoner model does not predict any low
lying energy bound magnon states. As a result the Stoner model does not give accurate
predictions on the Curie temperature but overestimates this value. In 1937 Slater stated
that discrete energy level bands can be found under the bands of the Stoner continuum
[87]. These discrete bands are correlated electorn-hole excitations that can be interpreted
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in the Heisenberg model as a magnon. Later on, Herring and Kittel developed the model
for magnon states in metals further where they built on the connection between collective
excitations and the itinerant electron picture since the latter failed to predict the low
energy lying spin wave states. These collective excitations are identical to spin waves
in the Heisenberg model, in the limit of small wave vectors [33, 38]. In 1962 Edwards
described spin waves as exciton like excitations where an electron of minority spin is
bound to a hole of majority spin [24]. Therefore spin wave states may be described as
linear superposition of a number of electorn-hole pairs [15]. Magnons that posses any
energy can decay into Stoner excitations, which would give the magnons a finite lifetime
[37]. As pointed out in Sec. 2.1.2 the decay of magnons is greatly intensified when they
enter the Stoner continuum as seen in Fig. 2.7.
One of the most common ways of treating magnons theoretically is to use the so called
adiabatic approach. Here, there are effective atomic spin magnetic moments which are
coupled by the Heisenberg exchange interaction [109], and the Hamiltonian used is the
one introduced in Eq.(2.1). In this approach it is assumed that the precession of magnetic
moments is much slower than the electron motion in the system and therefore these two
quantities can be effectively decoupled. In the limit of small wave vectors and energy
this approach works well to calculate the magnon energies, but since it does not take into
account the Stoner excitations and therefore provides no information about the lifetime,
it is not accurate at high wave vectors where the magnons decay strongly into Stoner
states. Nevertheless it is a useful method to not only obtain approximations to magnon
dispersions but also obtain the magnon band stiffness D [65].
Another approach to calculate the magnon energy and lifetime is to calculate the dynamical
transverse susceptibility which depends on the magnon wave vector and energy. This can
be though of as the magnetic response of the system to a transverse applied magnetic field
[18, 109]. In this model the magnons which are of collective nature and Stoner excitations
are both taken into account. From the imaginary part of the dynamical susceptibility
calculation the spectral density function S(Qk ,Ω) can be obtained which contains the
energy and linewidth of the magnons that in turn gives their lifetime [18, 112].
Finally, it is important to mention that in real ultrathin film systems the magnon damping
will depend also on the substrate that the films are grown on. As discussed earlier in this
section and in Sec. 2.1.2, the Stoner continuum may be very different in ferromagnets
such as 3d transition metals than the one presented in Fig. 2.7. On top of that if one has
a low-dimensional system such as an ultrathin metallic film grown on top a non magnetic
substrate, there can be strong hybridization of the film and substrate states. This can
in principle create Stoner states near the Fermi level and introduce an additional decay
channel of magnons into single particle excitations at high wave vectors. This effect can
be understood in terms of the complex electronic states being created in the interface
between the film and substrate [8, 9].
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Antisymmetric exchange interaction (Dzyaloshinskii-Moriya
interaction)

When we introduced the Heisenberg symmetric exchange in section 2.1.1 that is responsible
for ferromagnetic order, we used a spin Hamiltonian for a system of spins shown in Eq.(2.1).
In most ferromagnetic systems when describing the magnon dispersion the symmetric
exchange term will be the dominant energy term and describe the energy of the system
fairly well [73, 74]. However, in other cases there are terms in the spin Hamiltonian present
that can be significant.
One such term is the antisymmetric exchange interaction or the Dzyaloshinskii-Moriya
interaction (DMI) who’s Hamiltonian is given by
X
H=−
D ij · Si × Sj .
(2.30)
ij

Here D ij is the Dzyaloshinskii-Moriya vector (DM vector). The question is then what
would this type of interaction lead to.
In a simple picture of a hydrogen like atom the relativistic transformations of the electric
and magnetic fields experienced by the electron from the nucleus lead to an electronic
term in the Hamiltonian of that system of the form
HSO =

e~2 dV (r)
S · L,
2me c2 r dr

(2.31)

where the spin of the electron interacts with the magnetic field, the subscript SOC stands
for spin orbit coupling, e is the charge of the electron and m is the mass of the electron,
V (r) is the potential energy, S is the magnetic spin moment and L is the magnetic orbital
angular momentum. The energy splitting due to the SOC is then given by
ESO =

Z 4 e2 ~2 hS · Li
.
4π0 a30 n3 l(l + 12 )(l + 1)

(2.32)

As evident from the above equation, the spin orbit coupling is proportional to the atomic
number Z, therefore one would expect a stronger interaction for heavy atoms with higher
Z numbers. This is a highly oversimplified picture and will be true for elements that
have the same number of nuclear screening electrons [36]. This can be followed by simply
looking at each row of the periodic table.
In 1957 Dzyaloshinskii first proposed the Hamiltonian of the form given in Eq.(2.30)
purely from symmetry arguments. There it was shown that this favors a state of canted
spins rather than a purely antiferromagnetic state and therefore weak ferromagnetism was
present [23]. However, no information about how to derive the DM vectors or how the
interaction arises was given. Around the same time it was shown by Moriya that this term
can be derived by considering the SOC in the Hamiltonian of the electronic system [62].
More recently, it has been found that for a system with large SOC and broken inversion
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symmetry, exotic ground states appear [7, 29, 110]. In thin films grown on heavy metallic
substrates the inversion and translational symmetry is broken at the interfaces of film and
substrate which leads to a large DMI.
2.2.1

Exotic spin textures

Exotic spin textures in ultrathin films grown on heavy metallic substrates have been
observed, among which are skyrmions [35, 39], antiskyrmions [42] and spin spirals [7].
In such systems, the DMI is large where the substrates exhibit a large SOC. These spin
textures are topologically protected non-collinear magnetic spin structures that may be
commensurate to the underlying lattice or be observed in isolated forms [35, 39]. In Fig.
2.8, different spin structures are represented. Each spin structure can be characterized by
(a)

(b)

(c)

(d)

Figure 2.8: Spin structures with the indicated rotational sense of the magnetic moments and
their topological index number S. (a) spin spiral, S = 0 (b) clockwise skyrmion, S = +1 (c)
antiskyrmionm S = -1 (d) anticlockwise skyrmion, S = +1. Figure taken after [35].

the topological index number S which is defined as
Z
1
∂n ∂n
S=
n·(
×
),
4π
∂x
∂y

(2.33)

where n is the unit vector of the local magnetic moment and the integral is over a two
dimensional space that the spin structure occupies. The topological number S defines
the number of times magnetic spins wind around a unit sphere mapped in 3D. For a
ferromagnetic or antiferromagnetic state S = 0. Different spin structure configurations
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with their S number are shown in Fig. 2.8. These exotic spin states have been predicted
and observed in ferromagnetic thin films grown on non magnetic substrates with a large
SOC [31, 110]. In such systems there are interesting cases where antiskyrmions have been
predicted [42]. There it is argued that if the underlying crystal structure has C2v symmetry
shown in Fig. 2.9(a), then this allows for the formation of antiskyrmions, while C3v Fig.
2.9(b) symmetry favors skyrmions. An example of C2v crystal symmetry would be the
bcc(110) surface and an example of C3v symmetry would be the fcc(111) surface.
In order to stabilize exotic spin textures and be able to engineer their size and shape, the
(a)

(b)

C2v

C3v

Z

Y

σv

Y

σv'
σv''

Z

X

X

σv'
σv
Figure 2.9: (a) C2v symmetry that includes a twofold rotational axis C2 going through two
0
mirror planes σ v and σv , hence C2v . (b) C3v symmetry with a 3 fold rotational axis and 3 mirror
0
planes σ v , σv and σ 00v .

ability to control the magnitude and direction of the DM vectors introduced in Eq.(2.30)
is key. Such approaches have been realized in [73, 93, 104, 110]. In order to find out the
direction of the DM vectors the Levy-Fert model is used and adopted for surfaces [20,
30]. According to this model, the DM vector D ij between two neighboring spins being
meditated by a nonmagnetic atom with a large SOC is given by
D ij =

D0 X Rin · Rjn (Rin × Rjn )
,
Rij n
(Rin Rjn )3

(2.34)

where the Rin (Rjn ) is the vector joining the magnetic spin at site i(j) to the nonmagnetic
site n. D0 is a constant proportional to SOC and is a measure of the strength of the
interaction between magnetic sites i and j.
Until recently, having a quantitative analysis of DM vectors D ij has not been achieved. In
2009 Udvardi showed that in an Fe monolayer on W(110) the magnon dispersion that is
normally degenerate in the mirror momentum space plane i.e. E(Q) = E(−Q) is no longer
degenerate in the presence of DMI i.e. E(Q) 6= E(−Q) [94]. This energy splitting between
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two opposite but crystallographically equal directions can be quantified according to
X
∆E = EDM (Q) − EDM (−Q) = 2c sin2 (θ)
D ij · ê sin[Q · (Ri − Rj )],
(2.35)
i6=j

where Q is the magnon wave vector, c is the chirality index, ê is the unit vector of the
magnetization, θ is the relative angle between magnetic moments and ê and Ri (Rj ) is the
position vector at site i(j). The energy splitting due to DMI for a two monolayer bcc(110)
and fcc(111) crystal is shown in Fig. 2.10, where it is clear that based on the crystal
surface and the value of the DM vectors the maximum energy splitting will appear at a
different wave vector Q.
(a)

(b)

Figure 2.10: (a)∆E = EDM (Qk ) − EDM (−Qk ) energy splitting due to DMI for a 2ML bcc(110)
crystal. The black curve is for chirality +1 and the red curve is for chirality -1. The Dij values
used are D1k = 0.45 meV, D2k = 0.5 meV and D1⊥ = 0.45 meV, where D1k , D2k and D1⊥
represents the DM vectors inplane for the nearest neighbor with the 1k subscript, inplane next
nearest neighbor with the 2k subscript and out of plane nearest neighbor with the 1⊥ subscript,
respectively. (b)∆E = EDM (Qk ) − EDM (−Qk ) energy splitting due to DMI for a 2ML fcc(111)
crystal. The black curve is for chirality +1 and the red curve is for chirality -1. The Dij values
used are D1k = 0.35 meV, D2k = 0.4 meV, D1⊥ = 0.35 meV and D2⊥ = 0.3 meV, where D1k ,
D2k and D1⊥ represents the DM vectors inplane for the nearest neighbor with the 1k subscript,
inplane next nearest neighbor with the 2k subscript and out of plane nearest neighbor with the
1⊥ subscript, respectively.

An important note is that the values used for DM vectors in Fig. 2.10(a) and (b) are
representative, they are to show that different crystal surfaces as well as the sign of DM
vectors will have a large effect on the DMI energy dispersion. From Fig. 2.10 it is
clear that the magnon dispersion will not be degenerate along two equal but opposite
crystal directions, i.e. E(Q) 6= E(−Q). If we include the energy asymmetry term into the
dispersion calculation then this can be seen first hand, the dispersion will be asymmetric.
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Fig. 2.11 represents two cases where the energy asymmetry term is included into the
magnon dispersion calculation, one for the bcc(110) case and one for the fcc(111) case. The
dispersion asymmetry can be best seen if compared to the case where only the symmetric
Heisenberg exchange terms are included in the calculation, Fig. 2.3 and Fig. 2.6.
(a)

(b)

Figure 2.11: (a) Magnon dispersion relation for an infinite two layer slab of a bcc(110) crystal.
(b) Magnon dispersion relation for an infinite two layer slab of a fcc(111) crystal. The energy
asymmetry terms were included in the calculation according to [94] and values used in Fig. 2.10.

In 2010, in a breakthrough experiment using spin polarized electron energy loss spectroscopy, Zakeri measured the influence of DMI in an Fe bilayer on W(110) and quantified
the DM vectors [104]. This novel experiment showed that spin polarized electron energy
loss spectroscopy is an appropriate tool to quantify the DMI.

2.3

Spin-polarized electron scattering

Here we give a brief introduction on the principles of spin polarized electron energy loss
spectroscopy. This is an experimental technique that investigates spin dependent excitations, in this work the incident electron energies are up to 8 eV. The systems that are
investigated are metallic ultrathin films grown on metallic substrates. This technique is
surface sensitive due to the small inelastic mean free path of low energy electrons [77].
Electrons scattered from surfaces interact very strongly with the solid in the form of excitations such as magnons, plasmons and phonons which is why they have been used for
extensive surface science studies [75]. Using low energy electron energy loss spectroscopy,
magnon, phonon and vibrational modes of adsorbates excitations have been studied [46].
In this work we use spin polarized electron energy loss spectroscopy to study inelastically
scattered electrons by analyzing their energy loss spectrum.
By analyzing the inelastically scattered electrons in terms of their angular distribution,
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different loss mechanisms can be identified. Near the specular reflection condition where
the electrons have small momentum transfer, the dipolar cone is found. These electrons
are scattered due to the long range dipolar fields which are caused by charge density fluctuation [112]. The dipolar fields will scatter electrons well before they reach the surface of
the target and therefore a macroscopic dielectric theory can be used to explain the results
[58]. Another type of scattering besides dipolar scattering can also be identified, which is
the impact scattering. Electrons participating in this type of scattering have larger momentum transfer away from the specular condition. Impact scattering is caused by short
range interactions such as the exhange interaction and requires that the electrons enter the
solid before any excitation, or in other words energy loss, occurs. The excitations produced
here would be mainly electron-hole pairs introduced in section 2.1.2. The theory necessary
to have a description of impact scattering is lengthy in derivation and complicated [112]
and the reader is referred to the following references for more information [53, 55, 75].
We will assume a simplified picture presented in Fig. 2.12. An electron with a defined
spin and energy Ei is incident onto a ferromagnetic surface and the scattered electrons are
analyzed in terms of their spin and energy. This is shown in Fig. 2.12 where spin down
electrons with an energy Ei are incident onto a surface and electrons with an energy Ei
- E are scattered out having either their spin down (non flip process (a)-(c)) or spin up
(flip process (d)) relative to the incident electron. In (a) and (c) the incident spin down
electron transfer its energy to an spin down (spin up) electron below the Fermi level. The
latter electron is then excited to a state above the Fermi level and scattered out. Both
(a) and (c) are processes that do not involve exchange interaction. In (b) and (d), the
incident spin down electron occupies a state above the Fermi level and transfers its energy
to an electron below the Fermi level, the excited electron occupies a state above the Fermi
level and is scattered out with its spin parallel (antiparallel) to the incident electron. Both
processes in (b) and (d) are exchange processes, however in the later case we can clearly
talk about the exchange process where the spin orientation of the scattered out electron
is antiparallel (up) to that of the incident electron (up). This we call a spin f lip process,
although no spin reversal actually takes place, this is a purely exchange process [54]. In
such a process the resulting electron-hole pair that is created is correlated and this we call
a magnon with its energy and momentum given by the energy and momentum difference
between the electron and hole pair.
In this work we employ the spin polarized high-resolution electron energy loss spectroscopy
(SPHREELS). We can again refer to Fig. 2.12(d). A spin polarized beam of electrons with
a well defined energy is incident onto a ferromagnetic surface that has been magnetized
and left in a remanent magnetized state. When the electron enters the solid, it occupies
an unoccupied state above the vacuum level. The electron occupies a state above the
Fermi level where the density of states of minority and majority electrons is different due
to spin band splitting. Since this is a ferromagnet, naturally the empty density of states
of minority spins is higher than the majority one. Then, with a certain probability the
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Figure 2.12: A schematic representation of possible scattering processes associated with
electron-hole pair generation with an incident spin down electron. The solid arrow balls represent spin down (red) and spin up electrons (blue). Open arrow circles are the holes left behind
after the scattering process. Ei is the incident electron energy, EF is the Fermi level energy and
E is the energy loss of the electrons during the scattering process. (a) shows the incident spin
down electrons scattering to the same spin orientation without exchange (b) with exchange. (c)
and (d) show the spin up electrons scattered out without and with exchange, respectively. The
spin of the incident and scattered electrons is the same in (a), (b) and (c), therefore this is called
a non-flip process. In (d) the spin of the incident electron is flipped compared to the scattered
electron, this process we call a flip process. An electron of minority character is incident and
transfers energy to an electron below the Fermi level and occupies an unoccupied state above the
Fermi level. The electron from below the Fermi level of majority character is scattered out with
an energy E = Ei - E leaving behind a hole. Figure inspired from [109, 112].

energy of the first electron is transferred to an electron in an occupied spin state of the
majority band below the Fermi level. This electron is then excited above the Fermi level
and above the vacuum level where it leaves the crystal at an energy Ei - E and is collected
by the detector. In the end we are left with an electron-hole pair, with the electron above
and the hole below the Fermi level. This process of "spin reversal" is of purely Coulombic
nature and happes without any energy dissipation [15].
The experimental procedure of the the above process will be discussed in details in section 3.2, therefore the idea will be very briefly introduced here. During a scattering event
where spin polarized electrons with a well defined energy Ei are incident on a ferromagnetic
surface, the scattered events are recorded with a channeltron. We assume one scattering
event per incident electron. The excitations that happen in the material can be studied
by analyzing the energy difference between the incident electron and scattered electron
E = Ei - EF as a function of momentum transfer. This can be selected by varying the
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geometry of the experiment. Our investigations are restricted to the first Brillouin zone.
When a magnon is created in a ferromagnetic solid the angular momentum of the system
is reduced by 1~. Due to the conservation of angular momentum during the scattering
process, the spin angular momentum of the outgoing electron must be increased by 1~
relative to the incident electron. This is only possible if the incident electron is of spin
down (minority character) orientation with the spin flip process taking place from down
to up. This situation is shown in Fig. 2.12. Since the majority electrons have the spin
angular momentum +1/2~ and therefore cannot increase this, the creation of a magnon is
only possible with a spin down incident electron. Assuming a perfectly polarized beam and
ideally magnetized sample, in SPEELS spectra we would observe a 100% spin polarized
loss peak. Thermally excited magnons can be annihilated by spin up electrons (majority
character) [109].
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3.

Experimental methods

In this chapter the experimental details are presented. In Section 3.2, the experimental
setup including most importantly the SPEELS spectrometer and the principles thereof
is discussed. In Section 3.3, the use and preparation of the strained GaAs photocathode
is presented. Section 3.4 deals with the growth and characterization of the metallic thin
films.

3.1

Experimental setup and operation

The ultra high vacuum chamber is equipped with a SPEELS chamber, an analysis chamber, a sample load lock and a cathode preparation chamber. The analysis chamber contains
material sources for sample growth using molecular beam epitaxy (MBE). Sample characterization can be performed in the same chamber by making use of Auger electron spectroscopy (AES), magneto optical Kerr effect (MOKE) and low energy electron diffraction
(LEED). The experiments were done under ultra-high vacuum, in the 10−11 mbar range.
The SPEELS chamber is where the electron scattering experiments are performed. The
layout schematic of the experimental setup is shown in Figure 3.1. Various samples and
substrates can be loaded through the loadlock chamber and placed on the main manipulator head for investigation. For metallic systems in this work, also the growth of the
sample can be performed in situ using molecular beam epitaxy (MBE). This can be done
very precisely to sub monolayer thicknesses and will be discussed in Section 3.4. In the
SPEELS chamber the pressure is often better than 2.5 × 10−11 mbar. In the following,
the working principles of each technique mentioned above are briefly discussed.
3.1.1

Magneto optical Kerr effect

In order to investigate the magnetic properties of magnetic materials, we use our in situ
MOKE setup. This technique is very sensitive and therefore can be used for ultra-thin
films with thicknesses down to submonolayer.
When polarized light is reflected from a magnetic surface, the polarization plane of the
scattered beam is rotated. The amount of this rotation produces a magnetic signal and
under some assumptions is proportional to the magnetization component of the film which
comes from the geometry of the setup. Three possible configurations are possible for
the MOKE experiment: longitudinal, polar and transverse. The in-plane and out of
plane magnetization component of the film is measured depending whether one uses the
longitudinal or polar setup, respectively. The different geometries are depicted in Figure
3.2. The MOKE setup used in this work can be used as a secondary way to check the
31
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Figure 3.1: 3D drawing of the experimental setup with each corresponding chamber. Top figure
shows and actual rendition of the instrument while the bottom figure shows the cross section of
the instrument. Adopted from [112].

magnetic film thicknesses calibration. More details on the aspects of the different setups
and techniques to measure the magnetic properties of materials using the MOKE are
readily available in literature [50, 78, 82, 84, 90].

