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Abstract

This thesis describes the investigation of the growth and magnetic properties of ultrathin
Fe films on the Mo(110) surface. The surface magneto optical Kerr effect (SMOKE)
setup was designed and built by author and used in conjunction with the surface
characterisation techniques to study magnetic anisotropy and magnetic phase transition in
Fe/Mo(110) films. The emphasis is made on correlation between magnetic properties and

film morphology.

The surface characterisation was conducted using scanning tunnelling microscopy
(STM), low energy electron diffraction (LEED), Auger electron spectroscopy (AES). The
SMOKE setup designed to study magnetic properties of ultra-thin films in ultra-high
vacuum (UHV) is described in detail. A phenomenological approach used in the
description of polarised light, which is based on the Jones vectors and complex plane
representation is described. A general overview of the magneto-optical experimental
techniques is given and it is shown how the elements of the sample’s Jones matrix are

related to the magneto-optical parameters measured in the experiment.

The SMOKE system was applied to study the magnetic anisotropy of ultrathin Fe films
grown on a vicinal Mo(110) surface. For this purpose Fe films in a thickness range
2ML <@ <7.1ML (3.4 -12 A) were deposited at room temperature on a vicinal Mo(110)
substrate. The STM data shows that the films grow in the Stranski-Krastanov mode. The
typical staircase pattern of the substrate is maintained with the loss of the straightness of
the surface steps with increasing thickness. A uniaxial magnetic anisotropy with the easy
magnetisation axis along [001] direction is present in these films down to 2 ML
thickness. This is exactly opposite to the seemingly similar Fe/W(110) system and
contradicts the results of resent theoretical calculations. The easy axis of two-fold step-
induced anisotropy lies along the surface step edges. The influence of the steps on
magnetic behavior decreases with increasing film thickness due to the loss of the step’s

straightness. When the room temperature grown films are annealed in UHV at 750 K, Fe
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atoms not contained in the first pseudomorphic layer agglomerate into islands with a
characteristic wedge shape which are elongated along the step edges. The magnetic
behaviour of these films is governed by the islands’ shape anisotropy. Thicker films
produce islands with larger vertical aspect ratios leading to larger saturation fields and
coercivity. The elongation of the islands at an angle to the [001] direction shifts the easy
axis of the effective magnetic anisotropy from [001] crystallographic axis towards the

steps due to the shape anisotropy contribution.

The magnetic critical behaviour in Fe films grown on a low-vicinal Mo(110) surface was
investigated. The thickness dependence of the Curie temperature was studied in the
thickness range1 . 9ML < @ < 2.8ML . The critical exponent for these films is close to the
value £ =0.125 given by the Ising model. Two Fe films of the same thickness 1.95 ML
were grown at 300 K and 510 K. It was found that the growth conditions have a dramatic
influence of the on magnetic critical behaviour. A Curie temperature is higher by ~ 30 K
and the ferromagnetic-paramagnetic phase transition is broader for the room-temperature

grown film compared to the film grown at elevated temperature.
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Introduction

In the past decade research efforts in nanoscience and nanotechnology have grown
explosively worldwide. This surge of interest to learn more about the atomic scale
structure of matter stems from the remarkable effects that may arise from the size
reduction. Interesting unexpected properties (catalytic, magnetic, ferroelectric,
mechanical, optical and electronic) appear when the dimensions are reduced to a
nanometer scale. Magnetic ultrathin metallic systems have attracted much scientific
interest due to their novel magnetic properties such as the reorientation of the preferential
direction of magnetisation, oscillatory exchange coupling phenomena and related giant
magnetoresistance [1]. Intensive studies of thin magnetic films started in the 1950s when
these films began to be considered in terms of their potential for information storage. The
fundamental experimental research was inspired by the prospects of discovering new
magnetic phenomena expected from theoretical considerations [2]. However the
techniques for the ultrathin films growth and their structural, compositional and magnetic
analysis were not available at that time. The situation changed with significant progress
in vacuum science and molecular beam epitaxiy (MBE) ultrathin structures and the
concurrent development of magnetic and surface characterisation techniques. Application
of these techniques to growth and studies of magnetic materials triggered an extensive

experimental research of magnetic phenomena in low-dimensional systems.

The first magneto-optical effect (Faraday effect) was discovered in 1845 by Michael
Faraday. He found that the light’s polarisation plane rotated after passing through a glass
specimen placed in a magnetic field. The similar effect in reflection was discovered thirty
two years later by John Kerr when he was examining the light reflected from a polished
electromagnet pole. The phenomenon was called magneto-optical Kerr effect (MOKE). It
describes the changes in the light’s state of polarisation when it is reflected from a
magnetised medium. When the incident light is linear polarised, the changes are referred
to as Kerr rotation and Kerr ellipticity. Depending on the magnetisation orientation with

respect to light’s scattering plane there are three distinct MOKE configurations which are




Figure 1 Three configurations used in magneto-optic Kerr effect experiments: a) polar, b) longitudinal c)

transverse.

shown in figure 1. In the polar Kerr effect, the direction of magnetisation is perpendicular
to the film plane. In the longitudinal geometry, the magnetisation is in the film plane and
in the plane of incidence of the probing light. In the transverse Kerr effect, the
magnetisation is also in the film plane but it is perpendicular to the plane of incidence.
Using p- or s- linear polarised incident light (where the electric field vector oscillates in
the plane of incidence or perpendicular to it) simplifies the algebra describing the effect

and makes the interpretation of the experimental data easier.

Today MOKE has attracted much interest due to its application as a read out technique in
perpendicular high-density magneto-optical recording [3, 4]. Without any mechanical
contact the detection system is capable of resolving between two orientations of
magnetisation corresponding to two logical states. Moog and Bader were the first to place
a MOKE system into ultra-high vacuum (UHV) to study ultrathin Fe/Au(100) films [5,
6]. Since then the local character and submonolayer sensitivity have made MOKE an
effective tool for probing magnetic properties of ultrathin magnetic structures. The
acronym SMOKE is used to denote surface magneto-optic Kerr effect when this
technique is applied to explore the magnetism of ultra thin films with a thickness of
several atomic layers. A significant advantage of the SMOKE technique is the relative
ease with which it can be incorporated into UHV. For magnetic measurements under
ambient conditions a passivating layer of a non-reactive material such as Au is typically
required. In the case of ultrathin film measurements, this layer can affect the magnetic
properties of the system being measured [7]. In-situ SMOKE measurements performed in

UHYV have the advantage that a capping layer is not required.




Among the diverse bimetallic systems, Fe films epitaxially grown on the refractory metal
substrates such as Mo or W have received particular attention regarding the effects of
film-substrate d-band hybridisation and misfit strain on magnetic properties of Fe films
[8, 9]. In a practical sense, there is the additional advantage that the tungsten and
molybdenum are relatively easy to clean for surface studies, while surface alloying can be
neglected in both systems [10]. In this study, the magnetic properties of ultrathin Fe films
grown epitaxially on the Mo(110) surface are investigated using the SMOKE technique.
This UHV SMOKE setup was designed and developed by the author as an annex to a
larger UHV system, which includes other surface-sensitive techniques such as scanning
tunneling microscopy STM [11], low energy electron diffraction LEED [12] and Auger
electron spectroscopy AES [13]. The morphology of Fe on Mo(110) surface has been
extensively studied in the last decade though there is no experimental data available on
the magnetism of this system. The previous theoretical work indicates that
Fe(110)/Mo(110) exhibits magnetic properties similar to that of the more widely studied
Fe/W(110) system. This thesis presents the first detailed study of magnetism of ultrathin

Fe films grown on Mo(110) surface.




Chapter 1

Polarised light

In this chapter the description of light polarisation is summarised. A magneto-optical
media is considered as a device changing the light polarisation so the transformations
of a polarisation state by polarising optical elements are also described. Although
polarisation optics is well known and well described in references [14-19], a brief
overview of this topic is given in order to define the sign convention used in the

further sections.

1.1 Elliptical polarisation

A light wave is considered as a time-harmonic electromagnetic wave. The electric
field vector E('r, t ) is chosen to define the state of polarisation. The electric field of a
monochromatic plane wave, propagating in the z-direction can be represented as a

function:

E(z,t)=Re(E,exp(i(wt —kz + 0))

where Ej is a complex amplitude of the electric field, w is a circular frequency, & is a

wave number and Re stands for the real part. In general, totally polarised light is
elliptically polarised, which means that the electric field vector of the plane wave,
propagating in the z-direction, traces an ellipse in the xy-plane, perpendicular to the
wave vector at a given point. The polarisation ellipse is described by its azimuth
(rotation) 0, the angle the major axis of the ellipse makes with the x-axis of the
chosen coordinate system, and the ellipticity, tan(g), which is the ratio of length the
semi-minor axis to the length of the semi-major axis, where € is the ellipticity angle,
defined as in figure 1.1. Any state of elliptical polarisation is either ‘right- handed’
or ‘left-handed’. In case of the right-handed state the tip of the electric field vector
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Figure 1.1 Right-handed elliptically polarised light. The tip of the electric field vector travels clockwise
as seen by an observer looking from the positive z-direction towards the light source. The state of

polarisation is described by rotation € and ellipticity tan .

travels around its elliptical locus in a clockwise direction, as seen by an observer
looking from the positive z-direction towards the light source and the counter-
clockwise rotation corresponds to the left—hand state of polarisation. The positive and
negative sign of ellipticity correspond to right and left-handed polarisations

respectively.

