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Abstract 

The magnetic properties of ultrathin magnetic films can be investigated 

in situ by the temperature dependent magnetic ac susceptibility x(T) using 

an optical technique - the surface magneto-optic Kerr effect (SMOKE). The 

performance of the ac susceptibility measurements depends primarily on the 

optical setup used to detect the Kerr effect and on the mechanical stability 

of the system. Modifications to the optical setup and the sample holder have 

significantly reduced the influence of noise due to mechanical vibrations. It has 

been found that the signal-to-noise ratio has been improved by at least a factor 

of 2.5 with respect to the previous setup, giving a detection limit of 15 nrad/Oe. 

This improvement makes measurements on antiferromagnetic ultrathin films 

feasible. Their susceptibility response has been estimated to be around 20-30 

nrad/Oe. As a test study for the performance of the improved setup, transverse 

susceptibility measurements on 2 ML Fe/W(llO) ferromagnetic ultrathin films 

are presented. These transverse susceptibility signals show interesting features. 

They have a narrow linewidth and are larger than expected from anisotropy 

considerations and other work. Also, it has been found that the in-plane and 

out-of-plane transverse susceptbilities arise from different mechanisms. Several 

scenarios that might explain the origin, size and shape of the observed signals 

are discussed. 
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Chapter 1 

Introduction 

One of the most active fields in experimental condensed matter physics is 

the investigation of low-dimensional magnetic systems such as ultrathin films, 

multilayers or magnetic nanostructures. Interest in these materials has been 

prompted by the observation of novel magnetic phenomena in these systems 

that differ profoundly from the respective bulk properties [1], and by the per­

spectives for a variety of technological applications in magnetic data storage 

industry or in the relatively new field of spintronics [2]. 

Many interesting phenomena in magnetic ultrathin film systems are a 

result of the reduced symmetry at the surfaces or interfaces and depend cru­

cially on the balance of the exchange, dipole and anisotropy energies. For 

the study of magnetic ultrathin films, the controlled and reproducible prepa­

ration of high-quality films is imperative. In this thesis, ultrathin films are 

prepared in an ultrahigh vacuum (UHV) environment using a well-developed 

technique called molecular beam epitaxy (MBE). Magnetic measurements on 
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ultrathin films can be realized by a variety of experimental methods, but there 

is only a small number that allows a non-destructive, in situ investigation of 

the magnetic properties. 

One of these in situ techniques is the magnetic ac susceptibility x that 

is measured in our group by using an optical technique - the surface magneto­

optic Kerr effect (SMOKE) [3]. The Kerr effect refers to the rotation of the 

plane of linear polarization when light is scattered from a magnetic surface. 

In the past, through careful optical alignment and lock-in detection, small 

polarization rotations on the order of 10-7-10-8 radians could be detected. 

The ac susceptibility is obtained by applying a small ac magnetic field bH to 

the magnetic sample to induce a magnetic response that is detected as a Kerr 

rotation angle b¢. Upon changing the temperature of the film, the temperature 

dependent susceptibility x(T) becomes accessible. 

The subject of this thesis is the optimization of the ac susceptibility 

measurements by SMOKE with the goal to increase the sensitivity of the setup. 

An increased sensitivity is expected to make the detection of susceptibility 

signals from antiferromagnetic ultrathin films possible. These films usually 

exhibit a much weaker response since they have no net magnetic moment and 

couple weakly to an applied magnetic field. The detection of antiferromag­

netic ordering in ultrathin films using the magnetic ac susceptibility has, to 

our knowledge, not yet been achieved. So far, only measurements on thicker 

films by means of neutron diffraction techniques [4] or on the topmost sur­

face layers by spin-polarized scanning tunneling microscopy [5] or soft X-ray 
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magnetic dichroism ( X.M CD) [ 6] have been reported. The detection of the anti­

ferromagnetic state or of critical properties of antiferromagnetic/ferromagnetic 

exchange coupled ultrathin films by means of the ac susceptibility would there­

fore be a major advance in the field. 

In order to in:rease the performance of the setup as used prior to this 

thesis, the optical sEtup will be modified to reduce the effect of mechanical 

vibrations that introduce intensity fluctuations that can cause a false signal at 

the photodetector on the order of the expected signal sizes. Following this, the 

signal-to-noise ratio for ac susceptibility measurements will be calculated and 

compared to previouH work. Finally, the improved setup will be used to detect 

ferromagnetic transverse susceptibilities along the magnetically hard axes of 

Fe/W(llO). The size of these signals should be comparable to that expected 

from antiferromagnetic ultrathin films because the mechanism giving rise to 

the susceptibility signal is similar. 

This thesis is organized as follows. Following this introduction, chapter 

2 will outline the theoretical background relevant to ultrathin film magnetism. 

The magnetic ac susceptibility technique will be described as a tool for the 

investigation of surface magnetism. Furthermore, the surface magneto-optic 

Kerr effect is treated in some detail as the susceptibility measurements in 

this thesis rely on it. Theoretically expected susceptibility signal sizes for 

antiferromagnetic ultrathin films are calculated. 

Chapter 3 will describe the experimental setup and experimental meth­

ods relevant for this thesis. Special emphasis is placed on the implementation 
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and modification of the optical setup for the detection of the surface magneto­

optic Kerr effect and the ac susceptibility. 

In chapter 4, the improved system for the measurement of the magnetic 

ac susceptibility will be characterized with respect to its performance. A simple 

model incorporating system-specific noise sources will be used to determine the 

signal-to-noise ratio in typical susceptibility measurements and to compare it 

to work on the old system by C.S. Arnold. At the end of this chapter, the 

feasibility of ac susceptibility measurements on antiferromagnetic ultrathin 

films with the improved setup will be discussed. 

The performance of the optimized setup will be tested in experiments 

on a previously studied 1-2 ML Fe/W(llO) system in chapter 5 by means of 

the transverse susceptibility. It will be shown that the system has been im­

proved with success since very small signals can be detected that have not 

been observed prior to this thesis. Moreover, the observed transverse suscep­

tibility signals on the Fe/W(llO) films exhibit surprising features that will be 

summarized in the main part of this chapter. Finally, possible explanations of 

these features will be discussed. 

Chapter 6 will present the major conclusions of this work. 

4 



Chapter 2 

Theory 

This chapter will give an overview of the magnetic theory relevant for ultrathin 

film magnetism. In particular, the most important interactions that determine 

the magnetic pro pert [es of thin films will be introduced. The magnetic ac sus­

ceptibility technique will be described in detail as a tool for the investigation 

of magnetic properties of ultrathin films. The chapter will conclude with a 

discussion of the surface magneto-optic Kerr effect as the basis for the suscep­

tibility measurement~ performed in this thesis. 

2.1 Magnetic interactions in ultrathin films 

The magnetic properties of ultrathin films depend on the interplay between 

three fundamental interactions: The strong short-range isotropic exchange in­

teraction, the weaker long-range anisotropic dipolar interaction, and the mag­

netic anisotropy. Thi~ section will introduce each of these interactions in turn. 
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2 .1.1 Exchange interaction 

Ferromagnetism and antiferromagnetism are magnetic phenomena that are 

characterized by a spontaneous collective ordering of the magnetic moments 

in a material below a critical temperature. For ferromagnets, the moments 

order below a critical temperature called the Curie temperature Tc, while in 

antiferromagnets, magnetic ordering occurs below the Neel temperature TN· 

Above their critical temperatures, the materials are paramagnetic. 

The primary cause for collective magnetism in metals is the exchange 

interaction. It relies on the Pauli exclusion principle and the Coulomb inter-

action. Since electrons are fermions, the overall wavefunction of the system 

must be antisymmetric under the exchange of two electrons. Simply speak-

ing, this means that two electrons of like spin cannot occupy the same state 

(Pauli exclusion principle). This implies that the single electron wavefunctions 

for electrons with same spin are spatially more distant from each other than 

for wavefunctions of electrons with opposite spin, leading to a reduction in 

electrostatic energy through the Coulomb interaction between the electrons. 

The exchange interaction between spin pairs can be described by a 

Heisenberg Hamiltonian 

NN 

Hex= -J 2:::: Si · Sj. 
i,j 

(2.1) 

Since the exchange interaction is short-ranged, the sum is taken over nearest 

neighbors only. Si and Si are usually classical spins, except for some cal­

culations of critical properties. J denotes the exchange interaction constant 
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between nearest neighbors. For a positive J, all spins point in one direction 

in order to reach the minimum total energy. The ground state is therefore 

ferromagnetic, and a macroscopic magnetization can be detected (the magne-

tization is given by the sum (per unit volume) of all the magnetic moments 

j1 = -118 gB). If J is negative, neighboring spins point in opposite directions 

and the ground statt~ becomes antiferromagnetic. The macroscopic magneti-

zation vanishes. 

2.1.2 Dipolar interaction 

The magnetic dipole-dipole interaction considers the fact that each spin has 

a magnetic moment causing a magnetic dipole field. Neighboring moments 

start to align along the field lines, creating a sample environment that favors 

an anti-parallel alignment of the moments. The dipolar interaction energy is 

given by 

(2.2) 

The first part of the equation is minimized for spins pointing in opposite 

directions, thus favo;:ing an antiferromagnetic coupling. The second part is 

minimized for spins that point along the direction of the vector between them. 

This agrees with the observation of magnetic poles at the ends of a bar magnet. 

The strength of the dipolar interaction drops off quickly (as 1/r3 ) but not as 

quickly as the exchange interaction. As a consequence, the dipolar interaction 

dominates at long di~;tances. 
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The dipolar interaction can be associated with the so-called demagne­

tizing field since it opposes ferromagnetic ordering. Based on the geometry 

of the sample, a geometric factor, the demagnetization factor N can be in­

troduced to relate the net magnetization of the sample to the demagnetizing 

field: 

(2.3) 

N is a second rank tensor that is usually diagonalized by using the principal 

axes of an ellipsoid. For example, the components of the demagnetization 

factor for a sphere are Nx = Ny = Nz = 1/3, whereas for a flat plate, the 

components parallel and perpendicular to the surface become zero (Nx = 

Ny = 0) and 1 (Nz = 1), respectively. 

The dipolar interaction can also explain the domain structure of ultra­

thin films. For a system with perpendicular magnetization, the second part of 

eq. 2.2 vanishes and the dipolar energy is effectively antiferromagnetic favoring 

the formation of striped domains. For in-plane magnetized films, the second 

part in eq. 2.2 dominates the dipolar interaction which becomes ferromagnetic 

in nature. Therefore, a single domain state is favored. 

2.1.3 Magnetic anisotropies 

The term magnetic anisotropy describes the fact that in solids, the magnetiza­

tion is not isotropic but prefers to lie in particular crystallographic directions 

and in directions that are determined by the sample shape. These two contri-
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butions to the anisotropy are called magnetocrystalline and shape anisotropies 

and will be treated ir_ this section. Other contributions to the total anisotropy 

such as the magnetoelastic anisotropy that arises from mechanical strains in 

the material (especially in epitaxial structures such as ultrathin films) are 

neglected here became they depend on the specific material under study. 

Magnetic aniwtropy is described by the magnetic anisotropy energy 

density (MAE) whicl:. is the difference in free energy density for two directions 

of the magnetization in a sample. In general, the preferred direction of the 

magnetization for which the free energy density is minimized is called easy 

axis, while the least preferred direction is called hard axis. 

Magnetocrystallim~ anisotropy 

The microscopic origin of the magnetocrystalline anisotropy is the spin-orbit 

coupling 

HLs = -)..L · §. (2.4) 

The orbital momentum L of the electrons in a solid is influenced by the crystal 

field from the lattice. Since the electron spin § couples to L and hence to the 

lattice, the crystal field has a direct influence on the magnetic anisotropy in 

the solid. The resulting anistropy energy density can be described phenomeno­

logically by introducjng an expression for the directional energy dependence 

of the magnetization in the lattice. There are many ways of approximating 

this energy depending on the crystal symmetry. In a cubic material, it is cus­

tomary to express th<) energy in terms of the direction cosines ai with respect 
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to the cubic axes. A more general treatment uses an expansion in spherical 

harmonics that reflect the underlying crystal symmetry. 

For a cubic system such as Fe, the magnetocrystalline anisotropy free 

energy density can be shown to be: 

(2.5) 

where K 1 is an anisotropy constant. This can also be expressed in polar 

coordinates (with e measured from (001) and ¢ measured from (100) in the 

xy plane) as 

1 1 
K1 ( 4 sin 4 e sin 4 ¢ + 4 cos4 e + sin 4 e sin 2 ¢ cos2 ¢ 

1 -2 sin2 e cos2 e sin2 <P + sin2 e cos2 e cos2 <P). (2.6) 

For the magnetization in the plane such as in the case of Fe/W(llO), this 

simplifies to a uniaxial anisotropy 

(2.7) 

Shape anisotropy 

The second contribution to the MAE is the shape anisotropy that has its origin 

in the dipolar interaction. The energy density is in general given as 

Fa 1 ~ ~ 
fa= V = 21-Lo(M N M), (2.8) 

where N is the demagnetization tensor introduced before (Tr(N) = 2NII + 

N 1_ = 1). Using e as the angle between the magnetization and the film normal 

10 
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(as before), the energy density can be written as 

Fd 1 2 2 2 
fd = V = 2,1-loM (Nil sin () + N1_ cos e). (2.9) 

Since for ultrathin flms N11 = 0 and N .l = 1, the shape anisotropy energy 

density becomes sim)ly 

(2.10) 

So far, only bulk anisotropies have been discussed. However, in ultrathin 

films, anisotropies arising from the local symmetry breaking at the surface of 

the film play a much bigger role than the contributions from the bulk. In the 

total MAE, this effe::t is taken into account by adding a surface anisotropy 

term that depends on the thickness of the film: 

f 
_ Ft _ J + 2fsurface 

t- V - bulk t ' (2.11) 

where 

!hulk = !c + !d and !surface = (Jc· (2.12) 

t is the film thickness, !surface is the surface anisotropy energy per unit area 

given by the surface magnetocrystalline anisotropy density ((Jc)· The factor of 

two is due to the fac1; that there are two surfaces (the free surface of the film 

and the substrate-film interface). From eq. 2.11, it becomes obvious that for a 

very thin film, the surface anisotropy term dominates, while for a thicker film, 

the bulk anisotropies are more important. Furthermore, an interesting feature 

11 
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in eq. 2.11 is that a spin reorientation is possible with increasing thickness 

of the film. This has been observed experimentally for several systems, for 

instance for Fe/Cu(001) [7], Co/ AU(111) [8] and Fe/Ni/W(llO) [9]. This 

phenomenon is due to the competition of the anisotropy terms. As can be 

seen from eq. 2.10, the shape anisotropy favors an easy axis in the film plane, 

whereas, depending upon the sign of the magnetocrystalline anisotropy, the 

total anisotropy may prefer an easy axis in the plane of the film or normal to 

it. The resulting easy axis of the system is therefore depending on the balance 

of the bulk (shape and magneto crystalline) and surface (magneto crystalline) 

anisotropy terms. 

The MAE is strongly dependent on temperature. After a model by 

Callen and Callen [10], the anisotropy constants ki should vanish at the Curie 

temperature with the magnetization 

kz(T) = ( M(T)) t(t+l)/
2 

kz(O) M(O) 
(2.13) 

Here, the anisotropy constants were obtained from an expansion in spherical 

harmonics (so the ki are different from the Ki introduced before), and l gives 

the order of the spherical harmonics (l=2 for uniaxial, l=4 for cubic symmetry, 

etc.). What is remarkable is the fact that the magnetic anisotropy should drop 

off faster with increasing temperature than the magnetization itself1
. 

The MAE is by definition a macroscopic quantity, since it depends on the 

1 In fact, eq. 2.13 is for low temperatures only. For the high temperature regime, the 
anisotropy coefficients should vanish as (M(T)/M(0)) 1 which is still faster than the disap­
pearance of M at Tc. 
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orientation of the magnetization M. Once the magnetization vanishes above 

Tc, the MAE disappfars, but the underlaying microscopic anisotropies remain. 

Information about tLese anisotropies can be obtained by measurements of the 

magnetic ac suscepti Jility. This technique is introduced next. 

2.2 The magnetic susceptibility 

The magnetic susceptibility x describes the change in magnetization M in 

response to an appliE:d magnetic field fi 

M = xii. (2.14) 

Strictly speaking, the susceptibility is the response to an infinitesimally small 

magnetic field. It can therefore be seen as the slope of the initial magnetization 

curve M(H) at zero field. In experiments performed in this work, a small 

magnetic field amplitude of approximately 0.1 mT (=1 Oe) is applied, so that 

the susceptibility can be approximated by 

(2.15) 

In general, the susceptibility is a second rank tensor with its components XiJ 

given by 

8Mi 
XiJ = oH· wi;h z, J = x, y, z. 

J 

(2.16) 

However, it is usually the diagonal terms that are measured experimentally as 

parallel and transven;e (or perpendicular) susceptibilities with respect to the 

13 
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magnetization direction. For example, consider a film with an in-plane easy 

axis of magnetization as shown in figure 2.1. Contributions to the parallel 

-M D.My -
+--+ 

t ~~:::~=:::::::~::::::::::: I 
X ~Hy 

zLy a) 

~Hx 

b) 

Figure 2.1 : Definition of a) the parallel susceptibility Xp = ~~Y and b) the trans-
Y 

verse (or perpendicular) susceptibility Xt,x = ~~:. The transverse susceptibility in 
z direction is not shown here. 

susceptibility are expected when the amplitude of the magnetization changes, 

for example through critical fluctuations near Tc , through domain wall motion 

(averaged over several domains), or spin reversal. On the other hand, a trans-

verse susceptibility is measured when the magnetization is "wiggled" out of 

its equilibrium position. This is used in anisotropy measurements, for exam-

ple, where the reciprocal of the size of the susceptibility is a measure for the 

strength of the anisotropy. In particular , this means that when the anisotropy 

gets smaller, the magnetization is more easily tilted from its equilibrium axis 

and the susceptibility signal increases. These three processes that are giving 

rise to susceptibility signals are discussed in more detail in section 2.2.1. 

In this thesis, the magnetic susceptibility is measured using an ac tech-

mque: A small ac modulated magnetic field of a chosen frequency is applied 

to the magnetization and the magnetic response parallel to the field is mea-

sured by dual-phase lock-in detection. By using the lock-in technique, the real 

14 
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(in-phase) and imaginary (n /2 out-of-phase) components of the complex ac 

susceptibility are measured. 

I · II 
X= X+ zx (2.17) 

The lock-in amplifier has several purposes. First, it supplies the reference fre-

quency w of the modulating magnetic field H(w) = H0 cos(wt). Furthermore, 

the lock-in amplifies the measured signal at its input (about 30 dB) and then 

performs a Fourier-t~ansform "locking in" to the signal at the reference fre-

quency. Finally, the ?ourier-transformed signal is integrated with a fixed time 

constant ( T= 1-2 s) acting as a low-pass filter, thereby reducing high-frequency 

noise. The susceptibility signal x(w) can be expressed as [11] 

x(w) = } 1~ exp(iwt')M(t') exp( -(t')/T)dt', 
noT -oo 

(2.18) 

with M(t') being the modulated magnetization at the lock-in amplifier input 

and H 0 being the amplitude of the applied magnetic field. 

The origin of the real x' (in-phase) and imaginary x" (n/2 out-of-phase) 

parts of the susceptibility can be discussed from the schematic magnetiza-

tion curves shown in figure 2.2. In a paramagnetic material (fig. 2.2(a)), 

x(w) ~ M(w)/ H0 . There is no remanent magnetization (M(H=O)=O) and the 

magnetization is completely in-phase with the applied magnetic field. Thus 

only a real susceptiblity signal is measured for a paramagnetic film. For fer-

romagnetic films such as shown in figures 2.2(b) and 2.2(c), the magnetization 

M(t) is phase-shifted from H(t). This means that the susceptibility has a 

15 



K. Fritsch, MSc Thesis Physics and Astronomy, McMaster University 

non-zero imaginary part which corresponds to the work done by the applied 

field over one cycle of the loop. This can be best seen in figure 2.2(c), where 

a magnetic film with large coercive field He has a very wide hysteresis loop. 

The M(t) signal is shifted by almost 1f /2 with respect to H(t ), resulting in a 

large imaginary part x". 

H(t) 

(a) (b) 

H(t) 

(c) 

Figure 2.2: The M(t) response for a paramagnet (a) is completely in-phase with 
H(t), for a ferromagnet with small coercive field (b) M(t) is slightly shifted, and for 
a ferromagnet with a very large coercive field (c), M(t) is almost shifted by 1rj2. 
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2.2.1 Types o:f magnetic susceptibility signals 

In general, there are three different processes that can give rise to a suscepti-

bility signal. 

The first is reLtted to critical fluctuations that become relevant in vicin-

ity of the Curie transition temperature Tc. Near Tc, the correlation length of 

the magnetization diverges to infinity causing large fluctuations in the magne­

tization of the film. The magnetic moments along the easy axis can easily be 

reversed by a very small field, resulting in a large real susceptibility response. 

In theory, the real conponent of the susceptibility diverges at Tc (forT--+ T(j) 

according to a power law with the critical exponent "(: 

x'(t) = xtc", 

where Xo is the critical amplitude and t the reduced temperature 

T-Tc 
t=---

Tc 

(2.19) 

(2.20) 

However, in the experiment, a finite susceptibility is observed (see figure 2.3). 

The reason for this rounding of the real susceptibility peak are finite size effects. 

In particular, demag:1etizing effects have to be taken into account. When 

applying an external magnetic field Hext to the thin film, a demagnetizing field 

Hd = -N JV[ forms in the film (N is the demagnetization tensor introduced in 

section 2.1.3). The field internal to the film is then Hint = Hext + Hd resulting 

in the external measured susceptibility 

Xext = ( 
1 ) -l 

-+N 
Xint 

17 

(2.21) 
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Figure 2.3: Finite real part of the susceptibility near the Curie transition measured 
from a 2 ML Fe/W(llO) film. A power-law fit to eq. 2.19 is shown (taken from [12]). 