3.1.2

Auger electron spectroscopy

Surface cleanliness is of utmost importance for studies on ultra thin films. One way to
study whether or not the surface of a material is contaminated with unwanted adsorbates
or materials is to perform a chemically sensitive technique, Auger Electron Spectroscopy
(AES). The general principle of an Auger electron process is shown in Figure 3.3, with
two types of transitions shown. In an Auger process, a primary beam of electrons with a
defined energy in the range of a few keV is incident on a sample and knocks out a core
electron creating a hole, following which both electrons leave the atom. This leads to an
excited state of the atom and an electron from a higher level falls to fill the hole as a
consequence an electron from a higher energy level is excited and ejected into the vacuum
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Figure 3.2: Schematic of three different geometries for a MOKE experiment. In part (a), the
polar case is shown, where the out of plane component of the magnetization is measured. In
part (b), the longitudinal case is shown, where the in-plane component of the magnetization is
measured. In part (c), the transverse case is shown, where the component of magnetization is
measured that is perpendicular to the plane of incidence and parallel to the surface.

(Auger electron). Since there are three electrons involved in the transition process, in
principle every element besides Hydrogen and Helium are available to this technique. As
far as notation goes, one may look at the K1 L2,3 transition as an example. The first
letter K1 represents the initial core hole that is created by the incident electron. The
second letter L2,3 represents the level from which the relaxing electron originates. The
third letter L2,3 represents the level from which the Auger electron originates. One of
the most common energy analyzers used in the Auger spectroscopy experimental setup is
the cylindrical mirror analyzer (CMA) which is the implemented in the setup used in this
work. The Auger signal is relatively weak since it is competing against a large background
due to secondary electron emissions. Therefore to enhance the Auger signal, it is recorded
in the derivative mode using the lock-in technique [63].
It should be noted that the sensitivity of this technique makes it suitable for surface studies
since at the energies involved the mean free path of the ejected electrons is rather small
(up to about a nanometer) and therefore only the electrons from the upper surface layers
give information about the chemical composition.
3.1.3

Low energy electron diffraction

When one wants to find out the surface crystal structure of the sample in question, then
LEED is an appropriate technique to use. Experimentally, a beam of collimated electrons
with an energy between about 10-400 eV is scattered elastically from the crystal and the
diffraction pattern is observed on the fluorescent screen. The rules according to which the
diffracted pattern can be observed are stated by the three Laue conditions which can be
summarized in vector form as
k − k0 = Ghkl
(3.1)
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(a)

(b)

Figure 3.3: Auger electron emission process. Part (a) shows the K1 L2,3 and part (b) shows
the L3 VV electron emission process. In a solid, when the valence electrons are involved then the
L3 VV transition happens for example.

where k0 is the incident wave vector, k is the scattered wave vector and Ghkl the reciprocal
lattice vector. At the surface the three Laue equations reduce to the two equation case
and therefore the wave vectors parallel to the surface are considered and indexed by Miller
indices (hk). The penetration depth of the relevant electron energy range is in the range
of a few nanometers. Therefore, only the first few layers are probed here and is the reason
why there is elastic electron back scattered intensity even where the third Laue condition
is not fulfilled [47]. More information about the above LEED experiment in general may
be found elsewhere in text [47, 63].
From a qualitative perspective, LEED will give information on the crystal structure. When
an adsorbate is present on the crystal surface, then information about the orientation and
location of the absorbate relative to the crystal unit cell can be extracted [5]. From a quantitative perspective, the diffracted electrons intensity will produce an IV-LEED spectra
which can be used to obtain information on the atomic positions located on the surface.
IV-LEED curves are recorded as scattered electron intensity versus incident electron energy and compared to a theoretical curve. The theoretical prediction is then fitted to the
experimental data.
For example, one can monitor the intensity of the (00) spot in the LEED patern by rotating the sample. The intensity of this specular beam will have a maximum according
to Bragg’s law, 2d cos(θ) = nλ where quantized interference n=1,2,3,..., d is the interlayer
spacing, λ is the wavelength of the electrons. A more complete analysis of LEED in surface
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crystallography analysis will require a more complex theoretical approach that takes into
account multiple scattering versus the kinematic theory single scattering that has been
assumed so far. LEED patterns done in this work will be presented and discussed later
on in section 3.4.1 and 3.4.2.

3.2

Spin polarized electron energy loss spectroscopy

In general, in a SPEELS experiment an electron beam with a well defined energy is scattered from a surface being studied. The energy and the in-plane momentum transfer of
the scattered electrons are then analyzed for the two different spin orientations. The intensity of the scattered beam is recorded as a function of the energy loss. This would
in turn provide information about the inelastic excitations, which could include phonons,
plasmons and magnons.
When an electron is scattered from a surface, it either loses energy via an excitation process or gains energy via an annihilation process, then the event is said to be an inelastic
scattering event. In the case of one scattering event, the excitation energy is given by E =
Ei -Ef , where Ei and Ef are the initial and final energies of the electrons, respectively. The
in-plane component of the electrons is conserved during the scattering process, therefore
the inplane wavevector of the excitations can be derived by considering inplane electron
momentum transfer Qk = −∆Kk . Starting with the energy for a free electron
Ei,f

~2 K2i,f
=
,
2m

(3.2)

where m is the mass of an electron, an expression for the in plane momentum transfer can
be derived
Qk = −∆Kk = Kik − Kf k = Ki sin(θi ) − Kf sin(θ0 − θi ),
(3.3)
where θ0 = θi + θf is the total scattering angle, the angle of the incident beam Ki and
the angle of the scattered beam Kf , respectively. The parallel component of the incident
electrons wavevector to the plane of the film is represented by the Kik and the scattered
ones by Kf k . An illustration of this can be seen in Figure 3.4. The discussion in this thesis
is restricted to the first surface Brillouin zone. Therefore the reciprocal lattice vector Gk
is not considered in the above discussion.
3.2.1

SPEEL spectrometer and experimental procedure

The SPEEL spectrometer consists of two main parts, the monochromator and the electron
energy analyzer, both of which are shown in Figure 3.5. The monochromator consists of a
pre-monochromator and a main monochromator which have deflection angles of 90◦ and
180◦ , respectively. This is shown in Figure 3.5. The analyzer has a deflection angle of
146◦ , this can be rotated about the main axis. Both the monochromators and the analyzer
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Figure 3.4: A sketch of the scattering geometry in the SPEELS experiment. The incident wave
vector of the electron beam and the scattered one is represented by Ki and Kf , respectively.
The parallel component of the incident and scattered wave vector is represented by Kik and Kf k ,
respectively.

are electrostatic potential deflectors with the aforementioned angles being the angles of
deflection. The GaAs photocathode is located in front of the 90◦ pre-monochromator. It
is worth mentioning that the electron beam needs to be highly monochromatic in this
experiment with a energy beam width no more than a few millielectronvolts, in order to
have a well defined electron beam. Also, since the magnetic excitations investigated in this
work are of a magnetic origin, spin -polarized electrons are needed. Due to these reasons,
a GaAs photocathode is used as an spin-polarized electron source.
A circularly polarized laser beam with a wavelength of 830 nm is focused on the GaAs
photocathode to create the spin-polarized electrons. According to the selection rules the
electrons that leave the photocathode are spin-polarized [75], which in this case means
having their spins (anti)parallel to the direction of the laser beam depending on the light
polarization. In the end to measure surface spin excitations which show spin asymmetry, the spin of the incident electrons should be perpendicular to the scattering plane
and transverse to the electron path at the sample. Throughout the path of travel of the
electrons, their spin momenta are conserved (along the direction of the laser beam). The
spin direction of the electrons can be changed by switching polarization of the laser beam
which is done through applying a high potential on the Pockels cell. Here, the electrostatic
potentials that the electrons travel throughout the experiment do not affect the spin of the
electrons. Therefore, having an odd number of 90◦ monochromators, electrons will have
their spin parallel or antiparallel to the main axis, which happens to be also the sample
magnetization axis. The electrons with the proper energy will pass through the monochromators and will be focused on the sample. This is determined by the electrostatic lenses
that can be modified.
The analyzer and detector are mounted on the rotatable arm which can be rotated around
the main axis in the certain angle θ0 range between 80◦ and 280◦ . Throughout this work
θ0 is kept constant at 80◦ . Following the analyzer is the channeltron at a high potential
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Figure 3.5: A sketch of the SPEEL spectrometer. A circularly polarized laser beam with a
wavelength of 830nm is incident on the GaAs photocathode. The emitted electrons move along
the path inside the spectrometer indicated by the blue line by electrostatic lenses. The sample
can be rotated about the main axis while the angle between the analyzer and the monochromator
is fixed at 80◦ .

of a few kV, which counts the electrons in single counting mode. For a particular spectra,
each point of energy loss is set and the number of scattered electrons is counted for both
electron beam polarizations, e.g. for each electron spin orientation. After measuring the
range of energy loss points desired, the process can be repeated multiple times and averaged to obtain better quality data. In the SPEELS experiment, the energy distribution
of the scattered electrons is scanned by the analyzer. The energy resolution of the beam
is determined by the kinetic energy of the transmitted electrons which is true for any
dispersive element (deflectors in this case). This is called the pass energy. It is highly
desireable that the analyzer would have a high resolution since the excitations can have
a very narrow linewidth. It is worth mentioning that there is no spin detector after the
analyzer. One can then change the the resolution of the electron beam by applying a
different potential to the slits. A more in depth description of the SPEEL spectrometer
and the general working principles of EELS can be found in [46, 48].
In general, the SPEELS experiment is done in the following way. The substrate is first
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Figure 3.6: The cross section of the measurement chamber int he spectrometer. The wave
vector is selected by rotating the sample around the main axis (out of the page). The incident
electron beam passes through the electrostatic lenses and is scattered off the sample, following
which it is collected into another electrostatic lens and analyzed.

cleaned and the sample that is to be investigated is grown. Then, the sample is magnetized
and transferred into the SPEELS measuring chamber (Figure 3.1). The position of the
sample is adjusted to be centered as much as possible inside of the scattering cage and
thus the scattering process. The electron cathode current that enters first into the 90◦
pre-monochromator is on the order of µA and by the time that the electron beam travels
through the 180◦ monochromator and scatters off the sample, the beam current drops to
about 10 percent of the original value. Most of the incident electrons are conducted away
through the sample. The electron beam being scattered from the sample is on the order
of nA. This is a way to estimate the intensity of the electron beam incident on the sample,
that is one should measure the current being induced in the sample through the electron
beam. Since the scattered electrons are only a few percent of the total electron beam,
the current induced in the sample can be taken as a rough estimate of the incident beam
intensity. After the electron beam is scattered, the electrons are collected and analyzed
and the data is sorted into different spectra. In order to probe different sections of the
Brillouin zone the wave vector transfer can be adjusted by rotating the sample around the
main axis. An example of this is shown in Figure 3.6.
The intensity of the scattered electron beam strongly depends on the geometry of the
experiment, where the specular condition (θi =θf )has the maximum electron beam intensity. The incident electron beam energy is defined by the kinetic energy of the electrons
with respect to the vacuum energy level. The primary electron energies used in this work
range from 3.2 eV to 8 eV, the higher energies used to probe the higher wave vectors. The
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resolution of the electron beam can be estimated from the FWHM of the quasi-elastic
peak (specularly scattered electrons) which generally ranges between 12-20 meV in this
work. An example of a measurement is shown in Figure 3.7, where parituclar wave vector
has been measured on a 2ML Fe/W(110) sample. In Fig. 3.7, where the horizontal axis

I +I
I
I

(a)
[110]
θi
θf
θ0

M

[001]

(b)

Diff = I - I

Asym = I - I
I +I
Energy gain

Energy loss

Energy (meV)
Figure 3.7: (a) SPEEL spectra measured on a 2 ML Fe film, grown epitaxially on W(110) via
molecular beam epitaxy. The incident electron beam has an energy of Ei = 4.2 eV, with an energy
resolution of 18.7 meV. The inset shows the geometry of the experiment, with the electron beam
scattered in the [001] crystallographic direction. The measurements are performed in a remanent
magnetic state. The total scattering angle θ0 = 80◦ is kept constant at 80◦ . The in-plane wave
vector (∆Kk = Kf sin(θ0 − θi ) − Ki sin(θi ) was selected to be -0.5 Å−1 , where the Ki and Kf are
the initial and final momenta of the electrons, respectively. (b) the difference (green) spectra.
The large downward triangles show where the spin wave creation and annihilation takes place in
the energy loss and gain region, respectively.

has negative values of energy, is the energy gain region. This is where the inelastically
scattered electrons gain energy by annihilating thermal excitations (thermally excited spin
waves, etc.). The energy loss region in Fig. 3.7, is where the horizontal axis has positive
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energy values. This is where the inelastically scattered electrons have lost energy due to
the excitations created in the sample. In part (a), the up pointing blue triangles represent
the intensity of the scattered electrons when the incident electron beam is polarized in
a fixed direction, in this case parallel to the spin of the majority electrons. The down
pointing red triangles represent the the intensity of the scattered electrons when the incident electron beam is polarized in antiparallel to the spin of the majority electrons and
the purple squares signify the total sum of the two scattered electron polarization channels. There is no spin detector present after the scattering events. In part (b), the green
full circles represent the difference of the scattered electrons which is defined as Diff =
I↓ − I↑ . The blue hollow circles represent the asymmetry of the intensity spectra which
I −I
is defined as A = I↓↓ +I↑↑ . These are important quantities to define since they represent
the spin dependent excitations. The position of the peaks in the spectra represent the
excitation energy and the linewidth of the difference Diff = I↓ − I↑ gives information on
the lifetime of the excitations. One may notice that in the energy loss region the position
of the magnon creation peak is different between the difference and asymmetry intensity
spectra. The different excitation energy positions of magnons are a purely mathematical
effect and have no physical meaning. Because of the definition of the asymmetry, when
the quasi-elastic peak is close with respect to the SW, then the spectra is shifted to higher
energies. Therefore the difference of the intensity spectra is used for low wave vectors to
get information about the SW excitation energy. At higher wave vectors where the weight
of the quasi elastic peak is not substantial, then one can use both methods to identify
magnon excitation energies. The asymmetry intensity spectra is still useful to get information about the antisymmetric exchange interaction as well as reveal the spin nature
of the excitation [109]. In the asymmetry spectra one can also see that the creation and
annihilation energies are different, this is due to the antisymmetric Dzyaloshinskii-Moriya
interaction (DMI) which was discussed in the chapter 2 section 2.2. Also, the difference
spectra does not seem to show a SW annihilation peak in the energy gain region. This is
due to the fact that these are thermally excited SWs and the probability of having such an
excitation at room temperature, which is given by the Boltzmann factor, is about 0.01-0.1.
Each time in our experiment that an electron is scattered and counted as an event having
real values, in the limit of a large number of events it has a normal distribution. This is
the Gaussian distribution. The results is an inhomogenous broadening of the spectra. On
the other hand, the excitations are of quantum nature and are limited by the Heisenberg
uncertainty principle ∆E∆t ≥ ~/2, where the uncertainty in energy of the excitation is
∆E and the lifetime is ∆t. This represents the homogeneous broadening of the spectra.
From Fermi’s Golden rule we know that a quantum excited state will decay exponentially
in time [16, 49], and the Fourier transform of that is a Lorentzian distribution of the energy
or in other words the frequency domain. The Lorentzian peak can be used to extract the
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lifetime of the excitation by the following relation
τ=

2~
,
Γ

(3.4)

where Γ is defined as the linewidth of the Lorentzian peak distribution. The lifetime τ is
normally defined as the time that it takes the amplitude or value of the lifetime in this case
to drop to e−1 of its original value. The Gaussian and Lorentzian functions representing
the two broadening mechanisms of spectra can be convoluted to obtain the Voigt function
which takes into account both types of broadening. Practically what this means in our
experiment is that by fitting our spectra with Voigt functions when appropriate, we can
fully describe the excitations present and their lifetimes.
Just by looking at one set of spectra there is a myriad of interesting physics involved. It
is then evident that by using SPEELS one can gain a vast amount of information about a
particular sample.

3.3

GaAs photocathode

In order to perform a SPEELS experiment, one needs a source of spin polarized electrons.
In 1976 D.T. Pierce and collaborators showed that a GaAs photocathode can be used to
produce spin polarized electrons [66]. In such a photocathode the p bands are split into
a four-fold degenerate p 3 levels and two-fold degenerate p 1 at the Γ point, due to the
2
2
spin-orbit interaction [66]. The net polarization is given by electron excitations via spin
selection rules between the valence and the conduction bands using circularly polarized
light with a well defined wavelength. However, the maximum degree of polarization that
can be obtained is limited to 50 %. This is achieved when the excitation energy is matched
to 1.52 eV. The conduction band will then be populated more with electrons having a
specific spin direction. The situation is shown in Fig. 3.8. The polarization can be defined
N −N
as P = N↑↑ +N↓↓ , where N↑ (N↓ ) is the number of spin-up (spin-down) electrons. From Fig.
3.8, the polarization is then 50 %, when as mentioned above the excitation energy is 1.52
eV.
Spin polarization can be significantly improved if the degeneracy of the upper two valence
bands is lifted. This can be done by introducing strain into the epitaxial growth of the
GaAs structure [21, 75]. In this work the laser wavelength used to excite the spin polarized
photoelectrons from the GaAs cathode was 830 nm, for which maximum a maximum
polarization of 80% was achieved [21]. This wavelength also corresponds to the energy
gap between the upper valence and the conduction band (≈ 1.49) eV. Since the electron
affinity of a strained GaAs photocathode is positive and relative high, alternating cycles
of Cs and O2 can be applied to reduce the electron affinity and even make it negative. In
this work this was performed for each cathode, every time the cathode current decayed to
an unusable level. An example of this preparation can be seen in Fig. 3.9.
The way to prepare the photocathode is to first clean it by heating it via resistive heating
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Figure 3.8: Left: Energy vs k diagram showing the energy bands of GaAs near the Γ point
(∆k = 0). The valence bands are split by an energy ∆, due to the spin-orbit interaction. The
band gap Eg is a direct one. Right: The degenerate energy levels at the Γ point. Solid (dashed)
lines represent the allowed transitions for σ + polarized light (σ − polarized) with the allowed
transitions ∆mj = 1 (∆mj = −1). The circles number on the arrows represent the relative
transition probabilities as calculated in [66].

by using a tungsten filament. During the first step, the cathode is heated to about 600K
and kept at that temperature for about an hour. This is typically done to clean any
adsorbates from the cathode which is followed by increasing heating temperature to about
700 K for 10 minutes. After the cathode cools down to 373 K, the Cs is evaporated on the
cathode surface where one can observe an increase in the photoelectric current (first blue
peak in Fig. 3.9). This is followed by exposing the chamber atmosphere to O2 through
a leak valve, a very strong increase in current is observed (first orange peak in Fig. 3.9).
Starting with the first O2 treatment, after the value of the increased current is maximized,
one lets the current decrease to a third of the maximum value. Starting with the second
Cs treatment, one would let the photocurrent decrease to half the value of the maximum.
In this way, the photoelectric current can be increased by over 3 orders of magnitude.
This process is known as the Y o − Y o technique [2]. The amount of Cs and O2 cycles
to be done for each cathode preparation is determined by a few different factors. First,
generally one can do more of these cycles and in the end have more photoelectric current
as the electron affinity is lowered. Second, the spin polarization of the cathode which is
of paramount importance in this work, can be decreased as the excited electrons travel
through the Cs2 O layers and there is a higher probability for various scattering processes
[66]. Generally, in this work, the amount of cycles varied between 6 and 7 cycles, depending
also on which family of GaAs wafers the photocathode came from. The electron current
used for a SPEELS experiment was generally 1µA, and when the decay was below the
usable limit then the intensity of the infrared laser incident on the cathode was increased.
This was done until the maximum intensity was reached and the cathode current decayed
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GaAs
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A

Figure 3.9: Cs and O2 cycle treatment of strained GaAs photocathode. After heating the
cathode via a tungsten filament, the initial Cs treatment is applied (blue curves). This is followed
by O2 treatment (orange curves), subsequent cycles are applied as needed. The photocurrent is
produced by a red laser with a wavelength of 670 nm. The block diagram of the circuit is shown
as the inset.

beyond a usable level. At that point, the strained GaAs photocathode had to be prepared
again (starting with the heat cleaning procedure).
One way to estimate the polarization of the cathode is to measure the spin asymmetry
from as nearly a perfect surface as possible. This was done on a clean W(110) surface,
where the intensity and the asymmetry of the spin up and down electrons are measured as
a function of incident energy E0 as shown in Fig. 3.10. Since W(110) has a large spin-orbit
coupling, a natural consequence is that the intensity spectra of the two spin channels (I↓
and I↑ ) depends on the incident energy. Also, the difference between the intensity of the
scattered spin up and spin down electrons shows a clear asymmetry. The asymmetry is
I −I
defined as A = I↓↓ +I↑↑ , and therefore the highest value of this is found to be at 5.18 eV
seen in Fig. 3.10. Practically in the experiment, the asymmetry is defined by the beam
polarization P and the ideal polarization factor S whose maximum is 1 and represents
the perfectly polarized electron beam. Therefore, one can deduce the lower limit of the
electron beam spin polarization at P = AS = 68%. In previous studies on different W
crystallographic surfaces, the degree of spin polarization was not higher than 80% [68, 76,
95]. Therefore this put the higher limit on the polarization.
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Figure 3.10: Electron scattering from a clean W(110) surface. Top: Intensity of the elastically
scattered electron beam for two spin channels (spin up and spin down) as a function of incident
energy. The scattered beam is in the [001] direction. Bottom: Asymmetry of the two spin
I −I
channels, defined by A = I↓↓ +I↑↑ . The maximum of the asymmetry is 68% at an incident electron
energy of 5.18 eV.