1.2 Jones vector formalism

There are several formalisms employed for describing polarised light and its
transformations by polarisation optical elements. The classical method of dealing
with a totally polarised light is using the Poincare sphere. For analysis of partially
polarised light one can employ four-component Stokes vectors and

corresponding Mueller matrices.

The focus of this chapter is on the approach, based on Jones vectors and the
complex plane representation. While this method can only be used to describe
the fully polarised light, it is advantageous in understanding magneto-optical

phenomena and explaining experimental techniques.



In the Jones calculations, the polarisation of light is characterised by a Jones
vector J in two-dimensional complex vector space. The coordinates of the Jones
vector are specified with respect to a specific basis. In general, the basis can be
constructed of any two linearly independent vectors corresponding to different
polarisations, but it is usually preferred to choose the basis spanned by two

orthogonal polarisation states, satisfying the condition [14]
Jd =0l =0 (1.1)
where the “f” superscript indicates a Hermitian adjoint. Any polarisation can be

expressed as a linear superposition of any two orthogonal components "1" and "2"

having the amplitudes a; and «, and their absolute phases are shifted by
0=0,-0J,. Taking these two components as a basis and after introducing
tana = a, /a,, one can write the coordinates of the normalised Jones vector with

respect to the given basis as

J12=[ i ] (1.2)

sin (@) e?
where the subscripts 1 and 2 indicate the basis. Two of the most important bases are:

the Cartesian basis, made by two linear polarisations along the x and y directions:

W

and the circular basis made by right and left circular polarisations (RCP and LCP

respectively):

%CJ (1.4)
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Figure 1.2 Rotation of a Cartesian coordinate system. xy is the original coordinate system; x'y' is

obtained by rotating xy about the origin by angle 6.

E, E
The switching between the Cartesian J,, =[ ) and circular J;, = (EL] Jones

Ey R

vectors is equivalent to a linear transform, which can be expressed in the matrix form:

il
A =f(—i i]JLR =FJ (1.5)
B ook ot T =BT (1.6)
el R e e s

where F is called the transition matrix. The principal Cartesian and circular Jones

vectors are summarised in Table 1.

Another important case is a transformation of the Jones vectors under rotation of
a Cartesian coordinate system (Fig. 1.2). The corresponding transition matrix (or
rotation matrix) represents the orthogonal transformation, which rotates all vectors in

a clockwise direction:

cos@ sinf
R(@)= 1L
( ) [-sin 6 cos 0) o)

Its inverse is easily obtained, because R™'(8)=R(-6).
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Table 1.1 Jones vectors of various polarisations.




The Cartesian representation is widely employed because it provides a clear
geometric interpretation of the polarisation state. On the other hand the circular
representation is useful for the systems where the circular polarisations can

propagate independently.

In the case of a Cartesian basis, the following procedure can be applied to obtain

the general elliptical polarisation (with specific 8 and ¢). For an ellipse with the
major axis parallel with x (6 = 0) and the angle &, the azimuth can be introduced

by a counter-clockwise rotation of the ellipse (i.e. by the clockwise rotation of

the coordinate system) using the rotation matrix R (-6) (1.7)
cosd —sinf )\ cose cos@cose—isin@sin e
J,= . il © ; ; (1.8)
* {sin@ cos@ MNising) \sin@cose+icos@sine

It is also possible to express the general elliptical polarisation directly using the
definition of the normalised Jones vector (1.2) with respect to the Cartesian basis,
when we specify the quantities @ and &. These two expressions of the Jones
vector are equivalent: in the expression (1.8) the polarisation ellipse is determined
by the geometrical parameters @ and ¢ specifying the shape of the ellipse, while in
the second case the ellipse is described using the parameters @ and ¢, which
explain how the orthogonal polarisations of the basis "mix" together. The two sets

of parameters are related by the following equations [19]:

tan 26 = tan 2 cos (1.9)
tan 2€ = sin 2@rsin & (1.10)

The Jones vector in the circular basis can be obtained from the Eq. (1.8) using
the Eq. (1.6) which describes the transformation from the Cartesian basis to the

basis spanned by RCP and LCP polarisations:

s _1_[ (cos e—sin £)exp(i6) ) i (cos(ﬂ/4+€)exp(i9)j (1.11)

—JE (cos e+sin €)exp(-i6) # sin(/r/4+£)exp(-i¢9)
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£ |Eal+1E|

Figure 1.3 Arbitrary polarisation with azimuth € and ellipticity ¢ can be expressed as a sum of left
and right circular polarised waves. Azimuth 6 is determined by the phase difference of these waves,

while the ellipticity tan ¢ is attributed to the difference in their amplitudes.

In this case one can also use the definition (1.2) and express the Jones vector as a

linear combination of the two vectors corresponding to RCP and LCP waves:

g Ll LAl et (1.12)
e, sin ar e'’

Comparing Eqgs. (1.11) and (1.12) we obtain

tany =—=tan| —+ &

)_1+tan£
ap 4

_l—tane
(1:13)
0=0,-0, =-26

The result, given by the Eqgs. 1.13 is very important, because it shows that if any
elliptically polarised wave (having the azimuth 6 and the ellipticity ¢) is
expressed as a sum of the LCP and the RCP waves, then the azimuth 6 is

determined by the phase difference 6 =, — 9, of these RCP and LCP waves,

while the ellipticity tan¢ is attributed to the difference in their amplitudes (Fig.
1:3):
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) 1
0=-5=—5(5R—5L) (1.14)
i o G (1.15)
tana +1

It should be pointed out that this is an exceptional case, because normally 6
and ¢ are related to both parameters @ and &, according to Egs. (1.9) and

(1.10).

A Jones vector, in general, has two complex components and contains
information not only on the polarisation state itself, but also on the amplitude
and the absolute phase. The Jones vector can be normalised if the absolute
value of the amplitude is not required. After that only three parameters
remain and one of them is the absolute phase. The Jones vector in this form is
still more general than that defined by Eq. (1.2) and can be used for studies of
the interference phenomena. If the total phase is not needed, one can obtain
the Jones vector in the form given by the Eq. (1.2) by multiplying the original
Jones vector by a complex number and/or dividing it by its first component.
This procedure produces the Jones vector with the unitary first component.
The second component is in general a complex number containing the total
information about the polarisation state. This number is sometimes called the
complex polarization parameter y, which is defined as a ratio of the second to

the first component of the Jones vector (1.2)

X, =tana-exp(io) (1.16)

so that the absolute value and the argument of y,, are given by:




12

|,(,2|=tana=& (1.17)
a;

arg(y,,)=06,-0,=0 (1.18)

In this approach each polarisation state is represented by a point on the
complex plane so that the method is called the complex plane representation.
Since the Jones vector is defined with respect to a certain basis, it is evident

that the complex polarisation parameter is related to the same basis.

The complex parameter yy, of an arbitrary elliptical polarisation with respect

to the Cartesian basis can be obtained from (1.8)

E, sinfcose+icosfsine tanf+itane
EX

= = 1S
Axy cos@cose—isin@sine [—itan@tane G

When the angles 6 and ¢ are small, it is possible to replace the tangents by the
first terms of Taylor expansions: tan € = 6, tan ¢ = ¢. Neglecting the second

order term in the denominator of (1.19) gives:
X' =0t (1.20)

For the circular representation the parameter y,;, be calculated from Eq. (1.11)

Ep 4 -2i0
=—S=tan(—+&)e L2l
XIR E, ( y ) (1.21)
If the circular complex parameter is known, the azimuth 6 and the ellipticity ¢
quantities can be calculated from Eqs. (1.14) and (1.15), using (1.17)
and(1.18):
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Figurel.4 Complex plane representation of polarisation states in a Cartesian basis. Any state of
polarisation is represented by a single complex number yx,, defined by Eq. (1.16). Each yx,, is

associated with a representative point on the complex plane.

R (122)
|ZLR|+1
1

0=~ arg( 1) (1.23)

The assignment of the polarisation states to the different points of the complex

plane in the Cartesian representation is shown in Fig. 1.4.

The distributions of the loci representing the different polarisation states in the
complex plane can be obtained by the stereographic projection from a spherical
surface [14]. The representation is determined by the orientation of the sphere,
when the projection is performed. This representation of the polarization states
was first introduced by H. Poincare in 1892. If the diameter of the Poincare sphere
equals Sy, then any elliptical polarisation corresponds to one locus on the sphere,

having the Cartesian coordinates:
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right-handed polarizations &> 0

¥ - polarization

gig

Figure.1.5 Poincare sphere. The centre C represents unpolarised light. The surface of the sphere
represents the fully polarised light. The angles & and ¢ are the azimuth and the ellipticity of the

polarised light respectively.