This implies that the measured susceptibility for an in-plane film (N = N11) 

goes to 1/ N at the Curie transition where Xint is infinity. The value of N for 

in-plane magnetized films has been found to be proportional to the ratio of 

film thickness to the lateral dimension of the film [13], giving a small value 

of the order of 10-7
. This simple treatment has several shortcomings, namely 

that it neglects other effects (finite magnetic field, finite size of the sample, 

etc.) that contribute to the saturation of the measured X· The value of N 

gives therefore, at best, an upper limit for the susceptibility peak. 

The second process resulting in a magnetic susceptibility signal is re-

lated to perpendicularly magnetized films that exhibit a striped domain struc-

ture due to the competition between the dipole energy and the perpendicular 

surface anisotropy. This domain structure in perpendicular films is responsi-
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ble for susceptibility :3ignals that are much larger than expected by considering 

only the demagnetizing factor Nj_ ~ 1 in eq. 2.21. The susceptibility signal 

arises from a net monent along the direction of the applied field caused by the 

movement of magnetic domain walls, and by domain wall pinning and unpin­

ning processes. All c,f these processes depend on temperature. For example, 

at low temperatures, the thermal energy of the domain walls is less than the 

pinning energy due t,) defects. This restricts the motion of the domain walls, 

and the susceptibility signal is small. As the temperature is increased, domain 

walls gain thermal energy and become unpinned. They can move, creating a 

net moment (averaged over several domains) along the field direction. 

Compared to the previous two mechanisms for which the susceptibility 

is measured along thE easy axis of the magnetization in the ferromagnetic film 

(parallel susceptibilit:r see fig. 2.1), the susceptibility in the third mechanism 

is measured perpendicular to the magnetic easy axis, i.e. along a hard axis. 

By applying a magnEtic field along the hard axis, a torque is exerted on the 

magnetic moments trying to rotate them in the direction of the applied field. 

This "wiggling" of the magnetic moments produces a small change in the 

magnetization along the hard axis, producing a small susceptiblity signal. The 

size of this measured ~:usceptibility is a measure for the strength that keeps the 

magnetic moments aligned in the easy direction, which is the ferromagnetic 

anisotropy in the system. 
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2.2.2 Detection of antiferromagnetism 

So far, the ac susceptibility of ferromagnetic ultrathin films has been treated. 

One goal of this thesis is the improvement of the sensitivity of the susceptibility 

measurements such that antiferromagnetism can be detected in ultrathin films. 

Besides the fact that ultrathin films yield only very small signals due to the 

small amount of magnetic film material, the main difficulty in the detection of 

antiferromagnetism results from a lack of macroscopic magnetism. For thicker 

films and multilayer stacked films, polarized neutron reflectometry (PNR) has 

been used to measure antiferromagnetic signals [4]. Antiferromagnetic ordering 

of the surface layer on ultrathin films has also been studied by spin-polarized 

scanning tunneling microscopy [5]. Using X-ray magnetic dichroism (XMCD), 

the interface exchange coupling between a ferromagnetic/ antiferromagnetic 

(FM/ AFM) bilayer system (Co/FeMn) has been used to gain insight on the 

structure of the antiferromagnetic layer [6]. 

The magnetic ac susceptibility is useful for studying antiferromagnetic 

ultrathin films in two ways: Qualitatively, the interface exchange coupling in 

a FM/ AFM system can be used to extract magnetic properties such as the 

Neel temperature Tr-;, the orientation of easy and hard axes or even spin re­

orientation transitions of the AFM. Quantitatively, the susceptibility of an 

antiferromagnetic film can be measured directly after polarizing the fluctuat­

ing moments in the two magnetic sublattices near T.c"", creating a small net 

magnetic moment. In what follows, both methods will be described briefly. 
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AFM via exchange coupling at an AFM/FM interface 

The interaction at the interface between AFM and FM ultrathin films offers a 

possibility to study a,ntiferromagnetism in ultrathin films. The reason for this 

is that the AFM layer is exchange-coupled to the FM layer, an example of a 

very strong surface Ecnisotropy. The FM layer then produces a susceptibility 

signal due to changes in its FM magnetic moment. An externally applied 

magnetic field then can couple indirectly to the AFM through the FM layer. In 

particular, the excharrge interaction influences the magnetization curves of an 

FM/ AFM coupled system, inducing a uniaxial anisotropy for the system below 

the critical temperature of the antiferromagnetic layer TN. Macroscopically, 

this phenomenon is observed as a shift in the hysteresis curve from the origin 

along the applied field axis. This shift is commonly referred to as exchange 

bias. The spin configurations in a FM/ AFM bilayer and the creation of the 

exchange bias are shown schematically in figure 2.4. 

When the AFM/FM bilayer is cooled in the temperature range from 

TN < T < Tc in an external field, the FM spins align with the field. For 

T < TN, the AFM spins next to the FM spins will align either ferromagnetically 

or antiferromagnetically with the FM spins because of the exchange coupling 

at the interface. Rerr.oving the external field traps the system in a metastable 

state, pinning the AFM spins and thus creating an effective anisotropy for the 

ferromagnet through the exchange interaction. This means that if a transverse 

magnetic field is applied to the system, the pinned AFM spins at the interface 
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Figure 2.4: Schematic diagram illustrating the spin configuration in a FM/ AFM 
bilayer (t aken from [14]) . 

will exert a microscopic torque on the FM spins to keep them aligned in their 

original direction. 

The exchange induced magnetic anisotropy can be measured by the 

transverse susceptibility, even without biasing the system in an external mag-

netic field [1 5]. The anisotropy is probed by measuring how difficult it is to 

"wiggle" the FM moments by applying a small ac magnetic field (on the order 

of Oersteds). Upon increasing the temperature from below TN, two distinct 

peaks in the imaginary part of the t ransverse susceptibility appear, corre-

sponding to the blocking temperature T8 (where the FM spins are no longer 
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pinned by the AFM) and to the N eel temperature 7;.~ where the alignment of 

the AFM moments disappears. Here, it is the imaginary part of the suscepti­

bility that contains the relevant information as it gives the dissipative response 

of the system relaxing toward equilibrium as the temperature is increased. 

Direct measurement of the AFM susceptibility 

The direct observation of the susceptibility in antiferromagnetic ultrathin films 

is a more challenging problem since there is, on average, no magnetic moment 

near TN that the ma.:;netic field could couple to. To our knowledge, it has not 

yet been accomplish~d. The role of the ac magnetic field in this case is not 

only to probe the m2.gnetization but also to induce a magnetic moment in the 

first place, by polari1;ing the fluctuating moments in the two sublattices of the 

AFM near 1:~. It is this small net magnetic moment that might be detected 

by the ac susceptibiltty. The shape of the susceptibility of an AFM should be 

different from that o~ FM materials, displaying a rather broad peak at TN and 

a characteristic shape below r.~, depending on the orientation of the field with 

respect to the AFM easy axis (see figure 2.5). 

According to van Vleck [16], the susceptibility below T;" along the hard 

axis of the antiferromagnet stays roughly constant with decreasing tempera­

ture, while it decreaE:es with decreasing temperature along the easy axis. This 

feature of the susceptibility is shown in figure 2.5(a) for measurements of a 

Cr203 single crystal. 
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Figure 2.5: De susceptibility measurements on 2.5(a) Cr203 along the easy (XII) and 
hard (x .. L) crystallographic axes [17]. In 2.5(b), the parallel and perpendicular de 
susceptibility for MnF2 is shown, illustrating the broad peak at the Neel temperature 
[18]. 

2.3 The surface magneto-optic Kerr effect 

The susceptibility measurements performed in this thesis rely on the surface 

magneto-optic Kerr effect (SMOKE). For this reason, a detailed discussion of 

the physical origin and the experimental manifestations of SMOKE will be 

given in this section. 

Unlike some other magneto-optic effects that are quadratic in the mag-

netization (for example, the Voigt effect), SMOKE has the advantage of pro­

ducing an optical signal (a polarization rotation) that is directly proportional 

to the magnetization. Therefore, it can be exploited as a tool to measure the 
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ac magnetic susceptibility 

<l>K 
X ex H' 

where <I>K is the complex Kerr rotation and H the (small) applied field. 

(2.22) 

SMOKE has lirst been used for the investigation of magnetism in thin 

films and ultrathin films in 1985 [19] and has since become one of the most 

popular techniques in the field of surface magnetism. It has also made a large 

impact on data storage technology where it is employed as readout mechanism 

in magneto-optical disk drives [20]. The main disadvantage of SMOKE lies in 

the fact that it does not yield measurements in absolute magnetic units but 

rather in units of polarization rotation (on the order of 10-6 radians for ultra­

thin films). N everthdess, through a careful optical calibration an approximate 

magnetic calibration is possible (see Chapter 3.3.1 ). 

2.3.1 Introduction 

The surface magnetc-optical Kerr effect is characterized by a complex rotation 

of the plane of polarization of linearly polarized light upon reflection from a 

magnetic surface. 

To illustrate how this rotation arises, consider the electric field vector 

of an electromagnetic wave that propagates in z-direction with wave number 

k and frequency w: 

i(G t) ~ Re (e'<""-"l ( ~~:: ) ) . (2.23) 
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Here, Eo,x = IEo,xl ei5x and Eo,y = IEo,yl eioy (6 being a phase angle) represent 

the complex field amplitudes whose ratio Eo,y/ Eo,x defines the polarization 

state of the wave. This ratio can be expressed in terms of two angles char­

acterizing an ellipse, the azimuthal angle e (orientation of the ellipse's major 

axis) and the ellipticity angle rJ (minor axis/major axis) (see figure 2.6): 

Eo,y tan e + i tan rJ 

Eo,x 1 - i tan e tan rJ . 
(2.24) 

If Eo,x and Eo,y have the same complex phase 6, eq. 2.24 gives a linear po­

larization state with azimuthal angle e = tan- 1(Eo,y/ Eo,x)· This means that 

the direction of the wave fA remains constant in time (apart from a minus 

sign). A relative phase ~6 between Eo,x and Eo,y causes the wave to rotate 

with time, tracing out an ellipse. This is incorporated into eq. 2.24 by the 

ellipticity rJ = tan- 1(b/a), with a and b denoting the major and minor axes of 

the ellipse, respectively. 

In general, the Kerr effect is very small ( ~ 10-4-10-6 radians). This 

justifies the approximation of eq. 2.24 by 

giving 

Eoy -· ;::::; e + irJ, 
Eo,x 

e;::::; Re (Eo,y) 
Eo,x 

(2.25) 

and rJ;::::; Im (Eo,y). 
Eo,x 

(2.26) 

The angles e and rJ can also be expressed by the components of the Fresnel 

reflection matrix that refer to the usual standard polarization directions with 
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Figure 2.6: Initially linearly polarized light along the y axis (left) is reflected into 
an elliptical polarization state (right) characterized by an azimuthal angle e from 
they axis and an ellipticity 1J = tan-1(b/a) . 

respect to the plane of incidence of the wave, perpendicular ( s) or parallel (p). 

R = ( Tss Tsp ) Tps Tpp 

For s-polarized light , one therefore gets 

e ~ Re (rps ) 
Tss 

and '1] ~ Im (rps) , 
Tss 

whereas for p-polarized light , the azimuth and ellipticity become 

e ~ Re (rsp ) Tpp and '1] ~ Im (rsp ) . Tpp 

(2 .27) 

(2.28) 

(2.29) 

The components of R are related to the dielectric properties of the material 

via the boundary conditions of the Maxwell equations at the surface of the 

material (see section 2.3.3). In particular, the dielectric displacement is given 

by 

(2.30) 
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where the dielectric tensor E (for cubic materials) is given by2 

( 

1 iQmz 
E = N 2 

-_iQmz . 1 
zQmy -zQmx 

-iQmy) 
iQmx 

1 
(2.31) 

with N being the index of refraction, Q the magneto-optic constant (often 

called Voigt constant) and m = (mx, my, m 2 ) the unit vector representing the 

direction of magnetization in the material. As one can easily see, it is only 

the second part of eq. 2.30 that gives rise to the off-diagonal components of E, 

and hence to SMOKE. 

So far, only a phenomenological description of SMOKE has been given. 

In the next sections, the physical origin of the Kerr effect is explored and a 

macroscopic formalism to describe the experimentally accessible quantities is 

presented for arbitrary magnetization directions and film configurations. 

2.3.2 Microscopic approach 

The magneto-optic Kerr effect is a quantum mechanical effect as the electri-

cal field of the light is coupled to the electron spin in the magnetic material 

through the spin-orbit interaction. Simply speaking, the SMOKE rotation 

arises from the different response of the electrons (with spin) to the polariza-

tion of the photons. One major requirement for the Kerr effect to be observable 

is set by the necessary energy range of the photons, i.e. the wavelength of the 

laser light. Only photons with energies in the same range as the energy differ-

ence between the valence and conduction bands can promote electrons from 

2Here, E is given to first order in the magnetization only. Second order effects become 
important in the Voigt effect, but are neglected in the treatment of SMOKE here. 
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one state to the othu. In this work, this requirement is met by using a HeN e 

laser (632.8 nm) emitting photons with an energy of 1.96 eV. 

The anisotropic dielectric tensor E (eq. 2.31) can be related to optical 

interband transitionn through the the optical conductivity tensor a. Its off-

diagonal elements ax~ are given by the difference in transition probabilities for 

right and left circularly polarized light3 using Fermi's golden rule [52]: 

axy ex 2:: (I (il Pr If) 12 
- I (il Pl If) n . (2.32) 

i,f 

Here, i and f refer to the initial and final electronic states, Pr and p1 are 

the electric dipole moments for right and left circularly polarized light. The 

allowed transitions between electronic states i and f (labeled in standard no-

tation according to band index n, quantum numbers l and m1 and spini or 

spinl) are determined by the dipole selection rules: 

L:::..l = ±1, !::::..rnt = ±1. (2.33) 

For transition met alE, the first selection rule implies that only transitions be-

tween p and d leveb or s and p levels are allowed. The second rule refers 

to transitions induced by right (L:::..m1 = -1) and left (L:::..m1 = +1) circularly 

polarized light. 

As an example for electric dipole transitions in a 3d transition metal fer-

romagnet such as iron, consider the transition between the two doubly degener-

30bviously, linearly polarized light is obtained as a superposition of right and left circu­
larly polarized modes. 

29 



K. Fritsch, MSc Thesis Physics and Astronomy, McMaster University 

ate d1}, dr} energy levels (with l = 2, m1 = ±1) and a Pl'l level (l = 1, m1 = 0) 

shown in figure 2. 7. 

ex c hange spin ­
orbit 

. 

. . 

'-:. -" 

. . . . 

\._.:111 

.j. 
d (x-iy) z 

dTx+iy) z 

dTx-iyl z 

Figure 2. 7: Energy levels in a 3d ferromagnet, showing electric dipolar transitions 
between d and p states, induced by right (Pr) and left (Pt) circularly polarized light . 

Due to the exchange interaction, the d levels are split into majority 

(spinj) and minority (spinl) spin levels. Furthermore, as shown in the figure , 

the orbital degeneracy of the d1f, dr~l levels is lifted due to spin-orbit coupling. 

The levels are split into d[~~iy)z (with mt = + 1) and d[~l_iy)z (with mt = -1) 

levels. The transitions induced by right (Pr with D..m = -1) and left (Pt with 

D..m = + 1) circularly polarized photons occur now from these spin- and spin-

orbit split 3d levels to a 4p level by satisfying both selection rules. The first 

rule is satisfied by the initial state having l = 2 and the final state having 

l = 1, whereas the second rule is satisfied by promoting electrons in a m = + 1 

or m = - 1 state to a state with m = 0. Looking at the right side of figure 2. 7, 

it becomes clear that the transition probability for right and left circularly 
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polarized photons iE different - it is this difference that gives rise to small 

changes in the polar.zation state of the reflected light, i.e. the Kerr effect. 

For comparis,)n, consider a paramagnet in which only the spin-orbit 

splitting is present. The dl}, db~l split up in a higher energy level with dlx+iy)z 

and dtx-iy)z and a lower level with dlx-iy)z and dtx+iy)z· Since the transition 

matrix elements for :3pinj and spinl contributions cancel (see eq. 2.34), there 

will be no change in polarization state and hence no Kerr effect. 

I ( i i IPr I f i) I = I ( i liPd f l) I 

I ( i j IPd J j) I = I ( i liPr I J l) I (2.34) 

While several detail(:d microscopic calculations can be found in the literature 

for the magneto-optic Kerr effect for bulk ferromagnets or thicker multilayers 

[21-23], calculations for ultrathin films are extremely uncommon. However, 

it has been found tl:.at a macroscopic formalism [24] offers a quite satisfying 

description of the ma.gnet-optic Kerr effect in ultrathin films. 

2.3.3 Macroscopic formalism of SMOKE 

A formalism to derive the magneto-optic coefficients (rsp,ps,ss,pp) has been pro-

posed in 1990 by Zak et al. [24, 25] based on the macroscopic phenomenological 

picture introduced in section 2.3.1. Zak and coworkers express the reflection 

and transmission matrices4 by means of universal medium boundary and prop-

agation matrices. ·within this framework, arbitrary magnetization directions 

4So this approach is equally useful for the description of the Faraday effect where the 
change in polarization s;ate arises from light transmitted through a magnetic medium. 
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and arbitrary film configurations can be treated on the same footing. The 

application to ultrathin films is a special case of this formalism and will be 

described later in this section. 

Usually, three distinct configurations for the direction of the magneti­

zation M with respect to the plane of incidence of the electromagnetic wave 

(propagating with wave vector k) and the plane of the film are used in both 

theory and experiment because of simplifications in the expressions for e and 

r;. These geometries are depicted in figure 2.8. 

z z z 

X X X 

a) b) c) 

Figure 2.8: Different SMOKE geometries: a)- polar, b) -longitudinal, c) - transverse 

In the polar geometry, the magnetization M is directed perpendicular 

to the film surface and lies in the plane of incidence of the light. As can be seen 

from the cross product in eq. 2.30 , a SMOKE rotation can be observed for 

both polarization directions of the incident light (parallel and perpendicular 

to the plane of incidence). The polar effect is strongest for normal incidence 

at which the component of E perpendicular to M is largest. 

The longitudinal geometry describes a situation in which the magneti­

zation M lies parallel to both the film plane and the plane of incidence. The 

32 



K. Fritsch, MSc The:;is Physics and Astronomy, McMaster University 

Kerr signal depends on the angle of incidence (from the normal) and is largest 

for grazing incidence. The effect can be observed for s- or p-polarized incident 

light. 

The transverse geometry is characterized by a magnetization M that 

lies parallel to the film plane but perpendicular to the plane of incidence. 

Consequently, no Kerr signal will arise from s-polarized light since it is parallel 

to M. Only p-polari~ed light will result in a Kerr signal, however, it will not 

be given by a rotation of the polarization state but rather by a change in 

amplitude of the reflected wave. Because of the experimental apparatus and 

the detection methocc used in this thesis, this effect is especially hard to detect 

(see chapter 3.3.1). As in the case of the longitudinal Kerr effect, the transverse 

effect is largest for grazing incidence. 

For an arbitrary magnetization direction, a superposition of the magneto-

optic coefficients from the different geometries is expected. It is therefore 

convenient to choose an experimental geometry that allows for the either lon-

gitudinal or polar Kerr effect measurements. 

Following the treatment by Zak et al., the starting point for the calcu-

lation of the magneto-optic coefficients is the dielectric tensor f. (taken from 

eq. 2.31) describing the medium with an arbitrary magnetization direction 

with respect to the 1= lane of incidence (y z) and the film plane ( xy): 

f.= N 2 
( -iQ~osr.p 

iQ sin r sin r.p 

iQ cos r.p 
1 

-iQ cos r sin r.p 
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where the magnetization vector M is specified in polar coordinates: 

Mx M sin rp COS/, 

M sin rp sin/, (2.36) 

Mz M cosrp. 

Following this, the medium boundary matrix A for an incoming wave with 

wave vector k is calculated from the boundary conditions for E and H at 

the surface imposed by Maxwell's equations. To that end, two vectors are 

introduced that incorporate a) the tangential components of the electric and 

magnetic fields (the xy plane is the film plane) and b) the two orthogonal 

polarization states s and p (perpendicular and parallel with respect to the 

plane of incidence (yz)) for the incident and reflected waves: 

and (2.37) 

These two vectors are connected through the medium boundary matrix A: 

F=AP. (2.38) 

Knowing A, however, only gives a solution for a single boundary between 

two media. If one has a multilayer system or an ultrathin film in which the 

substrate also plays a role for the magneto-optic coefficients because of the 

larger penetration depth of the light wave with respect to the film thickness, 

the propagation of the wave in the material has to be considered. This is 
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achieved by introducing a medium propagation matrix labeled D (not to be 

confused with the dielectric displacement vector D). Finally, to solve for the 

incident and reflected polarization vectors in the initial (i) and final (f) medium 

for the general multi:ayer case (k films in the stack), one has: 

k 

Ai~ =IT (AzDzA[ 1 )A,.P,, (2.39) 

or in a more convenient way: 

(2.40) 

where the matrix M is given by: 

M = Ai
1 IT A!DtA[

1 
A, = ( ; ~ ) . 

l 

(2.41) 

M is a 4 x 4 matrix that can be divided in four 2 x 2 matrices two of which have 

been shown to give the magneto-optic (or Fresnel) coefficients r 5 p, rps' T 88 and 

Tpp [25]: 

c-1 = ( tss isp ) 
ips ipp 

and /G-1 = ( Tss Tsp ) . 
Tps Tpp 

(2.42) 

Once having the components of IG-1, the Kerr angle() and the Kerr ellipticity 

T7 for s- and p-polari1:ed light can in principle be obtained using eq. 2.29. 