3.4

Sample growth and characterization

An important point before performing a thin film scattering experiment is the preparation
and characterization of the film as well as the cleaning of the substrate being used.
The substrates are cleaned by treating them in an O2 atmosphere via intermediate heat
pulses referred to as flashes [108]. This technique can be applied to any refractory metal
such as Ir and Ru among others. The thin film samples are grown using molecular beam
epitaxy (MBE) [63].
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Figure 3.11: (a) Body center cubic unit cell of W, with the (110) surface highlighted in light
blue. The lengths are given in terms of the lattice constant a = 3.16 Å. (b) The (110) surface
with the given lengths.

3.4.1

Co/Fe multilayers on W(110)

The magnetic properties of ferromagnetic metals on tungsten surfaces have been investigated extensively [69, 70, 100–104, 107]. The particular crystallographic surface that was
studied in this work is the W(110) surface which is shown in Fig. 3.11. The area of the
W(110) surface is 14.12 Å2 and the surface atomic density is
0.141 atoms/Å2 which corresponds to 1.41 × 1015 atoms/cm2 . First, before growing any
sample on tungsten, one needs to clean it. The most common unwanted contaminations
on the tungsten surface are carbon and oxygen [83, 91].
One way to identify if the crystal was effectively cleaned of adsorbates is to perform chemical analysis which can be done using Auger spectroscopy, introduced in Section 3.1.2.
Figure 3.12 (a) shows the uncleaned W(110) crystal, where the primary Auger electron
energies are color coded, with the unwanted adsorbates clearly shown. It is important to
clean the adsorbates not least for the fact that the magnon energies will coincide with the
vibrational excitations energies of the adsorbates and therefore wash out the spin excitations. As mentioned above it has been established that an effective way to clean tungsten
is to subject it to high power heat flashes in an O2 rich atmosphere. The procedure was
done in the following manner.
Once the tungsten crystal has been degassed as much as possible within a reasonable time,
the low power heat flashes were applied in an O2 atmosphere for 15 seconds each time with
a waiting time of 60 seconds between them. The oxygen atmosphere during this step was
about 5 × 10−8 mbar. The power of these low power flashes (LPF’s) ranged from
35-45 Watts corresponding to about 1200 K and a filament emission current of 30-40 mA
at
1.1 kV, depending on the needs. This step is important to remove the oxygen that at this
point would have reacted with the carbon at the surface of the tungsten crystal. Following
this, the high power flash (HPF) was applied which had a power of about 150-190 Watts
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Figure 3.12: Auger electron spectroscopy of (a) before cleaning the W(110) single crystal, (b)
after cleaning the W(110) single crystal using heat power flashes in O2 rich atmosphere, with a
subsequent high power flash. Performed at a primary electron energy beam of 3 keV.

with a filament emission current of 150-175 mA at 1.1 kV, in order to remove the oxygen
layer remaining at the tungsten surface. Since the melting point of tungsten is 3695 K, the
high temperatures involved were appropriate and the structural integrity of the crystal is
preserved. The experimental setup for the heat treatment procedure can be viewed in
Fig. 3.13 For more information about this cleaning technique, the reader is referred to
[108]. After the high temperature treatment in O2 atmosphere and the subsequent high
power flashing, Auger spectra was recorded for the W(110) crystal with the results displayed in Fig. 3.12 (b). As can be seen the crystal is clean and shows no significant
adsorbate peaks.
After the tungsten crystal was cleaned, the film growth sources need to be calibrated in
order to know the amount of material needed to be deposited for a monolayer equivalent.
A monolayer is defined as a unit of film thickness and has the same atomic density as
that of the substrate. Iron on the W(110) surface has been well characterized in previous
studies in our group by means of medium electron energy diffraction (MEED) as well as
by means of torsion oscillation magnetometry in [112] and elsewhere in [98]. Another way
to obtain information about the magnetic state of thin films is to use MOKE.
The W single crystal used in this work has the dimensions of 13 mm × 6mm × 0.5mm
(length × width × height). The lattice parameter of W is aW = 3.165Å while the lattice
parameter of Fe is aF e = 2.866Å. Therefore there is substantial lattice mismatch between
Fe
the two ι = aWa−a
= 9.4%. Despite this, Fe will still grow pseudomorphically on W(110)
W
for the first monolayer, with relaxation taking place at 1.2 ML [59, 80]. When the first
ML is nearly complete to 90%, the second layer starts growing, this is followed by third
layer island coalescence at about 1.8 ML [51]. In our experiments the Fe film thickness
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Figure 3.13: Schematic drawing of the high voltage setup for the cleaning procedure of the
refractory crystals.

calibration on W(110) has been checked against previous studies by means of MOKE,
which was discussed in section 3.1.1. Figure 3.14 shows the Kerr ellipticity signal as a
function of amount of material deposited which in turn corresponds film thickness. If one
monitors the MOKE ellipticity as a function of film thickness (deposition time), then a
ferromagnetic signal would be observed at a certain film thickness which develops with
the film thickness. This behavior is due to two fats: dimensionality effects and the finite
temperature effect. The Currie temperature of an Fe monolayer is Tc is about 230K [25],
and therefore one would not expect to see any Kerr ellipticity signal [70, 71] at that thickness at room temperature. As the thickness of the Fe film is increased, Tc also increases.
This behavior is well-known for Fe/W system from several experiments including those
performed in our group in the past [112] and [26, 98]. Knowing this qualitative behavior
well, we can use our longitudinal MOKE setup to cross check our film thickness calibration. Also in Figure 3.14, in the insets, the magnetic film coercivity is shown for different
film thicknesses. We notice that the maximum coercivity of the Fe film is at 3 ML, after
which the coercivity decreases. This has been attributed to domain wall pinning at the
region boundaries with different film thicknesses as suggested in [81, 112].
In this work, the systems investigated involving the W(110) surface were the following:
Co/Fe/W(110), Co/Co/Fe/W(110) and Co/Fe/Fe/W(110). In the case of Co/Fe/W(110),
the bilayer structure grows nearly pseudomorphically as seen from the sharp LEED pattern in Fig. 3.16, showing the same crystal structure as that of the W(110) surface. For
the trilayer systems one would expect a stronger film relaxation.
Co films grow pseudomorphically up to 0.7 ML after which satellite spots will appear in
one direction only and can be observed along with the bcc (110) structure. These satellite
spots are a results of lattice strain relief [32]. The Co deposition source was also calibrated
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Figure 3.14: (a) Kerr ellipticity versus Fe coverage deposition on the W(110) surface. Light
blue dashed line marks the amount of deposited material necessary for a coverage amount of 2
ML. The red lines are linear fits of the curve, crossing at a certain point marking the 2 ML point.
(b)-(e) show the MOKE loop for different film thicknesses. More details are presented in the text.

on W(110) in our group in the same manner as the Fe source, however, the behavior is
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Figure 3.15: Kerr ellipticity versus Co coverage deposition on the W(110) surface. The symbols
represent the experimental data. The red lines are the linear fit. The light blue dashed line marks
the 1 ML equivalent in terms of micro coulomb.

entirely different. It was shown in [32] where torsion oscillation magnetometery was used,
that Co will show a linear magnetic signal response versus the deposited thickness. Extrapolating the data in that work, it is observed that the magnetic response signal starts
at just above 1 ML of Co film thickness. In our calibration we have seen the same behavior, the Kerr ellipticity signal versus the amount deposited shows a linear behavior, and
the intercept of the curve with the horizontal axis represents the equivalent of 1 ML. The
results are shown in Fig. 3.15.
In this work one of the systems investigated was the bilayer structure of Co/Fe/W(110).
The Fe monolayer grows pseudomorphically on W(110) as mentioned above. However
when the Co ML is added on top pseudomorphic growth is expected up to 0.7 ML after
wthich satellites appear in one direction. This was beautifully confirmed in our experiments in the LEED patern taken on Co/Fe/W(110) shown in Fig. 3.16. We observed no
satellites in the horizontal direction where one may assume pseudomorphic growth with a
strain of about 3.08%. In the vertical direction, satellites were observed. Here the strain
can be deduced by looking at the ratio of the superstructure vectors b1 and b2 . The value
of b1 /b2 = 0.78 is obtained, which agrees very well with [32]. By analyzing the LEED
pattern further we can also calculate the strain ε = [aw b1 /aCo b2 ] − 1 = 1.41%. These results indicate that the Co film grows in the Nishiyama–Wassermann growth relationship,
in agreement with [69]. Performing a MOKE expeirment on a bilayer of Co/Fe/W(110),
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Figure 3.16: LEED pattern of a Co/Fe bilayer grown on W(110) with an incident electron
energy of 69.7 eV. The blue circles indicate the diffraction spots due to the pseudomorphic
Fe/W(110) film and the red circles represent the Co film superstructure. Vectors b1 and b2
represent the observed superstructure.

Figure 3.17: A typical MOKE hysteresis loop recorded on a Co/Fe/W(110) between the applied
magnetic field of ± 238 mT.

one may expect a ferromagnetic signal, although individually the monolayers of Fe and
Co on W(110) do not show a ferromagnetic signal. Indeed it was seen that this is the case
as shown in Fig. 3.17. The magnitude of the Kerr ellipticity is roughly the same as of the
individual monolayer equivalent taken from Fig. 3.15 and Fig. 3.14.

3.4. Sample growth and characterization

(a)

51

(b)

2a

a

a
a

2a

Figure 3.18: (a) Face center cubic unit cell of Ir, with the (111) surface highlighted in light
blue. The lengths are given in terms of the lattice constant a = 3.83 Å. (b) The Ir(111) surface
with the given lengths.

3.4.2

Co/Fe multilayers on Ir(111)

Iridium is another refractory metal that was used in this work. The lattice constant of Ir
is a = 3.83 Å, with the particular crystal structure shown in Fig. 3.18. The crystal surface
under investigation in this work was the Ir(111) surface which has an area of 12.70Å2 .
The surface atomic density of the Ir(111) unit cell is 0.157 atoms/Å2 which corresponds to
1.57 × 1015 atoms/cm2 . Before growing any samples, first the crystal was investigated for
cleanliness using AES. Figure 3.19 (a) shows a degassed Ir(111) crystal but not cleaned
via O2 treatment that was described in Section 3.4.1. One can clearly see the adsorbate
peaks due to carbon and oxygen at approximately 275 eV and 520 eV, respectively. After
cleaning the Ir(111) crystal, the adsorbates were nearly removed and no significant signal
from this can be seen, as shown in Fig. 3.19 (b). The parameters used to clean the
substrate were the following. For the low power O2 treatment, the power used was 30-45
Watts with a filament emission current of 30-55 mA at 1.1 kV. The oxygen pressure during
this step was 5−9×10−8 mbar. For the HPF step, a power of approximately 90-130 Watts
was applied, with a filament emission current of 150-160 mA at 0.6-0.8 kV, depending on
the needs of the experiment. Since the melting point of iridium is approximately 2739 K,
lower power was used to clean this crystal when compared to the tungsten one in order
to not damage the crystalline integrity. Accordingly, the cleaning temperatures involved
were lower. The iridium crystal has also been cleaned in this work using Ar+ sputtering.
In order to remove a film from the Ir(111) substrate, two sputtering cycles were performed
at different positions in order to cover the whole crystal evenly. The first sputtering cycle
was done at an accelerating energy of 1.5 kV for 50 minutes. After a resting period of
30 minutes, a second sputtering cycle was performed at an accelerating energy of 1.1 kV
with a duration of 50 minutes. After these two sputtering cycles, the sample was annealed
to make sure that the Ir(111) crystal is atomically smooth. The crystal was checked
with AES in order to make sure that the sputtering cycles were sufficient to remove any
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Figure 3.19: a) Uncleaned Ir(111) single crystal. b) Cleaned Ir(111) single crystal using heat
power flashes in O2 rich atmosphere, with a subsequent high power flash.

unwanted adsorbates and films. However, this technique was only used after high power
heat treatment was not available at the time. In this case one needs to take extra care
not to compromise the surface flatness of the crystal.
When the Ir(111) crystal has been cleaned, the film depositions can be calibrated. Fe will
have layer by layer growth up to 3 ML on Ir(111), with relaxation taking place at 2 ML
[12]. There are not many studies of film thickness on Fe and Co films (besides perhaps in
[10, 12, 41]) deposited on Ir(111). As an auxiliary method to check the film thickness one
can look at surface MOKE and AES film to substrate ratio studies [12]. However, these
methods would rely heavily on having similar experimental setups. Taking these factors
into account, a different approach was taken to calibrate to film thickness of Fe an Co on
Ir(111). Since the behavior of Fe and Co on W(110) is well known qualitatively via various
studies including MOKE studies as described in Section 3.4.1, by having a calibrated and
stable film deposition source one can simply calculate the amount needed to be deposited
for a ML equivalent on other surfaces such as Ir(111). The atomic surface density of the
W(110) surface is 0.141 atoms/Å2 and 0.157 atoms/Å2 for the Ir(111) surface, with both
surfaces having 2 atoms per unit cell. Dividing both atomic densities one obtains a ratio
which is then weighted against a ML equivalent for the W(110) surface:
ρW (110) =
ρIr(111) =

0.141 atoms
2

Å
≈ 0.9.
0.157 atoms
2

(3.5)

Å
When different samples were grown on Ir(111), nearly all of them showed pseudomorphic
growth as confirmed by our LEED experiment shown in Fig. 3.20(a)-(e), the thickness
of such samples was up to 3 ML. In the case of thicker samples, i.e. > 3 ML Fe/Ir(111),
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in agreement with [64], the LEED patern seemed to show broad diffraction spots that
point to a deviation from the layer-by-layer pseudomorphic growth. Similar pseudomorphic growth was observed for Co on Ir(111) up to 1.6 ML shown in Figs. 3.20(a) and (b)
and for differently layered structures up to 3 ML shown in Fig. 3.22(a). In the case of a
layered sample of 2ML Co/1ML Fe/Ir(111) in Fig. 3.22(c) where the Fe interface was annealed, the LEED pattern shows broad diffraction spots. Since the annealed Fe monolayer
in Fig. 3.22(a) shows sharp LEED spots, the assumption is that the second Co overlayer
undergoes a relaxation and no longer has layer by layer growth. Estimating the film strain
from the satellite spots in Fig. 3.22(b),(c) is difficult. The LEED diffraction spots are very
broad and therefore deriving the strain ε in the [112] direction for example is difficult. We
will address this in more details below, therefore we only comment qualitatively on the
growth mode. From the LEED images it is clear that after a trilayer structure of 2ML
Co/1ML Fe is grown on top of Ir(111), the Co layers undergo a relaxation and the growth
is no longer pseudomorphic. One may assume that this is not even nearly pseudomorphic
because the diffraction spots are quite broad.
In summary, we can compare Fe/Ir(111), Co/Ir(111) and Co/Fe/Ir(111) growth in order
to get a qualitative idea of the growth mode. From Figs. 3.20(a)-(d) the LEED diffraction spots for the Ir(111) surface and the thin layers of Fe grown are sharp, suggesting
pseudomorphic growth. Even for 3ML Fe/Ir(111) in Fig. 3.20(a) this growth seems to be
preserved. It is clear that after a 4th Fe layer is deposited, the diffraction spots become
broad and weaker in intensity (Fig. 3.20(f)). The annealed case in Fig. 3.20(g) does not
improve the diffraction spots in terms of intensity but they are sharper. For the case of
Co, the pseudomorphic growth holds until 1.6ML, since the LEED spots appear sharp and
no satellites are observed (Fig. 3.21(a)-(c)). However Fig. 3.21(d) starts showing a clear
deviation from pseudomorphic growth because one can observe the increased relative size
of diffraction spots when compared to the thinner Co films.
For the case of layered films of Co and Fe on Ir(111), pseudomorphic growth is not observed in any of the 4 films grown in Fig. 3.22(a)-(d), In the case of 1ML Fe on Ir(111) the
growth of the film was observed to be pseudomorphic, but when 1ML of Co is deposited
on top as in Fig. 3.22(a), the diffraction spots are broad and lower in intensity compared
to the case of Fe ML in Fig. 3.20(c). Figures 3.22(b)-(d) show a superstructure appearing
in the pattern as satellite spots marked by blue circles. Taking Fig. 3.22(c) as an example,
we assign two superstructure vectors a1 and a2 . The value of a1 /a2 = 0.91 is obtained.
By analyzing
√ the LEED pattern further we can also calculate the strain in the x direction
ε = [(aIr / 2)a1 /aCo a2 ] − 1 = 2.3%. This is much larger than in the previously estimated
strain of the Co monolayer film on the pseudomorphically grown Fe/W(110) which was
1.41%. One has to take note of the lattice mismatch between Ir, Fe and Co: (aIr = 3.89
Å and for the fcc(111) surface the nearest atomic neighbors are 2.71 Å away from each
other, aFe = 2.87 Å, aCo = 2.5 Å in the basal hcp plane).
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Figure 3.20: Selection of LEED patterns of (a) Clean Ir(111) substrate and (b) 0.9ML (c) 1ML
(d) 1.8ML (e) 3ML (f) 4ML (g) annealed 4ML of Fe grown on Ir(111). All images are taken at
primary electron energy of 60 eV. Only in (g) the film is annealed. Crystallographic directions
and the fcc(111) surface are shown as well.
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Figure 3.21: Selection of LEED patterns of (a) 0.9ML (b) 1.4 ML (c) 1.6 ML and (d) 2.07 ML
of Co films grown on Ir(111). All images are taken at a primary electron energy of 60 eV.
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2ML Co/1ML Fe Annealed/Ir(111), 2ML Co/1ML Fe Annealed/Ir(111),
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86 eV
Figure 3.22: Selection of LEED patterns of (a) 1ML Co/1ML Fe, (b) 2ML Co/1ML Fe, (c) 2ML
Co/1ML Fe Annealed/Ir(111) and (d) 2ML Co/1ML Fe Annealed grown on Ir(111). In (c) and
(d) the Fe interface layer is annealed. Images (a)-(c) are taken at a primary electron energy of
60 eV and (d) at 86 eV.

4.

Co/Fe multilayers on W(110)

In this chapter the results of the measurements performed on multilayer Co/Fe layers
are presented and discussed. This chapter is divided into two main parts: symmetric
Heisenberg exchange in section 4.1 and antisymmetric exchange (Dzyaloshinskii-Moriya
interaction) in section 4.2. The notation used here will be the following: as an example,
2ML Co/1ML Fe/W(110) represents the case where 1ML Fe is grown on the W(110) substrate and 2ML of Co are grown on top.
In section 4.1.1 results obtained on the 1ML Co/1ML Fe/W(110) will be presented. In
2008 Zhang [112] performed measurements on a 2ML Fe/W(110) sample, this will be
briefly introduced for comparison with the measurements in this work. In section 4.1.2
the results on 1ML Co/2ML Fe/W(110) system are presented. The probed magnon bands
will be analyzed in order to quantify the exchange coupling in the layers. Section 4.2.1
will present the experimental data demonstrating the effect of the Dzyaloshinskii-Moriya
interaction (DMI) on the magnon dispersion relation. Section 4.3 will discuss the magnon
lifetimes in the 1ML Co/1ML Fe/W(110) system. The last section 4.4, will briefly summarize the results in this chapter.

4.1

Symmetric Heisenberg exchange

Up to now mainly elemental Fe on W(110) and Co on W(110) have been investigated
by means of SPEELS [27, 104, 107, 112]. However in single elemental films, very often,
only the n = 0 magnon mode is clearly visible and unambiguously identifiable in the
experimental data. In order to probe the various magnetic interactions in ultrathin layered
ferromagnetic films we investigate layered structures consisting of Co and Fe on the W(110)
substrate. For example, by changing the top layer of a 2ML Fe/W(110) film to a different
species, say Co, we should observe a sizable effect on the magnon dispersion since the
intra (Jk ) and interlayer (J⊥ ) exchange constants of the Fe and Co layer are expected to
be different compared to those in a 2ML Fe/W(110) sample and therefore different magnon
modes may be identified.

4.1.1

1ML Co/1ML Fe/W(110) system

In Fig. 4.1, SPEELS spectra obtained on a bilayer of 1ML Co/1ML Fe/W(110) are shown.
The measurement is performed at Q = 0.3 Å−1 with a primary electron energy of
Ei = 4.2 eV. Fig. 4.1(a) shows the intensity of the scattered electron beam when the
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incident beam consists of spin down polarized electrons (red triangles) and spin up polarized electrons (blue triangles). In the inset one can see the difference between the two

Energy loss (meV)

n = 1 mode

n = 0 mode

Intensity (kcounts/sec.)

(b)

Intensity (kcounts/sec.)