S1 =S cos 2¢ cos 260 (1.24)
S, =Sy cos 2¢ sin 26 ({1525)
S3 =Sy sin 2¢ (1.26)

From these equations it is evident, that the longitude of the given point is equal to
double of the azimuth, while the latitude of this point equals to double of the
ellipticity. The set of numbers (S, Si, Sz, S3) is the Stokes vector S, which defines
the state of polarisation. Egs. (1.24-1.26) define the Stokes vector of fully
polarised light. From the Stokes parameters we can easily obtain the information

on the azimuth and the ellipticity angle:

0= iarctan 22 (1527)

£= éarcsin[—L——] (1.28)

JSiuS? 487
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The advantage of the Stokes formalism is that it is suitable for description of not
only fully- but also partially- and un-polarised light. The degree of polarization P,
which is the ratio of intensity of the fully polarised component to the total

intensity, can be found from:

2 2 2
J +5
p MO +0; 485 (1.29)

So

The transformation of the Stokes vectors by an optical system is defined by the

4x4 Mueller matrix M:
S, =MS,; (1.30)

where S and §; are the output and input Stokes vector respectively. The approach
using the Poincare sphere is quite elegant (Fig 1.5), because it provides a clear
geometrical idea and the components of the Stokes vector are real numbers.
However, the Jones formalism and the complex plane representation are used in

the following mostly because of the authors’ preferences.

1.3 Jones matrices

The Jones matrixes describe the transformation of the state of polarisation by an
optical element. If the Jones vectors J; and J, with the components E;,, E;,and E,y, E,y

describe the wave at the input and the output of the optical system (Fig 1.6), then the

relation between them is given by

on TII TIZ Eix
= or Jy=TJ;; (311)
Evy TZl T22 Eiy

where the 2x2 matrix T is the Jones matrix of the polarising optical element.
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input optical system output
polarization polarization
y ¥
X x5
Z T Z
Ji Jo
( v T 2)
L, T
X 21 422 X,

Figure 1.6 Transformation of polarisation state by optical elements. If the Jones vectors J; and J,
describe the wave at the input and the output of a polarising element, then the relation between them is

given by J, =T J; , where T is the Jones matrix of the polarising element.

If the polarisation of the incident light J;, is transformed by a sequence of several
polarising elements with Jones matrices T;, T, ... ,T,, then the Jones matrix of this
set of components is a product of the Jones matrices of the individual optical
elements, multiplied in the reversed order and the output polarisation is characterised

by the Jones vector, given by
Jo=T,...T, T;J; =T J; ({1732)

where T = T, ... T, T, is the Jones matrix of the given set of optical components.
Under the rotation of the coordinate system the Cartesian Jones matrix of an optical

system is transformed as
T.=R(0) Ty R(-6) (1.33)

where R(0) is the rotation matrix, defined by equation (1.7). The transition of the

Jones matrix from the Cartesian to the circular basis is given by the formula
YT R (1.34)
where F is the transition matrix, defined by (1.5). The examples of the Cartesian and

circular Jones matrices, which are frequently employed in calculations of the

magneto-optical experimental configurations, are presented in Table 2.
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Polarization component

Description

Cartesian Jones matrix
1%

xy

circular Jones matrix
Tir

Linear polarizer
x direction

output light is linearly
polarized at x direction

b o

Linear polarizer
arotated from x axis

output light is linearly
polarized at anglea from
x direction

2

( cos’ a sina cosa}
sina cosa sin“a

Wave retarder
optical axis parallel with x

8=2nd(ng-neg)/ A

J - retardation angle

(no - ne) - birefrigence of
the medium

d - thickness of the plate

isind/2

-ig(cosdn
e
cosd/2

isind/2

)

e reverses the direction

of the polarization with

a=ndng-nr)/ A
(nR - nL) - optical activity,
circular birefrigence

g ) o respect to optical axis 1 0 0 1
aR e changes the sense 0 = 1880
(handedness) of the
polarization
Quarter-wave plate transf.om}s the l'me‘at [ 1 0) 1 (1 Sy i)
S=n2 polarization at 45° from its =
optical axis to circular one 0 ~i 2 \1+i 1=i
and vice versa
output light is rotated at [ cosa —sin a)
Rotator the angle ;
sina cosa

Table 1.2 Jones matrices of basic optical components.
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In the complex plane representation the polarising optical elements are described by a
polarisation transfer function, which is determined by the elements of the Jones
matrix T from Equation (1.32). Using the definition of the complex polarisation

parameter y we obtain:

Do+ Ty (1.35)
T2+ Ty

o

where y,and y,are complex polarisation parameters of the input and output

polarisations respectively.

The states of polarisation, which are not changed when the light is transmitted through
an optical system, are called the eigenmode polarisations of this system. The eigen-
polarisations are described by the Jones vector J, and defined by an eigenmode

equation:
TJ.=V.J. (1.36)

where V, is a complex number called the eigenvalue.

1.4 Reflection and transmission matrices. Magneto-optical

observables

The principal process in magneto-optics is the transformation of the incident light
polarisation by a magnetic system. The influence of the magnetised media on the
polarisation of the reflected or transmitted light can be described within the Jones
formalism using the Cartesian representation. Ellipsometry defines the principal s-
and p-linear polarisations for an isotropic media along the x- and y-axes respectively
(Fig. 1.7). s-polarisation (transverse electric TE) is perpendicular to the plane of
incidence and p- polarisation (transverse magnetic TM) lies in the plane of incidence.

In this case the effect of the sample is expressed by:
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transmitted light J.
X

incident light J; reflected light J-

Figure 1.7 Definition of coordinate systems for transmission and reflection. x'y’z’ is a local coordinate
system with the z'-axis along the wave normal. For p- and s- linear polarisations the electric field vector
oscillates in the plane of incidence or perpendicular to it respectively. x’- and y’-axes are chosen along

s- and p- principal polarisations respectively

rss rs

i =[ ”JJ,- =R, (1.37)
rP-Y rPP
tss" ts

;i =( ‘ ”JJ,. =0J, (1.38)
tps tpp

where R is the reflection matrix, T is the transmission matrix. J; J, and J; are the
Jones vectors of the incident, reflected and transmitted light respectively. The matrix
elements r;; and ¢; i,j = s,p are the amplitude reflection and transmission coefficients,
also called the magneto-optical coefficients when applied to describe magneto-optical

phenomena [20]. They are defined as the ratio of the i component of the reflected E”

: OV 13 ; e : Q)
(or transmitted £;"’ ) light to the j component of the incident light £7".

Bl b s

?“/——E—Y—)', t']—E_j'), (139)

The Jones matrixes R and T provide the full description of the magneto-optical
properties of the sample. In the case of a linear dielectric the matrixes R and T are
diagonal, which indicates the absence of interaction between the s and p waves. The

diagonal elements are related to the sample structure and to the optical properties of




20

individual layers. In-general, when the sample is magnetised, the off-diagonal

elements become non-zero.

When the incident light is linearly polarised the Magneto-Optical Kerr Effect is
characterised by complex reflection coefficients or by the rotation and ellipticity of
the reflected light, measured in the experiment. The consideration of only s or p-
polarised light simplifies the algebra and the analysis of the experimental results. For

the case of the s-polarised incident beam the reflected light is described by the Jones

rJ'S rA‘ E (1) rSS rS 1 rST ] 1
. o |F 4 = " [=r, =r, (1.40)
Fos  Top E p Fos  Top 0 Tps ¥ ps / Fss X

The elliptically polarised reflected light is described by the complex number y, given

vector:

by (1.19). The Kerr effect is a small perturbation [21, 22] and consequently the

approximation (1.20) can be used.

l’*—"¢:=6s+i€s=rﬂ (141)

rSS

In this case y is denoted as ¢ and called the complex Kerr rotation. 6, and ¢, are the

Kerr rotation and Kerr ellipticity respectively. The index s is attributed to the state of

polarisation of the incident light.

In case of the p-polarised incident beam the reflected light is described by the Jones

vector given by:

os il E ii) Lasii il 0 T /r J¢ '
2 E(i) = p (1]=rﬁp( 3 1 pp)=rpp (142)
rps rpp p rps rpp 1

In the same manner the inversely defined complex number y " is related to the rotation

and ellipticity as:
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s-polarisation p-polarisation

incident light reflected light incident light reflected light
Figure 1.8 Kerr rotation and ellipticity defined for s- and p- polarised incident light.

e -tan6’p+itanep
A==
E 1+itan9ptan£p

~9,=—6, +ig, =~ (1.43)

rPI’

The sign convention used to define the magneto-optical parameters is the same to that

used by G. Metzger at al. in [23]. It becomes clear from Fig. 1.8.
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Chapter 2

Macroscopic formalism of magneto-optic Kerr effect

2.1 Permittivity tensor

Magneto-optics is presently described in the context of either microscopic or
macroscopic theories. Microscopically, the coupling between the electric field of light
and the electron spin within the magnetised medium occurs through the spin-orbit
interaction. The spin-orbit interaction provides the relation between the motion of
electrons and their magnetic moments and is consequently responsible for magneto-optic
properties. Kittel showed that it is the change of the electron wavefunctions due to the
spin-orbit interaction that gives rise to a correct order of magnitude of the magneto-optic
effects. [24]. Argyres later gave a full derivation of the magneto-optic effect in a
ferromagnet using perturbation theory [25].