\Vhat makes this approach complicated is the involved calculation ef-

fort for the medium boundary and propagation matrices and the computation 

of M. Nevertheless, this formalism is very powerful to describe basically every 

possible experimental configuration. In what follows, the magneto-optic coeffi-

cients and expected f;ignal sizes for the setup used in this thesis are calculated. 
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2.3.4 SMOKE in ultrathin films - Estimation of signal 
sizes 

In this section, the formalism introduced above is applied to ultrathin films 

and to the experimental setup used in this thesis. Theoretically expected 

SMOKE signals for ferromagnetic Fe/W(llO) and Co/W(llO) are calculated. 

The Fe/W(llO) system has been of interest in the past as a 2-dimensional 

Ising model system for which the susceptibility at the Curie transition has 

been studied [26]. In this thesis, the system is investigated using the transverse 

susceptibility to gain insight on the ferromagnetic anisotropies and the mag-

nitude of the involved susceptibility signals. The SMOKE size for Co/W(llO) 

is calculated in this section mainly for comparison with other work on Co/Cu. 

In the SMOKE formalism, the system considered in this thesis con­

sists of a 3 media (vacuum, magnetic film, substrate), 2 boundary (vacuum­

magnetic film, magnetic film-substrate) system. At first consider the general 

medium boundary matrix [24]: 

0 

~Q(cxygi-2sin r.psinr) 

ljNg;Q 

O:z +io:y sin r..p cos 'YQ 

-N 

No.z 

- ~Q(nygr-2 sin r.p sin -y) 

~NgrQ 

-Na:z 

-o.z +io.y ~in 'P cos "/Q ) 

-N 

-¥/;grQ 

(2.43) 

In the expression above, CYz = cos '13 and ay = sin 73, with e being measured 

from the vertical ( z) axis; 9i = CYz cos <p + CYy sin <p siwy, 9r = -az cos <p + 

ay sin <p sin 1. The angles <p, 1 have been defined before ( eq. 2. 35), N is the 

refractive index and Q the magneto-optic constant of the medium. Obviously, 
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when considering special cases such as a non-magnetic medium (Q = 0) or 

a magnetization pointing along a certain axis (polar: <p = 0, longitudinal: 

<p = 1r /2, 1 = 1r /2 and transverse: <p = 1r /2,1 = 0), the expressions in A 

simplify considerably. 

For the calculation of M, the medium propagation matrix D is also 

needed: 

( 

U U8i 
_ -Ubi U 

D- 0 0 

0 0 

(2.44) 

where gi and 9r are given above. 

u - exp( -iJ~Ndo:z), 

bi ~NdQ}i 
2 Uz' 

(2.45) 

br - ~NdQpr. 
2 Uz 

Here, d is the thickness of the medium and k = 27r /,\ the wavenumber of the 

incident wave. Upon consideration of the ultrathin film limit condition which 

is fulfilled for 

(2.46) 

where the sum is tak~n over all magnetic films in the system, the expressions 

in D can be simplified by expanding U to first order in d: (U ~ 1- ikNdo:z). 

Finally, the magneto-optic coefficients can be calculated from eq. 2.41 

and 2.42. In the case of a single ultrathin film on a non-magnetic substrate 
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investigated in this thesis, eq. 2.41 becomes 

(2.47) 

with Ai being the medium boundary matrix for vacuum (N = 1, Q = 0), 

A 1 being the matrix for the non-magnetic tungsten substrate (N = N 8 and 

Q = 0). Am is the matrix for the magnetic film (with Nand Q). The magneto-

optic coefficients are obtained as 

rsp = 

1- Ns 

1 +Ns 
Ns -1 

Ns + 1 
2k cos '19( cos 'IJdN2Q cos cp - N 8 sin 'IJdQ sin cp) 

(COS 'IJ + N 8 COS '19) 2 

2k cos '19( cos 'IJdN2Q cos cp + N8 sin 'IJdQ sin cp) 

(COS 'IJ + N 8 COS '19) 2 

(2.48) 

(2.49) 

(2.50) 

(2.51) 

Here, 'IJ is the angle of incidence of the light and cp is the angle by which the 

magnetization is tilted from the normal in the yz plane. The reflectivities r 88 

and rPP were calculated to zeroth order in d. As one can see from eqs. 2.50 

and 2.51, the coefficients rps and rsp are a result of a superposition of the polar 

and the longitudinal effect5 . The complex Kerr rotation for s- and p-polarized 

light is then given by 

and (2.52) 

5In the ultrathin film approximation, there is no contribution to the Kerr signal from 
the transverse effect. This makes sense since the transverse Kerr effect arises from the 
coefficients r88 and rpp (rsp = rps = 0) which are only related to the index of refraction of 
the substrate and the initial medium, i.e. vacuum. The small thickness of the film will barely 
have an influence on the reflectivity of the substrate, hence there will be no observation of 
a transverse SMOKE. 
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In particular, the complex Kerr rotation in the polar case ( rp = 0) simplifies 

to 

<I> = -<I> = _ 2kdQN
2 

s P 1- N2 , 
s 

while for the longitudinal case ( rp = 90°) it becomes: 

fl.. _fl.. _ 2kc/QN8 .a 
'*'s - '*'p - --- tanu. 

1-- N 2 
s 

(2.53) 

(2.54) 

With the expressions above, the theoretically expected SMOKE signal sizes 

can be estimated. T:1e incident angle for the used ReNe laser light (.\ = 632.8 

nm) is {} = 45° for the setup used in this thesis. This geometry results from 

constraints relating ·;o the setup of the UHV chamber (UHV windows are at 

oriented at {} = 45° to the vertical). The index of refraction of the tungsten 

substrate at 632.8 nm is Nw = 3.65 + i2.92 [11]. For iron, NFe = 2.87 + i3.36 

and QFe = 0.0376+i0.0066 [25] is used. For comparison, cobalt has a reflection 

index of Nco = 2.25 + i4.07 and a magneto-optic constant of Qco = 0.043 + 

i0.007 [27]. 

Fe/W(llO) Co/W(llO) 
long. <I> (J.Lrad/ML) -39 + i24 -32 + i20 
long. I <I> I (J.Lrad/ML) 46 37 
polar <I> (J.Lrad/ML) 167 + i93 108 + i135 
polar I <I> I (J.Lrad/ML) 191 173 

Table 2.1: Expected Kerr rotation for Fe/W(llO) and Co/W(llO) 

The values given in table 2.1 give an estimate for the size of the ex-

perimentally expectEd signals. However, since the values for refractive indices 
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and the magneto-optic constant Q have been obtained under different experi-

mental conditions, for instance from thicker films or polycrystalline materials, 

deviations from the above values are expected and have indeed been observed. 

For example, for Fe/W(llO), a longitudinal signal of 250 JLrad/ML has been 

observed previously [11] and is used for the magnetic calibration of the sus­

ceptibility signals (see eq. 3.16). 

As one can see in table 2.1, the polar signals are about 4-5 times larger 

than the longitudinal signals (for Fe/W(llO) j<I>poii/I<I>Iongl ;::::j 4.2). For the 

experiment on in-plane magnetized films this means that already a small tilt 

of the magnetization out of the film plane suffices to produce a polar signal. 

Furthermore, the calibration to magnetic units has to take into account these 

two different geometries when comparing signal sizes. 

Upon comparison of measured rotations with those shown in table 2.1, 

it has been found that the calculated values are smaller than the observed ones. 

This is attributed to the fact that in ultrathin films, the measured signal does 

not originate exclusively from the Kerr effect but from a superposition of both 

Kerr and Faraday effects6 . 

6 Since the penetration depth of visible laser light into metals is much larger ( > 20 mn [3]) 
than the thickness of the magnetic films (:=:o 0.2- 1 nm), the beam is passing through the 
film, is reflected from the metallic substrate and is transmitted back through the film causing 
a Faraday rotation. The detected signals are thus a combination of both Kerr and Faraday 
signals. 
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2.4 Estimates of antiferromagnetic suscepti­
bility signals 

In this section, admttedly rough estimates for the expected sizes of antifer-

romagnetic ac susceptibility signals will be given based on past experiments 

and on the above calculated and experimentally observed sizes of the complex 

Kerr rotations. The two approaches for the detection of antiferromagnetism 

via ac susceptibility measurements introduced in section 2.2.2 will be used as 

basis for the calculations. 

In the method based on the exchange coupled FM/ AFM bilayers, recent 

work [15] has provid~:d susceptibility signals for the Co/CoO bilayer system as 

shown in figure 2. 9. 

From the graph, choosing a peak rotation of the imaginary part of the 

susceptibility (x") for a roughly 8 nm Co/4-10 nm CoO bilayer gives a value 

of about -0.2 mrad/Oe7 . Assuming a saturation magnetization of Co/W(llO) 

corresponding to the complex Kerr rotation of 37 JLrad/ML in the longitudi-

nal configuration calculated in table 2.1, the transverse susceptibility signal 

expected for the 32 ML thick (8 nm/(2.5 A/ML)=32 ML) AFM exchange 

7This thickness range of the CoO layer is mainly chosen because for 4 and 10 nm, the 
peak susceptibility valuE stays constant. Also, Ta (the lower peak at around 80 K) can be 
clearly observed, while for the biggest susceptibility peak of the thinnest CoO layer, the 
blocking temperature cannot be extracted from the curve. This suggests that if the AFM 
layer is much thinner than the FM layer, it cannot pin the FM spins effectively. Another 
possibility is the influence of finite size effects in the AFM layer, which have been observed 
in films of ::;10 A in thkkness [28]. 
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Figure 2.9: Left: Transverse susceptibility measurements on a Co/CoO bilayer sys­
tem. The larger peaks in the imaginary part of the susceptibility (b) correspond to 
the Neel temperature (taken from [15]). 

system Co/ CoO can be calculated 

X= 37 J.trad x 32 ML x 0.2 mrad = 0.24 J.trad. 
ML Oe Oe 

(2.55) 

This is a rotation that should be detectable even with the present setup. On 

the other hand, for a thinner film of only 1 ML thickness, for example, a Kerr 

rotation of 7.4 nrad/Oe is expected, which is below the detection limit of the 

present setup. It remains to show whether the improved setup proposed in 

this thesis can resolve such small signals. 

The above calculation relies only on the theoretically expected rotation 

for Co/W(llO), so using experimental values for the Kerr rotation might be 
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more accurate. Using a rotation of 16 J.Lrad/ML obtained by Oepen et al. [29] 

for the magnetization saturation of a 2 ML Co/Cu(001) system, a rotation 3.2 

nrad/ (ML Oe) is expected, which is about 2 times smaller than that expected 

for the 1 ML Co/W(l10) above. However, one has to take into account that 

Oepen measured the Co rotation on a Cu substrate and not on W, so it seems 

reasonable that the expected rotation is larger than 3.2 nrad/(ML Oe). 

The second approach to the detection of the antiferromagnetic state 

near TN employs the transverse susceptibility. By simultaneously polarizing 

the statistical fluctuations in the two magnetization sublattices and measuring 

the susceptibility response, a small net magnetic moment can be detected. To 

estimate the expected signal sizes, transverse susceptibility signals of ferromag­

nets near the Curie temperature are considered since the net moment arises by 

an analogous mechanism. In particular, in a FM, the applied transverse field 

polarizes only statistical fluctuations from the average zero net moment along 

the hard axis. An es·;imate for an expected signal size is given based on mea­

surements performed by Jensen et al. [30] from the transverse susceptibility of 

2 ML Co/ Cu ultrathin films. 

They detected the Curie transition along the hard axis of the FM, but 

with a peak signal that was about 500 times smaller than that measured with 

the parallel susceptibility along the easy axis (see figure 2.10). In previous 

measurements on the 2 ML Fe/W(llO) system in our group, susceptibility peak 

sizes along the easy 1xis of about 5 J.Lrad/ Oe have been observed. Assuming 

that the peak AFM ~msceptibility is 500 times smaller than this, a signal size 
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Figure 2.10: Transverse susceptibility measurements on 2.2 ML Co/Cu. The hard 
axis susceptibility peak is about 100 times smaller than the easy axis peak. Taking 
into account that the hard axis signal was measured by applying a magnetic field 
that was 5 times bigger than that along the easy axis, the real ratio between easy 
and hard axis susceptibility peaks is 500 (taken from [30]). 

of 10 nrad/Oe is expected for a 2 ML Fe film. One goal of this thesis is to 

show whether signals that small can be detected with the new setup. The 2 

ML Fe/W(llO) system will be used as a test study (see chapter 5). 

44 



Chapter 3 

Experimental methods 

This chapter comprises an overview of the measurement methods employed 

in this thesis. They include the preparation of ultrathin magnetic films by 

molecular beam epitaxy (MBE), the characterization and surface analysis of 

the films and the W(llO) substrate, as well as the in situ measurement of the 

magnetic ac-susceptibility by means of the surface magneto-optic Kerr effect 

(SMOKE) in ultrahigh vacuum (UHV). 

The structure of this chapter follows the course of a typical experiment, 

starting with an introduction to the UHV system and apparatus used. The 

preparation of ultrathin films is described next, before proceeding to the char­

acterization of substrate and film using Auger electron spectroscopy (AES) 

and low-energy electron diffraction (LEED). The chapter is concluded with a 

detailed description of the setup for magnetic ac-susceptibility measurements 

as performed in this work. 
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3.1 Ultrahigh vacuum system 

The preparation of ultrathin magnetic films and the investigation of their prop­

erties in situ is a challenging task since all experiments require an ultrahigh 

vacuum (UHV) environment with a base pressure~ 10-10 mbar. This ensures 

that the surface of a few atomic layer thin (monolayer) film remains free of 

residual gas contaminants such as CO and C02 for a period of about 4 - 5 

hours which sets the typical time frame for an experiment. Measurements on 

"clean" ultrathin films obviously have to take place in UHV, since the removal 

of the film from the chamber quickly leads to surface contamination. Though 

contamination could in principle be avoided by covering the film with a thin 

non-magnetic capping layer (Au or Cu, for example) which then allows ex situ 

measurements, it has been found that capping layers screen the film's magnetic 

response and even profoundly alter its magnetic properties by, for example, 

reducing the Curie temperature [31]. Measurements in this thesis are therefore 

performed in situ. 

3.1.1 Preparation of UHV 

In what follows, various components of the vacuum system used in this work 

(fig. 3.1) are described by illustrating how ultrahigh vacuum conditions are 

achieved. 

Starting from atmospheric pressure in the stainless steel chamber (C) 

and in all vacuum lines connected to the pumps (that is, the ion pump isolation 
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Figure 3.1: UHV apparatus and selected components: QMS- quadrupole mass spec­
trometer, C- stainlesE steel chamber (0=6 in), IG- ion gauge, B- removable bake­
out oven, E- metal source evaporators, S- sample with Helmholtz coils, AES- AES 
and LEED spectrome;ers, TSP - Titanium sublimation pump, LV - leak valve, V -
valve, 0 - Oxygen gas supply, IV - ion pump isolation valve, UV- ultrahigh vacuum 
valve, PG - Pirani ga·1ge, MT - molecular sieve trap, CT - liquid N2 cold trap, IP 
- ion pump, RP - mechanical rotary pump; not shown: manipulator arm, optical 
setup 

valve (IP) and the leak valve (LV) are closed (see fig. 3.1)), a mechanical rotary 

pump (RP) is first u:>ed to reduce the overall pressure in the system. This type 

of pump is very reliable and can run continuously as a backing pump. The 

main disadvantage d the rotary pump is a possible back-streaming of oil and 

oil vapors into the pump lines and chamber once the pump is shut off when 
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the lines are still under vacuum. A widely used safety measure is a molecular 

sieve trap (MT) that is situated further up in the pump fore-line. It is filled 

with pellets of a porous synthetic material that acts as a very good absorbent 

due to its extremely large surface area and pore size. It is not only effective in 

the absorption of oil vapors but also helps reduce the amount of water vapor 

or other large gas molecules in the fore-line. 

After some time, usually about 30 minutes, the pressure in the system 

reads::; 10-2 mbar on the Pirani Gauge (PG in fig. 3.1). At this point, another 

type of trap, a so-called cold trap, is used to facilitate the pumping to lower 

pressures. This cold trap ( CT) is cooled in a liquid nitrogen IN 2 bath (hence its 

name), and is basically a complex tube system mounted in the fore-line with 

the sole purpose of trapping gas molecules on its walls. After about 1 hour of 

further pumping with the trap, the pressure is reduced to ::; 10-4 mbar. At 

this point, the ultrahigh vacuum valve (UV) is closed, effectively separating 

the chamber from the pumping line system. The ion pump isolation valve 

(IV) is now opened very slowly such that an already working ion pump (IP) 

below the chamber is not overloaded by too high a pressure. This ion pump 

is used to further lower the pressure in the chamber down to ::; 10-8 mbar, 

it is also the primary chamber pump and is always running. The pumping 

relies on sorption processes - ionized gas particles impinge on a titanium plate 

where they are either absorbed or where they sputter titanium atoms away to 

nearby surfaces forming a fresh, unoxidized Ti film. This film readily forms 

solid stable compounds with reactive gas molecules like C02 , N 2 or 0 2 . 
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Once the chamber pressure is in the 10-8 mbar range, a bake-out oven 

(B) is set on top of be chamber, which is then heated evenly for an extended 

period of time, typically 24 - 48 hours. The purpose of the bake-out is to 

remove water vapor and gas molecules that have been adsorbed on the sur­

faces inside the chanber. The bake-out is usually started at a temperature 

of 80 oc, especially after putting components such as newly charged metal 

evaporators into the chamber, as they outgas significantly and increase the 

ion pump pressure U) to the low 10-6 mbar range. The pressure is monitored 

simultaneously on tl:e now operating ion gauge (IG) and the ion pump. It is 

crucial that the ion pump does not trip since it is the only pump working on 

the chamber. For sa:ety reasons, it will turn itself off above a critical current 

flow which coincides with the pressure rising above 10-6 mbar. After a few 

hours of bake-out at a low temperature of 80 oc, the temperature is raised to 

120 oc - 150 °C. In ?;eneral, the temperature and time needed for a bake-out 

are estimated based on experience and on conditions such as the installation 

of new equipment inside the chamber, the time the chamber has been at at­

mospheric pressure or even the humidity in the laboratory while the chamber 

was left open. 

After a succef;sful bake-out and cool-down of the chamber, the pressure 

usually reads :::; 5 x w-9 mbar. At this point, to achieve the UHV needed for 

experiments, the las~ pump in the system is employed, the titanium sublima­

tion pump (TSP). Similar to the ion pump, the TSP makes use of the good 

getting qualities of titanium. By running a high current of 45 A - 47 A 
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through a 0.5 em thick titanium filament (fig. 3.1) for about 45 s, a fresh 

titanium layer sublimates on the inner side walls of the lower portion of the 

chamber. A 11-metal plate as shown in figure 3.1 shields the sample holder and 

other parts of the equipment in the chamber from getting covered with the ti­

tanium film. On the chamber walls, titanium reacts with residual gas atoms by 

quickly adsorbing them. The solid compounds are then either pumped away 

by the ion pump or embedded in the titanium film and fixed to the chamber 

walls. Repetitive use of the TSP lowers the pressure of the chamber to its base 

value of about 2 x 10-10 mbar. 

As a last step before experiments can take place, almost all components 

inside the chamber (quadrupole mass spectrometer (QMS), Auger electron 

spectrometer (AES) and evaporators (E), for example) have to be degassed. 

The degassing is a process which facilitates the removal of any leftover surface 

contamination from the rough surfaces of the equipment by heating them for 

approximately 1 hour. After degassing, the residual gas composition inside the 

chamber can be analyzed by a quadrupole mass spectrometer (QMS) which 

is a standard instrument that can be found in most UHV systems and is also 

used for leak detection with He gas. 

3.1.2 Sample holder and manipulator arm 

Another integral part of the UHV system is the sample holder (fig. 3.2) sitting 

on the manipulator arm. The design used in this work is described in this 

section, mainly because of its relevance to the mechanical stability required to 
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Figure 3.2 : Simplified layout of the 
sample holder: 
1 - Copper braid used for cooling, ex­
tending to liquid N2 reservoir , 2- cross­
section through pair of Helmholtz coils, 
providing an in-plane magnetic field , 
3 - part of tripod holding a Ti support 
ring (with sample), used as cooling fin­
ger ensuring even cooling of ring and 
sample, 4 - Tungsten/ rhenium thermo­
couple embedded in substrate, 5 - one 
of three W support wires set in holes in 
the side of the W crystal, 6 - outer metal 
ring, perpendicular coil for out-of-plane 
magnetic field , 7- W single crystal sub­
strate, 8 - insulating part of tripod, 
9 - sapphire ball-bearings electrically 
isolating sample and Ti ring from rest 
of holder, used for smooth azimuthal 
rotation (in-plane) of inner ring, 10 -
gear for azimuthal rotation, moved by 
rack translated in z-direction, 11 - cool­
ing pipes leading from LN2 reservoir to 
supply outside chamber 

optimize magnetic measurements , the theme of this thesis. 

The sample holder is clamped to a UHV-compatible metal manipula-

tor arm allowing for translational motion in 3 dimensions (coordinate system 

shown in fig. 3.2) extending approximately 30 em into the chamber. The ma­

nipulator arm allows additionally for polar angle adjustment (B in the figure) 

about the z-axis , adjustable from about 250° < e < 110° in coarse steps of 1 a . 

In particular, angles of 90° and 270° are set for film growth and AES or LEED 

measurements , respectively. Sub-degree fine adjustment is obtained by means 
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of a small screw moving a pinion such that a gear responsible for rotation 

moves a small fraction of a degree (not shown in fig. 3.2). In practice, the 

polar angle can be set to at least 0.2° precision, but the angular repeatability 

is ;:::: 0.3° due to the design of the mechanism. The angular position is locked 

by a thumb screw fixing a stationary locking ring with a movable protractor 

ring attached to the gear. Both locking and repeatability are important for 

the optical setup used for magnetic measurements (see Section 3.3.1). 