(a)

Energy loss (meV)

Figure 4.1: SPEEL spectra on a bilayer sample of Co/Fe/W(110) measured at Q = −0.3 Å−1 .
The primary electron beam energy used was Ei = 4.2 eV with a FWHM resolution of 20 meV.
(a) The intensity of the scattered electron beam when the incident beam has spin down polarized
electrons (red triangles) and spin up polarized electrons (blue triangles). The inset shows a
particular region of the intensity spectra where the magnon creation process takes place. (b)
Difference (green spheres) of the two polarized beam intensities with two peaks clearly visible.
The positions of these peaks correspond to the magnon excitation energies. The first peak is
assigned the term n = 0 mode and the second peak is assigned to the n = 1 mode. The spectra
are fitted with Voigt functions, where the n = 0 mode is seen as a blue dashed line, n = 1 mode
is the orange dashed line and the cyan line is the total fit.

intensity spectra. This difference corresponds to a magnon creation and is represented
in Fig. 4.1(b) where two peaks are clearly observed. These two peaks can be fitted by
a convolution of a Gaussian and Lorentzian function or in other words a Voigt function.
In the Voigt fit, the Lorentzian function is the natural line broadening and the Gaussian
function represents the instrumental line broadening which was discussed in section 3.2.
In the case presented in Fig. 4.1(b) the peak positions can already be unambiguously determined, even without a Voigt fit being performed, they correspond to the energy of the
magnon excitation of the n = 0 mode and n = 1 mode in the magnon dispersion. In Fig.
4.1 it seems that the contribution of the Lorentzian linewidth to the first and second mode
is much less than that of the Gaussian, which indicates that the broadening of the peak
is mainly determined by the instrumental Gaussian broadening. Therefore qualitatively
we can interpret the fit to give the positions of the magnon energy excitation positions
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but in the presence of multiple magnon modes it is difficult to get physical values from
the linewidths. The n = 0 and n = 1 mode can be assigned to being mainly localized in
the interface Fe and surface Co layer, respectively [109, 110]. By measuring the dispersion
across the surface Brillouin zone (SBZ), the magnon dispersion can be obtained for both
magnon modes. This is presented in Fig. 4.2 which shows experimentally obtained data
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Figure 4.2: Experimentally obtained magnon dispersion on Co/Fe/W(110) bilayer. The black
and red spheres represent the experimentally determined n = 0 and n = 1 mode, respectively.
The calculated n = 0 and n = 1 modes in the Heisenberg model are represented by the black and
red curves, respectively. The real space of the 2ML bcc(110) surface is shown along with a SBZ
with the magnon propagation direction shown. The exchange coupling constants used for the
1 =7.6 meV, J 1
1
2
fit with experimental data are: JN
k
N N k =4.6 meV, JN ⊥ =7.6 meV, JN k =14.8 meV,
2
2
JN
N k =0 and JN ⊥ =7.6 meV. The subscripts for the exchange constants represent the intraplane
1 and J 1
exchange coupling JN
k
N N k in the nearest neighbor model (NNH) and the next nearest
1
neighbor model (NNNH) in the interface Fe layer (1st layer). JN
⊥ is the interplane exchange
2 , J2
coupling between the Fe interface layer (1st layer) and the Co layer (2nd layer). JN
k
NNk
2
and JN ⊥ represent the exchange coupling constants in the second layer. The exchange coupling
constant values are taken from [27, 112].

on the 1ML Co/1ML Fe/W(110) bilayer sample measured at various wave vectors across
the SBZ. The black spheres are the n = 0 mode magnons and the red spheres are the n =
1 mode magnons, determined in the same way as that of Fig. 4.1.
The magnon dispersion relation was calculated based on the Heisenberg model. In the
first attempt at extracting exchange coupling values from the experimental data we use the
following exchange constants: JN1 k =7.6 meV, JN1 N k =4.6 meV, JN1 ⊥ =7.6 meV corresponding
to the interface Fe layer (1st layer) and JN2 k =14.8 meV, JN2 N k =0 meV and JN2 ⊥ =7.6 meV
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corresponding to the surface Co layer. The exchange coupling constants used for the Fe
interface layer were taken after [112]. The exchange coupling constants used for the Co
surface layer were taken after [27]. It is worth noting that the interlayer exchange coupling
constants JN1 ⊥ and JN2 ⊥ , in a 2 ML system for example, have to be the same value because
of the symmetric nature of the Heisenberg exchange interaction, therefore we refer to both
values as JN ⊥ . In Fig. 4.2 we see that the discrepancy between the experimental data
and the calculated fit is large. This can be attributed to a few different reasons. First,
we have assumed so far that the exchange coupling constants JN1 k = 7.6 meV and JN1 N k =
4.6 meV in the interface Fe layer have the same strength as those in the interface Fe layer
from the 2ML Fe/W(110) system. This is likely not true because in this work the top Fe
layer has been replaced with the Co monolayer which causes a change in the electronic
states in the Fe and Co layer and therefore would alter the exchange constants as well.
This can be even more complex due to the fact that Co does not grow pseudomorphically on the 1ML Fe/W(110)(see section 3.4.1) but in the Nishiyama–Wassermann growth
(see chapter 3, section 3.4.1, Fig. 3.16). The symmetry of the film remains the same as
that of the original C2v group. Given that the interlayer and intralayer atomic distances
change due to this top monolayer replacement, one would expect a change in the exchange
coupling constants as well [14]. The second reason for the calculated dispersion having a
large discrepancy from the experimental data in Fig. 4.2 is due to the assumption that
the interlayer coupling JN ⊥ = 7.6 meV between the interface Fe layer and the Co layer is
assumed to be the same as the intralayer exchange coupling of the Fe interface layer. The
value for this interface Fe exchange coupling has been taken from the works of Zhang [112].
The third reason for the discrepancy is the fact that the exchange coupling JN2 k = 14.8
meV in the Co layer is taken from the values obtained on a 2.5-8ML Co/W(110) system
[28]. Overall the observation of experimental data points to the fact that the exchange
constants cannot be assumed to be the same as they are determined on elemental films.
This points to a much more complex state in the system and a change in the electronic
states.
We may alternatively start by assuming 1ML Fe/W(110) exchange coupling constants:
JN k = 3.2 meV and JN k = 0.6 JN N k found in [70]. The next nearest neighbor constants
are fixed relative to the nearest neighbor ones in order to reduce the number of fitting
paramters which is the same approach taken in [112] for the 2ML Fe/W(110). Results
obtained on the 1MLCo/1ML Fe/W(110) are plotted in Fig. 4.3. The exchange constants
for Co thin film used in the previous fit in Fig. 4.2 were kept nearly the same. It is obvious
that the calculated dispersion relation (red curve) does not match the experimental data
(red spheres) for the n = 1 mode. Although the n = 0 mode (black curve) shows good
agreement with the experimental data (black spheres), one has to look at the interlayer
exchange constants that are implied to see that the ML exchange coupling constants cannot describe the experimental data. Since the value of the intralayer exchange constant in
the 1ML Fe/W(110) is small, JN k = 3.2 eV, the n = 0 band is very soft and in order to
for the band to describe the experimental data well this implied then a very strong inter-
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Figure 4.3: Experimentally obtained magnon dispersion in Co/Fe/W(110) bilayer. The black
and red spheres represent the experimentally determined n = 0 and n = 1 mode dispersion,
respectively. The calculated n = 0 and n = 1 modes in the Heisenberg model are represented by
the black and red curves, respectively. The real space of the 2ML bcc(110) surface is shown along
with a SBZ with the magnon propagation direction shown. The exchange coupling constants used
1 =3.2 meV, J 1
1
2
for the fit with experimental data are: JN
k
N N k =1.92 meV, JN ⊥ =13.5 meV, JN k =12
2
2
meV, JN
N k =0.5 and JN ⊥ =13.5 meV.The exchange coupling constants are taken from [27, 112].

layer exchange coupling. The value that is used is at least JN ⊥ = 11.5 meV which is very
large and is unreasonable since the n = 1 band (red) becomes hugely overestimated to the
experimental data (red spheres). The statement that these values are overestimated can
be applied since the n = 1 mode is unambiguously determined from the raw experimental
data as shown in Fig. 4.1.
Alternatively, the data presented in Fig. 4.2 and 4.3 has been refitted with different exchange coupling constants in the next nearest neighbor Heisenberg model and presented
in Fig. 4.4. Observing the data and the calculated dispersion it is evident that the calculated dispersion relation agrees very well with the experimental findings. The interlayer
exchange coupling constants for n = 0 mode were JN1 k = 5.6 meV, JN1 N k = 3.4 meV, JN1 ⊥
= 4.5 meV. The intralayer exchange coupling constants for the Co layer corresponding
to the n = 1 mode were JN2 k = 12 meV, JN2 N k = 0.5 meV and JN2 ⊥ = 4.5 meV. In order
to compare and discuss our results in the context of other systems we first introduce the
measurements on 2ML Fe/W(110).
In 2008 SPEELS measurements by Zhang [112], experiments were performed on a 2ML
Fe/W(110) sample, the magnon dispersion in the 2ML Fe/W(110) is presented in Fig. 4.5
The dispersion curve calculations in Fig. 4.5 were done for a 2ML bcc(110) film. The
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Figure 4.4: Experimentally obtained magnon dispersion in 1ML Co/1ML Fe/W(110) bilayer.
The black and red spheres represent the experimentally determined n = 0 and n = 1 mode,
respectively. The calculated n = 0 and n = 1 modes in the next nearest neighbor Heisenberg
model are represented by the black and red curves, respectively. The real space of the 2ML
bcc(110) surface is shown along with the SBZ with the magnon propagation direction shown.
1 =5.6 meV,
The exchange coupling constants used for the fit with experimental data are: JN
k
2 =4.5 meV.
1
1 =4.5 meV, J 2 =12 meV, J 2
=0.5
meV
and
J
JN
=3.4
meV,
J
N⊥
N⊥
Nk
NNk
Nk

SPEELS spectra showed one pronounced peak assumed to be mainly the n = 0 mode
of the magnons. It was found that the experimental data could not be well described
by the NNH model since above ∆K = 1.0 Å−1 there is a large discrepancy between the
experimental data points and the calculated dispersion relation. It was observed that in
order to describe the magnon dispersion well, the NNNH needed to be implemented where
the exchange constants used were JN S = 7.6 meV and JN N S = 0.6(JN S) = 4.6 meV.
It is pointed out that the Heisenberg model is an estimation only since it is simplified
model that assumes a free standing film and does not take into account the substrate.
Therefore it is argued based on STM and Monte Carlo simulations that the assumption
of the interlayer exchange constants being equivalent to the intralayer exchange constants
is not strictly valid. This was later shown to be the case in Ref. [110].
In this context the results obtained on the 1ML Co/1ML Fe/W(110) are surprising in
a few different ways. First we notice that the nearest neighbor (NN) exchange coupling
constant in the interface Fe layer JN1 k = 5.6 meV is substantially lower than the one obtained in the 2ML Fe/W(110) sample. The reduction in the exchange constant value is
27% and may be attributed to the hybridization not only with the W(110) substrate but
also due to the Co topmost layer which as discussed above gives rise to different inter and
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Figure 4.5: Magnon dispersion in a 2ML Fe/W(110). The experimental data is represented by
black squares, the blue dotted curve represents the calculated dispersion in the NNH model, the
red dashed curve and solid cure is the calculation for the n = 1 and n = 0 mode dispersion in
the NNNH model, respectively. The exchange constant parameters for the n = 0 mode in the
NNH model (blue dotted curve) are JN k S = 12 meV. The exchange constants fitting parameters
for the n = 0 and n = 1 mode in the NNNH model (red solid and dashed curve) are JN k S = 7.6
meV and JN N k S = 4.6 meV, respectively. The real space lattice structure is shown where the
magenta balls are the atoms in the first layer and the yellow balls are the atoms in the second
layer. The surface structure in reciprocal space is shown as well. Figure from [112].

intralayer distances when compared to the 2ML Fe/W(110) film. The 3d electronic states
of the Fe film can hybridize with those of Co and the W(110) substrate which leads to the
lower exchange coupling constants [110]. The next nearest neighbor exchange constant
in the interface Fe layer JN1 N k = 3.4 meV was set to 60% of JN1 k . This agrees very well
with the experimental data and previous experimental investigations [112] where the next
nearest neighbor interactions were not negligible but had a significant role in the magnon
dispersion relation. The exchange coupling constants obtained for the second layer, that
is Co, were JN2 k = 12 meV and JN2 N k = 0.5 meV. This agrees well with studies in elemental
Co films on W(110) where the obtained exchange coupling constants JN2 k = 14.8 meV and
JN2 N k = 0 meV. In our 1ML Co/1ML Fe/W(110) system the interface Fe layer has a significant NNNH contribution to the magnon dispersion and the top Co layer has very small
or even negligible NNNH contribution to the magnon dispersion. The surprising finding
is that the interlayer coupling JN1 ⊥ and JN2 ⊥ seems to be very low compared to the values
obtained on elemental Fe on W(110) and Co on W(110), henceforth referred to as simply
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Table 4.1: The Heisenberg exchange coupling constants obtained from the fitting of experimental data with the Heisenberg model for nearest (N) and next nearest (NN) in the 1ML and
2ML Fe/W(110). Experimentally obtained values are shown for a 1ML Fe/W(110) measured at
T=120K and 2ML Fe/W(110) measured at T=300K. The values are given in meV and the spin
magnetic moment S is set to 1. Calculations using different approaches are given for comparison.

Method and Sample

JN in (meV)

JN out (meV)

JN N in (meV)

Exp. (120K) 1ML Fe/W(110) Ref[112]
Exp. (300K) 2ML Fe/W(110) Ref[112]
Exp. (300K) 2ML Fe/W(110) Ref[112]
Exp. (300K) 2ML Fe/W(110) Ref[92]
2ML Fe ab initio calculation Ref[14]
2ML Fe ab initio calculation Ref[4]
Exp. (300K) 1ML Co/1ML Fe/W(110)(Fe1 )
Exp. (300K) 1ML Co/1ML Fe/W(110)(Co1 )

3.2±0.6
12±0.5
7.6±0.5
6.1±1
7.3
6.1
5.6±1
12±1

12±0.5
7.6±0.5
11±1
12.7
6.6
4.5±1
4.5±1

1.9±0.4
4.6±0.3
3.7±0.6
3.4±0.6
0.5 ±0.2

JN ⊥ . The value obtained in this work is JN ⊥ = 4.5 meV which is 41% lower than the value
reported in [112] for 2ML Fe/W(110) and 70% lower than the value reported in [28] for 2.5
ML - 8 ML Co/W(110). This points to a strong renormalization of the electronic states of
the Fe-Co interface. In Tab. 4.1, a summary of experimental and theoretical calculation
results on Fe ultrathin films on W(110) is given along with the experimentally derived exchange coupling constants for 1ML Co/1ML Fe/W(110). From Tab. 4.1 we can see that
the obtained exchange coupling constants for the interface Fe layer in this work on the
1ML Co/1ML Fe/W(110) are between those of the 1ML Fe/W(110) and 2ML Fe/W(110).
This points to two conclusions. First, in the 1ML Fe/W(110) case the Fe monolayer hybridizes with the W(110) substrate. In a 2ML Fe/W(110) system, the interface Fe layer
hybridizes with the W(110) substrate and with the above Fe layer. Between the 1ML Fe
and 2ML Fe on the W(110) system one would expect a reduction in the exchange coupling
constants and a lower magnon band stiffness for the 1ML Fe sample having its origin in the
reduction of neighbor interactions, possible temperature effects and the DMI [104, 106].
Second, in this work the interface Fe layer in the 1ML Co/1ML Fe/W(110) hybridizes
with the W(110) substrate and has its electronic structure modified by the Co layer on
top as discussed above. This softens the n = 0 mode considerably when compared to the
2ML Fe/W(110) sample and gives the value of exchange coupling constants for the Fe interface J1ML Fe < J1ML Co/1ML Fe < J2ML Fe . Third, it is very interesting that the exchange
constants of the Co layer giving rise to the n = 1 magnon mode have a comparable energy
at the zone boundary when compared to the 2ML Fe/W(110) (see Fig. 4.4 and Fig. 4.5.
The amplification of the Fe monolayer intralayer exchange constants in the 1ML Co/1ML
Fe/W(110) interface compared to the 1ML Fe/W(110) system is due to the added Co
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layer on top. The increase in the JN k is by a factor of nearly 1.8. This implies that
this is a Co mediated exchange enhancement of the interface Fe layer exchange coupling.
Interestingly, in SPEELS experiments performed on 3ML Co/Ir(001) in [13], the top Co
intralayer exchange couplings have the same value as the ones derived here. In the same
paper, the top Co intralayer exchange couplings in 3ML Co/Cu(001) and 3ML Co/Pt(111)
were derived to be 18 and 8 meV, respectively. This points to the general trend that the
intralayer exchange constants in Co films are higher than in the Fe elemental films [110],
which is what is observed in our case as well.

4.1.2

1ML Co/2ML Fe/W(110) system

In order to have a more clear picture of the interfacial exchange constants in the Fe layer
next to the W(110) in 1ML Co/1ML Fe/W(110) as well as the interlayer coupling between
Fe and Co, measurements were performed on trilayer structures consisting of Co and Fe on
W(110). The results shall also help us confirm that the observed small interlayer coupling
between Fe and Co layers, discussed in the previous section, is general. We present the
case of 1ML Co/2ML Fe/W(110) in Fig. 4.6. The notation in this section that is used
also in Fig. 4.6 and Tab. 4.2 is defined as follows. For example, JN2 k corresponds to the
intralayer nearest neighbor exchange coupling in the second layer, hence the superscript 2.
When we write Fe2 this corresponds to the Fe layer number 2, counted from the bottom.
In the case that JN1,2⊥ is written, this means the interlayer coupling between layer 1 and
layer 2. In Tab. 4.2 some J⊥ exchange constants are written in the J⊥Fe /J⊥Co format, this
means that the layer under discussion is coupled with a J⊥Fe value to an Fe layer on one
side and to a J⊥Co on the other side.
From Fig. 4.6 we can immediately realize that the interface Fe layer has substantially
higher intralayer nearest neighbor coupling , JN k = 14.7 meV. This is an increase by
nearly a factor of 2.6 over the interface Fe JN k exchange coupling in the 1ML Co/1ML
Fe/W(110) case which we will refer to as the bilayer sample from now on. This observation is somewhat surprising since the immediate environment of the double system was
not changed but only a third layer consisting of Co was added on top. This would suggest
that the third layer is correlated to the second layer which would in turn affect the interface layer. It is worth pointing out that the value of JN k = 14.7 meV for the interface Fe
layer is nearly factor of 2 higher than the value of JN k in the 2ML Fe/W(110) reported
in [112]. The influence of the next nearest neighbor is enhanced in the interface Fe layer
for the trilayer structure, with the ratio of JN k to JN N k being 0.6, which points to the
fact that these interactions cannot be ignored in our calculations. This ratio between the
nearest and next nearest neighbor in Fe films is the same one used previously in [65, 112].
The JN ⊥ interlayer coupling of the middle Fe layer to the top Co layer was found to be
4.5 meV which is the same value that is observed for the coupling between the interface
Fe and the top Co layer in the 1ML Co/1ML Fe/W(110) system. This is a very weak
coupling effect between the Fe and Co layers and is seen to be a common feature in the
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Figure 4.6: Experimentally obtained magnon dispersion in 1ML Co/2ML Fe/W(110). The
calculated dispersion curves in the NNNH are represented by the black, red and blue lines corresponding to the n = 0, n = 1 mode and n = 2 mode, respectively. The exchange coupling
3 = 16 meV, J 3
constants used for the fit with the data are JN
k
N N k = 1.0 corresponding to the
3,2
values in the Co top layer which is labeled as layer 3 and appears as a superscript, JN
⊥ = 4.5 meV
between the top Co layer and the middle Fe layer. For the n = 1 mode for which the exchange
coupling constants were taken from the interface Fe layer, the exchange coupling constants are
1,2
1,2
1,2
2 = 14.7 meV, J 2
2
JN
k
N N k = 0.6JN k , JN ⊥ = 14.7, JN ⊥ = 0.6JN N ⊥ between Fe1 and Fe2 . For the n
2 = 15.5, J 2
= 2 mode, the exchange coupling constants used are from the middle Fe2 layer, JN
k
Nk
2
= 0.6JN
.
The
black
and
red
spheres
correspond
to
experimental
data
for
the
n
=
0
and
the
n
Nk
= 1 mode, respectively.

two systems so far investigated. For the 1ML Co/2ML Fe/W(110), the results indicate
that the Co layer on top of Fe meditates the enhancement of the Fe intralayer coupling and
couples only weakly to the Fe layers. The next nearest interlayer coupling JN N ⊥ between
Co and Fe layers was neglected, this is in agreement with previous studies on Co films.
Another effect that may be taking place is the intermixing of some parts of the films. If
patches of Fe and Co were to intermix then the exchange constants between two layers
would be similar. This is the case where the Co intralayer JN k = 16 meV and JN k for the
middle Fe layer is 15.5 meV, the other components of the exchange constants however are
different. As a result, while there may be some partial intermixing going on but because
the exchange constants are in the end different, this is not a significant effect. We should
point out that in the case a trilayer, three magnon modes should be observed as discussed
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in section 2.1.1 however experimentally it is challenging. For example in the case of 1ML
Co/2ML Fe/W(110) there should be 3 magnon modes observed. The n = 2 mode will
be at substantially higher energies and low intensities in the SPEELS spectra due to the
short lifetime and therefore broad natural linewidth. These higher magnon modes decay
more into Stoner states (for an example see section 2.1.2, Fig. 2.7). Therefore the n = 2
magnon mode could not be well resolved.
Interestingly, in this system the n = 0 magnon mode was assigned as being mainly originating from the Co layer which is the surface layer. This is due to the fact that the interlayer
coupling between the Co and the middle Fe layer is very weak while the interface Fe layer
has a large interlayer coupling to the middle Fe layer. Also, the intralayer interface Fe
layer coupling is enhanced by both the middle Fe layer and the Co surface layer. This
enhancement was observed when adding an Fe monolayer on top of the 1ML Fe/W(110)
[110] and when adding a Co monolayer on top of the 1ML Fe/W(110). All of the findings
on the 1ML Co/1ML Fe/W(110) and 1ML Fe/2ML Co/W(110) are summarized in Tab.
4.2 in section 4.4, with the notation explained in the table as well as the text. The overall
picture of the trilayer structures needs to be completed. Ideally, all three modes would
be well resolved in 1ML Co/2ML Fe/W(110) in order to better quantify the exchange
interaction in these systems.