The macroscopic theory, described in this chapter, relates the experimentally measurable
parameters such as reflectance, polarisation changes and the optical phase shifts to the
general parameters that describe the media response, ie. the conductivity tensor,
dielectric tensor or index of refraction. It is based on the Maxwell theory, where
propagation of light through the media is described in terms of the vectors of the electric
field E, magnetic field H, electric displacement D and magnetic induction B, mutually

coupled by the material relations:

D=¢'E
B=u'H (24)
j=0'E
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where vector j is the conductivity current density, ¢' is the permittivity tensor, 4' is the
magnetic permeability tensor and ¢' is the electrical conductivity tensor of the medium.
The interaction between the electromagnetic wave and electron spins is important in the
radiofrequency, microwave and far-infrared regions, but becomes negligible at optical
frequencies [26, 27]. Thus only the interaction of light with the orbital motion of
electrons needs to be considered. In this case the relative permeability tensor in (2.1) is
represented by a unit matrix and the optical properties of a medium are established by a

dielectric tensor that is determined by the motion of the electrons in the medium.

The relation between the complex permittivity and conductivity tensors can be obtained

from the wave equation

£ 0°E 4no' oE
AE—————:—————— 22
il aiaky el i)

Here the dielectric properties of the substance are expressed by the real permittivity
tensor €', whereas the losses are described by the real conductivity ¢'. Considering that E

is harmonic function of time ( E = E, exp(iwt) where w is the circular frequency) at any
given point of space, the first and the second time derivatives are related as

2

%—ZE— = iwa—E . The term containing the conductivity ¢ ' can be added to the second term
t t

on the left of the equation (2.2) and ¢' can be formally included into ¢' as its imaginary

part. Now the imaginary part of the permittivity tensor corresponds to the losses due to

the light adsorption. In the same way &' can be included in the conductivity tensor [28].

The complex permittivity tensor is related to the permittivity and permeability tensors by
T L 2.3)

Here the same notation £ for both ellipticity and the permittivity tensor is used, but the

two will be easily distinguished from the context. Under the assumption, that the field
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acts as a small perturbation of the system we can expand the components of the

permittivity tensor [29]. Using the Einstein summation convention &, can be written:

0 0 1 2
E;=E;+K M, +GuM, M +..=€,+€,+€; +... (2.4)

Here the indices i, j, k represent the Cartesian x, y, z axes respectively, M; are the

components of the magnetisation vector, € denotes the components of the permittivit
p gn i p |y Y

tensor at zero magnetisation (M =0), K; and G are the components of the linear and

quadratic magnetic optical tensors.

Important features of permittivity follow from the symmetry arguments. Under the time-
reversal operation, the displacement D and electric field E vectors remain unchanged, but

the magnetisation field M changes sign. In this case Onsager’s relation gives [30]:
E;(M)=¢€;,(-M) (2.5)

The 3 x 3 dielectric tensor can be decomposed into symmetric and asymmetric parts [31]
and it follows from Eq. (2.5) that the symmetric part of the permittivity tensor is even
with M, while the antisymmetric part is odd. The permittivity tensor for different crystal
systems has been obtained by Visnovsky [32]. Here we use only the permittivity tensor
elements, obtained to the first order of M (linear magneto-optical effect) in order to

describe a crystal with the cubic symmetry.

A general form of the permittivity tensor can be deduced with help of the Neumann’s
principle, which can be stated as follows: the symmetry elements of any physical
property of a crystal must include the symmetry elements of the point group of the crystal
[33, 34]. We suppose that a cubic crystal is placed into a magnetic field oriented along
the z-direction. The homogeneous magnetisation can be thought of as generated by a
current loop perpendicular to M. The cubic crystal holds the 4 and mmm symmetry

elements and therefore the permittivity tensor must remain unchanged with respect to the
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rotation of the Cartesian coordinate system about z-axis by 90° and its reflection of the z-

axis. These conditions can be written as [35]:

0
eM) = |-1
0

0
0

(=f =)

e(M) (2.6)

SO
(o) i (=]
(=)

- o

H

The 2x2 blocks are the transformation matrixes for 7, j = x, y which give the rotation by
90° about z-axis (see Eq. 1.7) and the diagonal elements equal to -1 give the reflection by

the xy plane. The general form of the permittivity tensor, satisfying Eq.(2.6) is

Bt @ 1
EM) = s A, 8 @)
0 0

with €, = €_ for a cubic crystal. Reflection by a plane containing the z-axis changes the

sense of direction of current in the loop, which is equivalent to a magnetisation reversal.

Due to the cubic symmetry, &(M) must be invariant to the reflection by a plane

perpendicular to the x-axis. This condition can be written as:

=1 0 0 -1 00
e-M,) = g 0 90 EeM ) i R ¢ (2.8)
| L
Substituting £(M) given by Eq. (2.7) into Eq. (2.8) leads to
E (=M )=E.(M
=(M,)=€,(M,) 2.9)

8y GM Y= —€,(M, )

Thus the diagonal elements of the permittivity tensor are even functions of magnetisation

while the off-diagonal are odd and so they cancel in a non-magnetised medium. As a
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result the first term in (2.4) corresponds to the symmetric part of the permittivity tensor

and for a cubic crystal can be written as:

1 20r
& =N10 4 (2.10)
L L

where N =,/8xx is the principal refractive index of the medium. The form of the

asymmetric parte', that gives rise to the Kerr effect, can be obtained using (2.5) that
gives for the permittivity tensor elements linear in Mg

£l =K M, =—K, M, =—¢, (2.11)

ijk Ji
which leads to

K.=0;K,=-K (2.12)

Jik

The crystal symmetry when it is present simplifies the second term &' in (2.4) even

further and for a cubic system its components are given by [32]

£, Ko 0 0
e 0 K 0
eix 0 (l)23 K L
it 2 aM, (2.13)
£, = 0 0 M
e)lcz 0 —K\ 0 ;
8;)‘ 0 0 =

If we choose the coordinate system as shown in the Fig. 1.7 (z-axis is perpendicular to the
sample surface and x-axis is perpendicular to the scattering plane), the permittivity tensor

for the polar magnetisation (M is along z-axis) takes the form
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1 K, ,M/N* 0 L3050
e=N’|-K,,M/N* 1 Ql=NA—40 /T *0 (2.14)
0 0 1 Bt

Q=-iK,,,M /N’ is the magneto-optic Voigt constant, which is proportional to the

magnetisation [23, 36]. For the longitudinal (M is along y-axis) and transverse (M is

along x-axis) configurations (2.13) gives:

Jocilie o
gl DO D (215}
-i0 0 1
A RN
e=N30 1 0 (2.16)
0 -i0 1

2.2 Zak formalism for magneto-optics; the medium boundary

matrix

Zak and co-workers provided guidelines, useful for the description of magneto-optic
phenomena in ultrathin films and multilayer film structures [37,38]. They created a
multiple reflection formalism, which can describe the magneto-optic effects to the first
order, in a magnetic field, in layered magnetic materials with the magnetisation vector in
each layer pointing in an arbitrary direction. In this formalism both magnetic and non-
magnetic films are treated on the same footing and each layer in a multilayer stack can be
either magnetic or non-magnetic. The relation between magneto-optical coefficients,
defined by (1.39), is obtained by using the medium boundary and medium propagation
matrices. This part presents a brief guide to the formalism and the final results for the

most commonly used longitudinal and polar configurations.
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Zo

Figure 2.1. Two media, separated by an xy — plane boundary. The waves going in z -direction are denoted
as E” and the ones in the opposite direction E”. (y,z") and (", z") are the local coordinate

systems.

Zak et al. started by considering that a beam of light, travelling from a medium 1 into
medium 2 conserves the tangential components of its electric E,, E, and magnetic H,, H,

fields, where the xy — plane is the boundary separating the two media like in figure 2.1.

The set of fields E\",E\’,E\”,E\’, which definesthe magneto-optic coefficients
in Eq. (1.39) is connected to these tangential components via the medium boundary

matrix 4:

F=AP (2.17)
where F and P are column vectors defined as:
E, EQ
E : E(i)
F = Hy . P= Ef” (2.18)
K., i



29

Figure 2.2 Three media system; (v, z') is a local coordinate system for the wave 1. z =0 and z = d are the

film boundaries. 1, 2 denote two circular polarised waves in the magnetic medium 2 that add up to form
E"; 3 and 4 are the same for E”; 6" is the direction angle for the wave 1. 8,”, j =2, 3, 4 are not

shown in the figure.

If neither of the two media is magnetic then the angles 6, and 6, are the angles that

appear in Snell’s law:

N, =N,a,, (2.19)

where N; and N, are the refractive indices of the media 1 and 2 respectively and

a,, =siné, and @,,6 =sind,. If one of the media is magnetic (e.g. medium 2) there are
two circularly polarised waves, propagating in each direction in the magnetic medium
[30] (Fig. 2.2). The two rays E® and E‘” correspond to E”, and E®and E® to E”.
The dependence between the components of £, (j =1, 2,3, 4) is used to construct

the 4 matrix elements. To find this dependence the electrical displacement vector D is

used, which is connected to the electric field components via the dialectic tensor ¢ :
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D =¢,E, (2.20)

whereg; is determined by equations (2.14) and (2.15) for the polar and longitudinal

MOKE respectively. As a result the 4 matrix elements are constructed from the Q and N
values of the media as well as the geometric angles of the problem. A detailed discussion
on construction of the boundary and propagation matrices and derivation of the magneto-

optic coefficients can be found in Refs. [37, 38].