A simplified sketch of the sample holder is shown in figure 3.2. The 

substrate on which films are grown (7), a tungsten single crystal (1.1 x 0.6 

x 0.2 cm3 ), is suspended by three tungsten wires embedded in holes in the 

sides of the substrate (5). The wires are spot-welded to a titanium ring that 

is supported by three pins (8) forming a removable tripod that fits snugly 

into rotatable ring underneath. Two of the pins are insulating, the third 

one is made of copper (3) and is used for cooling of the entire ring-substrate 

assembly. The pin is attached to a copper braid (1) connected to a liquid 

nitrogen reservoir. From the reservoir, thin pipes (11) lead outside the chamber 

and are coiled in a dewar vessel filled with LN2 . Gaseous nitrogen passed 

through the pipes is liquefied in the coil and then carried into the chamber. 

The temperature of the substrate is measured by a W95 Rh5/W74 Rh26 

thermocouple that is in direct contact with the substrate ( 4). Accurate tem­

perature readings over a range of 150 K to at least 2500 K are made possible 

in this way. Heating of the substrate is realized in two different ways. For low 

and intermediate temperature ranges, radiative heating from a W filament 

52 



K. Fritsch, MSc The:3is Physics and Astronomy, McMaster University 

behind the substratE is employed. Higher temperatures up to ;::::: 2500 K, as 

needed for the fiashilg of the substrate, for example, are reached by electron 

bombardment of electrons thermally emitted by the same filament. 

The rotatablE ring holding the tripod with the substrate provides an 

in-plane rotation of ;he sample about the x-axis. It is isolated from the rest 

of the sample holder by sapphire ball-bearings (9) and connected only to a 

gear system (not shown in the figure). A small gear wheel (10) sits at the 

end of this gear system. It is moved by a rack, which, in turn, is attached to 

a manipulator outside the chamber through a spring-drive shaft mechanism. 

It has been found tl:.at this setup introduces a mechanical hysteresis and an 

additional instability into the system. Care must be taken not to touch the 

manipulator during !~xperiments (see Chapter 4). 

The sample l:.older incorporates two coil systems close to the sample 

for magnetic measurements. One pair of careless Helmholtz coils (2) is used 

to create an in-plane magnetic field of up to 80 Oe, two separate out-of-plane 

coils underneath a metal ring centered around the substrate (6) can be used 

to create (de and ac) fields along the x-axis perpendicular to the substrate. 

A third coil system :s situated outside the chamber. It is used to cancel the 

effect of Earth's ma2;netic field (about 0.5 Oe) in the vicinity of the chamber 

center where the sample normally is located during measurements. 

In conclusion, it can be seen that the many degrees of freedom for the 

positioning of the sample in the chamber and the complex additions to the 

sample holder (cooling, heating, magnetic coils) make the setup very versatile. 
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However, they are also responsible for inducing mechanical instabilities which 

are a major concern for magneto-optic measurements as performed in this 

thesis (Section 3.3.1). Some approaches used in this work to address this issue 

are discussed in Chapter 4.2. 

3.2 Film preparation and characterization 

The preparation of ultrathin films is an essential part of this thesis, since any 

magnetic measurement relies on successful film growth to begin with. 

That is why in the first part of this section, details pertaining to film 

growth in general are presented. The growth parameters and structural deter­

mination of the bee Fe(llO)/W(llO) and fcc Fe(lll)/Ni(lll)/W(llO) systems 

used in this work have been studied and reported in the past [32], [33], [12], 

and [34] and [26]. Apart from a slight fine-tuning of parameters to optimize 

film growth, the previously published growth recipes were followed. Growth 

details are therefore addressed only in a very short form here. 

In the second part of this section, two common surface science tech­

niques employed in this thesis, Auger electron spectroscopy (AES) and low­

energy electron diffraction (LEED), are described. AES and LEED are impor­

tant for calibrating the film thickness and for monitoring the film growth and 

they are treated in this context only. 
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3.2.1 Film growth 

The growth of an ultrathin film starts with the preparation of a clean substrate. 

The substrate used in this thesis is a tungsten (W) single crystal (dimensions 

1.1 x 0.6 x 0.2 cm3 ) that is cut to 0.2° precision and polished to expose its 

crystallographic (l!C>)-face. In addition to being non-magnetic, this substrate 

material was chosen for several reasons. Firstly, it has a body-centered cu­

bic (bee) structure vrith surface lattice constants similar to those of the film 

material. Film growth is thus facilitated by reducing the lattice mismatch 

and by supplying a good template for pseudomorphic growth (at least for the 

first layer(s) before :attice strains lead to reconstruction). Secondly, the W 

(110)-surface is only weakly reactive and has a relatively high surface energy 

preventing alloying and interdiffusion processes. This leads to sharp interfaces 

between film and substrate and is also the reason why "wetting" of the films 

and smooth film growth are favored. Lastly, the high melting point of W 

(~ 3700 K) makes it easy to remove films from the substrate and to prepare 

a fresh surface by flashing, which is a short ( 10 s) annealing of the crystal to 

about 2500 K, a temperature at which most materials desorb from its surface. 

Cleaning of tbe W substrate beyond the simple flashing procedure per­

formed before each experiment usually becomes necessary every 3 to 4 days, 

as repeated heating cf the substrate leads to carbon segregation from the bulk 

of the crystal that cannot be removed by flashing. Carbon is the main surface 

contaminant on the tungsten surface. Fortunately, it can be removed by a 
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series of short heatings of the crystal to roughly 1000 K in an oxygen partial 

pressure of up to 10-6 mbar (thermally activated oxidation of the carbon) 

and by subsequent flashing up to 2500 K. The success of the cleaning can be 

verified by AES (see section 3.2.2). 

Ultrathin film growth can be accomplished by several techniques such 

as pulsed-laser deposition (PLD) and molecular beam epitaxy (MBE). While 

PLD is primarily used for the growth of complex materials like transition metal 

oxides and has only recently been "discovered" for the growth of metallic 

ultrathin films [36], MBE is a mature and readily available technique that 

has been applied successfully to the growth of high-quality metallic films in a 

layer-by-layer fashion for many years. 

In this thesis, MBE is used for the controlled growth of Fe and Ni, two 

of the three 3d ferromagnets (Fe, Co, Ni). MBE relies on thermal deposition. 

More specifically, atoms are usually evaporated from a bulk source and the 

resulting atomic flux is directed at the substrate where the atoms adsorb on 

the surface. The biggest advantage of this method is the slow deposition rate 

that allows for good epitaxial growth and that is also especially useful for 

growing ultrathin (1-5 ML) films. 

The layout of an electron beam evaporator used for MBE in our group 

is illustrated in figure 3.3. The evaporator is custom-made after a design by 

T. Jones et al. [37] that has been refined and set up recently. The working 

principle is straightforward. 
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Figure 3.3: Simplified layout of the metal evaporators (not to scale): 1 - current 
feedthrough for heating filament , 2- second aperture current feedthrough (ion mon­
itor), 3 - high-voltage feed through , 4- metal rod used for translation of metal source, 
5- high-purity metal source wire (0= 1 mm), 6 - cross-section through coiled tube 
for cooling water, 7 - first aperture (collimating) , 8 - second aperture 

The source material, a high-purity (99.99%) metal wire (of 1 mm diam­

eter) , is held at a high voltage of 1.75 kV, with its tip situated about 14 mm 

behind a grounded semi-circular W heating filament that has an ac current 

of 3.5 A running through it. Electrons emitted by the hot filament are ac-

celerated by the high voltage and are focused onto the tip of the source wire , 

thus melting it and leading to evaporation of the material. Overheating of the 

evaporation area is avoided by a cooling system that surrounds the source wire 

and the filament . It consists of a coiled cooling tube through which water is 

circulating. 

The direction and flux of the atoms are calibrated by means of two 
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apertures. The source wire is centered behind the apertures that are aligned 

towards the center of the substrate, the desired spot for deposition. The first 

aperture is grounded and serves mainly as a collimating aperture. The second 

aperture is additionally used to calibrate the atomic flux. It is floating at 

+23 V and is connected to a high-precision electrometer. The electrometer 

records an ion current originating from a fraction of evaporated atoms that 

are ionized through electron bombardment when passing the heating filament. 

This current is used to monitor and calibrate the amount of material deposited 

on the substrate by using its direct proportionality to the flux of atoms leav­

ing the evaporator. Monitoring the second aperture current is therefore a 

convenient method for maintaining a steady deposition rate. Typical ion cur­

rents are in the range of 1 - 2 nA and result in a deposition rate of about 

0.2 ML/min. This rate is fairly small compared to other techniques, but it 

allows the growth of ultrathin films with a high precision. The low atomic flux 

also ensures that the vacuum inside the chamber remains in the 10-10 mbar 

range during deposition which is rarely the case in other growth techniques. 

The way atoms arrange themselves on the substrate surface to build up 

a film is usually described in the phenomenological framework of equilibrium 

growth modes that are divided into three categories (fig. 3.4). The simplest 

one is the Frank-van der Merwe (FM) mode. It is also commonly referred to 

as layer-by-layer mode because the nth layer does not begin to grow until the 

(n- l)th layer is complete. This is obviously the preferred mode in ultrathin 

film engineering since smooth films with perfect interfaces can be grown. More 
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common but less favored modes are Stranski-Krastanov (SK) and Volmer­

Weber (VW). In the SK mode, growth usually starts in a layer-by-layer fashion 

but upon reaching a certain thickness (sometimes after the first monolayer), 

three-dimensional is] ands with bulk lattice parameters start to form. The 

SK mode is therefore often called layer-plus-island mode. Three-dimensional 

islands that grow from the onset of film growth are characteristic for the VW 

mode. Clearly, SK and VW modes are disadvantageous with respect to the 

ultrathin film research of this thesis since they result in an inhomogeneous 

film structure. However, metastable growth modes approximating FV can 

often be realized by varying parameters such as the substrate temperature 

during growth. 

0 c= 
1 <Ek2 /7/7777777 /77777/777 

==' 0 r= 6>2 7777777777 //77777777 

(a) (b) (c) 

Figure 3.4: Morpholo~;y of growing films with increasing film coverage(} in monolay­
ers showing (a) Frank-van der Merwe growth, (b) Stranski-Krastanov growth and 
(c) Volmer-Weber growth [38]). 

The actual growth mode of a film is determined by the exact growth 

conditions, growth temperature and rate, and depends on the film/substrate 
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characteristics. Due to these many parameters, the successful growth of ultra­

thin films with specific structural properties often represents a challenge. 

For example, in the bee Fe(llO)/W(llO) system, it has been found 

[32], [26] that the first monolayer grows in the FM mode when prepared at a 

temperature 300 K :::; T < 900 K, whereas the second monolayer grows in an 

approximate layer-by-layer mode only if prepared at 300 K. For this reason, 

Fe/W films are grown in this thesis as follows: The first monolayer is deposited 

at room temperature (:::::; 300 K) and annealed to 500 K for about 2 minutes 

to ensure good wetting of the film. All subsequent (partial) layers are then 

grown again at :::::; 300 K. 

A more complex growth process can be observed for the fcc Fe(lll)/2 

ML Ni(lll)/W(llO) system. Here, Fe that is naturally growing in a bee 

structure is coerced into growing as face-centered cubic (fcc) structure (up 

to a thickness of 3 monolayers where it reverts back to bee) by using a 2 

monolayer thick fcc (111) Ni template on top of W [34]. It should be clear 

that the growth recipe for Fe/Ni/W is not as straightforward as in the Fe/W 

system. It is only shortly outlined here for later reference. 

The first monolayer of Ni is deposited at a temperature of 550 K and 

annealed to 600 K for 2 minutes. Examination of the LEED pattern reveals 

a 7xl structure of Ni(lll)/W(llO) (see section 3.2.2). The second layer of 

Ni is grown at a lower temperature of 390 K before Fe is deposited at 360 K. 

Finally, the whole film is annealed shortly to 400 K for 2 minutes. This ensures 

homogeneity and thermal stability of the film against annealing effects. 

60 



K. Fritsch, MSc TheBis Physics and Astronomy, McMaster University 

3.2.2 Film characterization 

The verification and determination of the grown film's composition and struc­

ture are the next stE~p before performing magnetic measurements. For these 

purposes, two very popular techniques in surface science are employed: Auger 

electron spectroscopy (AES) and low-energy electron diffraction (LEED). Both 

are extremely surface sensitive due to the strong Coulomb interaction between 

the electrons and the material. 

The basic principles of AES and LEED and their application to the 

characterization of ultrathin films used in our laboratory are presented in this 

section. 

Auger electron spectroscopy 

Auger electron spectroscopy (AES) was developed as a surface science tech­

nique in the late 1960's and has become one of the most common techniques 

for determining the composition of surfaces, especially in the limit of ultrathin 

films. It is named af1;er the Auger effect that first has been observed by Pierre 

Auger in 1925 [39). The Auger process is illustrated in figure 3.5. 

A highly ene~getic electron (1.5 keV) hits the sample and ionizes an 

atom by removing an electron from an inner core shell. The so created core 

hole can be filled by an electron from a higher shell. This relaxation process is 

either accompanied by the emission of an X-ray photon (X-ray fluorescence) 

or by a radiationles:3 transfer of an electron. In the latter case, the energy 

released in the transition !:lE is passed onto an electron in a higher shell that 
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Figure 3.5: Schematic representation of the Auger process. Ionization of the atom 
(a), creation of a core hole (b), and non-radiative relaxation by emission of an Auger 
electron (c). Shown is a K11 transition- an electron is ejected from the atom's K­
shell, an 1-shell electron falls into the vacant hole, and another 1-shell electron is 
emitted as Auger electron, carrying the excess energy away. 

can then escape the atom, provided that its binding energy EB is smaller than 

the energy difference .6.E. This so-called Auger electron then has a kinetic 

energy given by 

(3.1) 

Auger electron energies are typically in the range of 20 - 600 eV and have 

thus a relatively short inelastic mean free path (IMFP) of only a few lattice 

spacings. This is the reason why AES is very sensitive to the surface of a 

material only. 

Since the initial ionization-core hole creation can occur in various shells, 

a spectrum of Auger electrons with specific energies characteristic of each 

element can be recorded. This is done in AES by detecting the number of 

electrons hitting a screen while scanning through a range of kinetic energies. 

In fact, not all electrons hitting the detector stem from Auger processes. Most 
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detected electrons ar~ back-scattered secondary electrons that produce a big 

smooth background !n the N(E)dE (number of detected electrons at energy 

E) spectrum obscuring the Auger peaks. In order to enhance the detection of 

Auger electron peaks, the spectrum of N(E) is differentiated (dN(E)/dE) by 

making use of a lock-in technique described in detail in [26]. 

The derivative spectrum shows clear peaks at certain energies that al­

low the identification of the Auger electron emitting species. One main appli­

cation of AES based on this element specificity is the monitoring of surface 

contaminations. 

As mentioned in section 3.2.1, the main surface contaminant of tungsten 

is carbon. The Auger spectrum of a carbon contaminated W surface should 

therefore show both C and W peaks. Spectra of a clean and contaminated W 

surface are shown in figure 3.6. Peaks at 168 e V and 182 e V are attributed to 

tungsten, while the peak at 271 eV is characteristic for carbon. 

By calculating the ratio of the peak sizes ( C /W) a measure for the 

cleanliness of the W surface can be obtained. Usually, theW surface is con­

sidered to be clean when no carbon peak can be detected. Cleaning of the 

substrate in 0 2 is generally undertaken once a C/W ratio of 2:: 10% is reached 

since the film growtl:. becomes affected by the carbon contamination at that 

point. 

Another important application of AES in this thesis is the thickness 

calibration of deposited films. The use of a quartz oscillator often used for 

monitoring film thicknesses is not favored because in the thickness ranges of 
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Figure 3.6: Auger spectrum showing W (182 eV) and C (271 eV) features . The red 
(black) curve corresponds to a C contaminated (clean) W surface. 

1-2 ML used in this work, the calibration by AES is more precise. 

A particularly convenient calibration method makes use of the Auger 

intensity attenuation from the bare substrate atoms upon film coverage. As 

a layer grows on top of the substrate in the Frank-van der Merwe (FM), or 

layer-by-layer growth mode, the "clean" Auger peak signal decreases linearly 

reflecting the constant rate in which the surface becomes covered by atoms. 

Examining the signal as a function of film coverage (or alternatively, as a func­

tion of deposition time) , linear segments with clear breakpoints are observed 

(fig. 3. 7), with each breakpoint corresponding to the completion of one layer. 
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The intensities at the breakpoints are decreasing exponentially, which is not 

surprising since the Auger electrons are exponentially attenuated when trav-

eling through succes~;ive film layers. During the growth of the first monolayer 

(coverage (} < 1) in the FM mode, the Auger signal h( (}) can be expressed as 

h((J) = h0 - h0 )- exp( -d/ .X))(} (3.2) 

with h0 being the clEan substrate signal, d the film thickness and A being the 

inelastic mean free path (IMFP) of the electrons in the film material.At the 

first breakpoint, i.e. at completion of the first monolayer, (} = 1, such that 

equation (3.2) becomes 

ho- h((J = 1) 
ho 

h((J = 1) 

ho 

1- exp( -d/ .X) (3.3) 

exp( -d/.X). (3.4) 

This means that the relative Auger intensity at the breakpoint depends only 

on the IMFP of the electrons and the thickness of the adsorbate film. For 

Fe and Ni grown at room temperature without annealing, the first breakpoint 

occurs at relative Auger intensities of 0.6 and 0.55, respectively. 

If one wishes to study the thickness, composition and the degree of 

intermixing in a corr.posite system such as Fe/Ni/W, for example, uptake or 

build-up curves are used instead of substrate attenuation curves [34]. In this 

method, the element specificity of the Auger process is exploited knowing the 

characteristic Auger peaks of Fe (47 eV) and Ni (61 eV). Again assuming 

layer-by-layer growth, the signal is seen to increase linearly until one layer is 
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2 4 

Figure 3.7: Auger attenuation and build-up curves for layer-by-layer growth, show­
ing linear segments and breakpoints corresponding to completion of single layers 
(taken and adapted from [35]). 

completed, at which point it continues to increase at a different slope until the 

completion of the second layer. 

As shown above, the thickness calibration via breakpoints in the at-

tenuation or build-up curves is straightforward for layer-by-layer growth. For 

other growth modes such as SK or VW, the thickness calibration can be chal-

lenging. In the SK (or layer-plus-island) growth, for example, linear segments 

are observed up to a critical thickness at which island formation sets in, recog-

nizable by a more or less continuous variation in the AES signal. VW growth 

is characterized by the absence of breakpoints. 
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Low-energy electron diffraction 

Low-energy electron diffraction (LEED) is a powerful technique for the study of 

surface morphology and structure. It has first been proposed in 1927 by Davis­

son and Germer [40]. Since then the technique has evolved and been perfected 

and is very well und~rstood by surface scientists. For many years, LEED has 

been the technique t<) beat when it came to determining the location of atoms 

on surfaces. Only re<~ently, with the availability of UHV compatible scanning 

tunneling microscopes (UHV-STM), the importance of LEED seems to have 

receded. This can b~~ attributed to the advantages of STMs which consist in 

the resolution of atomic positions in real space rather than in reciprocal space 

(as is the case in LEED). Nevertheless, most UHV systems are equipped with 

LEED systems rather than with UHV-STMs simply for economical reasons. 

The information LEED provides about surface structure can be of both 

quantitative and qualitative nature [41], [42]. The qualitative use of LEED in 

ultrathin film resear,~h is straightforward and documented well, and is thus 

applied in this thesis. 

LEED is basE~d on the elastic back-scattering of low-energy electrons 

through diffraction from a surface. A well-collimated monoenergetic beam of 

electrons (usually in the range of 30 - 300 e V) impinges at normal incidence 

on the sample surfaCI~. A fraction of the electrons is diffracted by elastic scat­

tering from the periodic arrangement of the surface atoms in the lattice. The 

basics of LEED can be understood from the point of view of conservation of 

67 



K. Fritsch, MSc Thesis Physics and Astronomy, McMaster University 

linear momentum. At normal incidence, all electrons have a wavevector ki 

perpendicular to the surface. Diffraction at a surface requires conservation of 

linear momentum parallel to the surface (Pi I = nk11). Electrons thus need to 

have a component of the wavevector parallel to the surface after diffraction. 

It is given by 

(3.5) 

which means that the change in wavevector 6k11 equals a reciprocal lattice 

vector G (in practice, the parallel component for the incident wavevector is 

zero due to normal incidence) 

(3.6) 

Thus every point in the diffraction pattern corresponds to a reciprocal lattice 

vector (or a multiple thereof). From the diffraction pattern in reciprocal space, 

the real space atomic arrangement can be determined. 

As mentioned before, the diffraction pattern yields two types of infor­

mation: On a qualitative level, the spot positions in the diffraction pattern can 

be used to extract the size, symmetry, and angular orientation of the surface's 

unit cell in reciprocal space as explained above. This is especially useful for 

monitoring film growth as the arrangement of the film's atoms on the sub­

strate surface can be determined (see figure 3.10). Furthermore, the sharpness 

of spots is usually taken as an indication for a clean, homogeneous surface 

with high structural ordering. In a quantitative use of LEED, intensities of 
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diffracted beams are recorded as a function of energy of the incident electrons. 

The comparison of such I(E) curves with theoretical models is rather cum-

bersome because multiple scatterings at the surface have to be considered. 

ceo 

w 

Figure 3.8: Schematic of LEED setup: Electron beam e- hits the sample S, gets 
diffracted back and passes retarding grids G2 and G3 (Gl is grounded) before im­
pinging on a fluorescent screen FS. A UHV window W allows the observation of 
diffraction pattern on the screen, a CCD camera records diffraction images. 