4.2
4.2.1

Antisymmetric exchange (Dzyaloshinskii-Moriya interaction)
1ML Co/1ML Fe/W(110) system

In section 2.2 we introduced the antisymmetric Dzyaloshinskii-Moriya exhcnage interaction (DMI). In the same section, it was pointed out that in 2010, for the first time our
group quantified the DM vectors (Dij ) [104]. In that experiment by means of SPEELS a
2ML Fe/W(110) sample was investigated where the interfacial DMI was observed. There
are two ways that one can investigate the interfacial DMI effect in an ultrathin metallic film
using SPEELS. The first way involves changing the scattering geometry. This is where a
particular wave vector is measured and then the sample is rotated to a scattering geometry
that would allow for the measuring of the opposite but equal wave vector. The experiment
is performed in a magnetically remanent state. If the DMI is pronounced then there will
be a energy splitting ∆E as explained in section 2.2.1 i.e. EM (Q) 6= EM (−Q). The second
way to investigate the DMI effect is to perform a time inversion experiment. This is where
a scattering experiment is performed at a particular wave vector while the sample is in
a magnetically remanent state following which the magnetization of the sample is flipped
to the opposite crystollographic direction and the same wave vector is measured. If the
DMI is pronounced then one should again observe an energy splitting EM (Q) 6= E−M (Q).
Also this would give conclusive proof that the energy splitting is of magnetic origin. Since
the SPEELS experiment is highly sensitive to the electron scattering intensity, the time
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inversion experiment is the most proper way to investigate the DMI in ultrathin films.
Zakeri showed in [104] however, that both the scattering geometry and the time inversion
experiment give the same result when done carefully. In this work for best results, the
time inversion experiment is done.
An Fe double layer on W(110) exhibits a perfect C2v symmetry [93, 111], where the DM
vectors Dij can point in any inplane direction making it an excellent candiate for exotic
spin structures such as antiskyrmions [42]. DMI in this system is an interfacial effect mediated by the W atoms. The Fe layers are directly exchanged coupled to each other. This
exchange coupling is of both symmetric and antisymmetric nature. Hence the effective
DMI in such a system is an overall effect of the intralayer DMI, describing the antisymmetric coupling of the Fe atoms in each layer, as well as the direct interlayer DMI, describing
the antisymmetric coupling of Fe atoms sitting in different layers. Since the DMI is an
interfacial effect here, the pattern of intralayer DMI coupling strength is different in each
layer. The effective DMI is an average over all the interactions, which is what is measured in the SPEELS experiment. In this work we replaced the topmost Fe layer with a
Co layer which would in principle do two things: modify the DMI coupling strength in
each layer and between the two layers. This is a reasonable assumption since as we saw
from the above results the Heisenberg exchange constants were strongly modified by the
replacement of the Fe layer with that of Co.
In Fig. 4.7, a series of SPEELS spectra obtained on a 1ML Co/1ML Fe/W(110) is presented where a series of wave vectors have been measured in a time reversal experiment,
as discussed above. The spectra are fitted with a Voigt function and as apparent from Fig.
4.7, the n = 0 magnon mode energy can be unambiguously extracted since the peak in the
difference spectra has a narrow linewidth and is therefore well defined. The sensitivity of
confined magnon modes depends on the incident electron beam energy Ei , therefore the
energy was chosen such that the n = 0 mode is most pronounced which would allow for a
well defined study of the interfacial DMI. The magnon excitation energy can be extracted
and compared for two equal but crystollograpically opposite wave vectors shown in
Fig. 4.7. The energy splitting ∆E = EM (Q) 6= E−M (Q) that is expected can be fitted
with the DMI energy dispersion introduced in section 2.2.1 and shown in Fig. 2.10. The
results are shown in Fig. 4.8 where they are compared to those obtained on a double layer
Fe on W(110) obtained earlier in our group [104].
By looking at Fig. 4.8 we can immediately see that the DMI energies are much larger
than those reported in [104]. In this figure, the atoms of the interface and surface layer are
represented by blue and light blue color, respectively. For each layer we consider two DMI
vectors describing the intralayer coupling. These are nearest and next nearest neighbor
DMI vectors and are represented by D1k and D2k , respectively. For the coupling between
the layers we consider only the nearest neighbor DMI vector D1⊥ since the interlayer next
nearest neighbor should have no contribution to the DMI energy in the bcc(110) surface.
In the interface layer D1k and D2k are shown by dark-blue and black arrows, respectively.
In the surface layer these interactions are shown by light-blue and gray arrows, respec-
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Figure 4.7: Series of difference spectra recorded for different wavevectors on the 1ML Co/1 ML
Fe bilayer on W(110). The spectra are recorded for two cases; Mk[110] (solid circles) and Mk
[110] (open circles). The solid lines are the fits to the experimental spectra. In order to easily
compare the spectra with different magnetization directions, the same fits are shown when they
are mirrored with respect to the horizontal axis. Figure courtesy of Zakeri [93].

tively. The green arrows represent the interlayer DMI D1⊥ . The longitudinal component
of the DM vectors is obtained from the SPEELS measurements. Performing analysis on
the SPEELS spectra obtained from the Fe double layer grown on W(110) shows the results
presented in Fig. 4.8(a) as the solid red line. Considering this system and the geometry
arguments from Eq. 2.35, the DMI energy asymmetry for the bcc(110) system can be
expressed as





Qk a
x
x
x
∆E = EDM (Qk ) − EDM (−Qk ) = 4 2D1k + D1⊥ sin
+ D2k sin(Qk a) , (4.1)
2
x
x
x
x
x
x
where D1k
= 21 (D1k
blayer 1 +D1k
blayer 2 ) and D2k
= 21 (D2k
blayer 1 +D2k
blayer 2 ) represent the
average nearest and next nearest neighbor intralayer DMI of the two layers, Fe in this case,
x
x
respectively. D1⊥
= D1⊥
since there is only one interlayer interaction. The superscript x
represents the longitudinal component of the DM vectors. This notation is used because
for the 2ML Fe/W(110), the individual Fe layers are not uniquely distinguished. The val-
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Figure 4.8: (a) The energy asymmetry ∆E(Q) of the n = 0 magnon mode measured in 1ML
Co/1ML Fe/W(110) and compared to the one of 2ML Fe/W(110) taken from [104]. ∆E(Q) is
measured by recording the spectra at a fixed Q and by reversing the direction of M. The side
view of the investigated structures is shown as the inset. The atomistic DM vectors Dij in the
interface (b) and surface (c) layer, as seen from the top view. The nearest neighbor intralayer
interaction in each layer is denoted by D1k and the next nearest neighbor one is shown by D2k .
The nearest neighbor interlayer DMI is represented by D1⊥ . The origin site is the one marked
with O. In the C2v symmetry the Dij lie in the plane but their direction is not determined. Figure
courtesy of Zakeri [93].

x
x
ues obtained from the analysis of the 2ML Fe/W(110) data in Fig. 4.8 are 2D1k
+ D1⊥
=
x
0.9(3) meV and D2k = 0.5(3) meV [104]. At the time of the work referenced, these were the
largest value of atomistic DM vectors DDMI that were reported. In this work we replaced
the top Fe layer with a Co layer which would change the electronic structure of the system.
Also, the symmetry of the system is lowered due to the fact that Co monolayer grows on
the Fe monolayer on W(110) with the Nishiyama-Wassermann growth relationship which
would mean that the hexagonal base Co(0001) plane is parallel to W(110), and Co[1120]
is the parallel direction to W[001] direction. The atomic arrangement of such a surface is
somewhat between the one of a bcc(110) and an hcp(0001) surface [32, 69]. In Fig. 4.8 the
results of DMI asymmetry energy ∆E for the 1ML Co/1ML Fe bilayer on W(110) are presented, together with those of the 2ML Fe on the same substrate. The experimental data
x
x
x
is fitted with Eq.(4.1), this results in the values of 2D1k
+ D1⊥
= 1.65±0.3 meV and D2k
=
0.75±0.3 meV. Comparing these values to those of the Fe double layer indicates that both
the nearest and next nearest neighbor DMI are increased by a factor of about 1.8 and 1.5,
respectively. Based on Eq.(2.34), we can imply that the magnitude of Dij should be largest
for the interfacial magnetic atoms because of the D0 term which is proportional to the
strength of SOC. This makes sense since in the case of ultrathin films on heavy substrates,
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the DMI is meditated by the SOC of the substrate atoms. Also, contrary to what was said
about the Heisenberg exchange, namely that Jij = Jji , this is no longer the case for the
antisymmetric exchange where Dij = −Dji . Therefore the sign of D1k and D2k in the interface layer is opposite to the sign of D1k and D2k in the surface layer [42]. By comparing the
results from the 2ML Fe/W(110) and 1ML Co/1ML Fe/W(110) we can separate the conx
x
x
tribution of each layer to D1k
, D1⊥
and D2k
since the interface Fe layer remains unchanged.
x
Analyzing the measured values of ∆E one realizes that the value of D2k
is largely enhanced.
This means that D2k |Interf ace Fe + D2k |Surf ace Co > D2k |Interf ace Fe + D2k |Surf ace Fe . From this
it would appear that the norm of D2k |Surf ace Co is larger than the norm of D2k |Surf ace Fe .
However, as we already mentioned the sign of the DMI vectors is opposite in the surface
and interface layers. Therefore, an enhancement in the D2k is the result of the fact that
the norm of D2k |Surf ace Co , which exhibits an opposite sign, is in fact smaller. This agrees
with the finding that generally the strength of DMI vector in Co layers grown on W(110)
is much smaller [27]. In summary the cancellation effect of the two layers is suppressed,
x
x
x
when the top Fe layer is replaced with a Co layer and D2k
= 12 D2k
blayer 1 +D2k
blayer 2 is
larger in value because of the smaller D2k |Surf ace Co value subtraction.
x
x
+ D1⊥
was enhanced by a factor of 1.8,
Similarly, as mentioned above the value of 2D1k
x
using the same arguments as for the case of D2k enhancement. Another quantity that
has also been modified is the interlayer D1⊥ . Due to the atomic arrangement in the C2v
symmetry D1⊥ points along the [110] direction, which is parallel or antiparallel to the
magnetization vector M. First-principles calculations have shown that for the Fe double
layer D1⊥ is much smaller than D1k [42]. Therefore an enhancement of D1⊥ is also likely
present due to the Co layer of top of the interfacial Fe one.
It is quite fascinating that the findings show that the average DM vectors D1k and D2k
are mainly governed by the interface DM vectors of the Fe layer D1k and D2k . This is
also confirmed by a study in our group which found that the DMI in the 2ML Fe/W(110)
is an interfacial effect [104]. These results point to a technique where quantum tuning of
atomistic DMI is possible. It is noteworthy to mention that SPEELS is the only technique
that offers the capability to investigate the interfacial DMI in this way.

4.3

Magnon lifetime

In section 3.2.1 it was pointed out that besides the magnon dispersion, the lifetime of the
magnon can also be calculated from the peaks in the difference spectra. As mentioned
in section 2.1.3, magnons have a finite lifetime due to their decay into Stoner states. For
different systems one would expect a different Stoner continuum and therefore the lifetime
of magnon should be different between various samples. However, one has to be careful
when extracting the lifetime of the magnon which is essentially given by the Lorentzian

72

4. Co/Fe multilayers on W(110)

linewidth Γ introduced in Eq. 3.4. The difficulty of estimating the magnon lifetimes can
present itself when there are multiple magnon modes present in the spectra as well as
when the excitation peak is close to the quasi elastic peak. When two magnon modes are
well separated in the spectra then the excitation peaks can be fitted accurately. However
when the excitation energy of two magnon modes is close enough to where the natural
linewidth of one has a large overlap on the other, then it will be difficult to disentangle
them. In an example where we have a two layer system such as 1ML Co/1ML Fe/W(110),
we observe two magnon modes (see Fig. 4.1) and in an experiment one may choose an
incident electron energy Ei such that the n = 1 magnon mode is supressed and the n = 0
mode is very pronounced which is the case for low values of Ei . This has been done and
a sample of results is presented in Fig. 4.9 where a series of SPEELS spectra are shown
(a)

(b)

Figure 4.9: SPEELS spectra obtained for two wavevectors (a) Q = -0.55 Å−1 (b) Q = -0.65 Å−1 .
The blue(red) spheres represent experimental spectra recorded in a remanent magntized state of
the sample when Mk[110](Mk[110]). The dotted and dashed orange(red) lines represents the
Voigt fit with the Gaussian and Lorentzian linewidth given in the legend. The solid orange(red)
curves represent the total fit from both peaks(dotted and dashed).

which were obtained for two wavevectors Q = -0.55 Å−1 and Q = -0.65 Å−1 . Each wave
vector was measured first when the sample was in a remanent magnetization state where
Mk[110]. Then the magnetization was flipped by applying a reverse magnetic field µ0 H =
238 mT and the same vector was measured in a remanent magnetization state.
Experimental results show that the n = 0 magnon mode is very pronounced and the n = 1
mode is suppressed. The spectra are fitted with a Voigt function which a convolution of a
Gaussian and Lorentzian functions. In section 3.2 we mentioned that the Gaussian distribution represents the instrumental broadening and the Lorentzian distribution represents
the natural linewidth of the excitation. Therefore, in the Voigt fits the Gaussian full width
at half maximum (FWHM) linewidth was given by the resolution of the incident electron
beam and the Lorentzian FWHM linewidth was given by the FWHM of the excitation
peak in the spectra. Taking these considerations into account, each spectra was fitted by
a Voigt function.
Two quantities that can be extracted from the measurements in Fig. 4.9 are the energy

4.3. Magnon lifetime

73

splitting ∆E = EM (Q) 6= E−M (Q) due to the antisymmetric exchange interaction (DMI)
and the lifetime τ of the n = 0 magnons. We can clearly see in Fig. 4.9 that for a set of
two measurements at the same vectors but opposite magnetization directions, the magnon
creation peaks do not have the same energy (the position of the magnon energy excitation
peak for the two mesurements do not have the same energy ∆E ≈ 5 meV), when compared
for two opposite sample magnetization directions. This is a clear indication that there is
a pronounced DMI present. Since this effect was discussed in the previous results section,
the reader is referred to section 4.2.1. In Fig. 4.9(a), at a wave vector of Q = -0.55 Å, the
Lorentzian linewidth is different between the two opposite M directions. This is also the
case in Fig. 4.9(b). One can notice that the n = 0 mode can be fitted very well but in
the case of the n = 1 magnon mode the natural broadening of the peak is large and the
intensity of the excitation is low as expected and therefore the associated error with the
fitting is also larger. The n = 1 mode can actually be seen as a pronounced shoulder in
Fig. 4.9(b) for the measurement in the M[110] magnetized direction remanent state. Overall, this allows us to extract the lifetime from the n = 0 and n = 1 mode magnons. In the
end one may got a an approximation of the magnon lifetimes in such a system by looking
at the n = 0 mode. The results for a range of wavevectors is presented in Fig. 4.10, where
(b)

n

n

(a)

Figure 4.10: (a) Experimentally obtained Γ of the Lorentzian linewidth of the n = 0 magnon
excitation peak obtained from the SPEELS difference spectra as described in Fig. 4.9. Each
experimental spectra peak is fitted with a Voigt function while the Gaussian instrumental broadening is fixed at a constant value. The green squares represent experimental data obtained when
the sample was in the magnetized remanent state Mk[110] and the dark red squares are experimental data when the sample was in the magnetized remanent state Mk[110]. (b) Extracted
magnon lifetime from the Lorentzian natural linewidth Γ. The blue squares represent experimental data obtained when the sample was in the magnetized remanent state Mk[110] and the pink
squares are experimental data when the sample was in the magnetized remanent state Mk[110].
The associated error bars are provided.

the Lorentzian natural linewidth broadening represented by the Γ is shown in part (a) and
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the calculated lifetime of the magnon is shown in part (b). The lifetime of the magnon can
be calculated according to Eq. 3.4 introduced in section 3.2. The uncertainty in the lifetime is given by ∆τ = ∆Γ2~/Γ2 which comes from the standard propagation for quotient
values. From Fig. 4.10(a) we can see as is expected that as the wave vector is increased the
natural linewidth of the magnon n = 0 mode also increases. This is due to the fact that at
higher energies magnon have a stronger dissipation channel into Stoner states. Therefore
the lifetime of the magnon is affected as well since it is inversely proportional to the natural
Lorentzian linewidth of the magnon excitation peak. From Fig. 4.10, one can also see the
effect of DMI on the magnons in this system. When the same wavevector is measured at
two equal but opposite magnetization directions (Mk[110],Mk[110]), in effect the magnons
are traveling in two opposite directions at the surface of the crystal. In the presence of
the antisymmetric DMI exchange interaction we would expect that the lifetimes for these
two opposite directions should be different. This is exactly what we observe as is evident
form Fig. 4.9 and agrees with findings on a 2ML Fe/W(110) [107]. The direction of the
energy splitting of the excitation peaks i.e. (Mk[110] to lower energies(Mk[110]) to higher
energies) is due to the chiral damping effect. This has been observed in a 2ML Fe/W(110)
in our group in Ref. [107]. At small wavevectors, especially in the limit of ferromagnetic
resonance (Q=0), magnons are damped mainly by spin orbit induced damping. This is
where the spin precession of the magnetic moment is coupled to its orbital motion and the
lattice. There is also coupling to the surrounding lattice and hence a damping is induced.
For high wavevectors, dissipation into Stoner states becomes dominant which is known as
Landau type damping. In our case, magnons are subject to a large SOC because of the
hybridization with the W(110) substrate. Here, both effects, SOC and Landau damping
are at work. Time reversal (reversing magnetization (Mk[110] to Mk[110]) inverts the
angular and linear momentum, and therefore it inverts the spin-orbit contribution to the
magnon lifetime [107]. This is exactly what we observe in our experiment as seen from
Fig. 4.9. The linewidth and lifetime of the n = 1 magnons can also be extracted from
the experimental data. In general the expectation is that the n>0 mode magnons should
posses a shorter lifetime and therefore a larger natural linediwth than the n = 0 magnons.
This is due to the fact that the n>0 magnons precess out of phase [112]. The results for
this analysis is given in Fig. 4.11. Indeed, we see that the natural linewidth Γ is larger
than in the n = 0 magnon case. Therefore the lifetime is shorter for the n = 1 mode.
However the error for this is also larger since determining the peak positions is not straight
forward anymore because of the large natural linewidth. As was mentioned previously, the
Voigt fit is a convolution of the Lorenzian and the Gaussian functions, which represent the
natural linewidth and the experimental broadening, respectively. It would be of value to
look at the broadening of the convoluted peaks to see whether or not the linewidth of the
increasing wavevectors also increases. The results in Fig. 4.12 show when both the Gaussian FWHM and the Lorentzian linewidth are taken into account. It is clear that the total
broadening of the magnon excitation peak is not affected by the instrumental broadening
to such a degree that determining the Lorentzian is ambiguous, i.e. the resolution in the
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Figure 4.11: (a) Experimentally obtained Γ of the Lorentzian linewidth of the n = 1 magnon
excitation peak obtained from the SPEELS difference spectra as described in Fig. 4.9. Each
experimental spectra peak is fitted with a Voigt function while the Gaussian instrumental broadening is fixed at a constant value. The purple squares represent experimental data obtained when
the sample was in the magnetized remanent state Mk[110] and the neon green squares are experimental data when the sample was in the magnetized remanent state Mk[110]. (b) Extracted
magnon lifetime from the Lorentzian natural linewidth Γ. The cyan squares represent experimental data obtained when the sample was in the magnetized remanent state Mk[110] and the pink
squares are experimental data when the sample was in the magnetized remanent state Mk[110].
The associated error bars are provided.

experiment is very good.