In the simple case of the two-media, one-boundary system (Fig. 2.1), the boundary

matching condition can be written as:
AP =A4,P, 2.21)
If there are more than two media in the stack, Eq. (2.21) still holds for any boundary,

however one needs to describe the wave propagation inside the film from the boundary at

z =0 to the boundary at z = d, where d is the film thickness. This is achieved by means of

the medium propagation matrix D , defined as:

Py(z=0)=DP,(z=d) (2.22)

Using the boundary matching conditions (2.21) and the definition of the propagation

matrix (2.22) one can write for the most frequent three media — two boundaries case:

AP = AP 0)=4DB(d)= 4, D4 AP = A D4 ABid) (223)

where A4, and 4, are the medium boundary matrixes for the media 1 and 3, while
AZEAZ'1 is the matrix for the medium 2. The equation (2.23) can be generalised for any

number of films by replacing 4,D4,” by the product of the film matrixes:
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AiR‘ T (H Aml_)m Am_l jAsub Psub (224)

where the subscripts i/ and sub correspond to the initial media (1 in the previous notation)

and the substrate respectively. All three media can be either magnetic or non-magnetic.

The expression (2.24) can be put in the form P, = TP, , where

G HJ
(2.25)

e v ] 7T, e S
i 1;[ m~—"m*“"m sub [ I I
The magneto-optical coefficients can be obtained using the 2x2 matrixes G and /

composed of the magneto-optic parameters:

t t r i
G =[ i "’J and IG™’ =[ i ”’} (2.26)
tps tpp Tos  Top

The equation (2.24) significantly simplifies in the ultrathin limit defined by
2r
72| N,ld <<1 (2.27)

where / is a wave length, N, is the refractive index of the m-th film in the stack, d, is its
thickness and the sum is over all films in the stack. Equation (2.27) defines the condition
to distinguish between the surface magneto optic Kerr-effect (SMOKE) and the magneto
optic Kerr effect (MOKE), observed at the reflection of light from the bulk sample. In the
ultrathin limit, the equation for the magneto-optical coefficients (2.24) can be solved

analytically for small angles of incidence:
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T T
where the summation is over the magnetic films only. The equations (2.28) and (2.29)
establish the additive law for the Kerr effect in the ultra-thin limit, experimentally
confirmed in multiple studies [39, 40, 41]. By substituting the magneto-optical
coefficients into the equations (1.41) and (1.43) one can obtain the expressions for the
complex Kerr rotation for s or p-polarised light reflected from a multilayer system. For a
system, like that used in our experiments, consisting of a single magnetic film,
characterised by VN, Q and d on a non-magnetic substrate the polar and longitudinal Kerr

effects become:

@D = _*__(4;][1_N1;2 JQd; gL =(i/1€)(1 ]\’;\,}b2 ]9 0d (2.31)

sub sub

where F stand for the s and p — polarised incident light respectively.

Though Egs. (2.31) were obtained for a particular case they are also relevant to the
experimental Kerr effect study. It follows from these equations that ¢""*" >> ¢*") due
to an extra N factor. Due to this fact a close attention needs to be paid to the alignment of
the applied magnetic field with respect to the film plane in the longitudinal MOKE
measurements. The sample misalignment will produce an out- of- plane component of
magnetisation and a polar contribution to the Kerr effect will produce a distorted
hysteresis loop, similar to that shown in Fig. 2.3. The longitudinal Kerr effect is

independent of the refractive index of the magnetic layer; however it is dependent on the
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Figure 2.3 Longitudinal hysteresis loop measured along magnetically hard [1-10] direction of a 4
monolayer Fe film on Mo(110) surface. The loop is distorted by polar Kerr effect contribution, which

appears due to misalignment of the applied magnetic field and the film plane.

angle of incidence so that a better sensitivity to the longitudinal magnetisation can be
; - Faonl (POL) (LON) 2 2
achieved by using a larger angle of incidence. Both ¢ and ¢ have (N; - N,

in the denominator and the Kerr intensity can be enhanced by a proper choice of a

substrate.
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Chapter 3

Experimental methods of magneto—optics

When the Kerr effect is used to probe the magnetic properties of the bulk magnetic
samples the magneto-optic angles of about 0.2-0.5° are observed [21, 22] and the changes
of the state of polarisation can be easily detected. However, the effect is reduced by one
or two orders of magnitude for thin and ultrathin magnetic films or multilayers [41, 42]
and the requirements for the sensitivity of the experiment significantly increase. This
chapter describes the four experimental techniques, most frequently used in magneto-

optical studies.

3.1 Nearly crossed polarizers intensity detection

The nearly crossed polarizers technique is the earliest method of magneto-optics. With
some modifications it is still favoured for many applications due to its simplicity. It is
used for integral and local probing of the magnetic samples, high resolution magnetic
domain imaging [43] and quality control of recording media. Figure 10 outlines a
straightforward DC detection scheme. It includes a monochromatic light source,
polarizer, sample, analysing polarizer and photodiode. The axis of polarisation of the

analyser is set at an angle a from the extinction position.

In case of a p-polarised incident beam, as used in our experiments, the Jones vector

describing the polarisation of light that reaches the photodiode is given by a product:

1 0¥ cosax smajr, r, {0 r,cosa+r, sino
J = : = e d £ (3.1)
050 A ~sing eosa i r ] 0

The intensity of the output beam is:
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Figure 3.1 Schematic of a nearly crossed polarizers intensity detection MOKE experiment. A polarizer is
used to produce s- or p- polarised incident light. The analyser is set at an angle a from the extinction
position. The intensity of light reaching the photodiode changes when the sample is magnetised and the

photodiode output signal is proportional to Kerr rotation.

2

~cos’ & | = I, + Al (3.2)

L + b 2 b . T
I=J J—Iolrpp| sin" @+ 6, sin20 +

rPP

where [, is the intensity of the light transmitted through the first polarizer,

6,= Re(rsp / rpp) is the Kerr rotation and |7, | 2 is the intensity reflection coefficient of

the sample. The first term 7, represents the classical Malus law, while the second A,
which has its maximum at & =7/4, appears due to the magneto-optical contribution
from the sample and referred to as the Kerr intensity. The third quadratic term can be
neglected because of the small magnitude of the Kerr effect. From the experimental
point of view a high contrast (A//I,,) is important. It can be maximised by the
appropriate choice of the offset angle «. Depending on the magnitude of the Kerr

intensity and the quality of polarizers & is usually set between 2° and 10°.
The setup can be modified for ellipticity measurements. To do so a quarter wave plate

with the fast axis perpendicular to the polarising axis of the analyser can be placed after

the sample. In this case, the Jones vector of the output light is given by a matrix product:

170N~ 0 jcosor' sma ¥ v, 1, i [r, cosa+r, sina
J= ; =i = (3.3)
0 0N0 1AN-sin@ wcosapr, 7, \d 0
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Figure 3.2 Schematic drawing of a differential intensity detection MOKE experiment using a Wollaston
prism. The Wollaston prism splits the reflected light into two orthogonally linear polarised beams. Initially
the intensity difference between the beams is set to zero. When the sample is magnetised, the change in the

intensity difference is proportional to the Kerr effect.

and the Kerr intensity becomes sensitive to the ellipticity 61,:lm(rw/rpp)of the

transmitted light:

2

I,

I=0"J =1L}, | sin® a+e,sin20+ 2 -cos> & | = I, + Al (3.4)

rl 2P

The expressions for intensity of a s-polarised wave are similar to equations (3.2) and (3.4)

and can be obtained in the same manner.