The experimental LEED setup as it is used in our lab is shown in 

figure 3.8. An electron gun creates a beam of electrons that is impinging on 

the sample surface at normal incidence. The diffracted electrons are detected 

using a retarding-grid analyser that is also used for AES. As shown in figure 

3.8, it consists of 4 hemispherical concentric grids and a fluorescent screen. The 

first grid is grounded to provide a field-free region between sample and grid 

minimizing electrostatic interactions that might deflect electrons. The second 

and third grids are sometimes called suppressor grids , since a negative applied 
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voltage rejects all inelastically scattered electrons and allows only elastically 

scattered electrons within a certain energy range to pass. Finally, the electrons 

are accelerated by a high voltage (5 kV) before hitting the fluorescent screen, 

making the diffracted beams visible. Through a UHV window, recording of 

diffraction patterns by a CCD camera is possible. 

The relation between LEED spots and the real surface structure with 

reference to the crystallographic axes is demonstrated for the case of W (110) 

in figure 3.9. It can easily be seen that the LEED pattern is rotated by 90° to 

the real surface structure. 

LEED ® ~ surface 
pattern [00 1 ] real space 

e 

[1l0] 
__1 

[110] 

Figure 3.9: Demonstration of the relationship between LEED pattern (reciprocal 
lattice) and real space surface structure 

Three examples of LEED diffraction patterns are given in figure 3.10. 

The actual LEED patterns are shown in reverse contrast (bright LEED spots 

on the fluorescent screen appear now as dark spots). The first picture repre-

sents the diffraction pattern of the clean W (110) surface. The specular W 

spot in the center is obscured by t he electron gun. In the center and to the 

left (and upper) side of the gun 's position, 3 additional, spurious spots are 

present in all pictures. These spurious spots originate from electrons escaping 
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Figure 3.10: LEED diffrac­
tion pattern (reverse contrast) 
recorded by a CCD camera. 
From top to bottom: (110)­
surface of W substrate at 260 eV, 
7x1 structure of 1 ML Ni on top 
of W at 202 eV, pseudomorphic 
structure of 1 ML Fe on top of 
W at 265 eV. 

the electron gun which is obviously not perfectly shielded by a stainless steel 

cap. In addition , to each side of the diffracted spots, two very pale (almost 

white) vertical areas can be perceived that partially cover a diffracted spot in 

the right side of the Ni and Fe patterns. Those light areas are the shadows of 
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the two Helmholtz coils that are used to produce an in-plane magnetic field 

(see figure 3.2). The second picture shows 1 ML Ni on theW substrate. Addi­

tional satellite spots around the primary W spots indicate non-pseudomorphic 

growth. In fact, in the thickness region between 0.4 - 1.5 ML, Ni grows in 

a strained 7x1 structure on top of W [43]. The spacing of the spots along 

the [001]-direction is now only 1 /7th of the original tungsten spots, the Ni is 

highly strained in that direction. In real space, this means that every tenth 

Ni atom coincides with every eighth W atom along [001], whereas the peri­

odicity along the [110] direction is preserved. The last LEED pattern shows 

the pseudomorphic growth of 1 ML Fe on W, which means that Fe grows with 

the substrate structure. That is why basically no difference in the diffraction 

patterns between clean Wand 1 ML Fe/W can be detected. 

3.3 Magnetic measurements 

This section is concerned with magnetic measurements, the main focus of this 

thesis. As already mentioned, these measurements are performed relying on 

SMOKE (2.3.3). This method has been applied to ultrathin films now for 

about two decades, mainly in a de setup for the acquisition of magnetization 

(M vs H) curves [19]. SMOKE is used in this thesis for measurements of the 

ac susceptibility X· 

The optical setup which forms the basis for the measurement is de­

scribed in the first part of this section. Modifications to the setup that were 
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implemented during the course of this work are presented next. Details re­

garding the basic measurement technique as used for de measurements are 

put forth with the purpose of illustrating key aspects of the SMOKE tech­

nique and its performance. In particular, an aspect relevant for all in-situ 

measurements using SMOKE- the effect of UHV windows- is treated. 

In the last part of this section, the measurement of the magnetic ac 

susceptibility is described. The setup is introduced in detail. The section is 

concluded with a calibration scheme of the ac susceptibility in absolute optical 

and magnetic units. Details regarding the characterization of the susceptibility 

setup with respect to its performance (signal-to-noise) are not given in this 

section. They are diBcussed in the next chapter. 

3.3.1 Optical setup and basic measurement techniques 

The optical setup of the in situ SMOKE apparatus is shown in a simplified 

picture in figure 3.11. Light emerges from a laser, is linearly polarized by a 

Glan-Taylor polarizing prism with its transmission axis at an angle ()i from 

s- or p-polarization and passes through an optical UHV window. Then, upon 

reflection from the (magnetic) sample, the beam experiences a change in polar­

ization state, passes through a second optical UHV window and then through 

a Glan-Laser type analyzing polarizer with its axis at an angle Ba, nearly 

crossed with respect to the initial polarization. Finally, the light impinges on 

a photodetector. 

To be more precise, the input stage comprises a 5 m W HeNe 632.8 nm 
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LASER 

POLARIZER 

Figure 3.11: Simplified SMOKE setup- the initial polarization after the first polar­
izer is linear , off-set at an angle ei from s- (or p-) polarization, whereas the analyzing 
polarizer is set at ea from p- (or s-) polarization. 

laser (type UniPhase 1125p) with a longterm int ensity stability of 0.1 %, a 

5 mm clear apert ure Glan-Taylor polarizing prism on a rotational mount with 

1 o resolution and two beam steering mirrors on gimbal mounts. The light 

passes t hrough an ordinary 2 ~ in. quartz window at normal incidence and im­

pinges on the sample at an angle of about 45°. The reflected light then passes 

through an exit window, of same type as the first , an analyzing 8 mm clear 

aperture Glan-Laser polarizer , and is subsequent ly steered through a ReNe 

red-line 10 nm bandpass filter and focussed onto a silicon photodiode. The de-

t ection stage comprising t he analyzing polarizer , the HeNe filter , fo cusing lens, 

silicon photodiode and amplification electronics is mounted on an arcminute 

(0.01 °) precision rotational stage t hat is rigidly attached to the UHV window 

on the chamber. The silicon photodiode has a responsitivity of a = 0.3 A/ W 

and its sensit ivity is sufficient for the experiments performed in this t hesis. 

The working principle of the opt ical setup has in principle remained 
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unchanged from previous works ( [26] and [11]) , however, several major con-

structional changes to the setup have been implemented in the course of this 

work. All these technical modifications have been undertaken with the goal 

of increasing t he sensit ivity to SMOKE signals by primarily enhancing the 

mechanical stability of the apparatus. 

First, a new laser with better intensity stability has been chosen (HeN e 

type Uniphase 1125p). Second, a Glan-Laser type polarizing prism (Q-switch) 

with two exit windows and 633 nm anti-reflection coating on all exit faces is 

now used. Finally, a new detecting stage incorporating the new polarizer has 

been built , with its cross-section shown in figure 3.12. 

Figure 3.12: Schematics of SMOKE 
detector stage: 1 - feedthrough to 
BNC connector, 2 - Detector head 
housing with gain selection (poten­
tiometer), 3 - Detector electron­
ics/ amplifier circuit, 4 - Silicon pho­
to diode, 5 - focusing lens, 6 - ReNe 
red-line filter , 7 - removable detector 
head stage, 8 - Glan-Laser polariz­
ing prism with exit ports, 9 - beam 
dump to absorb totally-internally re­
flected (TIR) component, 10 - rota­
tional mount upon which polarizer 
is fixed, 11 - removable rotary stage 
with arcminute precision, 12 - UHV 
window, 13 - adapter for rotary stage 
clamped to UHV window port 

The ent ire detector assembly consists of two separate , removable stages 

that are bolted onto an adapter rigidly clamped around the UHV view port . 
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The rotational mount forms the first stage. It holds the analyzing Glan-Laser 

polarizer with its transmission axis aligned with the center of rotation and 

a beam dump that almost perfectly absorbs the unwanted totally-internally 

reflected (TIR) component of the beam. The polarizer/beam dump assem­

bly is surrounded by an Al cylinder whose inner surfaces are roughened and 

blackened to prevent possible back-scattering into the crystal. This stage is 

normally attached to the chamber and only removed during bakeouts so as not 

to damage the polarizer crystal. The second stage consists of a metal plate 

with perpendicular slits allowing for the insertion of apertures. It also holds 

the detector head, which is fastened to the rotational mount for experiments. 

After leaving the polarizing prism, the beam passes through a ReNe red-line 

10 nm bandpass filter and is focussed on the Si photodiode by means of a 

convex lens. The photocurrent at the diode is then converted into a photo­

voltage with a selectable gain in the range of 103 - 109 V /A that is realized 

by a combination of resistors and capacitors. The photodetector is powered 

by two 9 V batteries effectively eliminating the possibility of ac line frequency 

pickup. The design of the photodetector head has first been proposed in [11]. 

As shown in the figure, the entire two-stage assembly shields the optics from 

external influences such as background ambient light in the laboratory. 

A basic SMOKE measurement utilizes a polarizer setup as shown in 

figure 3.11. The analyzing polarizer is nearly crossed with respect to the 

initial polarization. 
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The intensity detect,~d after the analyzing polarizer is given by 

I( B) = lmax(sir?(B) +E) (3.7) 

where Imax is the intensity incident on the analyzing polarizer and (} is the 

angle of the second polarizer from the extinction angle. The extinction ratio 

E is a measure for the quality of the polarizers. It is defined as the ratio of 

the transmitted intensity for perfectly crossed polarizers to the intensity for 

parallel polarizers 

h 
E=~· (3.8) 

This means that for perfect polarizers, there is no transmitted intensity and 

that the extinction ratio is zero. A finite value of E, as is the case in any 

measurement (the p~)larizers used in this thesis have a guaranteed extinction 

ratio of < 10-6 ), corresponds to an intensity offset of Elmax at (} = 0. As 

shall be seen later, r is one of the factors limiting the sensitivity of SMOKE 

measurements. As ~he polarization of the reflected light is slightly rotated 

by UJ due to the magnetization of the sample1 , the change in the analyzer 

intensity becomes 

81 = 2Imax sin( B) cos(B)8B. (3.9) 

It has been found [4!], [45], that rather than measuring at (} = 45° as eq. 3.9 

suggests, the optima: angular setting for (} can be determined from the contrast 

1o() will later be referred to as Kerr rotation angle <I>K. 
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61/I(B). By combining eq. 3.7 with eq. 3.9 and by using a small angle 

approximation for sin(B) and cos(B), the contrast is given by 

61 
I(B) 

It can be shown that it reaches its maximum for 

at which point the contrast becomes 

(3.10) 

(3.11) 

(3.12) 

It is thus the extinction ratio that limits the signal contrast. The set point 

angle Bm can easily be found by setting the analyzer angle such that the de­

tected intensity J(Bm) is twice the intensity at extinction. Eq. 3.12 can be 

used for calibration of the magnetic signal units of Kerr rotation angle. For 

example, in a typical magnetization loop (where the transmitted intensity is 

recorded as a function of applied magnetic field), an ultrathin Fe film causes a 

polarization rotation on the order of 10 JLrad. In fact, the observed switching 

M/Baverage can lie between 0.2% and 6%, depending on the extinction ratio. 

This illustrates the importance of a small E in measurements since the signal 

can otherwise very quickly be buried in noise. 

The discussion above has, until now, been applied to a rather perfect 

system, neglecting a vital aspect relevant for any in situ SMOKE measurement 

- the effect of UHV windows. UHV windows are made of quartz, a material 
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that becomes birefrilgent when put under stress (which is obviously the case 

for UHV windows tl:at are tightly held in a ring bolted to the chamber). The 

birefringence produces a small change in the polarization state by introducing 

a phase shift J that transforms the initial linear polarization into a slightly 

elliptical state (see ig. 2.6). Even though this phase shift is usually small 

(::::::: 2°- 3°) for linea::ly polarized light under normal incidence, the extinction 

ratio increases dramatically (up to two orders of magnitude) from the values 

that could in principle be obtained with the polarizers alone ( E typically lies 

in the low 10-6 range). Clearly, this adversely affects the S/N, since the size 

of the measured signal at the analyzing polarizer is reduced and most likely 

obscured by a large background due to noise that scales with the intensity of 

the detected beam. 

Several approaches aiming to compensate for window birefringence have 

been proposed, most of them relying on the use of a quarter-wave plate [3], of 

a variable wave-plate (a so-called Babinet-Soleil compensator) [46] or even on 

the use of an elegant setup using a lock-in technique involving a photoelastic 

modulator (PEM) [47]. 

In this work, a simple yet very successful method developed in our 

group [49] is employEd for the compensation of the undesirable window effects. 

The method is simple in the sense that it does not require any additional 

optical components. It exploits the idea that only s- or p-polarized light is 

reflected from a non- magnetic sample without changing the polarization state 

since these are the eigenstates for reflections (see chapter 2.3.3). By slightly 
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rotating the initial linear polarization from the s- or p-state, an additional 

phase shift is introduced at the sample surface upon reflection. It is this phase 

shift that is used to cancel the phase shift from the windows. 

Mathematically, this technique can be described in the Jones matrix 

formalism. In brief, the initial two-component polarization vector Ei is trans­

formed through the action of 2x2 matrices representing optical components 

that, for example, transmit the beam (windows) or reflect it (sample). The 

effective product matrix Meff containing all optical elements in the beam path 

connects the initial Ei and final Er Jones vectors. The final transmitted inten­

sity Ir equals !ErE[ I (for more details, see [48] and [49]). 

Experimentally, in order to find the angle from s- or p-polarization re­

quired to "null" the overall ellipticity, an iterative procedure is employed. In a 

first step, the initial polarization is set to either the s- or p-state, depending on 

the desired Kerr geometry (see chapter 2.3.3). The intensity minimum at the 

detector is found by adjusting the analyzing polarizer. The extinction ratio 

is calculated. Then, the initial polarizer is rotated by a few arcminutes and 

the minimum transmitted intensity is found again. If the extinction ratio gets 

smaller, the process is repeated, otherwise, the initial polarization is adjusted 

in the opposite direction. The iteration process continues until a global mini­

mum in the extinction ratio is attained. It has been found that with the setup 

used in this thesis, the minimum extinction ratio occurs at about 3° from the 

initial s- or p-state, rather than at 5° as measured in the previous setup [49]. 

The smallest obtained extinction ratio (with the use of 1 mm apertures), how-
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ever, is ~ 2 x 10-6 , which is about 5x larger than the best extinction ratio 

achieved with the old setup. 

As a final remark regarding the window compensation used to reduce 

the extinction ratio a.nd to increase the S /N, a drawback of the technique has to 

be mentioned. Thou.?;h the method is simple and easy to implement, it does not 

permit the Kerr rotLtion (}K and Kerr ellipticity rJK to be distinguished. (The 

complex Kerr angle was defined as <I>K = (}K + iTJK.) Thus, in measurements 

performed in this tl:esis, <I>K is measured as a mixture of Kerr rotation and 

ellipticity which is reasonable in the ultrathin film limit where only very small 

signals are measured anyway. 

3.3.2 Ac susceptibility measurements 

The ac susceptibility measurement uses the same optical setup as the de setup 

presented above. However, the operation principle is quite different. A sinu­

soidally varying magnetic field H(w) = H0 (sin(wt)) with amplitude H0 and 

frequency w is applied to the sample causing a magnetization oscillating with 

the same frequency. It is this ac magnetization that leads to an ac intensity 

change at the photodetector proportional to x = 8M/8H (see chapter 2.2). 

When the temperature of the sample is varied while measuring the ac mag­

netic response of the sample, the ac susceptibility as a function of temperature 

x(T) can be recorded. 

The detection of the ac intensity is realized by a dual-phase lock-in 

amplifier. This type of lock-in measures the photodetector intensity at the 
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frequency of the magnetic field set by the lock-in as a reference frequency in 

the first place. Furthermore, this dual-phase amplifier is capable of measuring 

two phases of the ac signal (in-phase and out-of-phase separated by 7r /2), which 

allows a simultaneous recording of the real (x) and imaginary (x") parts of 

the complex susceptibility x = x' +ix". One example of a x(T) curve showing 

the complex susceptibility is presented in figure 3.13. 

6 ~-Re{x~ 
-lm{x} 

5 

0 

380 390 400 410 420 430 440 450 

Temperature [K] 

Figure 3.13: Complex susceptibility x = x' + ix" of a 1.8 ML Fe/W(llO) film as a 
function of temperature with an applied magnetic field of 0.5 Oe 
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A block diagram illustrating the susceptibility setup is shown in figure 

3.14. The lock-in amplifier for the optical signal is shown on the left side 

(labeled EG&G7260). In what follows, this setup is described in more detail 

starting again with the generation of the oscillating magnetic field. 

f ref 

v,., 

R 

T-REE'E RENCE 

MAGNETIC ~---+-------___.J 
COILS '-... HEATING 

"---- FILAMENT 

VE"ms l f 

Figure 3.14: Block diagram for susceptibility measurements . See text for details. 

The lock-in first supplies a reference frequency that can be set by the 

computer program (LabView) to a power amplifier at which the amplitude 

of the current (or magnetic field H0 ) can be regulated manually. The ac 

current output of the power amplifier l ac passes through a 4 n resistor (R) 

and runs through the magnetic coils at the sample creating a magnetic field 
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either parallel or perpendicular to the field. The amplifier output is monitored 

and recorded as arms-voltage Vrms at a digital multimeter (HP3478A). It is 

used for the calibration of the magnetic field. 

At the sample, the oscillating magnetic field now causes an ac magnetic 

response - an ac Kerr rotation <I>ac. This change in rotation angle is observed 

at the photodetector (PD) as a change in intensity 6.1. The ac intensity is 

recorded by the lock-in (EG&G7260) at the exact frequency of the magnetic 

field. The de intensity at the photodetector is measured by a digital multimeter 

(HP33401a) for calibration purposes as shall be seen later. 

The most important aspect of the detection technique is angular set­

ting of analyzing polarizer in front of the photodetector in order to maximize 

the magnetic response that can be detected by the lock-in. In the de mea­

surements, it has been found (see eq. 3.11) that the set point maximizing 

the S/N was given by emax = JE and thus only depended on the extinction 

ratio. For the ac technique, the situation is more complicated. In fact, it 

has been found previously that the optimum angular set point depends not 

only on the extinction ratio but also on frequency dependent factors such as 

mechanical vibrations, for example, that introduce intensity fluctuations at 

the photodetector [50]. For susceptibility measurements as performed in this 

thesis, a study of the S/N as a function of analyzer angle shows (ch. 4.4.2) 

that an angular setting of 24 arcminutes gives the best S/N. It is this angle 

that is used for all measurements. 

In the right half of the block diagram (fig. 3.14), components relevant 
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for the temperature variation at the sample are shown. First of all, the tern-

perature of the sample is measured using a thermocouple embedded in its sides 

(see section 3.1.2) t:Lat is leading to an ice bath reference outside the cham­

ber. The thermovoltage is recorded by a digital multimeter (HP33401a) and 

provided to the mea:mrement program. The program then controls a lock-in 

amplifier (EG&G7265) that provides an rms-voltage at a frequency of 4. 7kHz 

to a power amplifier. The amplitude of the rms-voltage output depends on the 

difference between tl:.e desired and measured temperatures. Different heating 

rates (R = dT jdt) c~~n be chosen by the experimenter. They are obtained by 

linearly increasing the set point temperature (the desired temperature). The 

voltage output is then changed accordingly in a feedback loop. 

As mentioned above, the susceptibility signal is recorded as a change in 

intensity at the phot )detector. A first calibration step that finds the change 

in the rotation angle of the polarization attributed to SMOKE makes use of 

eq. 3.7: 

(3.13) 

where Bset is the angular set point at 24 arcminutes (see above), !:li the ac 

signal recorded by th~ lock-in and where !:l<I>ac = f:l(} is the Kerr ac rotation. 

Recalling that the smceptibility is proportional to the change in Kerr rotation 

divided by the change in magnetic field X ex 8<I>ac/8H, this equation can be 

used to approximately calibrate the measured susceptibility in absolute optical 
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units (radians/Oe): 

X 

X = 

<I>ac 
Ho 
L~.I(e;et +E) 

2Bsetl( Bset) Ho 

Physics and Astronomy, McMaster University 

(3.14) 

(3.15) 

Here, the susceptibility is approximated linearly which is allowed in the limit of 

very small magnetic fields H0 given in units of Oersted. A small angle approx­

imation in eq. 3.7 was used (sin2 (B) ~ B2
) to relate Imax to the instantaneous 

de intensity at the photodetector J(Bset)· Also, the relevant parameters that 

have to be determined prior to the measurements are shown: the angular set 

point Bset and the extinction ratio E. (All other parameters are read by the 

susceptbility program.) 

Finally, to convert from optical units into magnetic (SI) units, eq. 3.15 

is extended to give 

(3.16) 

Here, Msat represents the saturation magnetization for bulk iron (1752 emu/cm3
), 

and 8K denotes the saturation Kerr rotation that has been measured previ-

ously for a 1 ML Fe/W(110) film. The value of 8K is found to be 250 J.Lrad/ML 

in the geometry used in this thesis. The parameter t is referring to the thickness 

of the film in monolayers (ML). Finally, the factor 47r /1000 converts between 

cgs and SI units. This calibration is an approximation, since Msat is taken for 

bulk iron and is not necessarily the same on a film. 

So far, no attention has been paid to the distinction between real and 
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imaginary parts of the complex susceptibility. Both components were detected 

by the dual-phase lock-in with the real part being measured in-phase and the 

imaginary part 1r /2 out-of-phase. Considering the measurement technique of 

the lock-in, it detects signals with the same phase as its reference frequency 

and 90° to it. HoweYer, phase shifts between the lock-in reference frequency 

output and its signal input are not accounted for. Obviously, it is important to 

determine those phase shifts in order to properly distinguish real and imaginary 

parts of the susceptibility. 