4.4

Summary

In summary, in the 1ML Co/1ML Fe/W(110) two magnon peaks are clearly observed
corresponding to the n = 0 and n = 1 modes. The experimental data was described in
the NNNH model and it was found that the interlayer JN ⊥ coupling between the interface
Fe layer and the Co layer is very weak compared to the Fe doublelayer on W(110). The
intralayer exchange coupling constant in the Fe doublelayer in the trilayer structure of 1ML
Co/2ML Fe/W(110) was found to be enhanced compared to the Fe doublelayer on W(110),
and the interlayer exchange coupling between the middle Fe layer and the top Co layer
was found to be weak but with the same value as in the 1ML Co/1ML Fe/W(110) system.
The exchange coupling constants obtained from the 1ML Co/1ML Fe/W(110) and 1ML
Co/2ML Fe/W(110) are given in Tab. 4.2 for comparison. The DMI was found to have
a large effect on the magnon dispersion in 1ML Co/1ML Fe/W(110). The components of
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Figure 4.12: Experimentally obtained Γ of the convoluted (a) n = 0 and (b) n = 1 magnon
excitation peak obtained from the SPEELS difference spectra as described in Fig. 4.9. Each
experimental spectra peak is fitted with a Voigt function while the Gaussian instrumental broadening is fixed at a constant value. (a) The green squares represent experimental data obtained
when the sample was in the magnetized remanent state Mk[110] and the dark red squares are
experimental data when the sample was in the magnetized remanent state Mk[110]. (b) The
purple squares represent experimental data obtained when the sample was in the magnetized
remanent state Mk[110] and the neon green squares are experimental data when the sample was
in the magnetized remanent state Mk[110]. The associated error bars are provided.
Table 4.2: Experimentally determined exchange constants on 1ML Co/1ML Fe/W(110) and
1ML Co/2ML Fe/W(110). The notation is as follow. For example 1ML Co/2ML Fe/W(110)
2 /J 3 corresponds to the exchange constant coupling in the top Co layer to the Fe
(Co3 ) and JFe
Co
2 /J 3 notation.
layer below and Co layer above, hence the JFe
Co

Sample (T=300K)

JN k (meV)

JN ⊥ (meV)

JN N k (meV)

JN N ⊥ (meV)

1ML Co/1ML Fe/W(110) (Fe )
1ML Co/1ML Fe/W(110) (Co2 )

5.6
12

4.5
4.5

3.4
0.5

0
0

1ML Co/2ML Fe/W(110) (Fe1 )
1ML Co/2ML Fe/W(110) (Fe2 )
1ML Co/2ML Fe/W(110) (Co3 )

14.7
15
16

14.7
14.7Fe /4.5Co
4.5

8.8
9.3
1

8.8
8.8Fe /0Co
0

1

x
x
x
the DM vectors 2D1k
+ D1⊥
and D2k
were enhanced by a factor of 1.8 and 1.5, respectively,
compared to the 2ML Fe/W(110) system [104].
The magnon lifetime in the 1ML Co/1ML Fe/W(110) was observed to be different due to
the DMI as expected. Due to the relatively small value of the Gaussian FWHM, the total
broadening of the magnon excitation peak did not impair the measurements.

5.

Fe and Co/Fe multilayers on Ir(111)

This chapter contains results on the ultrathin Fe and Fe/Co multilayers on Ir(111). There
are two main parts to each results section: the symmetric Heisenberg exchange in section 5.1 and the antisymmetric exchange (Dzyaloshinskii-Moriya Interaction) in section
5.2. Results are presented and discussed in section 5.1.1, where measurements on 2ML
Fe/Ir(111) were performed at a temperature of 13 K. Also, the 3 ML, 4 ML Fe/Ir(111)
was investigated at room temperature. Section 5.1.2 will show results on a bilayer sample
of 1ML Co/1ML Fe/Ir(111) and 2ML Co/1ML Fe/Ir(111). The low exchange coupling
constants found for the Ir(111) systems will be discussed. The last section 5.2 will discuss
the role of DMI in the samples investigated and its effect on the magnon dispersion.

5.1

Symmetric Heisenberg exchange

In this section we present results on the magnon dispersion obtained from elemental films
of Fe grown on the Ir(111) substrate. The results are discussed in terms of the symmetric
Heisenberg exchange interaction. Measurements performed on 2ML Fe/Ir(111) were done
at T=13K. Measurements on 3ML Fe/Ir(111) were performed at T=300K.
5.1.1

2ML, 3ML Fe/Ir(111) system

From Ref. [12], a ferromagnetic signal appears T=300K in Fe on Ir(111) when the thickness
of the film is 3 ML and above. This was also confirmed in our longitudinal MOKE setup
introduced in section 3.1.1. SPEELS experiments were performed on a 3 ML Fe/Ir(111)
sample at room temperature (RT). To improve surface quality the samples were annealed
with a low power of up to 2 Watts after initial growth.
Experimental results of SPEELS measurements performed on 3ML Fe/Ir(111) are presented in Fig. 5.1. There is no available data for the n = 1 and n = 2 magnon modes
since the total magnon signal intensity is far too low and while the n = 0 mode shows a
well defined magnon excitation peak, the higher magnon modes are too low in intensity to
be observed. This may be due to the weak ferromagnetic signal observed since normally a
weak ferromagnetic signal would correspond to a weak spin resolved signal in the SPEELS
spectra.
At the first step to analyze the experimental results, ab initio calculations have been performed by Khalil Zakeri, with the code provided by Arthur Ernst, to obtain the magnon
dispersion bands. Initial calculations revealed that the calculated n = 0 mode was overestimated. This was surprising since normally experimental data of Fe films on Ir substrates
is fairly well described by ab initio calculations [105, 110]. The n = 0 magnon band was
77
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(a)

(b)

Figure 5.1: (a),(b) Plotted magnon dispersion curves from ab initio calculations represent
the n = 0 mode (black curve), n = 1 mode (red curve) and n = 2 mode (blue curve). (a)
Experimental data for the n = 0 mode in 3ML Fe/Ir(111) system represented by magenta spheres.
The calculated n = 0 mode has been renormalized by the Fe magnetic moment value. (b)
Experimental data for the n = 0 mode in 3ML Fe/Ir(111) system represented by pink spheres.
The calculated n = 0 mode curve has been renormalized by the Fe magnetic moment value for the
next and next neareast interlayer coupling. The ab initio calculations were performed by Khalil
Zakeri using the ab initio code developed by Arthur Ernst.

recalculated by fixing the exchange coupling constants Jij and renormalizing by the Fe
magnetic moment in the interface layer which was 2.7µB . This was done in order to compensate for the overestimated value of the magnetic moment in the interface Fe layer. The
results are shown in Fig. 5.1(a). As is evident the n = 0 mode is underestimated. This
is due to the fact that in the previous step, the magnetic moment was effectively set to 1,
which is an oversimplification. Therefore in the next step magnon calculations were performed once again with the next and next nearest interlayer exchange coupling constants
Jij adjusted slightly to observe the value that agrees with the data. This adjustment was
taken from the Heisenberg model calculations performed similar to the method introduced
in chapter 2, section 2.1.1. The results are shown in Fig. 5.1(b). The calculated n = 0
mode curve fits very well to the experimental data. This suggests that the exchange coupling pattern of the underlying Fe film is complex and the interface Fe magnetic moment
may be somewhere between the bulk value of 2.2µB and 2.7µB . The exchange coupling
constants in the 3ML Fe/Ir(111) is presented in Fig. 5.2 which shows a complex pattern
of exchange coupling constants in the atomic layers. The exchange coupling constants between the interface Fe layer and the surface Fe layer have not been included in the picture
for clarity, they are -1.9 meV, 1 meV, -0.05 meV for JN , JN N and JN N N , respectively.
Comparing Figs. 5.1(a) and (b) one can immediately notice that the n = 0 magnon branch
exchange stiffness D is higher in Fig. 5.1(b). Using a similar approach as to that in
Eq. 2.20, the n = 0 magnon branch exchange stiffness D can be calculated to give 40
meVÅ2 ± 5 for Fig. 5.1(a) and 72 meVÅ2 ± 7 in Fig. 5.1(b). This reveals an extremely
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Figure 5.2: 3ML Fe/Ir(111). The calculated interatomic low exchange coupling constants
resulting from the ab initio calculations. All values are given in meV. The ab initio calculations
were performed by Khalil Zakeri with the code obtained from Arthur Ernst.

soft magnon branch when compared to 2ML Fe/W(110) for example (see [112]). The implication is then that the overall exchange coupling constants are also reduced as ab initio
calculations revealed.
Building on the above discussion, an interesting point is to discuss the group velocity vg
of the magnon wave packet. The group velocity is given by
vg =

1 ∂ε
~ ∂Qk

(5.1)

When the magnon band dispersion posses a small exchange stiffness D, one would not
expect a large group velocity. In Fig. 5.3 the group velocity has been extracted for the
case where the ab initio calculations are used (black solid curve) and for the case where the
experimental data is considered (blue points). It is evident that the n = 0 band magnon
group velocities values are around the values of the calculated n = 0 bands which further
suggests the agreement of data with the calculated soft magnon dispersion. The values
are much lower than to the ones reported in [109] on 2ML Fe/W(110) (Q = 0.5 Å−1 and
24.4 km/s), which is expected since the n = 0 mode dispersion in that system is stiffer
than in the one studied here. In fact, the group velocity in the n = 0 magnon mode from
3ML Fe/Ir(111) has its maximum at around Q=0.75 Å−1 which is 2.4 km/s. This is a
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Figure 5.3: Calculated group velocity for the n = 0 magnon mode for the renormalized
ab initio in Fig. 5.1 calculations (black curve) and experimental data (magenta points) from
3ML Fe/Ir(111).

very low value and corresponds to a soft magnon branch.
The sample 2ML Fe/Ir(111) is not ferromagnetic at RT as shown in Ref. [12] and confirmed in our longitudinal MOKE experiments. In the SPEELS experiment, a magnon
signal was observed on in this system when measuremens were performed at T = 13 K. In
that context results obtained on 2ML Fe/Ir(111) at T = 13K are presented in Fig. 5.4(a),
where the calculated dispersion curves are fit to the experimental data in the NNNNH
model. The values for the low exchange coupling constants in the calculated dispersion
were taken from ab initio calculations for the 2ML Fe/Ir(111). The incident electron beam
energy used for the experiments was Ei = 3.2 eV with a resolution between 12 and 18 meV.
Interestingly in this work, the optimal incident electron energy in terms of magnon peak
intensity and resolution was 3.2 eV. This fact put a limit on the range of wave vectors that
could be measured, since the range of wavevector Q that are available to probe depends
on the incident electron energy Ei (see Eq.3.2 and section 3.2). The n = 0 magnon mode
was very pronounced in the SPEELS spectra while the n = 1 mode was supressed, this is
in general true since for lower Ei incident energies the n = 0 mode is amplified. Therefore
we make no comment on the n = 1 mode and the exchange coupling constants contained
therein.
From previous SPEELS experiments on Fe/Ir(001) one would expect low magnon energies when compared to Fe/W(110) for example [110, 112]. In Fig. 5.4(a), the Heisenberg
model is not able to describe the n = 0 magnon mode. In Fig. 5.4 (b) the calculated
magnon bands from ab initio calculations cannot describe the dispersion well, where the
n = 0 mode is too stiff. Therefore a similar approach to that of the above discussed 3ML
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Figure 5.4: Experimental results on 2ML Fe/Ir(111) obtained at T = 13K. The incident electron
energy is Ei = 3.2 eV with a resolution between 12 and 18 meV. In (a) The calculated n = 0 mode
dispersion in the NNNNH model. The exchange coupling constants used for the dispersion are
1 = 3.8 meV, J 1
1
taken from ab initio calculations. JN
k
N N k = -0.3 meV and JN N N k = 0 meV. The
1
interlayer low exchange coupling constant between the interface and the surface layer is JN
⊥ =
1
1
11.8 meV, JN N ⊥ = 1.1 meV and JN N N ⊥ = -0.2 meV. In (b)-(c) dispersion curves calculated from
ab initio calculations. (b) Calculated magnon bands without renormalization. (c) Calculated
magnon bands with renormalizing by µFe
B . (d) Calculated magnon bands with renormalizing by
Fe
µB and a strong interlayer coupling (taken from 3ML/Ir(111)). Calculations performed by Khalil
Zakeri with the code provided by Arthur Ernst.

Fe/Ir(111) was used where the exchange coupling constants were first normalized by the
interface magnetic moment of Fe µFe
B , this was done in Fig. 5.4(c). Unsurprisingly, just as
in the 3ML Fe/Ir(111) case the slope of the n = 0 magnon mode is correct but the energy
values are underestimated. Therefore the interlayer coupling was normalized by using
values taken from the 3ML Fe/Ir(111) second to the third Fe layer. The results shown in
Fig. 5.4(d) show a fairly good agreement with the experimental data. In Fig. 5.4(a) and
(b) the n = 0 magnon branch energy goes up to 150 and 160 meV at the SBZ boundary,
respectively. However this does not describe the experimental data as already mentioned.
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In (d), where the calculated dispersion is in good agreement to the experimental data, the
n = 0 magnon branch does not exceed 75 meV at the SBZ boundary and the experimental
value at Qk = 0.85 Å−1 is 65 meV. This is significantly lower than the 2ML Fe/W(110)
(see Fig. 4.5) system where at Qk = 0.85 Å−1 the magnon energies are well above 100 meV
and nearly 175 meV at the SBZ boundary in the Γ-H. The calculated dispersion in Fig.
5.4(c), where the agreement with the experiment is good, suggests that even at the SBZ
boundary the magnon energies will not exceed 75 meV in the Γ-K direction. There is no
data available above Qk = 0.85Å−1 but it possible to infer from the calculated dispersion
trend that the n = 0 magnon mode will be nearly flat pointing to a very low group velocity
and almost standing wave like behavior closer to the SBZ.
The low exchange coupling constants used in the Heisenberg model revealed that the intralayer coupling in the interface Fe layer remains nearly the same as the ones derived by
ab initio calculations but the interlayer coupling turned out to be slightly stronger. In the
case of the 2ML system, the substrate is next to the interface layer which in turn is next
the the surface layer. In the 3ML Fe/Ir(111) system, the interface Fe film has a middle
Fe layer which is then adjacent to the surface film. One would then expect a stronger
coupling for the 3ML system, both intralayer and interlayer due to higher coordination
number. However, surprisingly the trend was opposite. Using ab initio calculations, in
the 2ML system the Fe-Ir(111) interface JN k = 3.6 meV and JN ⊥ = 11.89 meV. In the
3ML Fe/Ir(111) the Fe-Ir(111) interface had JN k = 3.42 meV and JN ⊥ = 8.7 meV. The
JN k and JN ⊥ increase for the 2ML system when compared to the 3ML Fe/Ir(111). This
clearly shows the complex pattern of exchange coupling constants of the system and the
strong interlayer coupling of the interface Fe layer to the surface Fe layer in the 2ML
system. This is a feature that appears before and after normalization and suggests that
the weaker interfacial layer coupling in the 3ML Fe system has its origins in the electron
spin density redistribution to the extra third surface layer. As far as temperature effects,
the discussion is limited. In Fe-Ir (001) superlattices, in the low coverage regime of Fe
layer, the Currie temperature TC was found be to about 230 K [1]. Since the 3ML sample
is weakly ferromagnetic at room temperature, TC is higher than this value. However, we
cannot comment conclusively on the temperature effects because the Currie temperature
TC is not known for either of the samples on the Ir(111). From SPEELS studies on elemental films of Fe and Co on W(110) temperature effects were found to be negligible
[27, 112]. Therefore it is likely that the the main reason behind the exchange coupling
constant difference in the 2ML Fe and 3ML Fe/Ir(111) is due to the renormalization of the
exchange constant pattern as a result of the different coordination number in the samples
and spin density redistribution.
The magnon peak intensities in the spectra were small across the whole range of wavevectors measured. This is due to the fact that the ferromagnetic MOKE signal in the longitudinal geometry for the 2ML Fe/Ir(111) does not appear and at a low temperature of 13K
the magnon signal shows up as a very weak spin resolved peak in the SPEELS spectra. In
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addition, the comparison to the trilayer can be only qualitative since the system is different.
In order to obtain information about the surface magnon mode in thick Fe films, experiments were performed on various thicknesses higher than the ones already presented.
Results on films thicker than 3ML Fe/Ir(111) are presented in Fig. 5.5. The 4ML Fe films
(a)

(b)

Surface mode

Figure 5.5: (a) The n = 0 mode magnon dispersion in Fe films on Ir(111) with thickness up to
17ML. The calculated dispersion was obtained by taking exchange coupling constant values from
first principles calculations on a 6ML Fe/Ir(111). (b) Bulk Fe dispersion taken from reference
[60] measured via inelastic neutron scattering in the [110] direction.

have a noticeable increase in exchange stiffness D in the magnon dispersion. For all films
thicker than 11ML Fe, the effect of the substrates states hybridizing with the electronic
states of the films is negligible. This is due to the fact that the penetration depth in the
SPEELS experiment is finite and is on the order of 10 Å with the low incident electron
energies used. The bulk dispersion of Fe is plotted in dark red spheres in Fig. 5.5 and has
a higher exchange stiffness D than the Fe films of all thicknesses presented. The stiffness
constant D for bulk Fe is 260 meVÅ2 which is much larger than the earlier derived D for
3ML Fe/Ir(111) of 72 meVÅ2 [60]. In a thick film i.e. >10ML the low lying energy magnon
mode is the surface mode because of the lowered coordination number, the higher energy
magnon modes are the bulk bands. When comparing the thick films in Fig. 5.5 with the
bulk Fe magnon dispersion the energies and the exchange stiffness of the bulk is higher
than that of the thick films. Therefore this indicates that the surface mode exchange
constants Jk in the thick films should be lower when compared to the bulk ones.
In order to answer whether or not the surface mode was mesured in thick films and if in
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the 2ML Fe,3ML Fe /Ir(111) the interface was probed, we start with the assumption of
a semi-infinite crystal and calculate the surface mode in a bulk like structure in order to
compare the experimental data to it. The starting point is Eq. 2.7 introduced in chapter
2, section 2.1.1. In the surface film of an fcc(111) structure, there are 6 intralyer nearest,
next nearest and third next nearest neighbors. For the atomic layer underneath the surface
layer there are 3 interlayer nearest, next nearest and third next nearest neighbors. The
spin wave amplitude equations in the first layer, and the layers below and above in the
NNNNH model including the decay factor is given by Eq. 7.1 and Eq. 7.2 in the Appendix
which is chapter 7, section 7.1. Solving the two equations for the surface mode we plot
the results in Fig. 5.5(a) as the fitting curve to the experimental data. The exchange
coupling constants used as the fitting parameters were taken from ab initio calculations
on a thick Fe film (6ML) and normalized by the magnetic moment of Fe. The calculated
curve clearly agrees well with the experimental data of the thick Fe films, and deviates for
a thin film of 3ML Fe. This suggests that indeed the surface mode of the thick Fe films is
being measured and the effect of the Ir(111) is not seen by the experiment. Moreover, this
shows that when the thinner layers were measured, i.e. 2ML and 3ML systems, the experiment was sensitive to the interface layer. Interestingly, the 4ML Fe data (red hexagons)
shows a good agreement with the calculated dispersion up to a Qk = 0.8 Å−1 . Here the
possibilities are either the experimental data will deviate from the calculated semi-infinite
crystal surface mode at Qk > 0.8 Å−1 or at a thickness of 4ML the experiment was no
longer sensitive to the substrate effects. Without covering more of the SBZ range with
our experiment, it is difficult to conclude between the two options.