3.2 Differential intensity detection

The differential intensity detection setup shown in figure 3.2 is also quite simple but due
to the differential detection is less sensitive to the intensity instability of the light source
and has larger signal-to-noise ratio than the crossed polarizers intensity detection method.
This makes it the basic technique for the magneto-optical reading in erasable data storage
systems [44]. The optical setup consists of a light source, polarizer, with the polarisation
axis oriented along s (x) or p (y) — direction, sample, retarder, Wollaston prism or

polarising beam splitter and two photodiodes. The Wollaston prism separates the light
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into two orthogonal linear polarised waves and the difference in the intensity between
these two waves is measured. By utilising a half-wave plate (retardation 7 radians) the
setup can be used to measure the Kerr rotation of the reflected light. In this case the Jones
vector for the initially s-polarised wave at the input of the Wollaston prism is given by

the matrix product:

1 (cosx —sina)1l O0Y cosee sma)r r,|{1
Isal ; 3-3)
V2\(sina cosa \O -1)\-sina cosa)\r, r,\O

where a is the angle between the fast-axis of the half-wave plate and the x —axis. The

Jones vector takes the form:

rps .
cos20+——sin 2«

1 r
e T s (3.6)
j g
V2 | dn2a+ 2 sinle
14
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The difference between the intensities of the two orthogonal components measured by the
photodiodes is

2
+ ir 10 |
A =1,-1,=J}J,~J}J, =2 r

2 ‘ 6
cosdan| =it
2 58 2
I rl

+2sindg Re(rﬂJ 3.7)

s8
S8

where [ is the intensity of light after the polarizer. First, the intensity difference between
the two photodiodes is set to zero by setting the angle o = %(2n+ 1) (n is any integer

number) in the absence of the magnetic field (7, =0). When the magnetic field is

applied the differential signal is proportional to the Kerr rotation and is given by:
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(3.8)

. . . ®: . 2
The calibrating constant, proportional to the reflectivity of the sample ‘ r,| can be found

from the change of the signal, corresponding to a small rotation Aa of the polariser.
Substituting a half-wave plate for a quarter-wave plate makes the setup sensitive to the

ellipticity. In this case the Jones vector for initially s—polarised light can be found from:
Je 1 (cosad -sinaY1l OY cosa sina)r, 7,Y1)
— J2\sine cosax \O —i|-sina cose O b L 3

2 g2 58k ) rps 5 .
cos‘ a—isin“ a+—(1+i)sinacosx

1 r
= " (3.9)
(1+i)sinercosar + -2 (sin’ & —icos )
[

S8

The difference between the s and p — components of light incident on the Wollaston

prism is then:

|“!
‘
I_.____

f 2

il o - | cos? 2
¢ Il

5§

r 7
+2sin2a cos2a Re[ﬂJ —2sin2o Im(ﬂ] (3.10)

7

5§ rss

For o = %(Zn +1) the intensity difference becomes proportional to the ellipticity:

A1=10\ r € (3.11)

These calculations can be modified for the p-polarisation of the incident light.
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Figure 3.3 Schematic of the ellipticity modulation MOKE setup using a photoelastic modulator, which
introduces harmonic oscillations into the incident light polarisation. The photodiode signal, which is

proportional to Kerr effect, is detected using the lock-in detection technique.
3.3 Modulation techniques

Modulation techniques use special optical devices to introduce time-harmonic changes in
the polarisation state. As a result the detected signal contains an oscillating component,
which can be measured using lock-in detection. There are two principal modulation
methods used in magneto-optics; the ellipticity modulation technique and the azimuth
modulation technique. The first one makes use of the photoelastic effect to introduce an
oscillating phase shift between two orthogonal directions and the second one employs the

Faraday effect to oscillate the angle of the plane of polarisation.

Figure 3.3 shows a typical optical layout for the ellipticity modulation technique [45].
The main feature of this setup is the use of a photoelastic modulator (PEM). Typically it
is an isotropic optical material (silica or calcium fluoride) stressed by compression and
stretching at the frequency of w,, along the modulator’s principal optical axis. This
periodic deformation is produced by a piezoelectric transducer at w,, ~ 50 kHz (the
resonant frequency of the piezoelectric ceramic) making the modulator act as a phase

plate with the time-harmonic phase shift § = J, sin @,,# . The amplitude of the shift ¢, is

adjusted by changing the voltage applied to the transducer. To illustrate the operation of
the ellipsometer with a PEM the calculation is performed for the following sequence of
optical elements: a polarizer, making the angle 7/4 to the s-direction, a PEM with the

principal axis oriented along the x (s) —axis, sample and analyzer. A detailed analysis of
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this technique has been done by Z. Yang in [46]. The result presented here is obtained for
the polar geometry with the normal incidence of light. In this case the difference between
the s and p-polarised waves disappears and the calculations simplify [47]. Using (2.28)

and (2.30) the Jones vector of the output light is obtained from the matrix product:

r [ cos’a sinacosa) 1 -¢)e4? 0 Y1
J=—r : < 2 -id/2 3
\/_2— sincosx sin” & -¢ -1 05 e 1

; : , _ ; cos
( cosa €'’ —sina e'? — ¢ [cosar €°'* +sinar e"'?] ) ( j (3.12)

2
N2 sin o
where 7 is the complex reflection coefficient of the sample and ¢ is the complex Kerr

rotation. Using the small magneto-optic angles approximation we obtain the expression
for the output intensity:

|rf

4

I1=J"J =1 (1—cos Ssin(2a+ 20) + 2¢5in 5) (3.13)

Since ¢ is a harmonic function of time the cosd and sind can be expanded in series of &

using:

Sin(8, sin @,1) =23 Jyy 1(8,)sin((2k — D, z)
k=1

c0s(8, sin @, ¢) = J,(8,) + 23 J,,(8,) cos(2ka, ) (3.14)
k=1

where J,(6,) gives the i-th order of the Bessel function. Substituting (3.14) into (3.13)

and negating the harmonics higher than 2w,, gives:
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4

I =

( 1-J,(8,)sin2a +26) + 4¢ J,(3,)sinw, t -

—2sinQ2a+26)J, (¢, ) cos 2w, t ) (3.15)

Thus the ratio between the intensities of the first and second harmonics to the DC

component:

o4 4(B) . Ly _z25nQe+205,8) 50

1, 1-J,(6,)sinRa+28)" I, 1-J,(8,)sin(2a+26)

c

Ju (09) can be set to zero by the proper choice of the amplitude of the modulation signal

do. For a Kerr rotation 8 << 7/4 the intensity of the 2w,, component has two maximums
when the analyzer is oriented at & =*7x/4. For J,(J,) =0 these maximums become

symmetric with respect to the zero intensity and the magnitude of Jy can be accurately

adjusted. When it is done the output intensity becomes:

;_w =4¢ J,(5,); ?—w =-2sinQa +26)J,(J,) (3.17)

dc de

The first harmonic w,, is now proportional to the Kerr ellipticity, while the second

harmonic 2w,, to the Kerr rotation for & = nz (n is any integer).

The schematic optical setup for the azimuth modulation technique is displayed in Figure
3.4. It makes use of a Faraday cell to modulate the orientation of the polarisation plane of
the incident linear polarised light with an amplitude generally smaller than 3°. The
Faraday cell consists of a quarts or glass rod placed inside a water cooled solenoid, which
generates an oscillating magnetic field along its axis. The amplitude £, and frequency wp,

of modulation are determined by the amplitude and frequency of the solenoid current.

The full sequence of the optical elements includes a monochromatic light source, a
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Figure 3.4 Schematic drawing of the azimuth modulation MOKE setup using a Faraday cell to modulate the
orientation of the polarisation plane. The output voltage of the photodetector is applied to the input of the

negative feedback circuit, which controls the current in the null cell coil.

polarizer (oriented at the small angle a to the s-axis), Faraday compensation (or null) cell
(producing the rotation of the polarisation plane a.), Faraday cell, phase plate (with the
fast axis along the s-axis and retardation o, sample, analyzer (oriented at «,), and
photodetector. The output voltage of the photodetector is applied to the input of the
negative feedback circuit, which controls the current in the compensation cell coil [48,

49]. The Jones vector for this sequence can be found from the matrix product:

S cos’ &, s coser. N7, et g
V2 \sing, cose,  sin’e, SR D e

(3.18)
cos(f, sinw,t) —sin(fB,sinw,t)) cosex, —sine, \ sina
sin(f, sinw,t) cos(fB,sinw,t) \sine, cosa, )\cosx
Denoting o+ a, + B, sinw,t as Q the Jones vector can be written:
Q=a+a, +f,sinw,t (3.19)
cos’ @, (r,e”? cosQ+r,e"?sinQ) (3.20)
sin’ &, (r,,e'* cos Q+7,,e°"*sinQ) '
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Figure 3.5 Negative feedback loop used in the azimuth modulation technique. The role of the null cell is to
adjust the output signal to zero using negative feedback, to compensate for any changes of the intensity due

to the magneto optic effect.

For the analyser oriented along the p-direction (&, = 7/2)and small angles «,«, and

Bo the intensity of the output signal is:

5 1 =
Faly J.~.5[ P B PRt e et e R (33D

Ps-pp ps pp

Thus the contribution from the component oscillating at w,, frequency is given by:

& |5, F(a+e, -a,) B,sinw,t (3:22)

k ;
where «, =—Re{ﬂe"’] corresponds to the impact from the magneto-optical effect

rPP

when the light is reflected from a magnetised sample.