The phase shifts introduced in the setup are frequency dependent and 

attributed to three nain factors: First, the power amplifier circuit that am-

plifies and provides the signal at the reference frequency to the magnetic coils 

introduces a phase shift. Second, the cables leading to the coils and the coils 

themselves have an inductance and capacitance that changes the phase differ­

ence slightly. Finally: the inverting photodetector amplifier circuit induces an­

other phase shift that depends on the detector gain (for a gain of G = 107 V /A, 

R = 10 MO and C = 5 pF). In this thesis, all three effects have been quantified 

by the use of a LRC- bridge and it has been found that for in-plane measure-

ments of the susceptiJility at a frequency of f = 150 Hz, an overall phase shift 

of ¢ = 135° was pre3ent between the lock-in input and output. This phase 

angle is used in the calibration to separate the real and imaginary components 

of x by a simple matrix operation: 

( 
cos(¢) -sin(¢) ) ( x ) = ( Re(x) ) 
sin(¢) cos(¢) y Im(x) 

(3.17) 
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It is thus easy to convert the detected ac signal at the x and y channels into 

proper real and imaginary parts using eqs. 3.17 and 3.16. 
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Chapter 4 

CharactE!rization of the system 

Considerations on the performance of the ac susceptibility measurements via 

SM 0 KE and experiments to characterize the new system are presented in this 

chapter. In the first part, details concerning the experimental setup and, in 

particular, changes to the optical setup are discussed and put into context. 

Furthermore, issues related to the experimental procedure and the signal de­

tection are treated in some detail. After that, a model describing the signal-to­

noise ratio (SNR) in ac susceptibility measurements is presented and related 

to SNR measurements in the present system. The experimental results are 

used to characterize the performance of the system and to compare it to pre­

vious work by C.S. Arnold [11, 50]. Finally, the feasibility of ac susceptibility 

measurements on antiferromagnetic ultrathin films is discussed and additional 

possible improvements to the setup are put forward. 
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4.1 Optical setup 

The optical setup is the basis for high-quality measurements of the complex 

Kerr rotation. It determines the overall performance of the system. One of 

the main concerns in this thesis is therefore the quality and the proper use of 

the polarizing crystals, the UHV windows and the laser. 

4.1.1 Polarizing crystals and UHV windows 

The first significant change to the experimental setup in this work is the use 

of a Clan-laser polarizing crystal as analyzing crystal. Previously, a Clan­

Thompson polarizing crystal has been used. The operation principle of both 

polarizing crystals is similar and shown in figure 4.1. Both crystals are com­

posed of two separate high-purity calcite prisms that are either glued together 

(Clan-Thompson) or are assembled by leaving a small air gap (Clan-laser). 

Elliptically polarized light impinges ideally at normal incidence on the first 

prism, travels through the material and impinges on the interface between the 

two prisms. The hypotenuse angle is chosen to be at the Brewster angle for 

HeNe laser light (632.8 nm) in the particular calcite material. As a result, the 

polarization component that is parallel to the scattering plane (the ordinary 

ray) experiences total internal reflection (TIR), while the perpendicular com­

ponent (extra-ordinary ray) is partially transmitted. This means that when 

using the crystals as analyzing polarizers set near extinction, it is the TIR 

component that has almost the full intensity of the incident laser beam. 
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Figure 4.1: Schematic diagram showing the differences between Clan-Thompson (a) 
and Glan-Laser (b) polarizers. See text for details. 

The difference between the two polarizers consists in the treatment of 

t he TIR component that has a significant impact on t he performance of t he 

polarizers, i.e. t he ext inction ratio. 

In order to prevent the TIR component from reaching the exit face 

of the polarizer , the Glan-Thompson crystal is embedded in calcite index-

matched epoxy (except the ent rance and exit faces) and in a black, absorbing 

holder. This measure is, however , only par t ially effective since a fraction of t he 

TIR component is reflected back into the crystal from t he blackened side face as 

shown in figure 4.1 (a) . Mult iple scattering of t his component inside the crystal 

produces a diffuse "glow" on the exit face that is easily visible with the room 
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lights off. This has the consequence that the intensity profile of the transmitted 

beam does not only consist of the desired narrow polarized component that 

depends quadratically on the angle from extinction e (I(e) = Imax(fJ2 +c)). 

It also consists of a broad contribution from the TIR glow which is nearly 

independent of e. This glow clearly causes an offset in the measured intensity 

I (e) and is responsible for an increased extinction ratio E. In the past, the 

diffuse TIR glow has been reduced by using small apertures of approximately 

0.1 mm2 size in front of the photodetector leading to very good extinction 

ratios of E ~ 10-6. However, the use of apertures also has its disadvantages 

because of vibrations in the sample holder as shall be seen later in this chapter. 

In the Glan-laser polarizer used in this thesis (figure 4.1(b)), a different 

approach is used to ensure that the TIR component does not interfere with 

the selected polarization at the exit face. At the position where the TIR beam 

is expected to hit the crystal surface, an additional exit window allows the 

TIR component to escape under an angle of roughly 70° to the incident beam. 

The escape beam can now either be detected and used for measurements or 

can be absorbed by a beam dump. In this thesis, a customized beam dump 

(from a black plastic pen tip cut to tightly enclose the exit window) is used 

due to space constraints in the detector stage (shown in figure 3.12). It is 

tilted slightly such as to accommodate the exit beam at its escape angle. The 

absorption of the TIR beam is nearly perfect and only a small portion of the 

beam has been found to scatter back into the crystal. The arrangement of the 

beam dump with respect to the escaping beam could definitely be improved by 
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manufacturing a pro)erly sized beam dump to fit in the detector stage. In an 

attempt to improve the setup, a glass beam dump (the inside was etched and 

toner-blackened) has been used in lieu of the plastic beam dump. However, 

in comparison with 1;he black plastic beam dump, no improvement has been 

observed. 

An additional advantage of the new Glan-laser polarizer is the fact that 

all entrance and exit faces are covered with an anti-reflection coating for 633 

nm laser light. This reduces undesired back-scattering in the chamber and in 

the polarizer crystal significantly. 

From the above mentioned features of the Glan-laser polarizer, a small 

extinction ratio :::; lC,-6 should be achievable without the use of apertures. In 

practice, however, the smallest achieved extinction ratio with this setup in this 

work is c = 7 x w-(i without using apertures. The reason for this might be 

two-fold. 

Firstly, the absence ,)f reflections from the polarizer entrance face due to the 

anti-reflection coating makes the collimation and beam alignment more dif­

ficult1. It might therefore be possible that the beam alignment used in this 

work is not absolutely perfect. 

Secondly, two so far neglected optical components, the UHV windows, play 

an essential role for the smallest achievable extinction ratio. As already men-

tioned in chapter 3.~U, the birefringence of the windows caused by stress in 

1 In previous work, the reflections from the UHV exit window and the reflection from the 
polarizer entrance face were made to lie on top of each other on the substrate surface for an 
optimal beam alignment. 
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the quartz material causes the beam to acquire a slight ellipticity, though this 

effect can be compensated for to a large extent. In fact, it is rather the mate­

rial quality of the windows that leads to an increase in extinction ratio. The 

quality is mainly determined by imperfections in the quartz or scratches on 

the surface that scatter the beam. In the course of this work, it has been 

observed that the achievable extinction ratio can vary immensely depending 

on the position the beam passes through the UHV windows. Fortunately, the 

optical alignment has many degrees of freedom (adjustable beam steering mir­

rors and the substrate, for example) that allow for small adjustments in the 

beam path so that a good quality spot on the UHV windows could be found. 

Nevertheless, the exit UHV window had to be exchanged twice because the 

material quality was not satisfactory. 

4.1. 2 Laser performance 

Another integral part of the optical setup is the 5 mW JDS Uniphase ReNe 

laser (.A = 632 nm) used in this thesis. As the complex Kerr rotation from the 

magnetic films is detected as a change in intensity near extinction of the two 

polarizers, one of the first experiments was concerned with the stability of the 

laser intensity. By recording the photodetector intensity as a function of time 

(figure 4.2), a low frequency drift of the laser intensity of~ ±2% with a period 

of about 45-50 minutes has been observed. This fluctuation is considered to 

be laser specific and not related to a drift of the sample holder or the chamber 

for two reasons. 
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Firstly, the mean power drift of ~ ±2% corresponds to the specifi-

cations given by the manufacturer and secondly, a comparable measurement 

with a different laser (NEC-GLG 5261) gave a different period and mean flue-

tuation. 
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Figure 4.2: The intensity of the laser fluctuates by ~ 2% with a period of about 
45-50 minutes. The origin of the higher frequency noise on top of the signal in the 
figure could not be det(:rmined. It is suspected that this noise is related to vibrations 
of the sample holder and to high frequency intensity fluctuations of the laser. 

The low frequency intensity fluctuation is also observed in ac suscepti-

bility measurements. In the experiment, the extinction ratio E and the angular 

setting Bset of the poh,rizer remain constant while the recorded intensity at the 

extinction is slowly changing with time. In order to avoid calibration insta-

bilities, the settings for E and Bset are verified before each experimental run. 
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During the experiment, the instantaneous value of the de intensity at the pho-

todetector is recorded and used to calculate the maximum intensity from 

(4.1) 

This has been found to give a more reliable calibration to optical units2 than 

the procedure used previously [11], which kept the de intensity at the pho-

todetector constant by changing Bset. This issue is illustrated in figure 4.3 . 
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Figure 4.3: Low frequency intensity fluctuations are compensated by changing Bset 

during the experiment causing sharp dips in the x(T) curve 4.3(a) (right side of 
film#l curve, taken from [51]). Changing the experimental procedure by recording 
the instantaneous de intensity while keeping Bset fixed allows for a more accurate 
and noise-free calibration of the signal 4.3(b). 

2The recorded ac voltage Ill at the lock-in is related to the complex Kerr rotation ll<I>ac 
and the maximum intensity lmax by Ill= 2Bsetlmaxt1<I>ac· Thus knowing the instantaneous 
value of lmax from eq. 4.1 allows for an accurate calibration of ll<I>ac· 
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4.2 Mechanical stability of the setup 

Mechanical stability is of paramount importance for SMOKE measurements. 

To reduce vibrations, the entire chamber is isolated from the ground by a set 

of large rubber mounts. Also, the mechanical rotary pump that usually runs 

as a backup pump (see chapter 3.1.1, figure 3.1) is isolated from the chamber 

through a series of flexible flanges. It has been observed that this method of 

vibration isolation is not very effective. However, any vibrations introduced 

by the mechanical pump can be taken care of by simply turning the pump 

off for the duration c,f the experiment. Vibrations from the optical setup are 

avoided by clamping the laser input and the detection stages dfrectiyto the 

UHV chamber windows. 

Another source of mechanical instability is the sample holder mounted 

on the 30 em long nanipulator arm inside the chamber. Due to technical 

requirements for the film growth and characterization, the holder is not rigidly 

mounted in the chanber (see chapter 3.1.2). Mechanical vibrations of the 

sample holder influer.ce the measured Kerr signal by producing noise in the 

reflected light beam LS shown in figure 4.4. 

Two different ~;ituations can be thought of generating the noise (in prin­

ciple, they are coupled and should not really be considered separately). First 

of all, through a vert.cal deflection of the sample holder, the beam path and 

the polarization state can be changed slightly as in figure 4.4(a), resulting in 

a false polarization rotation signal at the photodetector. In fact, already a 
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Figure 4.4: Illustration of how vibrations of the sample holder produce vibrations in 
4.4( a) both beam path and polarization state and in the polarization state 4.4(b). 
The incident light is p-polarized (in the plane of incidence) and therefore parallel 
to the sample normal for the undisturbed setup. Deflection or rotation of the sam­
ple causes the p-polarization to deviate from the sample normal and the plane of 
incidence, producing noise in the detected final polarization. 

small deflection of the sample holder is converted to noise in the polarization 

signal that is comparable to the SMOKE rotation signal. For example, con­

sidering that the sample holder extends about 30 em into the UHV chamber, 

a deflection of the holder by 5 JLm suffices to create a false rotation signal on 

the order of w-s radians , which is comparable to the longitudinal SMOKE 

signal expected from one monolayer of iron. 
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The second situation arises from a slight rotation of the sample holder 

around its axis (figure 4.4(b) ). It is easy to see that this directly produces 

noise in the polarization state of the incident and reflected beams. 

In an attemp; to stabilize the sample holder, two heavy duty springs 

have been incorpora1;ed in the manipulator setup outside the chamber. This 

reduces rotations about the axis of the holder (figure 4.4(b)) and prevents an 

accidental horizontal translational deflection. Furthermore, since it has been 

found that the manipulator rotational stage and the spring-drive mechanism 

responsible for the in-plane rotation of the sample are mechanically coupled, 

extreme care is taken not to touch any of these parts while the experiments 

are running. 

In order to investigate the frequency dependence of the aforementioned 

noise contributions arrd to find a suitable modulating frequency for the ac sus­

ceptibility measurements, the absolute noise levels in dBV (V = lOx(dBV)/20 ) 

at the photodetector have been recorded using an HP3582 spectrum analyzer. 

The result is shown for measurements in a frequency range of 0-250 Hz in 

figure 4.5. This measurement has been used to gain qualitative insight into 

the different noise contributions. 

The figure shows several interesting features. First of all, sharp peaks 

from the line subharrnonic (30Hz), fundamental (60Hz) and higher harmonics 

(120 Hz and 240 Hz) are clearly visible. Their peak size can be reduced by 

turning off the ion gauge within the chamber and the room light that enters 

the chamber and hence the detector through UHV windows (the detector stage 
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Figure 4.5: Measured noise in the SMOKE intensity at the photodetector. 

itself is shielded from stray light by an aluminum housing). Furthermore, 

a discrete peak at 20 Hz can be observed. It has been verified that this 

peak originates from vibrations of the mechanical pump. Finally, rather broad 

peaks around 36 Hz, 72 Hz and 108 Hz have been detected. These peaks 

are associated with the fundamental mode of the sample holder at 36 Hz and 

higher harmonics which was confirmed by slightly tapping on the manipulator 

and viewing the response on the spectrum analyzer. 

Figure 4.5 was finally used as an indicator for a good noise-free fre-

quency region suitable for the ac susceptibility measurements. From the graph 

and past experience, the modulating frequency of the magnetic field was cho-

sen to lie in between the line harmonics at 150 Hz and 210 Hz. In principle, 
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measurements at 210Hz should not be ideal because 210Hz is near a harmonic 

of the sample holder frequency. However, in the figure, this 6th harmonic con-

tribution seems to bt~ negligible. 

4.3 Signal detection - photodetector and lock-. 
Ill 

In this section some general considerations regarding the signal detection with 

regard to the detector assembly and the lock-in amplifier are presented. 

The detector head has been used previously in a different detection 

stage incorporating the old Clan-Thompson polarizer. In this thesis, some ef­

fort has been made tc' build a mechanically stable detector assembly consisting 

of the rotational mount containing the Glan-laser polarizer and the removable 

detector head. Specid care has also been taken to shield the detector assembly 

from stray light. The photodetector electronics has not been changed in the 

course of this work. It consists of an ordinary Si photodiode with a respon-

sivity of a=0.3 AIW at 633 nm and a current-to-voltage amplification circuit 

that transforms the photodiode current with a selectable gain G between 103 

VI A and 109 VI A. The detector is battery-powered. 

In most ac susceptibility experiments, the photodiode currents are am­

plified and converted with a gain of 107 VI A. In previous work, where apertures 

were necessary to prevent light scattered in the polarizer crystal from reaching 

the detector, a gain Ctf 108 was usually chosen for best results. This choice of 
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a higher gain has the consequence that the detector noise voltage Vn at the 

lock-in increases by a factor of -/I5 ~ 3 due to Johnson noise. 

GNn/VT 

G {4k;!fjy!T 
v~ . 

(4.2) 

(4.3) 

Here, k8 is the Boltzmann constant , T the temperature and R the combined 

resistance of the detector circuit (shunt resistance+ resistance in amplification 

circuit). T is the time constant of the lock-in and determines the bandwidth 

of the measurement. 

TemperatureJl(] 
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Figure 4.6: Susceptibility x(T) (Re{x} -black, Im{x}- blue) of a poorly grown 1.8 
ML Fe/ W(llO) film recorded with different time constants of the lock-in amplifier: 
ls- 4.6(a) , 2s - 4.6(b) and 5s- 4.6(c). The right choice ofT can reduce the noise 
significantly. 

The influence of the time constant on the quality of susceptibility data 

is shown in figure 4.6 on a poorly grown (underannealed) 1.8 ML Fe/W(llO) 

film. As one would expect, with increasing t ime constant, the data gets less 

noisy. Since a larger time constant results in longer data acquisition times, a 

compromise has to be made in experiments. In this thesis , a time constant 
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of T = 2 s has been found to give satisfactory results. Depending on the 

temperature sweeping rate and therefore the number of acquired data points, 

a binning procedure can also be used to reduce noise. 

4.4 SNR in ac susceptibility measurements 

In chapter 3.3.1, it has been mentioned that the extinction ratio is the sole 

limiting factor of the SNR in de SMOKE measurements as the signal contrast 

goes as 1/ Jf. determining the optimal setting angle of the polarizer Bset = Jf.. 

In an ac SMOKE (or susceptibility) measurement, the signal optimization is 

more difficult due to frequency dependent noise contributions that are specific 

to the used setup. A model that describes these issues and the performance 

of the system depending on the set angle Bset has been successfully applied 

in the past [50]. It incorporates the main noise contributions that have been 

presented in the preYious sections. 

In this sectior, the SNR model is described and applied to the present 

setup. It is comparee to measurements of the SNR and discussed with respect 

to previous work on the system as it existed prior to this thesis. After that, 

the feasibility of AF \1 ac susceptibility measurements is discussed based on 

the performance characteristics of the present system. 
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4.4.1 SNR model 

As in the de treatment of the SMOKE performance, the starting point is the 

detected de intensity at the photodetector 

(4.4) 

with the variables having their usual meaning. Now, an ac modulation of the 

magnetization and hence of the polarization rotation leads to an ac modulated 

intensity signal S at the photodetector 

(4.5) 

which corresponds to the slope of eq. 4.4 at the set point Bset· <I>ac is the 

modulated Kerr rotation. 

The following noise sources are considered relevant for the SNR in the 

ac SMOKE measurements. First of all, as mentioned earlier, fluctuations in 

the de intensity !(B) play an important role. These fluctuations f(w) occur 

through fluctuations in Ima:x due to sample vibrations as shown in figure 4.4(a), 

scale with the intensity and produce noise !::lfr at the lock-in signal within 1/T 

of the modulation frequency w. 

I(B)f(w)/VT 

Imax(B2 + c)f(w)/Vi. 

( 4.6) 

(4.7) 

At the lock-in, this intensity noise is measured as a noise rms voltage f::l Vr 

!::lVr = cxGimax(B2 + c)f(w)jJT. 
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The second noise source at the lock-in stems from fluctuations in the rotation 

angle () due to vibrations of the sample holder as in fig. 4.4(b), 

~Vo = 2aGimax080(w)jJT. (4.9) 

~VI and ~ Vo are obviously correlated through the vibrations of the sample 

holder, however, in ·;his model, they are treated as statistically independent 

for simplicity. Also, ,)nly fluctuations in the de intensity have been taken into 

account. In principle, fluctuations of Ima:x or Oset in the modulated signal S 

could be considered. But since those noise sources are much weaker than those 

originating from the de intensity, they are neglected here. 

A third source of noise entering the ac SMOKE measurement is the 

Johnson noise from the photodetector electronics 

(4.10) 

The detector noise within 1/T of the modulation frequency is transformed into 

arms noise voltage at the lock-in by 

"v; = GNn 
u D VT. (4.11) 

Summing the three noise terms ~VI, ~Vo and ~Vn in quadrature and grouping 

terms according to 8-dependence, the signal-to-noise ratio can be written as 

§_(()) _ 2iJ;,ac()VT 

N - JA7j4 + B()2 + c' (4.12) 
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where 

A f 2(w), ( 4.13) 

B 2j2 (w)E + [25B(w)J 2
, (4.14) 

c (GN )
2 

Vm~ + [Ej(w)F. (4.15) 

The detector noise voltage was given by eq. 4.3 and is given here again for 

completeness 

(4k;T 
VD = GND/vT = Gy }ij.Ji. ( 4.16) 

The S/N(B) curve has a maximum at an angle Bmax given by 

(c) 1/4 

Bmax = A ' ( 4.17) 

at which point the SNR reaches a value of 

~(Bmax) = 2<I>acfr 
N VB+2VAC 

(4.18) 

For small values of e, the SNR is limited by C, which is dominated by the 

detector noise. For intermediate values, term B (including both intensity and 

angular noise) gets more important and determines the maximum of the SNR 

as shall be seen later. For large e, the intensity noise given by A dominates 

the behavior of the SNR. 

4.4.2 SNR measurements and comparison with previ­
ous work 

As a test study, the SNR was measured using a 1.5 ML Fe/2 ML Ni/W(llO) 

film. In this range of iron coverage, the film magnetization is oriented per-
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pendicular to the filn plane. Using the polar SMOKE, a broad peak in the 

ac susceptibility near room temperature can be detected. It was therefore 

relatively easy to maintain a constant Kerr modulation <I>ac· Three different 

measurements of the SNR on the same film are shown in figure 4. 7. All mea-

surements were performed at constant temperature and at a frequency of 210 

Hz. A lock-in time :::onstant of 2 s was employed. The three measurements 

differ in the following important aspects. 

The rms Kerr modulation <I>ac is different for all three measurements due 

to the film quality. For the first measurement (c), <I> ac has been determined 

from eq. 4.5 to be 2.15 J..Lrad. For subsequent measurements (b) and (a), 

the Kerr rotation has been found to be <I>ac = 1.95 J..Lrad and <I>ac = 0.66 

J..Lrad, respectively. ~~he last measurement (a) was performed with apertures 

in front of the detector to simulate experimental conditions by C.S. Arnold. 