5.1.2

1ML Co/Fe/Ir(111), 2ML Co/Fe/Ir(111) multilayer system

In light of recent results on multilayer systems [93, 110] another interesting system to
investigate is the 2ML Co/ 1ML Fe/Ir(111). The samples were grown by first annealing
the Fe interface layer after which the sample was allowed to cool down for a time period
of 1-1.5 hours before depositing the Co overlayers. Typical SPEELS spectra recorded on
this system is presented in Fig. 5.6(a),(b) along with a series of measured spectra in (c).
In Fig. 5.6(a), the intensity spectra for the two possible spin orientations of the incoming
beam at Qk = 0.55 Å−1 are presented. The spin down channel denoted by I↓ shows two
bumps relative to the the spin up channel I↑ . Taking the difference of the two spin channel intensities gives the results in Fig. 5.6(b) where we can clearly observe two distinct
peaks representing two magnon modes (n = 0 and n = 1). The difference in the two
spin channels is clear enough that we may even identify the magnon creation energy from
Fig. 5.6(a). The measurements can be done for various wavevectors and multiple magnon
modes can be identified belonging to the n = 0 and n = 1 branch. A series of measured
spectra is presented in Fig. 5.6(c), where the dispersion is clearly seen in both identifiable
magnon branches. Since this is a 3ML sample, there should be in principle a third magnon
branch observed, however this would be at higher energy losses where in our experiment
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(c)

Figure 5.6: An example of SPEELS spectra recorded at a wavevector of Qk = 0.55 Å−1 on a
2ML Co/ 1ML Fe bilayer epitaxially grown on Ir(111). The spectra are recorded at the incident
energy of 3.2 eV and T = 300K. (a) The red and blue spectra, denoted by I↓ and I↑ , are recorded
with the polarization vector of the incident electron beam being parallel and antiparallel to the
magnetization M, respectively. The total intensity I↓ + I↑ is shown by the purple squares. The
scattering geometry is schematically illustrated as the inset. (b) Difference intensity I↓ - I↑ spectra
are shown by green colored circles.(c) A series of difference SPEELS spectra recorded for various
wave vectors ranging from Qk = 0.4 to 0.8 Å−1 .

the intensity of the third magnon branch was far too low and could not be observed.
We present in Fig. 5.7 experimental results obtained for a 2ML Co/1ML Fe/Ir(111) for
a series of measured wave vectors along two opposite SBZ directions. In Fig. 5.7 the experimental data is plotted alongside ab initio calculated magnon bands for 2ML Co/1ML
Fe/Ir(111) system in which the agreement of the data with the calculated curves is very
good, surprisingly no renormalization of the magnon bands was needed as in the previous
case for the 2ML,3ML Fe/Ir(111) since corrections for this were already included in the
original ab initio calculations. These corrections were the following. It is known that for
Co films ab initio calculations overestimate the magnon bands [13, 40, 110]. Therefore
in order to account for this in our case the exchange splitting between the majority and
minority spin split bands was decreased by 0.8 eV and the calculations was performed.
The results gave good agreement with the experimental data as seen in Fig. 5.7. One
can notice that the n = 1 band is still slightly overestimated. Figure 5.9 shows a plot
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Figure 5.7: Experimental results obtained on 2ML Co/1ML Fe/Ir(111) plotted along with
ab initio calculations (black, red and blue curves). The ab initio calculations were performed by
Khalil Zakeri with the code obtained from Arthur Ernst.

of the behavior of exchange coupling constants in the Fe interface layer as a function of
the distance from the central atom for intralayer coupling as well as interlayer coupling.
One can immediately notice that the ab initio calculations show that exchange coupling
constants higher than the third order may also be important. The plot also reveals a complicated behavior of the system with both ferromagnetic and antiferromagnetic coupling.
An important point is that the interlayer distances play no role in the simple Heisenberg
model calculations considered in chapter 2 and section 2.1.1. While this approach in the
Heisenberg model is powerful in many respects as discussed in section 2.1.1, in the way
it is used there it fails to take into account important assumptions. Since the exchange
interaction is based on the Pauli principle and is Coulombic in nature, changing the distance of the atomic layers will have a great effect on the magnon dispersion relation. In
the ab initio calculations presented in Fig. 5.7(a), the Fe-Fe interlayer distance is taken to
be 2.02 Å as reported in [12]. In this case we can safely say that the ab initio calculations
are the ones to be relied on since they not only take into account hundreds of nearest
neighbors but also atomic layer distances and detailed magntic moments.
These results on the exchange coupling constants can be compared to the ones obtained in
our group on 2ML Co/1ML Fe/Ir(001) [110]. The intralayer interface Fe exchange coupling
constants in 2ML Co/1ML Fe/Ir(001) are considerably smaller and next nearest neighbor
exchange coupling constants are positive while in the case of 2ML Co/1ML Fe/Ir(111)
they are negative. Also, most noticeable is the fact that the interlayer exchange coupling
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Figure 5.8: (a) 2ML Co/1ML Fe/Ir(111) atomic layers. The calculated interatomic exchange
parameters resulting from the ab initio calculations. All values are given in meV.

between the interface Fe layer and the top most Co layer is ferromagnetic (J > 0) in the
case of the 2ML Co/1ML Fe/Ir(001) and antiferromagnetic (J < 0) in the case of 2ML
Co/1ML Fe/Ir(111) up to three next nearest neighbors. In the case of the Ir(001) surface
there is 4 nearest neighbors, while in the Ir(111) there are 6. The distance between the
nearest atomic neighbors in the Ir(001) case is the same to that of the Ir(111) surface,
both are 2.71 Å. These facts combine to give an overall lower magnon dispersion energy
across the SBZ in the case of 2ML Co/1ML Fe/Ir(001) where at the high symmetry point
the energy of the n = 0 mode does not exceed about 125 meV [110]. In the case of 2ML
Co/1ML Fe/Ir(111) the expectation is that at the high symmetry point K, the n = 0
magnon energy will exceed 175 meV. Surprisingly the interlayer coupling between the Co
layers is weaker in the 2ML Co/1ML Fe/Ir(111) system. It can be said for certain that
the low exchange coupling constants are very complicated in this system as shown in Fig.
5.8. The effect of the Ir(111) is very important as the interface Fe layer hydridizes with
the substrate.
At this point it is important to mention that the interface Fe layer was always annealed in
the experiment. One has to be careful not to exceed a temperature of about 800K. This is
because Fe can interlace with the Ir substrate at higher temperatures and shows a stable
Fe0.5 /Ir0.5 (111) alloy [52]. If for example, the interlacing did happen then the Fe interface
layer would be much closer to the Ir atoms and therefore the effect of hybridization would
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(a)

(b)

Figure 5.9: (a) Intralayer exchange coupling strength as a function of the distance from the
original site. Values for up to 10 nearest neighbors are provided. (b) Interlayer exchange coupling
strength between the interface Fe and Co overlayers as function of the distance from the original
site. Values for up to 10 nearest neighbors are provided. All values for the low exchange coupling
constants are given in meV.

be greater. This would affect the magnetic moment of the Fe atoms and reduce them
when compared to the surface value [72, 112]. In that case, one would expect low magnon
energies in the experiment when compared to the theoretical calculations. No deviation
of the n = 0 magnon mode stemming from the Fe interface layer was observed. The observed LEED pattern showed very sharp diffraction spots, suggesting good pseudomorphic
growth of interface Fe layer (see section 3.4.2 Fig. 3.20).
In order to see how much each atomic layer contributes to each magnon mode, the layer
resolved transverse magnetic susceptibility has been calculated which gives the spatial
distribution of each magnon mode over the Brillouin zone. This contains the magnon dispersion and allows one to compare the contribution of each atomic layer to each magnon
mode because a spectral weight is assigned at every point in the dispersion. This spectral
weight is called the Bloch spectral function. The results for such a calculation in the free
standing film of 2ML Co/1ML Fe/Ir(111) is given in Fig. 5.10. Indeed, the results indicate
that the n = 0 magnon mode is localized in the interface Fe layer (Fig. 5.10(b)). The n
= 2 magnon mode can be viewed as being partially localized in the middle Co layer (Fig.
5.10(c)) while the n = 1 mode having a contribution from the surface Co layer, while the
same layer having the contribution to the n = 2 mode (Fig. 5.10(d)).
To complement the earlier investigated 2ML Co/1ML Fe/Ir(111), results obtained on 1ML
Co/1ML Fe/Ir(111) are presented in Fig. 5.11. As a starting point for the calculated fits
in Fig. 5.11, exchange coupling constants were taken from ab initio calculations for 2ML
Co/1ML Fe/Ir(111) shown later in Fig. 5.6. Since there is no data available for the
n = 1 mode, we only discuss the exchange coupling constants in the interface Fe. The
calculated n = 1 mode may be very different and no comment can be made about the
exchange coupling patter for this magnon band. The exchange coupling constants in the
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Figure 5.10: (a) The total susceptibility Bloch spectral function projected into all layers. (b) The
susceptibility Bloch spectral function projected into the interface Fe layer. (c) The susceptibility
Bloch spectral function projected into the middle Co layer. (d) The susceptibility Bloch spectral
function projected into the surface Co layer. The calculations were performed by Khalil Zakeri
with the code obtained from Arthur Ernst.

interface all slightly increase when compared to the 2ML Co/1ML Fe/Ir(111) system. For
JN k the increase is by a factor of 1.3. The ratio of exchange coupling constants for JN k
and JN ⊥ were kept the same in this system compared to the 2ML Co/1ML Fe/Ir(111)
Fe-Co2 . When compared to the 2ML Co/1ML Fe/Ir(111) the interlayer exchange coupling
constant JN ⊥ increased by a factor of 1.5. Only the nearest neighbor terms are discussed
here since they are by far the leading terms in the dispersion. The values of JN k and JN ⊥
may be different once experimental data for the n = 1 is obtained. However, the general
finding is that the interlayer coupling between the Fe and Co is weaker than the intralayer
coupling of the Fe atoms in the Fe-Ir(111) interface. This points to the general trend that
adding a third layer of Co on top will affect the spin density in the middle Co layer and
weaken the interlayer coupling between the interface Fe layer and the Co overlayer.
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n = 0 mode
n = 1 mode

Figure 5.11: The n = 0 magnon mode dispersion on 1ML Co/1ML Fe/Ir(111). Experimental
data is represented by the black spheres. The calculated magnon dispersion is numerically done
in the NNNNH model (black curve n = 0 mode, red curve n = 1 mode). The exchange coupling
constants used in the dispersion calculations for the interface Fe layer are JN k = 5.7 meV, JN N k
= -0.7 meV and JN N N k = -0.9 meV. The exchange coupling constants used in the dispersion
calculations for the surface Co layer are JN k = 11.2 meV, JN N k = 1 meV and JN N N k = -0.2
meV. The interlayer exchange coupling constants used in the dispersion calculations are JN ⊥ =
4.9 meV, JN N ⊥ = 0.6 meV and JN N N ⊥ = 0.2 meV.

5.2

Antisymmetric exchange (Dzyaloshinskii-Moriya interaction)

In section 2.2 the antisymmetric DMI was introduced. It was said that in the presence of
broken inversion symmetry and a large SOC in the system, this antisymmetric exchange
interaction arises. Later, in the experimental results section 4.2 it was seen that the
DMI has a large effect on the magnon dispersion in the 1ML Co/1ML Fe/W(110) system.
Specifically, it was found that due to the orientation and magnitude of the DMI vectors
in the different species of materials deposited, the asymmetry in the magnon dispersion
was giant, i.e. by far the largest observed up to that point in time. Another promising
candidate for showing the DMI effect on the magnon dispersion was investigated in this
work, namely the 1MLCo/1ML Fe/Ir(111) and the 2ML Co/1ML Fe/Ir(111) system.
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5.2.1

1ML Co/1ML Fe/Ir(111)

As a first step in investigating the 1ML Co/1ML Fe/Ir(111) system, the direction of the
DM vectors are derived using the Levy Fert model for surfaces in the so called three
site interaction introduced in Eq. 2.34 in section 2.2.1. In Fig. 5.12 the longitudinal
components of the Fe intralayer DM vectors and interlayer Fe-Co are presented up to the
second nearest neighbor. For simplicity and clarity of the Figure the first two layers are
shown but this can be easily extended up to 3 or more layers in same fashion. Experimental
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Figure 5.12: (a) Longitudinal component of the DM vectors for nearest (N) and next nearest
(2N) neighbors in the Fe interface layer. (b) Longitudinal component of the interlayer DM vectors
for the nearest (N) and next nearest (2N) between the interface Fe layer and the first Co layer.

investigation of this is challenging because of the complex magnetic state of this system. A
monolayer of Fe grown on Ir(111) is not ferromagnetic at room temperature. The sign of
ferromagnetism only appears after 3 ML [12]. A monolayer of Co deposited on the Ir(111)
substrate is not ferromagnetic at room temperature either, exhibiting a large contribution
of both in and out of plane magnetization up to and above 4 ML [40]. When a bilayer
structure of 1ML Co/1ML Fe was deposited on Ir(111), using longitudinal MOKE there
appeared a weak but very well defined ferromagnetic signal. An example comparing the
weak ferromagnetic signal of 1ML Co/1ML Fe/Ir(111) to that of a thicker 2ML Co/1ML
Fe/Ir(111) is presented in Fig. 5.13. One can notice that the ferromagnetic signal is
well defined in the bilayer example. The indication is that the quality of the film is very
good, this is seen in both the extremely narrow coercivity for both films in Fig. 5.13.
This also indicates that the film is not a multidomain structure since it takes a very little
magnetic field to flip the magnetization of the film. Also, the MOKE setup used is also
sensitive to other components of of magnetization not just the parallel to the plane of
the film one and so it is possible that what is being measured is the inplane and possible
out of plane component of the film. This is plausible as Co films on Ir(111) have an out
of plane magnetization [11, 40]. Therefore this would point to the fact that either the
magnetic state of the sample is not a simply magnetically in plane or that there may be
a component of magnetization that is not sensitive to longitudinal MOKE. This makes
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Figure 5.13: Kerr ellipticity for 1ML Co/1ML Fe/Ir(111) (green) and 2ML Co/1ML Fe/Ir(111)
(red). Measurements performed in longitudinal MOKE geometry.

SPEELS measurements more difficult if one wants to investigate spin resolved excitations.
This is because when a magnon is created during a scattering process, the difference in
the scattered electron beam intensity represents the magnon and gives all the necessary
information about it. If the film magnetization is not mostly parallel or antiparallel to the
incoming polarized electron beam, then the polarized electron beam will excite a magnon
in both spin channels and the peak in the difference spectra of the scattered electron beam
will be reduced. An example of non spin resolved magnon excitations was shown in in the
work of Hjelt in our group [40].
Therefore due to very low magnon peak intensities it was not possible to perform a detailed
analysis on the DMI energy splitting.
5.2.2

2ML Co/1ML Fe/Ir(111)

Another system where the DMI was investigated was the 2ML Co/1ML Fe/Ir(111). In
order to experimentally investigate the DM vectors which are included in the strength
of the DMI energy splitting (Eq. 2.35), a series of time inversion experiments have been
performed. This is where the inplane magnetization of the film is reversed thus reversing the propagation direction of magnons without changing the scattering geometry. As
mentioned before, if the DMI is significant then there should be a pronounced energy
asymmetry in the magnon spectrum, i.e. ∆E = EM (Q) 6= E-M (Q). In this context a
series of SPEELS difference spectra is presented in Fig. 5.14. We notice that in general
for this system the intensity of the scattered electron beam for the magnon signal is low
when compared to other systems (see chapter 4.). This makes the range of wavevectors
that can be investigated for the DMI splitting very limited. There are however cases
where the magnon energy is clearly represented such as in Fig. 5.14(b) for M[112] (red
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Figure 5.14: (a) Series of SPEELS difference spectra recorded for different wave vectors Q: (a)
0.45, (b) 0.7 Å−1 . The spectra are recorded for two cases; M[112] (blue spheres) and M[112] (red
spheres). The solid lines are the total fit to the experimental data. The total fits are comprised
of two Voigt function fits, where the n = 0 mode is represented by a dashed line and the n = 1
mode is represented by a short dashed line.

spheres). Another reason why ∆E is difficult to obtain is because, here we are effectively
dealing with a 3ML system. SPEELS is a surface sensitive technique, and while one may
still probe the interface mode in such a 3ML system, at such a low incident energy being
fully sensitive to the interface Fe layer may prove difficult. The true penetration depth
of the electron will also depend on the type of material that it is being scattered from.
Therefore since the DMI energy splitting is possibly on the order of up to 10 meV and
it is an interface effect as seen in chapter 4 and in Ref. [104], ultimate data quality is
important. Analysis of various available wave vectors still give a value for the DMI energy
splitting which is done below. From previous studies on the interfacial DMI, the most
significant contribution to the strength of DM vectors comes from atomic layers closest to
the substrate. This makes sense if one looks at the Levy-Fert model (Eq. 2.34) where the
three site interaction implies that the strongest atomistic Dij ’s are the ones closest to the
substrate. Also, it was observed that in a number of studies on ultrathin atomic layers
a large contribution of the DM vectors come from the first few layers and for the most
part significantly decreases with increasing neighbor distance [42, 86, 93, 97]. Therefore
one can start with the assumption that the magnitude of the DM vectors will be most
significant in the first or first two layers of the present 2ML Co/1ML Fe/Ir(111) system
being studied. Following Eq. 2.35, the magnon dispersion asymmetry for a 2ML fcc(111)
slab of film is given by
1
1
3
x
x
x
∆E = 8D1k
sin( Qk a)+ 4D1k
sin(Qk a)+ 4D1⊥ sin( Qk a)+ 8D2k
sin( Qk a)+4D2⊥ sin(Qk a)
2
2
2
(5.2)
where the subscript 1 stands for nearest neighbor, a is the nearest neighboring atomic
distance,x signifies the intralayer component of the DM vectors and
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x
x
x
x
x
D1k
= 21 D1k
blayer 1 + D1k
blayer 2 , D2k
= 12 D2k
blayer 1 + D2k
blayer 2 , the k symbol indicates a longitudinal DM component to the magnon propagation direction. Similar
formalism is used for D1⊥ and D2⊥ . The factor 21 comes from the fact that we only count
the DMI contributions from the first two layers and therefore have to average over the
individual Dx components. In the case where there are two layers considered separately
and each layer contributions
are summed over
 the crystal unit cell in Eq.(5.2), the new

x
x
x
terms are Dk = Dk blayer 1 + Dk blayer 2 . The factor 21 is now not there since the
DMI contribution of each layer is taken into account separately and each Dx prefactor in
Eq.(5.2) is multiplied by 2. The quantities that are measured in the SPEELS experiment
are the longitudinal component of the D, each individual contribution to these has to be
extracted.
Before interpreting the DM vector values used in Eq.(5.2) and their physical meaning we
will discuss the growth of the film. The structure of the film is essential to understand the
magnitude and orientation of the DM vectors. The Fe monolayer has been reported to
grow pseudomorphically on the Ir(111) substrate in the fcc packing and in certain cases in
the hcp stacking [22, 34, 44]. It was also reported that when a monolayer of Fe is deposited
on Ir(111) and annealed between 750 - 800 K, a surface with a c(2×4) is observed. However
at higher temperatures, above 800 K, the pseudomorphic p(1×1) structure is retained [52].
For the samples investigated in this work, the interface Fe layer was annealed with a very
low power of about 2 Watts, as a results no such surface reconstruction was observed. In
section 3.4.1, LEED images obtained on 2ML Co/1ML Fe/Ir(111) were presented in Fig.
3.22. If the c(2×4) structure was present it should have shown up at least as some weak
features in the LEED images. However since no such features were observed, we assume
an fcc stacking here and pseudomorphic growth of the Fe interface layer. Furthermore, it
was reported that the Fe monolayer will have a 9% strain on the Ir(111) substarte [3].
In Ref. [86] in a bilayer sample of 1ML Pd/1ML Fe/Ir(111) the interface Fe layer DM vector
x
x
x
D1kbFe
was derived to be 0.8 meV, D2kbFe
= 0.4 meV, D1⊥ = 0.41 meV and D1,2kbFe
 D1,2⊥ .
In Ref. [22] it was reported that in a 2ML Fe/Ir(111) system, under an fcc ABCBA type
stacking condition, the next nearest neighbor DM vector in the interface Fe on Ir(111)
can be negative and the third next nearest neighbor can be at least twice larger in value
than the second nearest neighbor. However, this configuration was the thermodynamical
ground state. In another study on 1ML Co/Irn /Pt(111) the magnitude of the DM vectors
in the Co layer was derived by varying the thickness of the Ir spacer layers [97]. For a
thick enough Ir spacer layer, as far as SPEELS is concerned the sample would be 1ML
Co/Ir(111). For the largest thickness of the Ir spacer of 6ML of Ir on Pt(111), the 1ML
x
x
Co exhibited a surprising calculated DM vector strength D1kbCo
= 0 meV and D2kbCo
=
0.6 meV. This assumed fcc stacking which has been reported for ultrathin Co films grown
on Ir(111) [11, 57]. Since the Co film in [97] was next to the Ir spacing layers and in this
work it is relatively far away (second and third layer ≈ 2 and 4 Å spacing), it is reasonable
to assume that the DM vectors would be much smaller in our case. Therefore we may also
assume that the DM vectors have their value largely from the Fe-Ir(111) interface. Also,
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the small Co DM vector values were taken here as reported in [97]. In that work only the
next nearest neighbor DM vector values had a significant value however this was for a Co
layer next to the Ir(111) substrate and in our case the Co layer is not the interface layer
and is further away from the Ir(111) substrate. Therefore, one would suspect that the DM
vectors are small. Equation 5.2 can easily be extended to more nearest neighbors, below
the third nearest neighbor approximation is used for some of the analysis.
It is emphasized that in Fig. 5.15(a)-(b), the experimental results represent the total
x
x
values of DM vectors, i.e. D1k
, D2k
, etc. The individual component of the DM vectors
coming from different layers is not uniquely determined but has to be extracted. In this
framework, various approaches have been taken to analyze the data and are given below.
Approach 1: In Fig. 5.15(a) we fit the experimental results taking into account only
x
x
and D1⊥ , no comment is made on the components of the
, D2k
the total DM vectors D1k
DM vectors from different layers. The D2⊥ is assumed to be negligible, which is reasonable to assume withwhat is already known
from literature. The fitting values

 used in Fig.
1
1
x
x
x
x
x
x
5.15(a) are D1k = 2 D1kbFe + D1kbCo =0.8 meV, D2k = 2 D2kbFe + D2kbCo = -0.64 meV,
x
is large
D1⊥ = 0.2 meV. The standout feature here is that the next nearest DM vector D2k
x
in magnitude relative to D1k and negative in sign. This is completely opposite to what is
implied in the literature mentioned above for elemental Fe and Co films. However, one has
to take care when using the values reported since they are usually given as a magnitude
and no sign is implied from them. This aproach implies that the effective contribution of
each layer leads to a large negative next neighbor contribution to the DM vectors. The
experimental results in Fig. 5.15(a) were plotted and compared to the derived DMI dispersion ∆E by taking the total contribution of the DM vector values mentioned above.
Approach 2: In Fig. 5.15(b) we fit the experimental results assuming no perpendicular DM component D⊥ to reduce the number of free parameters that can be adjusted.
Under that assumption the derived energy splitting ∆E had an even better fit than in the
previous case. This is shown in Fig. 5.15(b). The fitting parameters used in this case are
x
x
x
agrees well with the one reported
D1k
= 0.82 meV and D2k
= -0.54 meV. The value of D1k
x
in [86] assuming that the total DM vector D1k magnitude is that of the Fe interface layer.
x
x
Note, in our analysis the value of D2k
is still comparable to D1kbFe
. This approach to data
x
analysis would indicate that the DMI has a negligible component of D⊥
DM vectors with
x
a large D2k component.
Both of the above approaches have validity to them, and both seem to indicate that
the DMI has a large contribution for next nearest neighbors. Even if one assumes a special fcc stacking reported above, the magnitude of the value implied by the experiment
is far too large. It was reported that after a second Fe layer is deposited on the 1ML
Fe/Ir(111), there is a film reconstruction with patches of bcc like growth [22], however as
already mentioned the LEED images indicated that this was not the case in this work.
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Figure 5.15: The energy asymmetry ∆E of the n = 0 magnon mode measured in 2ML Co/1ML
Fe/Ir(111). ∆E is measured by recording the spectra at a fixed Q and by reversing the direction
of