The role of the null cell is to adjust /, to zero through negative feedback, to compensate

for any changes of the intensity due to the magneto optical effect. This can be realised by

using the circuit shown in Figure 3.5, where the amplification coefficients of the setup

and the negative feedback circuit are marked as 4, and Ay, respectively:




44

14 oo
= vV /deg); A, =—=< (deg/V 3:23
T e (V' / deg) »=3y (deg/V) (3.23)

s
out

If the inverted output signal is applied to the input of the compensation cell coil then

ac = _Aijour a‘nd Vaut = As( a—as _AfbVaul) (324)
which yields
A A4,
Vo mrre—teme( il YOk 5~ (0, — L) (3.25)
1+ 4,4, 1+ 4,4,

The product 4 = 4 A4, is the total amplification of the feedback loop and in case 4 >> 1:

o, +o-a =0 (3.26)

Substituting the first equation of (3.24) into (3.26) yields:

~ : (3.27)

Thus the output signal of the photodetector is proportional to the magneto-optical effect
o, , produced by the magnetised sample. One can make this technique sensitive to the
Kerr rotation or ellipticity defined by Eq. (1.43) if the incident beam makes a small angle

with the sample normal. Using the relation r,  =r,, for the polar configuration, given by

Eq. (2.28) yields:

s

r[’l’

o = —Re[ L e"“] =—Relp,e?) = 6, cosS+¢,5in & (3.28)
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For the longitudinal MOKE r, = -r, (Eq. 2.29) leads to:

T ; ;

a, = Re[ 2 e"’]= Re(g, e’ )= -, cos6—¢,sind (3.29)
Fop

Thus for an arbitrary retardation ¢ of the phase plate the output signal is a superposition

of the Kerr rotation and ellipticity. The pure rotation is measured in the absence of a

phase plate (0 = 0) and a quarter-wave plate (0 = x /2) is used to measure the pure

ellipticity.
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Chapter 4

Experimental details

The presence of adsorbates on a surface can have a variety of effects such as altering
surface stress, causing surface reconstruction, quenching magnetic moments etc.
Therefore, the presence of contaminants can significantly affect results obtained with
surface-sensitive techniques such as Scanning Tunnelling Microscopy (STM), Low
Energy Electron Diffraction (LEED), Auger Electron Spectroscopy (AES), SMOKE etc.
Consequently, a high degree of surface cleanliness (< 1 at %) is required during the
observation time of an experiment in order to obtain a meaningful result. For studies of
transition metals such as Fe and Mo, which are highly reactive, with a particularly strong
affinity for oxygen, a high degree of surface cleanliness can only be achieved for long

periods under ultra-high vacuum (UHV) conditions.
4.1 UHYV system

The UHV SMOKE system has been designed and developed as an annex to a larger UHV
system. The whole UHV system consists of four chambers: the room-temperature STM
(RTSTM) chamber, LEED and AES chamber, SMOKE chamber and a preparation
chamber also used for tip and sample preparation. The layout of the system is shown in
figure 4.1. Each chamber can be valved off from the rest of the system via a series of
UHV gate valves (VAT [61]) and brought to atmospheric pressure for maintenance
without breaking vacuum in the rest of the system. Samples and STM tips are introduced
to the system via a fast-entry loadlock connected to the preparation chamber by a gate
valve. When not in use, this loadlock is usually maintained in the low 10™® Torr range by
a 20 I's” differential ion-pump (Physical Electronics [50]). Tip and sample transfer
throughout the chamber is facilitated by a series of wobblesticks and magnetically-
coupled linear drives (Vacuum Generators Ltd.), which can access each sample stage.
The pressure in each chamber is monitored using nude Bayard-Alpert type ionisation

gauges (Anelva).
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Figure 4.1 Top view schematic of the UHV system.
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The entire system is supported on a stainless steel box-section frame which can be floated
on pneumatic dampers to isolate the system from building vibrations during STM

operation. The box-section is filled with gravel to minimise hollow pipe vibrations.

The preparation chamber contains all the facilities for in-situ tip and sample preparation:
electron-beam and resistive heaters, quartz crystal deposition monitor (Inficon [51]),
water cooled electron-beam evaporator (Omicron [52]), high-temperaure fusion cell
(MBE-Komponenten [53]), ion-gun (VG Microtech [54]) and precision leak valves for

controlled introduction of high purity oxygen and argon gases.

A number of pumps are used to achieve UHV conditions in the chamber. A TMU 260 1/s
turbomolecular pump (Pfeiffer Vacuum [55]) backed by a 0.7 1/s two-stage rotary vane
pump is used to pump the chamber down from atmosphere and handling heavy gas loads
during the bake-out, ion-etching and oxidation procedures. A double-ended 480 Vs
differential ion-pump (Physical Electronics) is used to maintain UHV conditions. A
liquid nitrogen cryoshroud is inserted in the base flange of the ion-pump which houses a
titanium sublimation pump (TSP). The maximum pumping speed obtainable when
titanium is deposited on a surface at 300 K is 3-9 I/s for hydrogen and oxygen, while it is

increased by a factor of 2-5 upon cooling to 70 K [56].

To attain UHV, the preparation chamber, along with the whole system, is normally baked
out for 2 days at 120-150 °C by heating tapes. The system is wrapped in aluminium foil
and a heavy bake-out blanket to provide thermal insulation. A base pressure in the low

107'° Torr is usually obtained in the system after bake-out.

The Room Temperature STM (RTSTM) chamber houses the RTSTM which is mounted
inside this chamber via the O.D. 254 mm base flange. This chamber also contains a tip
and sample storage carousel. The LEED/AES chamber to the side of the RTSTM chamber
(Caburn-MDC [57]) houses the four-grid LEED/Auger optics. Both chambers are

pumped from atmosphere by a 260 I/s turbo pump which is connected via a right-angle

UHV valve (VG) and a 1 metre long formed bellows. The UHV is maintained by a 240
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Figure 4.2 Top view schematic of the MOKE/SMOKE setup with a small preparation chamber attached to

it.

I/s differential ion-pump with TSP and cryoshroud, which is connected to a mitred elbow
on the opposite side of the STM chamber. This eliminates stray magnetic fields from the

vicinity where LEED and AES experiments are carried out.

The MOKE/SMOKE chamber [58, 59] is an O.D. 156 mm x 3.0 mm stainless steel (304
grade) mitred elbow with twenty-seven access ports. The drawings of the chamber and
the port listing can be found in appendix A. The chamber is pumped from atmospheric
pressure by a TMU 60 1/s turbo-molecular pump (Pfeiffer Vacuum) valved directly onto
the chamber via a 114 mm gate valve and backed by a 0.7 I/s two-stage rotary vane
pump. The UHV is maintained by a double-ended 240 I/s differential ion-pump (Physical
Electronics). A TSP SB -1000 (TLI Thermoelectronics Laboratory Inc. [60]) is mounted

on a metered elbow to the bottom flange of the ion-pump.

The functioning of the MOKE/SMOKE setup had to be tested before it was joined
together with the main system, shown in figure 4.1. For that purpose a small preparation
chamber was initially connected to the MOKE chamber (figure 4.2). It contained
facilities for epitaxial thin film growth: fast-entry lock, quartz-crystal deposition monitor,
precision leak valve connected to a high purity oxygen source and a home-built e-beam
evaporator, e-beam and resistive heaters. The fast-entry lock was a six-way cross, which

was valved onto the preparation chamber via a 70 mm gate valve(VAT [61]) and

connected to the turbo pump via a formed bellows.
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4.2 Sample preparation

Sample cleaning, electron beam heater

As-grown 5N purity crystals of refractory metals such as W and Mo, usually contain bulk
impurities (C, K, S, efc.) in concentrations of a few parts per million. The typical

procedure for cleaning refractory metal surfaces involves annealing the crystal in an O,

atmosphere of partial pressure 1x107 < Ry, <1x107° Torr at elevated temperatures

~1200-1300 K. At these temperatures the bulk impurities diffuse to the surface where
they form chemically stable oxides. These oxides, along with the surface oxide, are then
removed by flash-annealing the surface to very high temperatures, in the range

22007, <2600 K for short periods (5-20 seconds) under UHV conditions. These

flashes are accompanied by sharp pressure bursts in the vacuum, so that some time must

be allowed between flashes to allow the sample to cool and the vacuum to recover.

Conventional resistive heaters are not suitable for rapidly heating samples to such high
temperatures. Instead, an electron beam heater (e-beam heater), designed by Osing [62]
was used. A schematic illustration of the e-beam set-up is shown in figure 4.3. The
sample is clamped in a sample holder by a Ta cap that screws onto a Mo body; the thread
is deliberately machined for a loose fit. These measures are taken to prevent the two
pieces of the sample holder from welding together. This holder is mounted into a Ta stage
which is held at a potential of +1 kV. A current (3<7<3.5 A) is passed through a
grounded thoriated tungsten filament (o 0.15 mm, 0.6 % Th) which generates thermionic
emission of electrons. These electrons are accelerated towards the cap of the sample
holder, where upon collision, their kinetic energy is transferred to the sample as heat.
Because the filament is situated to one side of the sample there will be a temperature
gradient across the sample, however, this set-up produces a contamination free surface.
Surface temperatures are measured from outside the chamber using an infra-red

pyrometer (Ircon UX -20P [63]) and an emissivity value of ¢ = 0.35 for Mo. The

absolute accuracy of these measurements is hindered by the position of the filament,
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Figure 4.3 A schematic illustration of the e-beam heater used to clean refractory metal samples.
Reproduced from Ref. [62].

which contributes to the level of radiation measured. However, the temperatures
measured are within a similar range to the values used by other groups to obtain clean
surfaces [64, 65].