This measurement was also taken almost 12 hours after the first measurement 

(c) and so the degraded film quality is responsible for the smaller signal3 . 

Ultimately, for the characterization of the system, these plots will be scaled to 

a constant value of <l>ac to compare them side by side. 

A second diffErence between the three measurements arises from a vari-

ation of the extinction ratio f. This has to be explained in more detail. The 

SNR measurements in this thesis have been performed many times on several 

films. It has been found that not all features of the SNR curve (especially for 

3In fact, one might tb ink that the smaller Kerr rotation is a result of the apertures. This 
has not been observed e>perimentally, however, so the film quality is the determining factor 
for the size of ~Pac· 
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Figure 4.7: SNR measurements on a 1.5 ML Fe/2 ML Ni/W(llO) film. The curves 
a) - c) are taken for different extinction ratios E that determine the overall shape of 
the SNR curves. The absolute size of the SNR scales with the rms Kerr rotation 
<I>ac which is also different for the three measurements. 

large B) have been reproducible. This was attributed to varying experimental 

conditions, such as the film quality, the temperature stability and, most im-

portantly, the optical setup, i.e. the extinction ratio E. In the measurements 

presented in this thesis, the experimental conditions have been slightly varied 
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through tiny change~: in the optical alignment resulting in a range of E values. 

For the deter:nination of E and Vmax, the de intensity at the photode­

tector has been recorded simultaneously with the ac modulated signal S at 

the lock-in from eq. 4.4. The data points in the plots were obtained from an 

average of about 500 points for each angular setting (), resulting in a acqui­

sition time of 4 min1tes for one data point in the plot. The uncertainty of 

the data points resub;s primarily from the uncertainty in <I>ac and the standard 

deviation given by the average of the recorded points. 

The data points were fit to the model in eq. 4.12 first by ignoring B 

and C for large (), determining A. Then, C was approximately determined 

from the observed ()max ( eq. 4.17). These parameters have then been used as 

starting values in a :east square fitting procedure to find B, C and A. The 

fitting curves to the data are shown in figure 4. 7. The fitting parameters and 

the noise contributions resulting from eq. 4.13-4.15 have been determined and 

are summarized in table 4.1. From the figure and the values in the table, 

several features can be discussed. First of all, the dependence of the SNR on 

E is quite interesting. 

For large valu:;)S of E, A gets smaller resulting in a smaller contribution 

from intensity noise f(w). This can be explained when considering that for a 

larger E, the alignment is not as perfect resulting in a smaller Vmax· The setup 

becomes less sensitive to changes in the recorded intensity. Another point 

regarding the intensity fluctuations arises from comparing f ( w) for setups with 

and without apertures: the noise is reduced by a factor of 2 when no apertures 
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Arnold's SNR run (a) run (b) run (c) 
comments with with without without 

apertures apertures apertures apertures 
detector gain G 108 108 107 107 

(V/A) 
extinction E 0.17 0.583 ± 0.005 1.7 ± 0.2 2.3 ± 0.2 

(X 10-5 ) 

rotation ci>ac 4.6 0.66 1.95 2.15 
(lo-6 rad) 

Vmax from eq. 4.4 8600 4040 ± 30 2210 ± 20 1975 ± 25 
(V) 
A 180 8.2 ± 0.4 1.7 ± 0.3 0.028 ± 0.014 

(x10-12 1/Hz) 
B 2.8 0.46 ± 0.07 1.4 ± 0.1 1.62 ± 0.06 

( x 10-15 1/Hz) 
c 2.6 3.0 ± 0.2 1.7 ± 0.3 2.2 ± 0.5 

(x10-20 1/Hz) 
Vo from C and 9.0 5.0 ± 0.2 2.1 ± 0.2 2.0 ± 0.3 

eq. 4.3 (lo-7 V) 
f(w) 13 2.86 ± 0.07 1.30 ± 0.08 0.17 ± 0.05 

(x1o-6 /VHZ) 
6B(w) 23.3 10 ± 1 18.3 ± 0.8 20.1 ± 0.4 

(nrad/VHZ) 
Bmax ~ 10 ~ 24 ~ 32 ~ 100 

(arcmin) 

Table 4.1: Results of fits to the SNR measurements using eq. 4.12. The data by 
C.S. Arnold in the second column for the old setup is given here to facilitate the 
comparison. 

are employed. This agrees with the idea that apertures are responsible for 

cutting the beam off when its position is fluctuating (through sample holder 

vibrations, for example). 

Comparing the azimuthal noise 6B(w) in the three measurements a)-c), 
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there seems to be a correlation between the extinction ratio and the size of 

the angular noise, namely that it is smaller for smaller extinction ratios. This 

difference in angular noise is not believed to be due to the presence or absence 

of apertures, since MJ is related a change in polarization state which should 

not be influenced by the choice of apertures. 

When comparing the values of 8() with measurements by C.S. Arnold 

(second column in table 4.1), it seems that the extinction ratio is not the only 

factor influencing 80. In fact, upon comparison of Arnold's value with the only 

other measurement using apertures (run a), the angular noise is reduced by 

a factor of 2 between the two setups. This implies that the present setup is 

mechanically more s1;able and resistant to angular fluctuations of the sample 

holder. 

The last parameter of the fit C has been related to its dominant con­

tribution, the detector noise ND (and hence VD)· The determined values agree 

fairly well with the c:1lculated values for VD from the measured detector resis­

tances. Furthermore, the mentioned reduction of the detector noise by roughly 

a factor of 3 by choosing a smaller gain is also confirmed. 

Finally, the C·ptimal angular setting to achieve the largest SNR has 

been determined from the parameters according to eq. 4.17. A shift in Omax 

from 3 mrad (10 arcmin) for the old setup to larger values (2:: 7.2 mrad (24 

arcmin)) has been observed. The calculated value of ()max depending on the 

different E gives in principle the optimal operating point for the ac susceptibility 

measurements. HowE,ver, as can be seen in the figures for larger E (fig. 4. 7(b) 
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and 4. 7( c)), scatter in the SNR can be observed in the regions above e = 30-35 

arcmin and thus this region is avoided. The origin of that scatter remains 

unclear. It has been suspected that the poor extinction ratio of the system 

might be related to light scattered in the crystal from the beam dump that 

influences the SNR at large e. However, this does not explain why the SNR 

data is not scattered much for small e where the possible scattering from 

imperfections of the beam dump should have the biggest influence. 

As a consequence of the above considerations, it has been decided to 

choose a set angle of Bmax = 24 arcmin for all experiments. Furthermore, since 

the intensity noise f ( w) is reduced for setups without apertures as the beam 

gets no longer cut off, measurements are taken in that configuration - without 

apertures. This is also beneficial to the experimenter as the alignment with 

apertures usually takes a long time and has to be verified (and modified if 

necessary) very often due to vibrations of the sample holder. Also, without 

apertures, a smaller detector gain can be chosen (since the signal is larger) 

which effectively reduces the detector noise. 

Direct comparison of the SNR with previous work 

To get a better insight into how the performance of the present setup compares 

to the previous setup, the SNR is simulated from eq. 4.12 with the obtained 

parameters in table 4.1 for a Kerr rotation of <I>ac = 4.6 J-Lrad. This value has 

been chosen to compare the present results directly to measurements by C.S. 

Arnold. Besides, a Kerr rotation response of around 4.6 J-Lrad ( 4-5 J-Lrad) is 
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often observed in the system under investigation. The result ing SNR curves 

are shown in figure 4.8. 

As can be seen from the figure, t he SNR reaches a maximum of about 

350 which is about 2.5 t imes larger than that obtained previously. As will be 

seen later , this improvement opens the door to ac SMOKE measurements of 

ant iferromagnetic films and ferromagnetic anisotropies. 
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Figure 4.8: Simulated SNR data for <I>ac = 4.6 p,rad. The black curve shows data 
obtained by C.S . Arnold [50] for an ext inction ratio of E = 1. 7 x 10- 6 . The red , green 
and blue curves are obtained for E = 5.8 x 10- 6 , E = 1.7 x 10- 5 and E = 2.3 x 10- 5 , 

respectively. 

Obviously, t he SNR could be increased further. For example, one could 

imagine replacing the photodetector by a photomult iplier t ube which would 

reduce the observed Johnson detector noise and shift Bma.x to smaller values 
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(in particular, Bmax shifts to the de optimal setting of Vf. if ND ~ 0). 

Nevertheless, even with eliminating ND, the size of the maximum SNR 

will not improve significantly, mainly because it is determined by the angular 

noise 68 in parameter B (which has been reduced by a factor of 2 in this 

thesis). When comparing past and present work on the performance of the 

system, it becomes clear that the main problem for the SNR in the ac SMOKE 

measurement, the lack of rigidity of the sample holder, still remains, even 

though the mechanical stability of the setup has been increased significantly 

leading to a 2.5 times larger SNR in the measurements. Another point that 

could be improved is the extinction ratio of the system which limits the overall 

sensitivity (it is included in parameters Band C). It might be reduced by using 

a better beam dump or higher quality UHV windows. 

4.4.3 Feasibility of AFM measurements 

To estimate the feasibility of susceptibility measurements on antiferromagnetic 

films with the present setup, the smallest detectable Kerr rotation <I>ac is cal­

culated. Consider the SNR parameters A, B, C obtained from measurement b) 

(fig. 4. 7(b)) as a typical measurement situation with E = 14 arcmin, f = 210 

Hz and T = 2 s. From eq. 4.12, the Kerr rotation <I>ac at which signal and 

noise become equal is given by 

<I> = J AB4 + BB2 + C 
a£ 2../TB . (4.19) 
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With 

A = 1. 7 X 10-12 1/Hz 

c = 1.7 X 10-20 1/Hz 

and 

and 

B = 1.4 X 10-15 1/Hz, 

() = 6.98 X 10-3 rad, 

the signal and noise become equal at a Kerr rotation of 

<l>ac = 15 nrad. 

In fact, it has been observed experimentally that this result really is the res­

olution limit of the present setup under normal operating conditions for the 

recording of x(T) ct:rves (see figure 4.9(b)). This point is not obvious since 

all above calculation:> and measurements of the SNR were done for a constant 

temperature and did not take into account the influence of heating and cooling 

of the sample during the actual experiment. For example, in previous mea­

surements by M. Dunlavy on a 1.8 ML Fe/W(llO) film as shown in figure 

4.9(a), the resolution limit for x(T) is roughly 10 SI units which is equivalent 

to 0.4 J.Lrad/Oe. This has been observed for many experiments. This resolution 

limit is in clear contrast to the one calculated from the SNR parameters by 

C.S. Arnold, which gives a limit of 40 nrad/Oe- 10 times better than actually 

observed in later experiments. This means that the present setup is actually a 

lot more sensitive (between 2.5 and 25 times more) than the setup just before 

this thesis began. The limit of resolution is given by <Pac = 15 nrad for a 

frequency of 210 Hz, a time constant of 2 s and an extinction ratio of E = 14 

arcminutes. 
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Figure 4.9: Resolution limit in a typical x(T) measurement on a 1.8 ML Fe/W film 
4.9(a) in previous work and present work 4.9(b), in which x(T) is measured along 
the hard [110] direction. (figure 4.9(a) taken from [26]) 

The resolution limit of the present setup of 15 nrad implies that, when 

looking at the estimated signal sizes in chapter 2.4, the signal of a 1 ML 

Co/CoO exchange coupled system could be barely detectable for an applied 

field of 3 Oe for which a rotation of 23 nrad is expected. In fact, even with 

the smaller estimate of 3.2 nrad/(ML Oe) from Oepen's Kerr rotation for the 

saturation magnetization of 16 J.Lrad/ML of Co on a Cu substrate, a 5 ML 

thick Co/ CoO film should suffice to detect a signal when a magnetic field of 2 

Oe is applied. 

Considering the direct observation of antiferromagnetic signals esti-

mated from the observation of ferromagnetic hard axis susceptibility signals 

(estimated to give a signal of about 10 nrad/Oe for a 2 ML Fe/W(llO) film), 
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the present setup is not expected to resolve the susceptibility peaks unless a 

much thicker film is used or a large field of 5 Oe is applied. 

The improved sensitivity of the ac SMOKE measurements shows that 

the detection of antiferromagnetic signals from ultrathin films should now 

be feasible whereas it was impossible with the previous setup which had a 

resolution limit of about 0.3-0.4 J.Lrad under the same experimental conditions. 
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Chapter 5 

Transverse susceptibility 
measure1nents on Fe/W(llO) 

In this chapter, trarLsverse susceptibility measurements on Fe/W(llO) films 

are presented as a te:3t study for the performance of the improved ac SMOKE 

setup. The goal is the detection of a small ferromagnetic transverse suscep­

tibility signal on the order of nradjOe, estimated from previous experiments 

on Fe/W(llO) and similar measurements by Jensen et al. on CojCu ultrathin 

films [30]. The Fej\M(llO) system has been chosen because its structure and 

its magnetic properties have been studied extensively in the past [53]. How-

ever, to our knowledge, no transverse susceptibility measurements using the 

ac SMOKE technique have been reported yet. 

The chapter i3 organized as follows. In the first part, a short introduc-

tion to the Fe/W(ll J) system is given with regard to film structure and film 

properties from previous magnetic measurements. Also, the expected Kerr 

rotations from aniso·;ropy considerations are calculated. In the second part, 
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the performed experiments are described and the most important results are 

shown. Finally, in the last part, attempts at an interpretation of the results 

are made based on three aspects relevant for the system. 

5.1 Introduction to the Fe/W(llO) system 

In the thickness regime considered in this thesis (1.5-2 ML), iron is known to 

grow pseudomorphically on the W substrate and in an approximate layer-by­

layer (Frank-van der Merwe growth) fashion under the proper growth condi­

tions. In particular, the first monolayer is deposited at room temperature, then 

annealed at 500 K for 2:30 minutes to encourage wetting. The second layer 

is then also grown at room temperature. Due to a strong uniaxial in-plane 

anisotropy (see later in this section), the easy axis of magnetization has been 

found to lie along the [110] direction in the film plane. This strong uniaxial 

anisotropy is also responsible for the two-dimensional (2D) Ising-like phase 

transition that has been observed in this system for film thicknesses close to 2 

ML by determining the critical exponent 1 of the magnetic (parallel) suscep­

tibility [12]. 

In the following experiments, the transverse susceptibility on approx­

imately 2 ML thick Fe/W(llO) films is measured with a magnetic field ap­

plied along the hard magnetic axes [001] or [110]. To determine the magni­

tudes of the possibly detectable SMOKE rotations, two separate situations 

([001] in-plane and [110] out-of-plane anisotropy) have to be considered. Con-
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sider first the out-of-plane anisotropy. The free surface energy density for the 

Fe(110)/W(110) surface is given by (54] 

(5.1) 

where () is the angle from the surface normal [110] and ¢> is the in-plane angle 

from the hard [001] direction. Since Ks is positive and IKs,pl « IKsl, the film 

plane is the easy plane of the magnetization. The anisotropy field holding the 

spins in that plane is thus given by 

Ks 
Han=-M . 

t sat 
(5.2) 

With the saturation magnetization of iron Msat = 1752 emu/ ( cm3 G), a film 

thickness of t = 5.6 A (2 ML) and the surface anisotropy constant Ks = 

3.2 erg/cm2
, the aniS·)tropy field Han attains a value of 32.6 kG. By applying 

a magnetic field H0 perpendicular to the plane along [110], the magnetization 

can be deflected by a small angle cp out of the plane 

1 r, J.Lrad 
cp = H Ho = ..:.0.7 -

0 
H0 . 

an e 
(5.3) 

From this, the expected Kerr rotation <I> can be calculated using the Kerr 

rotation obtained for the saturated sample (250 J.Lrad/ML) 

J.Lrad J.Lrad nrad 
<I>= 250 ML x 2 ML x 30.7 Oe H0 = 15.3 Oe H0 . (5.4) 

Similarly, for ·;he in-plane anisotropy, the total free energy density is 

given by [54] 

f = ~1 (sin2 (2¢) + sin4 ¢>) -
2~s,p sin2 ¢>, (5.5) 
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where K1 = 4.5x 105 erg/cm3 is the volume anisotropy and Ks,p = 0.055 erg/cm2 

is the surface anisotropy (considered equal for the two interfaces substrate-film 

and film-vacuum). The anisotropy field can be calculated from the effective 

in-plane anisotropy with the above values 

(5.6) 

giving an expected Kerr rotation of <I> = 0.472 f.l;': H0 . For the experiments in 

this chapter this means that if signals along the hard axes can be observed, 

the out-of-plane [110] response is expected to be 30 times smaller than the 

in-plane [001] response. 

5.2 Experimental results 

The films were grown according to the above mentioned growth recipe. The 

first monolayer was deposited at 300 K, then annealed at 500 K for 2:30 minutes 

to facilitate good wetting of the second layer. The thickness and structure of 

the first layer were monitored and verified by AES and LEED. The second 

layer was then again deposited at room temperature and the film thickness 

was determined by AES with an uncertainty of 0.2 ML. The homogeneity of 

the film was also verified using AES by recording spectra at different points 

on the substrate and calculating the substrate attenuation coefficients. LEED 

was used to align the sample along [110] or [001] with the magnetic field coils. 

All measurements were performed in either the longitudinal (for [liO] 

and [001] directions) or the polar ([110]) Kerr geometry. The first susceptibility 
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measurements were ::tlways taken along the easy [110] axis to find Tc for the 

film, to verify the film quality and to compare it with previous measurements 

by M. Dunlavy [12]. To that end, the real susceptibility peak sizes and FWHM 

have been determined, in some cases for different applied fields. In figure 5.1, 

some values obtaine:l in this work have been superimposed (full circles) on 

previously measured values by M. Dunlavy (open circles), indicating that the 

films are of a compa~able, equally high quality. 

s 

(a) 

·. 
·············· 0 

............ e. .·· 

%~~~._~~~3~~~~5 

Field(Oe) 

100::: 
V'J ....... 

J 

Figure 5.1: FWHM ard real susceptibility peaks obtained in this work (full circles) 
and in previous measuements (empty circles) (taken from [12]). 

Prior to the in-plane hard axis susceptibility measurement, the sample 

was carefully aligne(_ with the axis of the magnetic coils by using the LEED 
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pattern of Fe(llO)/W(llO). The angular alignment is accurate to within ±2°. 

All measurements were performed at a modulating frequency of 150 Hz and 

at a lock-in time constant T=2 s. The sample was heated radiatively from a 

W filament behind the sample with the slowest possible temperature rate of 

0.05 K/s at the temperature controller (corresponding to an effective heating 

rate of 0.03 K/s). The applied ac magnetic field strength varied between 0.15 

Oe and 2 Oe. 

In figure 5.2, a typical measurement of the complex susceptibility along 

the easy and hard axes for a 1.85 ML thick Fe/W(llO) film is shown for an 

applied field of 0.5 Oe. In figure 5.2(a), the complex susceptibility for the two 

in-plane directions [110] (larger signal) and [001] (smaller signal) is shown. 

The hard axis susceptibility along [001] is shown again in more detail in figure 

5.2(b), the hard axis x(T) curve along the surface normal ([110]) is given in 

figure 5.2(c). Two especially interesting features in the hard axis measurements 

are the absence of an imaginary part Im{x} and the narrow shape of the curve 

(small FWHM). This observation is common to all hard axis measurements 

and is taken as an indication that a "real" hard axis response is measured. 

This point will be discussed later. 

As can be seen in the figures, both hard axis signals are very small. In 

fact, the resolution limit for this experiment lies at about 20 nrad/Oe, which 

is very close to the estimated 15 nrad/Oe from the SNR measurements. 

A natural question that arises from the signals in figure 5.2(b) and 

5.2(c) is whether they could have been measured with the previous setup. From 
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Figure 5.2: x(T) measurements along different crystallographic directions. In 5.2(a), 
the parallel susceptibility along [110] (large signal) is compared to the transverse 
susceptibility along [001] . Figure 5.2(b) and 5.2(c) show the x(T) measurements 
along [001] and [110], respectively. Note that in figure 5.2(c) , the geometric factor 
due to the polar Kerr geometry has not been taken into account - the real signal is 
4.2 times smaller. 

the conclusions of chapter 4.4.2 and especially when looking at data that has 

been obtained previously by M. Dunlavy, the answer is no , the signals could 

not have been detected. Under normal operating conditions, the signal and 
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noise became equal at about 0.3-0.4 p,rad/Oe, which is big enough to effectively 

bury the hard axis signals in the noise. This means that the main goal of this 

thesis, the improvement of the setup for ac susceptibility measurements, has 

been achieved. Susceptibility signals down to at least 20 nrad/Oe can now be 

successfully detected under normal operating conditions. 

The data in figure 5.2(b) and 5.2(c) is also interesting in other as­

pects. First of all, the absolute signal sizes are rather large, and definitely not 

expected for a 2D Ising system. Also, the signals are larger than expected 

from the experiments by Jensen et al. that suggested a factor of 500 between 

susceptibility peaks along easy and hard axes (see figure 5.7(a)) in a CojCu 

system. On the other hand, the signal along [001 J agrees surprisingly well with 

the calculated signal from the anisotropy considerations above. Furthermore, 

the out-of-plane hard axis [110] response is smaller than the in-plane [001] re­

sponse as expected from the anisotropy calculation, though not by a factor of 

30 but rather 16 (including the factor of 4.2 in sensitivity that the polar Kerr 

effect signals exceed the longitudinal signals). These two last points suggest 

that real hard axis responses are measured. 

Secondly, it can be observed that the shape of the x(T) curves along 

the hard axes is narrower than that along the easy axis. So far, no clear 

explanation for this behavior has been found. However, several experimental 

sources that might have contributed to this behavior have been ruled out 

based on additional experiments. These experiments also confirmed that the 

measured signals are real and not, for example, a result of an offset field at 
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the sample or of the chosen Kerr geometry. 