1
x
x
x
M. (a) The energy asymmetry ∆E with the fitting parameters D1k = 2 D1kbFe + D1kbCo = 0.8




1
1
x
x
x
x
x
x
meV, D2k = 2 D2kbFe + D2kbCo = -0.64 meV, D1⊥ = 0.2 meV. (b) D1k = 2 D1kbFe + D1kbCo =




1
x = 1 Dx
x
x = 1 Dx
x
0.82 meV, D2k
+
D
=
-0.54
meV.
(c)
D
+
D
2
2
2kbCo
1k
1kbFe
1kbCo = 2 (1.6 - 0.4)
 2kbFe

x
x = 1 Dx
= 0.6 meV, D2k
+ D2kbCo
= 1 (1.58 - 0.8) = 0.39 meV, D1⊥ = 0.28 meV and D2⊥ = 2
 2kbFe
 2


1
x = 1 Dx
x
x = 1 Dx
x
0.2 meV (d) D1k
+
D
=
(1.6
+
0.4)
=
1.0
meV,
D
+
D
2
2
2
1kbFe
1kbCo
2k
2kbFe
2kbCo =
1
2 (-1.58

+ 0.8) = -0.39 meV, D1⊥ = 0.28 meV and D2⊥ = -0.2.
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In the trilayer films of 2ML Co/1ML Fe/Ir(111) we may suspect that the film also does
not grow pseudomorphically for the Co overlayers. In LEED images from section 3.4.2
Fig. 3.22(c),(d), the diffraction spots are not sharp and show satellite features indicating
that the Co film growth is not fully pseudomorphic which would imply strain relief of
the film. This structural effect may be the cause of the modification of the DM values
in the Fe interface. However, a more detailed theoretical study would need to be performed.
Approach 3: In order to check the sign of the atomistic DM vectors we can start with
x
the sign of DM vectors that are unknown from literature being negative, namely D2kbFe
.
x
Correspondingly we also set the sign of D2kbCo to minus. The results is plotted in Fig.
5.15(c). The agreement of the derived curve to the experimental data is poor. This furx
significant in value but also that it is negative in
ther suggests that not only is D2kbFe
sign which has so far been unknown in a layered structure of 2ML Co/1ML Fe grown on
x
have a large magnitude
Ir(111). Another possibility in our analysis is to have the D2kbCo
x
value e.g. ∼ 0.8 meV, and D2kbFe have a very small magnitude e.g. ∼ 0.1 mev. In the case
x
x
this is
this may be plausible as reported in [22], however in the case of D2kbCo
of D2kbFe
a completely unrealistic value especially given the fact that the Co layer is relatively far
away from the Ir(111) substrate.
Approach 4: We may take an approach where we try to assign a DM vector contribution to each layer. We take similar values, already mentioned in literature and assume
x
the next nearest DM vector contribution D2kbCo
= 0.8 meV, given that the nearest neighbor DM vector in Co/Ir(111) are smaller compared to next nearest neighbor ones and
fcc stacking as reported in [97]. Taking the value from literature mentioned above for
the interface Fe layer and the Co overlayer, we plot the results in Fig. 5.15(d). Here
the agreement with the data is very good. The major assumptions were that the atomx
x
x
x
= 0.8. However,
= 1.6, D2kbFe
= -1.58, D1kbCo
= 0.4 and D2kbCo
istic DM vectors D1kbFe
x
nothing has been found in literature that would justify the next nearest neighbor D2kbFe
x
reported
having a large negative sign in the Fe interface layer. Note, the value for D1kbFe
in [22] is 1.3 meV which is somewhat different to the one here of 1.6 meV that was used
a fitting parameter. This difference can be from the fact that the interfacial DMI values
in [22] were derived based on the 2ML Fe/Ir(111) system while we have a 2ML Co/1ML
Fe/Ir(111). For some systems such as 1ML Co/1ML Fe/W(110), by depositing a 1ML
of Co on top of a ML of Fe, the DMI was strongly enhanced [93]. The same effect is
not observed here. One has to be careful in the definition of the DM vector values. Depending on how the starting Hamiltonian is defined, i.e. if there is a prefactor of 1/2,
the value can differ by a factor of two. This has been taken into consideration in this
analysis. For the fitting values in Fig. 5.15(c),(d) up to 10% relaxed film was assumed.
This is a reasonable assumption since the films were gently annealed as already mentioned.
All of the above mentioned variations of the DM vector analysis is given in Tab. 5.2(for
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x
x
x
x
,D1,2⊥
) with the largest contributing terms presented.
) and Tab.5.1(for D1,2k
,D1,2⊥
D1,2k

Other variations of the analysis are possible but the implication is the same. The
Table 5.1: Total DM vector components for different analysis assuming non-zero DM vector
values in (a) Fe intralayer and Fe-Co interlayer (b) Fe intralayer. All values are given in meV.

Graph

x
D1k

x
D2k

D1⊥

x
D2⊥

(a)
(b)

0.8
0.82

-0.64
-0.54

0.2
0

0
0

Table 5.2: Atomistic DM vector components for different analysis assuming non-zero DM vector
values in (c) Fe and Co itralayer, Fe-Co interlayer and (d) Fe and Co itralayer opposite in sign
to those in (c), Fe-Co interlayer. All values are given in meV.

Graph

x
D1kbFe

x
D2kbFe

D1⊥bFe−Co

D2⊥bFe−Co

x
D1kbCo

x
D2kbCo

(c)
(d)

1.6
1.6

1.58
-1.58

0.28
0.28

-0.2
-0.2

-0.4
0.4

-0.8
0.8

experimental data strongly suggests that the next nearest neighbor DM vectors in the
x
x
interface Fe layer D2kbFe
is large and comparable to the nearest neighbor D1kbFe
, i.e. ∼
0.54 - 1.58 meV and has a negative sign. This is a possible scenario, as it is emphasized
again that it was already observed that the the Co overlayers on top of Fe can modify the
DM vectors in some systems, e.g. enhances them for the case of 1ML Co/1ML Fe/ W(110)
[93]. Moreover, the DM vectors originating within the Co layers should be smaller from
the ones reported in literature since in our case it is not the interface layer but comprises
the second and third layers.

5.3

Summary

In summary, for the 2ML, 3ML Fe/Ir(111) the ab initio calculations performed on the
2ML, 3ML Fe/Ir(111) had to be normalized by the Fe magnetic moment of the Fe-Ir(111)
interface in order to achieve agreement with results. In the case of 3ML Fe/Ir(111), a very
soft n = 1 magnon band was observed and correspondingly very low group velocity when
compared to the 2ML Fe/W(110). In the 2ML Fe/Ir(111) system, the n = 0 magnon band
was found to be stiffer when compared to the 3ML Fe case on the same substrate. The
finding of the corresponding weaker exchange coupling constants in the 3ML Fe case was
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attributed to the spin density redistribution to the third extra surface layer. In the case of
2ML Co/1ML Fe/Ir(111), the ab intio calculations were performed assuming a decreased
exchange splitting of 0.8 meV between the majority and minority electron bands.
Performing time reversal experiments on 2ML Co/1ML Fe/Ir(111) revealed that the experimental data strongly suggests that the itralayer next nearest DM vector in the Fe
interface layer has a comparable magnitude to the nearest neighbor but the opposite sign.
In the 1ML Co/1ML Fe/Ir(111) system the interlayer (JN ⊥ = 4.9 meV) coupling between the interface Fe layer and the surface Co layer was found to be weaker than the
intralayer Fe exchange coupling (JN k = 5.7 meV). This re-enforced the earlier finding on
the Co/Fe/W(110) system that showed a general trend of weak Fe-Co interlayer exchange
coupling.
Ab initio calculations revealed a complex pattern of exchange constants for all of the systems investigated.
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6.

Conclusion and Outlook

In this work using spin polarized high resolution electron energy loss spectroscopy, high
wavevector magnons were studied in 1ML Co/1ML Fe bilayer and 2ML Co/1ML Fe along
with 1ML Co/2ML Fe trilayer structures on W(110). In the case of the 1ML Co/1ML
Fe bilayer, besides the n = 0 magnon mode, the n = 1 magnon mode was observed associated with the confined modes in the film. The measured magnon dispersion relation
was described within the next nearest neighbor Heisenberg model. A comparison with the
previously studied 1ML Fe and 2ML Fe on the same substrate reveals that the intralayer
exchange coupling JkFe is reduced by 27% relative to the 2ML Fe/W(110) but increased
by a factor of 1.8 relative to the 1ML Fe/W(110). Surprisingly the interlayer exchange
coupling constants J⊥Fe−Co = 4.5 meV, were found to be much lower than the ones in the
2ML Fe system. This effect is associated with the Co layer meditated intralayer exchange
constant.
In the trilayer system 1ML Co/2ML Fe, analysis of experimental data revealed an enhancement of the Fe intralayer exchange constants by nearly a factor of 2 compared to the
2ML Fe/W(110). The coupling of the middle Fe layer was found to be weakly coupled to
the top Co layer with the value of J⊥Fe−Co = 4.5 meV, just as in the case of 1ML Co/1ML
Fe/W(110). This showed a general trend that the Co layer couples only weakly to the Fe
layers but enhances the Fe intralayer exchange.
The antisymmetric Dzyaloshinskii-Moriya interaction was observed in the bilayer films of
1ML Co/1ML Fe/W(110). The effect was termed a giant effect since up to that point it
was the largest recorded. Compared to the 2ML Fe/W(110) the nearest and next nearest
values of the DM vectors were increased by a factor of 1.8 and 1.5, respectively. This is
due to the small magntitude of the DM vectors in the Co layer and an enhancement of
the Fe DM vectors at the interface. This showed that the DMI in this system is mainly
an interfacial effect.
Elemental films of Fe on Ir(111) were investigated along with 1ML Co/1ML Fe bilayers
and 2ML Co/1ML trilayers on Ir(111). In 2ML Fe/Ir(111), experiments were performed
at T = 13 K. Only a very soft n = 0 magnon mode was observed with the energy not
exceeding above 85 meV. Ab intiio calculations were not able to describe the experimental
data. A strong normalization of the exchange constants was needed to get a good agreement with the experimental data.
Measurements on 3ML Fe/Ir(111) showed that the n = 0 magnon branch was relatively
soft compared to other systems [110], indicating a very complex pattern of exchange constant with intra- and interlayer antiferromagnetic coupling present.
Fe films up to 17 ML were investigated. The experimental energy dispersion was compared
with the calculated surface magnon mode within the semi-infinite crystal approximation.
The results showed a softer magnon dispersion then in the bulk Fe. This suggests a re101
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duction of the exchange constants in the thick Fe films compared to the bulk Fe values.
The results also confirmed that the observed magnon mode in 2ML Fe/Ir(111) and 3ML
Fe(111) was the interface mode.
Measurements performed on 1ML Co/1ML Fe/Ir(111) showed signs of enhancement of
the intralayer(interlayer) exchange coupling constants JN k (JN ⊥ ) and weaker interlayer exchange coupling constant JN ⊥ = 4.9 meV when compared to the trilayer 2ML Co/1ML
Fe/Ir(111) system. However in the bilayer case, the n = 1 magnon mode could not be
observed, whereas in the trilayer case the n = 0 mode and the n = 1 mode were clearly
observed. The magnon dispersion of 2ML Co/1ML Fe/Ir(111) was described by ab initio
calculations well, with the majority and minority spin bands splitting being renormalized.
Studies on 2ML Co/1ML Fe/Ir(111) were carried out to investigate the DMI in this system. Results showed that the experimental data can be described well by considering
the Fe interface next nearest DM vectors D2kbFe to be negative and with a value of approximately -1.58 meV. The analysis indicated that the DMI is mainly an interfacial effect.
It is worth noting that all measurements performed on 2ML-3ML/Ir(111) and 1ML Co/1ML
Fe/Ir(111) showed a small magnon signal due to a weak ferromagnetic signal. SPEELS
measurements were still sensitive to this and were able to resolve the magnon excitations
well with excellent experimental resolution of 11-20 meV.
As an outlook for this study in layered films of Co and Fe on W(110), another system
that should be investigated is the 2ML Co/1ML Fe/W(110). Weak interlayer exchange
coupling between Fe and Co is expected similar to what was observed in this work. Following this trail, the other systems worth exploring would be various combinations of Fe and
Co: 1ML Fe/1ML Co/W(110), 1ML Fe/1ML Co/1ML Fe/W(110). This would allow one
to quantify a detailed picture of the exchange coupling constants in all of these systems
when compared to each other.
For the elemental and multilayer films on Ir(111) system it would be worthy to investigate
the magnon dispersion to the end of the SBZ which would require using higher incident
electron energies. This would give greater details into the exchange couplings in the system. Studies to determine the strength of the DM vectors on various systems would be
of great interest, e.g. 1ML Co/1ML Fe/Ir(111) and various other combinations on heavy
metal substrates. Putting a non-magnetic spacer film between the substrate and the films
would be of value to explore layer distance and structural effects on the exchange coupling
constants. Time reversal investigations on these systems would provide information about
the DMI.

7.

Appendix

This chapter contains more specific information regarding calculations in different sections.
In chapter 2, section 2.1.1, when calculating the dispersion relation for the bcc(110) and
fc(111) surface, the equations are only valid assuming the intraplane coupling constants
JN,N N..k are the same in every layer and that the interplance coupling constants JN,N N..⊥
are also the same between the layers. Furthermore, JN,N N..k should be equal to JN,N N..⊥ .
In summary, one cannot distinguish the exchange coupling constants between different
layers. Therefore, all of the results modeled with a simple Heisenberg model, i.e. chapter
4 Fig. 4.2, 4.3, 4.4,4.6 and chapter 5 Fig. 5.4(a), 5.11 were done numerically.

7.1

A: Mathematical derivation of the surface mode of Fe slabs
with an fcc(111) surface orientation

In chapter 5, section 5.1.1, the surface mode of a semi infinite fcc(111) crystal is calculated
and plotted in Fig. 5.5 to compare to the experimental data. In the surface film of
an fcc(111) structure, there are 6 intralyer nearest, next nearest and third next nearest
neighbors. For the atomic layer underneath the surface layer there are 3 interlayer nearest,
next nearest and third next nearest neighbors. Introducing the layer index n, where n =
1 stands for the surface layer, the spin wave amplitude in the first layer in the NNNNH
model is given by Eq. 7.1,

1
3
n = 1 : ~A1 = 4JN k SA1 [3 − 2 cos( Qa) − cos(Qa)] + 8JN N k SA1 [1 − cos( Qa)]+
2
2
1
JN N N k SA1 [3 − 2 cos(Qa) − cos(2Qa)] + 6JN ⊥ SA2 − 4JN ⊥ S cos( Qa)A2
2
− 2JN ⊥ SA1 + 6JN N ⊥ SA1 − 2JN N ⊥ SA2 − 4JN N ⊥ S cos(Qa)A2 +
1
12JN N N ⊥ SA1 − 4JN N N ⊥ S cos( Qa)A2 −
2
3
4JN N N ⊥ S cos(Qa)A2 − 4JN N N ⊥ cos( Qa)A2
2
(7.1)
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where a is the interatomic distance. Similarly we can also define

1
3
n > 1 : ~An = 4JN k SAn [3 − 2 cos( Qa) − cos(Qa)] + 8JN N k SAn [1 − cos( Qa)]+
2
2
4JN N N k SAn [3 − 2 cos(Qa) − cos(2Qa)] + 12JN ⊥ SAn −
1
− 2JN ⊥ SAn−1 − 4JN ⊥ S cos( Qa)An−1 + 12JN N ⊥ SAn − 2JN N ⊥ SAn−1 −
2
1
4JN N ⊥ S cos(Qa)An−1 + 24JN N N ⊥ SAn − 4JN N N ⊥ S cos( Qa)An−1 −
2
3
4JN N N ⊥ cos(Qa)An−1 − 4JN N N ⊥ S cos( Qa)An−1 −
2
1
2JN ⊥ SAn+1 − 4JN ⊥ S cos( Qa)An+1 − 2JN N ⊥ SAn+1 −
2
1
4JN N ⊥ S cos(Qa)An+1 − 4JN N N ⊥ S cos( Qa)An+1 −
2
3
− 4JN N N ⊥ cos(Qa)An+1 − 4JN N N ⊥ S cos( Qa)An+1
2
(7.2)

These equations can be summarized in matrix form as

  
A1
a b
0
 A 
b c b
  2

  

 A3 
 b c b
= 


b c .  A4 
  


. . .  . 
.
0
. .


(7.3)

where c = −~ω + 4JN k S[3 − 2 cos( 21 Qa) − cos(Qa)] + 8JN N k S[1 − cos( 32 Qa)] 4JN N N k S[3 −
2 cos(Qa) − cos(2Qa)] + 12JN ⊥ S + 12JN N ⊥ S + 24JN N N ⊥ S, b = −4JN ⊥ S cos( 21 Qa) −
4JN N ⊥ S cos(Qa) − 4JN N N ⊥ S cos( 21 Qa) − 4JN N N ⊥ cos(Qa) − 4JN N N ⊥ S cos( 23 Qa) and a =
cbAn⊥ /2. The system of equations has an infinite set of solutions, one of them being a
surface magnon mode and the others being bulk magnon modes. The surface magnon
a
mode decays into the bulk exponentially where An+1 = An e−α 2 , with the bulk magnon
a
modes having An+1 = An eiQ⊥ 2 and Q⊥ being the wave vector perpendicular to the surface.
Taking the surface magnon mode and the bulk magnon mode one obtains the solutions
a
e−α 2 = cos(Qk a), cos( 12 Qk a) and cos( 23 Qk a). This implies that the surface magnon mode
is localized most at the Brillouin zone boundary since the above solutions depend on Qk .
The surface magnon mode solution can then be easily derived by solving the two equation
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system, Eq. 7.1 and Eq. 7.2. The result is then given by,
1
3
~ω = 4JN k S[3 − 2 cos( Qa) − cos(Qa)] + 8JN N k S[1 − cos( Qa)]+
2
2
1
1
4JN N N k S[3 − 2 cos(Qa) − cos(2Qa)] + 6JN S − 4JN k S cos( Qa) cos( Qa)−
2
2
2JN S + 6JN N k S − 4JN N k S cos(Qa) cos(Qa) − 2JN N k S + 12JN N N k S−
1
1
3
3
4JN N N k S cos( ) cos( ) − 4JN N N k S cos(Qa) cos(Qa) − 4JN N N k S cos( Qa) cos( Qa).
2
2
2
2
(7.4)
The wave vector Q is assumed to be parallel to the magnon propagation direction.
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