Fe film deposition

The ultrathin Fe films were deposited using an electron beam evaporator shown in figure
4.4 originally designed by C. Kempf. The principle of operation is the same as that for
the e-beam heater. Electrons originating from a hot thoriated tungsten filament are
accelerated towards a 3N purity ¢ 1.6 mm Fe rod which is at a potential of + 1.9 V" with
respect to ground. A heat-shield is formed around the Fe rod and filament by a tube of Ta
foil which sits into grooves cut in the Mo end-caps of the cell. Alumina beads isolate the

filament from these end-caps. Apertures in each Mo cap allow the Fe rod into the cell at

one end and the evaporated Fe out through the other. The entire cell fits inside a double-
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Figure 4.4 A schematic illustration showing a cross-sectional view of the e-beam evaporator used to deposit
ultrathin Fe films. Electrons originating from a hot thoriated tungsten filament are accelerated towards a 3N

purity Fe rod which is at a potential of + 1.9 k¥ with respect to the ground.

walled liquid N, cooled cryoshroud. During operation, cooling this cryoshroud
minimizes outgassing from the environs of the evaporator. A new Fe rod is outgassed for
several hours before it is suitable for use, it is also outgassed for a further 3-4 hours
before each subsequent deposition. Typical values for the filament and emission currents
during deposition are 2.8 4 and 2 mA respectively. The chamber pressure usually rises to

no more than the mid- 10'° Torr.

The sample sits upside-down inside a resistive heater (described later), which has an
aperture machined in its base. This set-up allows the sample surface to be heated for
depositions at elevated temperatures. This heater stage is also equipped with a water-
cooled quartz crystal balance and deposition monitor (Inficon). The quartz crystal balance
measures the mass of iron arriving at its surface by the dampening effect of this mass on
the resonant oscillations of the quartz crystal sensor. The measured mass may be

converted into a film thickness value by the deposition monitor, which is programmed

with values for the density of bec Fe (7.86 g.cm™) and the exposed sensor area (diameter
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Figure 4.5 Schematic illustration of the resistive heater. The sample sits face-down in the heater so that Fe

can be deposited on it through the aperture in the base.

= 8 mm). However, the thickness value determined by this method need to be taken with
caution as it assumes that Fe deposited on the sensor surface has the density of bulk bce

Fe, which may not be the case.

The heating stage and crystal sensor are mounted on a linear drive so that the sample or
quartz monitor can be moved into position over the evaporator aperture. During a
deposition the quartz crystal is first positioned over the evaporator aperture. The filament
current is slowly increased until a stable deposition rate is achieved, this is usually about
0.5 ML/min (0.015 A/s). Then the sample, which is cleaned 20-45 minutes prior to
deposition, is rapidly moved into the deposition beam - this takes roughly 10 seconds. As
a result the amount of material deposited upon the surface is not exactly controlled,
however, the deposition rate is typically so low that only a very small fraction of the total

coverage can be deposited in this time. Once the required deposition time has elapsed the

filament current and accelerating voltage are quickly ramped down.
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Resistive heater

The heater, originally designed by C. Kempf and modified by author is shown in figure
4.5. It consists of a crucible which is an alumina tube with a screw thread on the outside
around which a 0.2 mm W wire is wrapped. The sample sits inside a Ta insert which fits
inside the crucible. The Ta insert has a concentric aperture machined in its base. The
sample is inserted face-down for film depositions. A provision for placing the sample
face-up for Ar+ ion bombardment has been also made. The crucible fits inside a stainless
steel can which is connected to the feedthrough for the quartz crystal monitor. This
feedthrough comprises two water cooling pipes and a BNC feedthrough to carry the
quartz crystal signal to the monitor. A separate feedthrough carries the connections to the
heater filament and a K-type (Omega) thermocouple connected to the Ta insert. The
heater was calibrated for temperature (°C) versus filament power (W) with the
thermocouple attached to the face of a sample-holder mounted face-down in the heater

and the calibrating curve is given in appendix B.

4.3 Sample analysis

Room-temperature STM

Comprehensive reviews of the theory and operating principles of scanning tunnelling
microscopy (STM) and spectroscopy (STS) are given in dedicated texts by Chen and
Wiesendanger [11, 67, 68]. The fundamental theory of STM is modelled on the quantum-
mechanical description of an electron with energy E travelling in a 1D potential U(z) of
the form shown in figure 4.6 (a). This electron is described by a wavefunction w(z) ,

which satisfies the Schrodinger equation:

(@) +UGEWE) = Ep) (.1
m dz
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where m is the electron mass and % =h/2z (where A is Planck's constant). In the

classically allowed region where E > U(z), this equation has solutions of the form:

pa b, (4.2)

y(z) =y (0)e™, ;
where the electron can move in either the positive or negative sense of direction. In the
classically forbidden barrier region where £ < U(z), the Schrodinger equation has the

solution:

L Lkl (4.3)

w(z) =y(0)e™, .
The k term describes the decay of the electron wavefunction within the barrier region. For
a finite potential U(z), there is a non-zero probability P of finding the electron at a

position z inside the barrier region, which is given by:
P(z) <[y (0) " e 4.4)

Consequently, if the width of the tunnel barrier is sufficiently narrow, there is a finite

probability that the electron can tunnel through the barrier region.

In the tip-vacuum-sample configuration of an STM junction (figure 4.6 (b)), the height of
the tunnel barrier is determined by the work function ¢ of the tip and sample (assumed to
be identical for convenience), which is the minimum energy required to remove an
electron from the metal to vacuum. An electron at the tip or sample surface, with Fermi
energy Er = — ¢, will have the greatest probability to tunnel through the barrier, since by
definition the Fermi level denotes the upper limit of electron occupancy in the metal. In

the absence of an externally applied bias, the electron can tunnel through the barrier in

either direction so that there is no net tunnel current. By applying an external voltage V,
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Figure 4.6 Schematic representation of a STM tunnelling junction (a) an electron described by the

wavefunction y (z) travelling in a one-dimensional potential U(z). In the absence of an external bias,

electrons can tunnel through the barrier in either direction so that there is no net tunnel current. (b) a STM

junction under an applied bias V. By applying an external voltage V, the net electron tunnel current from

the sample to the tip is established.
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electrons in the sample within the energy range Er - eV < E < Er may tunnel through the
barrier. If eV < ¢, then only electron states very near to the Fermi level are probed. The
probability for an electron in the nth of these states to tunnel through a barrier of width W

is given by:

Py, O ™, & =—"2h"“” .5)

Taking all the possible states in the energy range Er - eV < E < Er into account, the

tunnel current is:

Le YlwOp e (4.6)

E=Ep—eV

This equation may be re-written in terms of the local density of states (LDOS) at the

Fermi level of the sample surface p (0, Er):
I, < Vp,(0,E,)e ™ 4.7)

It is clear from this equation that: (1) the tunnel current is directly proportional to the bias
applied across the junction, (2) it decays exponentially as the distance between the tip
apex and the sample surface is increased and (3) the local density of states of the surface

is sampled.

The significance of the probe-tip LDOS contribution is realised through a time-dependent
perturbation model of metal-insulator-metal tunneling proposed by Bardeen [69]. Here, a

Transfer Hamiltonian H7 is used to describe the transfer of a tunneling electron from a

sample state y to a tip state y. The tunnel current can be taken as a convolution of the
sample LDOS p; and the tip LDOS p;,.
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eV
I, J? p(Ep—eV +E)p,(Ex —E)| M | dE )
0

I; also includes a tunneling matrix element M, describing the amplitude of electron
transfer across the tunnel barrier (through the overlap of the y and y states). The integral

describing M is evaluated over any surface lying within the barrier region.

h LA
M= -y Lys 4.9
2mI(Z 0z 4 az)d )

All STM images described in this thesis were obtained by scanning the tip across the
surface in constant current mode. In this configuration the tunneling current between the
tip and the sample surface is maintained at a constant value by means of a feedback-loop
which controls a piezoelectric tube scanner holding the tip. The room-temperature
scanning tunneling microscope (RTSTM) used in this study is similar to one designed by
Quinn [66]. The STM head (Fig. 4.7) is constructed from Macor and comprises a piezo
tube scanner and a fine approach walker based upon the system developed by Pan
at the University of Basel, Switzerland [70]. The sample is mounted on top of a polished
quasi-cylindrical sapphire rod which is clamped between a set of six piezo stacks. These
piezo stacks are arranged pair-wise in a triangular fashion about the sapphire rod with one
pair of stacks spring-loaded against it. The rod is moved towards or away from the tip in
two steps: first the stacks shear sequentially so that the rod is clamped while each
individual stack shears. Then they are allowed to relax simultaneously, dragging the rod
in the direction opposite to the shear direction. A full description of this mechanism is
discussed in [71, 72]. This fine approach system is controlled using a Scala control unit

from Omicron.

The tube scanner is sectioned into four outer electrodes which carry the Z-X, Z+X, Z-Y
and Z+Y voltages, while the inner electrode is grounded. The scanner has a dynamic

range of +13000 A in the z-direction and + 20600 A in the x- and y- directions. These

ranges were calibrated on Cu(100) monatomic steps and HOPG atomic resolution images
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Figure 4.7 Schematic representation of a STM head and a cross-section of the fine approach walker.

respectively. The STM head is isolated from vibrations by a two-stage spring system [66]

which works in conjunction with the pneumatic dampers on the system frame.

The STM controller used for these experiments is a SCALA system by Omicron GmbH
[52]. The accompanying s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>