Two importa1t experiments were performed to confirm the results in 

figure 5.2. The first one considers the fact that the sample is heated radiatively 

by sending an ac current of 4700 Hz through theW heating filament beneath 

the substrate. It has been found previously that a de heating current produced 

an offset field of 0.1 Oe at the sample surface. To determine whether the ac 

heating current had a similar effect or whether it is responsible for the shape of 

the x(T) curves, the susceptibilities were measured during heating and cooling 

cycles, respectively. The cooling data were obtained with no current running 

through the filamem. Since no changes were observed in the susceptibility 

curves with respect to the heating curves, it was concluded that a possible 

offset field does not :nfiuence the shape or the size of the observed signals. 

The second experiment is related to the Kerr geometry employed in 

this thesis. In most measurements, the incident polarization of the light was 

chosen parallel to the plane of incidence (p-polarized). This fact is usually not 

relevant for longitudinal (or parallel) susceptibility measurements, however, 

it might be for tram;verse measurements. When the sample is rotated by 90 

degrees to measure the transverse susceptibility, the large magnetic moment 

along the easy axis is oriented perpendicular to the p-polarization and can 

thus give rise to a K(~rr signal (the transverse Kerr effect). Though this signal 

is expected to be extremely small, it might contribute to the shape of the 

susceptibility curve and even to the size of the recorded signal. One simple 

way to verify that the transverse Kerr effect did indeed not influence the 
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hard axis susceptibility measurements was the use of s-polarized light in the 

experiment. This experiment was performed and gave qualitatively the same 

result, i.e. similar narrow line shapes and absolute signal sizes. Unfortunately, 

the measurement was performed on a different film of a different thickness, 

such that the results are not quantitatively comparable. However, since no 

significant differences have been found, the Kerr geometry is ruled out as a 

factor contributing to the appearance of the specific shape of the hard axis 

signals. 

5.3 Further experiments and discussion 

After it has been established that the transverse susceptibility responses are 

related to some real physical process, the main focus in further experiments 

was the investigation of characteristic susceptibility features along the hard 

axes, namely the absence of an imaginary part and a narrow FWHM in the 

real susceptibility peak, with the goal to gain insights into the mechanisms 

responsible for the observed signals. 

5.3.1 Transverse susceptibility Xt along the [001] in-plane 
hard axis 

In a first experiment, the in-plane hard axis response along [001] was examined. 

To that end, the transverse susceptibility was measured along [001] and at 

small angles from it. The measurements were compared with respect to the 

FWHM of the real susceptibility peak and with respect to the sizes of the real 
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and imaginary parts of the complex susceptibility. The results are shown in 

figures 5.3 and 5.4. 
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Figure 5.3: FWHM of the Re{x} peak compared along easy [110] and hard [001] 
axes and along small deviations from [001]. 

As can be seen in figure 5.3, the FWHM of the real susceptibility peak 

along the easy [1IO] axis is almost twice as big as the FWHM along the hard 

[001] axis . Furthermore, small angular deviations from the hard axis lead to 

an increase in FWHM. It can also be observed that t he trend in FWHM is 

independent of the applied field size in the region of 0.3-0.75 Oe, consistent 

with findings by M. Dunlavy. An increase in FvVHM for extremely small fields 

is attributed to the fact that the real susceptibility peak signal nearly vanishes 

at these low fields, leading to increased noise and a wider FWHM. 

Figure 5.4 shows the behavior of the real and imaginary susceptibility 
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Figure 5.4: Transverse susceptibility x(T) at small angles from the hard axis [001]. 
Note how Re{x} and Im{x} show a minimum near [001] and how Im{x} disappears 
along [001]. 

peaks near the hard [001] axis. Obviously, both components of the suscepti­

bility exhibit the same dependence on the angle from the hard axis. The data 

can be well fitted by a sin2 e function, with a minimum along the hard axis for 

both Re{x} and Im{x}. The most important features are the disappearance 

of Im{x} along [001] and the appearance of an imaginary part for angles B 

from [001]. 

These features suggest the following interpretation of the signals: While 

the transverse susceptibility along [001] is a pure hard axis response, all other 

measurements at angles e from the hard axis are a superposition of the trans-

verse and parallel susceptibilities and therefore related to the critical fiuctu-

ations along the easy axis in the system. In particular, when the sample is 
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rotated by an angle ,9, a small component of the large easy-axis moment is ori-

ented parallel to the applied field, giving rise to a parallel susceptibility signal. 

This is supported by the fact that an imaginary part typical for the easy axis 

response arises in tl:e susceptibility for () =f:. 0 and that this x" increases with 

increasing rotation congle. 

However, thif; observation does not explain the different shapes of the 

susceptibility curves or the absolute size of the signal. The only conclusion 

from the above argt.ment is that critical fluctuations along the easy axis are 

not the source of the large hard axis response along (001] and that a different 

process must be involved in the creation of the signal. This assumption is also 

corroborated by the distinctly different observed FWHM. 

5.3.2 Transverse susceptibility Xt along the [110] out-of­
plane hard axis 

Consider next the transverse susceptibility measurements along the hard axis 

(110] perpendicular to the film. In principle, this measurement should be 

straightforward. However, it has been found that the out-of-plane signal de­

pends crucially on the position of the sample in the plane. The reason for 

this can be explained best by looking at figure 5.5 in which the the real and 

imaginary susceptibility peaks as well as the FWHM are shown for a 1.9 ML 

Fe/W(llO) film. 

When the (1liJ] transverse susceptibility is measured with the film being 

oriented along the eELsy axis ( () = 0), a small signal in x[uo] and a comparably 
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Figure 5.5: Transverse susceptibility x(T) along [110] for different sample positions 
in the plane measured from [110]. See text for details. 

large signal in x[~w] is observed. The FWHM is large and comparable to 

the FWHM of the easy axis signal. This is shown in figure 5.6(a) and 5.6(c) 

where x[uo] and x['uo] are compared to the easy axis signals x[1101 and x[1101 , 

respectively. 

Upon rotation of the sample in the film plane, x[uo] increases while 

x[~ 10J and the FWHM decrease. A minimum for x[~wJ and the FWHM is 

reached when the film is aligned along the in-plane hard axis ( e = goo) . At 

this point, the imaginary part of the transverse susceptibility and the FWHM 

exhibit a similar behavior to the [001] in-plane hard axis case discussed before 

(this is shown in figure 5.6(d)). In contrast to the [001] measurement though, 

the real susceptibility peak along [110] does not reach its minimum at the same 
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Figure 5.6: Transverse real (imaginary) susceptibility signals along [liO] in 5.6(a) 
(5.6(c)) and [001] in 5.6(b) (5.6(d))are.compared to the shape of the easy axis signal. 
To that end, the hard axis response and a Gaussian fit to it have been magnified to 
allow for a direct comparison with the easy axis signal. Note that 5.6(a) , 5.6(c) and 
5.6(b) , 5.6(d) have been measured on two different films . 

position as the imaginary peak. It even increases when the sample is rotated 

further. This effect is a consequence of the sample mount and alignment. 

As mentioned in chapter 3.1.2, the W substrate is held in a Ti ring 

by three W support wires forming a tripod. Due to this setup, a perfectly 
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fiat alignment of the substrate is very difficult. Therefore, it can be assumed 

that the sample surface is not exactly oriented perpendicular to the applied 

magnetic field but tilted by a small angle from the normal, introducing a 

small component of the susceptibility parallel to the field that appears in the 

transverse susceptibility. 

This alignment issue is thought to be the source of the rather compli­

cated behavior of the transverse susceptibility X[no]· Evidence that supports 

this idea has been found by comparing the two hard ([001] and [110]) with the 

easy axis response. The result is shown in figure 5.6. 

In figure 5.6(a), the real susceptibility along the easy in-plane axis is 

shown along with the [110] response which has been magnified by a factor of 

310 to allow for a direct comparison. The equally magnified Gaussian fit to 

the [110] susceptibility is also plotted. Obviously, the signals overlap and the 

peaks have the same width. A similar behavior is observed for the imaginary 

part of the susceptibility along [110] as shown in fig. 5.6(c) (even though the 

FWHM do not exactly match). This confirms the above assumption that a 

small tilt of the sample gives rise to the perpendicular susceptibility signal at 

e = 0 and that the recorded signals along [110] and [110] have indeed the same 

origin. 

In comparison, consider figure 5.6(b) which displays the real suscepti­

bility [001] in-plane hard axis response plotted in a similar fashion as in figure 

5.6(a) to allow for a comparison. Note that the hard axis signal is only 16 

times smaller than the easy axis signal. Moreover, the indication that a dif-
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ferent mechanism is responsible for the hard axis signal is this case is that the 

hard axis signal cleai ly does not overlap with the easy axis signal. The FWHM 

is definitely different. Also, consider the imaginary parts x[~ 10l and x[~l01J in 

figures 5.6( c) and 5.6( d), respectively. In the [110] case, the imaginary part 

has to be magnified hy a factor of 630 to see an overlap of the Gaussian fit with 

the easy axis signal. As mentioned earlier, the FWHM do not perfectly match, 

but nevertheless, it can definitely be said that they somewhat overlap. On the 

other hand, in the [001] case, the imaginary response is extremely small and 

its Gaussian fit has to be magnified by 1218 to have the peak signal reach the 

easy axis peak. In fact, if one did not use a Gaussian fit (by supplying Tc to 

the fitting procedure), one could not even distinguish the peak from the noise, 

so it could be argued whether a signal is really there or not. 

This behavior of a very narrow real x' and a vanishing imaginary sus­

ceptibility x" is also observed for the out-of-plane response when the sample is 

oriented along [001] in the plane. However, the out-of-plane signal is usually 10 

to 30 times smaller than the in-plane signal. This observation agrees with the 

ratio of 30 between in-plane and out-of-plane hard axis signal sizes estimated 

from the Fe/W(110) specific anisotropy constants in section 5.1. Nevertheless, 

it remains unclear whether the [110] transverse signal for the sample along 

[001] is a pure hard axis response or whether a small parallel susceptibility 

component contribmes to the real susceptibility signal as well. 

From a meas1rement such as shown in figure 5.6(a), the sample's tilt 

angle (between the normal and the magnetic field) at () = 0 can be estimated 

135 



K. Fritsch, MSc Thesis Physics and Astronomy, McMaster University 

using the absolute signal sizes of the real susceptibility measured at the same 

strength of the magnetic field. In the experiments, it has been found that the 

in-plane signal along the easy axis is usually 250 to 320 times bigger than the 

out-of-plane signal. These values imply that the sample is tilted by 0.18°-0.23° 

for a easy axis peak signal of 5.5 J.Lrad/Oe. 

5.3.3 Comparison to other work and interpretation of 
the transverse susceptibility signal 

The first approach that might give some insight into the origin of the measured 

signals is given by the work of Jensen et al. [30]. They studied the transverse 

magnetic susceptibility of a 2.2 ML Co/Cu film by a SMOKE technique similar 

to that used in this thesis and related their measured signal to the anisotropy 

in the system. 

The measurements for the in-plane hard and easy axes are shown in fig-

ure 5.7(a). The most remarkable findings are that a) the observed real trans­

verse susceptibility peak at the phase transition is very broad (and noisy) and 

b) the applied field along the hard axis necessary to detect a transverse signal 

is five times larger than that applied along the easy axis, giving a ratio of the 

easy vs hard axis real susceptibility peaks of 500. Moreover, they demonstrate 

that the local, microscopic anisotropy persists above Tc in the paramagnetic 

regime and falls off slowly. They further show how to extract the microscopic 

anisotropy from the value of the inverse hard axis susceptibility x- 1(T) at Tc. 

The obtained inverse susceptbilities are shown in figure 5. 7(b). 
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Figure 5.7: Figure 5.71a): The parallel and transverse susceptibilities are shown for 
a 2.2 ML Co/Cu film along the in-plane easy and hard axes, respectively. The field 
applied along the hare. axis is 5 times bigger than that applied along the easy axis. 
In figure 5.7(b), the inverse susceptibilities are shown for a temperature range near 
Tc. (taken from [30]). 

The results b:v Jensen et al. differ from those obtained in this thesis 

in several aspects. Here, the transverse susceptibility peak is very narrow for 

the hard axis response and the magnetic field strength does not need to be 

increased to detect a signal. Especially the fact that our signal is sharply 

falling off to both sides of Tc in the same fashion does not agree with their 

results and seems to point to the fact that a different mechanism is responsible 

for the signals. Even [f one thought that some dissipative processes in our films 

causes the susceptibility to decrease quickly below Tc, the sharp drop above 

Tc cannot be explained. 

Moreover, the in-plane hard axis signal in this thesis has been observed 

to be only 15-40 times smaller than the in-plane easy axis signal, which is in 

clear contrast to Jen:3en et al. 's findings - they observed a 500 times smaller 
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signal. 

In summary, the results of Jensen et al. clearly contradict our findings. 

They have found a small broad peak of the hard axis susceptibility while 

we have found a very sharp and quite large peak instead. From anisotropy 

arguments, the transverse susceptibility shape should be rather broad and not 

narrow. 

Another measurement displaying the anisotropic behavior of the sus­

ceptibility near the phase transition has been put forward by Back et al. [55]. 

They describe the magnetic behavior of ultrathin Fe/W(llO) films in the thick­

ness regime between 1-2 ML within in a renormalization group approach. 

In measurements on films between 1-2 ML thickness, Back et al. ob­

served the transverse susceptibility as shown in the lower panel of figure 5.8. 

The susceptibility was not measured directly but was derived from the differ­

ence in magnetization curves using the Kerr effect. Since the field dependence 

was linear over a wide temperature range above and below Tc, the susceptibil­

ity 6M / 6H could be calculated. Quite remarkably, the susceptibility displays 

a rather narrow peak with a FWHM of about 8 K for an applied field of 12 

Oe. Assuming that the peak gets even narrower for smaller fields, an extremely 

narrow peak is expected for fields similar to those used in our measurements. 

Also, and this supports our measurements, the susceptibility drops to zero 

below Tc and does not stay constant as claimed by Jensen et al.. Therefore, it 

seems that the transverse susceptibility data presented in this thesis is likely 

to be in agreement with that of Back et al.. As a last aspect in the interpre-
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Figure 5.8: In the lower panel: Behavior of the t ransverse magnetization M(T ) in 
an applied field of 12 Oe and 1.1 kOe for t he hard y-axis ([001]) and z-axis ([110]) 
of a Fe(110)/W (110) film (1.4 ML), respectively (taken from [55]) . 

t ation of the t ransverse suscept ibility consider measurements that observe a 

2D Ising-like behavior [12] for t he Fe/W (llO) system for film thicknesses near 

to 2 ML as performed in this thesis. In a 2D Ising system, a small t rans-

verse suscept ibility signal is expected as shown by Fisher [56]. In fact , for a 

plane square latt ice , the transverse susceptibility signal should be very broad 

(Xt(Tc)/Xt(O) ~ 1. 2) and should drop off upon reaching its maximum value 

slight ly above Tc. 

In previous work by M. Dunlavy, no transverse suscept ibility signal has 
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been observed. This is most likely because of the limited sensitivity of the old 

setup. 

In an attempt to relate the experimental results in this thesis to M. 

Dunlavy's work, consider measurements of the static critical exponent of the 

susceptibility 1 given in figure 5.9. In the figure, values for 1 determined from 

many films are shown as a function of ln(tx), the smallest value of the reduced 

temperature (T/Tc- 1) for which power law scaling is valid. Obviously, 1 

exponents consistent with the 2D Ising universality class (! = 7/4) are only 

observed for ln(tx) < -5.4. For films with larger ln(tx), that is films for which 

power law scaling is not possible as close to Tc, 1 has been shown to lie in the 

range of 2.3-3.5 which might indicate a dimensional crossover from the Ising 

to an anisotropic Heisenberg system. 

Upon examination of figure 5.9 it can be seen that the results for the 

determined critical exponents are found to be correlated to the film thickness. 

For films thinner than 2 ML, and especially for films of 1. 75 ML or a thickness 

below 1.5 ML, a non-2D Ising behavior has been observed. The films can be 

found in a range were ln(tx) > -5.4 and all show a 1 that is larger than 2.3. 

This observation is consistent with the experience that the magnetic properties 

depend critically on the film thickness and morphology. Though quasi layer­

by-layer growth is expected for the first 2 ML Fe/W(llO) at least, some recent 

experiments [57] show that the growth might proceed in a more complicated 

way. 

Looking at the thicknesses of the films used in this thesis, the following 
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FIG. 6. Best-fit values of y plotted as a function of reduced 
temperature cutoff. ln(tx)- Open circles represent films that are 
slightly les; than 1.5 J\.:IL, squares are 1.5 ML films, diamonds are 
1. 75 :M~ and X's are 2.0 J\.:IL. 

Figure 5.9: Critical exponents obtained from many measurements on 1.5-2.0 ML 
thick Fe/W(llO) films (taken from [12]). 

can be observed: Th )Ugh the thickness determination by AES indicates that 

films in a thickness ra.nge between 1. 8-2.1 ML are grown in this thesis, the T c 

determined from the susceptibility measurements are all in the range of 390-

425 K. This does no; agree with the findings of M. Dunlavy who attributed 

a much higher Tc of 450 K to a 1.8 ML thick film. The reason for this 

discrepancy is unclear, since the growth conditions are essentially identical. It 

might be possible that the present iron source is of inferior quality that results 
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in a reduction of Tc. However, it seems more likely that all films grown in 

this thesis are too thin and that their unexpected behavior is a consequence 

of this. Alternatively, the films grown by M. Dunlavy could be all too thick -

but this hypothesis cannot be verified. 

Finally, the size of the transverse susceptibility peak and the reason for 

the particular shape remain unclear. It seems that the peak is too sharp to 

result from anisotropies or a 2D Ising-like transverse susceptibility. Rather, 

it looks like some critical process is responsible for the peak, though it is not 

from an easy axis critical fluctuation. 

In an attempt to gain further insight into the origin of the transverse 

susceptibility peak or if it is related to some 2D Ising-like behavior, the fol­

lowing experiments could be envisioned: First of all, a thicker film should be 

grown with a Curie temperature corresponding to that found for 2 ML ( 465 

K) by M. Dunlavy. Then it would be very interesting to see whether a trans­

verse susceptibility can be measured. Another experiment could involve the 

determination of the critical exponent in the experiments on the transverse 

susceptibility in films as grown in this thesis ruling out or confirming a 2D 

Ising-like behavior of the film under consideration. 
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Chapter 6 

Conclusion 

This thesis has dealt with the optimization of magnetic ac susceptibility mea­

surements by the surface magneto-optic Kerr effect in the investigation of 

ultrathin magnetic films. Several modifications to the experimental setup and 

to the measurement method have been implemented. In particular, the me­

chanical stability of the setup has been enhanced and the optical setup for 

the detection of the Kerr effect has been refined to reduce the influence of 

mechanical vibrations from the sample holder. 

The performc,nce of the system has been investigated by measuring the 

signal-to-noise ratio in ac susceptibility measurements. The data were ana­

lyzed by employing a simple model that incorporates the three major system­

specific noise sources: 1) Intensity fluctuations at the detector through de­

flections of the laser beam and 2) through polarization rotation changes due 

to sample holder vixation and 3) detector noise. As a main result of this 

analysis, it has been found that the effect of mechanical vibrations inherent 
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to the UHV system cannot be completely eliminated, but that its influence 

on the measurements can be reduced by removing apertures that have been 

employed in previous work. The SNR can be maximized by performing mea­

surements with a smaller detector gain at a different angular set point ( () = 24 

arcminutes). Overall, the modifications to the system have led to an increase 

in the signal-to-noise ratio in the ac susceptibility measurements of at least a 

factor of 2.5. 

The detection limit of the ac susceptibility measurements in units of 

Kerr rotation is found to be 15 nrad/Oe under normal operating conditions. 

This is about one magnitude smaller than observed in other measurements 

performed prior to this thesis and by other groups. The increase in sensitivity 

is considered to make ac susceptibility measurements feasible on antiferromag­

netic ultrathin films that exhibit a much smaller response than ferromagnets 

(on the order of nrad/ Oe). The detection of the antiferromagnetic critical 

properties using the ac susceptibility signals from exchange coupled ferromag­

netic/antiferromagnetic bilayers should be unproblematic even for very thin (3 

ML) films. On the other hand, the direct observation of the antiferromagnetic 

state expected for ultrathin film systems such as Cr/W(llO) or Mn/W(llO) 

is more challenging and might only be possible for rather thick (5 ML) films 

or applied driving fields of several Oersted. 

As a test study for the optimized system, transverse susceptibility mea­

surements on 1-2 ML thick Fe/W(llO) films have been performed in this thesis 

with surprising results. First of all, a transverse susceptibility signal could be 
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detected. This can be rated as a major success of this thesis. It has been 

shown that the detection of these signals is a direct result of the improved ac 

SMOKE susceptibility setup. 

The transverse susceptibility signals from the investigated Fe/W(llO) 

films exhibit interesting features. The susceptibility peak signals along the 

magnetically hard axes are found to be bigger than expected from anisotropy 

considerations and are not in agreement with other work [30] that observed 

a small and broad susceptibility peak near Tc. The measured transverse sus­

ceptibility in this th~sis exhibits a distinct narrowing of the line shape. 

The source cf the transverse signals as well as their size and shape 

are not fully understood but possible scenarios were discussed. It has been 

concluded that the scgnals do not arise from easy axis critical fluctuations near 

Tc and that they are most likely not a result from the system's anisotropy. 

Furthermore, the sh3.pe of the peaks suggests that the observed signal is not 

related to a theoretically expected broad transverse susceptibility in a 2D Ising 

system. Based on tl:e narrow shape of the peak, it is hypothesized that some 

critical process is in'rolved in the creation of the signal, however, it is not yet 

understood what that process might be. 
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