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ABSTRACT

Recent progress and interest have bought considerable effort to bear on the 
synthesis and opportunities of magnetic thin films in different fields. There are 
applications in many fields, including remote sensing, waveguide applications, 
hard drive applications, etc. At the College of William and Mary, we have 
focused on utilizing magnetic thin films in som e of these  applications and are 
deeply involved in the optimization process of the thin films.
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MAGNETO-OPTICS AND MAGNETO-TRANSPORT STUDIES ON THIN 

FILMS FOR SENSOR APPLICATIONS



CHAPTER 1

Introduction

This thesis focuses on nanostructured materials for novel magnetic sensors. In 

what follows, concepts and hypotheses which were used throughout the project are 

expanded and magnetic, optical, magneto-optical and magneto-transport properties 

and possible techniques to test them are covered as needed for the applications 

discussed.

1.1 M agnetic Properties

1.1.1 Magnetic Hysteresis

One of the most common and important measurements for virtually any mag

netic device is a hysteresis measurement. A hysteresis measurement is a measure

ment of the magnetization response to the applied magnetic field, or so-called “M-H” 

loop measurement, where M represents the magntization and H represents the ap

plied magnetic field.

For a hysteresis measurement, different directions of the applied magnetic field 

may yield different magnetization properties. The Stoner-Wohlfarth model is often
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Mr

*— '  Mr

-H -H• t
Applied Magnetic Field, H (arb. units)

FIG. 1.1: Ferrogmagnetic thin film hysteresis or M-H loop (red solid line) with the initial 
induction curve (red dashed line). The important loop parameters are denoted, such as 
the saturation magnetization Ms , remanent magnetization Mr, coercive field H, and 
saturation field / / s .[l]

used to describe a single-domain uniaxial magnet with an anisotropy energy param

eter Ku and a volume V. When the magnetic field is applied at an angle 9 to the easy 

axis direction while the magnetization is at an angle 0 to the easy axis as shown in 

Fig.1.2, the total magnetic energy is:

The magnetization angle 0 should be obtained by minimizing the energy ex

pression in Eq.1.1, namely:

E  =  —K UV cos2 0 ~ MoM H V  cos(9 — 0) ( 1 .1 )

K UV sin 20 + HqM H V  sin(0 — 9) =  0 ( 1 .2 )

t - t -  =  2K UV cos 20 +  MoM H V  cos(0 — 9) > 0
0(pz

(1.3)
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H

Easy axis
FIG. 1.2: An illustration of a single domain uniaxial magnet subject to an external 
magnetic field.

From Eq.1.2, it is easy to see that when the applied field is small H—>0, the 

magnetization direction will be along the easy axis direction since sin 26 should be 

zero. And when the applied field is large, the magnetization direction will be along 

the applied field direction since sin(0 — 9) should be zero. There are two special 

situations: 6 — 0 and 6 — 7r/2, where the former is called the “easy axis loop” and 

the latter the “hard axis loop”. For 0 =  0, the solution for <f> is:

<$>

0

0 or 7r

7T

if
f l Q M

(1.4a)

(1.4b)

(1.4c)

the manetization direction will always be along the easy axis direction. The re

gion where <f> has two stable values is called the “bi-stable” region due to the fact 

that the magnetization is stable in both directions along the easy axis. The actual 

magnetization direction depends on the history. The magnetization will keep the 

same direction as that when it enters the “bi-stable” region in the absence of noise 

or thermal fluctuation. Sweeping a magnetic field from a larger value to a smaller 

value is called a “sweep down” and sweeping magnetic field from a smaller value to



a larger value a “sweep up”. Therefore, if one starts with a large enough positive 

field, such that the magnetization direction is alined at <fi =  0, and sweep down the 

magnetic field to negative field, the magnetization will change direction to <f) =  n at 

Then if one sweeps the magnetic field up to a large positive field, 

the magnetization will change direction back to <f> =  0 at Hn_>0 =  . Therefore,

the “M-H” curve would look like two step functions at two different fields (H0̂ n and 

#„_*>). The coercive field is defined as half the value of the difference between the 

two switching fields, i.e. Hc =  \  |//*■_►() — #-o-nr|- In the case of uniaxial anisotropy 

single-domain magnetization, Hc =

One thing worth noting is the difference between the anisotropy field //*. and 

the coercive field Hc. The anisotropy field Hk comes from the anisotropy energy
q  rp

i.e. Hk =  whereas the coercive field Hc is a measured value and often changes 

with temperature and the shape and microstructure of the sample. When no other 

effects are considered, the value of the coercive field is equal to the anisotropy field. 

However, in room temperature measurements, these two values are not equal since 

thermal fluctuations, etc. will influence the measured coercive field.

For 6 =  | , the solution for <j> becomes:

<t> =

7r

sm

TC
~ 2

- l /  noMH
V 2 /fu

if H < - 2 %f io M

(1.5a)

(1.5b)

(1.5c)

One can still get the anisotropy field value by sweeping the field and determining 

when the magnetization direction aligns with the field direction (i.e. when H =  Hk).



1.1.2 Magnetic-Transport

An electron has an intrinsic spin of 1/2. Therefore a flow of electrons is not 

only a flow of charges, i.e. a charge current, but also a possible flow of spin angular 

momentum, i.e. a spin current, if the electrons have a predominant spin direction. 

When magnetic moments interact with magnetic materials, especially ferromagnets, 

spin alignment gives rise to their magnetization.

Giant Magnetoresistance

The discovery of Giant Magnetoresistance (GMR) marks the birth of spintron- 

ics. It was discovered independently by Albert Fert’s group [4] from Universite 

Paris-Sud and Peter Griiberg [5] from Festkorperforschung Jiilich. The Nobel Prize 

in Physics in 2007 was granted to both for the discovery of GMR.

In the GMR effectl, two ferromagnetic layers are separated by a non-magnetic 

metal layer as shown in Figure 1.3. The resistance reaches its maximum value 

when the magnetization directions in two seperated ferromagnetic layers are aligned 

antiparallel (AP) with each other, while it reaches its minimum value when the two 

magnetization directions are parallel (P). The MR ratio can be defined as:

M R  = R *“ -  Rp (1.6)
Hp

where Rap is the resistance for the AP configuration and Rp is the resistance for 

the P configuration.

The resistance of the GMR structure can be measured with current both in 

the layer plane and perpendicular to the plane. GMR can be observed in both 

configurations. Figure 1.3 shows the resistance measured with current perpendicular 

to plane (CPP) geometry. The CPP configuration generally has a higher MR ratio 

than that of the current-in-plane configuration and therefore is more commonly used
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Ferromagnet Non-magnetic Ferromagnet 
metal

I © ---------
FIG. 1.3: An illustration of GMR structure, two ferromagnetic layers seperated by a non
magnetic metal layer. The resistance of the sandwitch structure depends on the relative 
magnetization orientation of the two ferromagneitc layers. The resistance is measured 
with the current perpendicular to the plane.

for GMR devices. For typical GMR structures, the MR ratio ranges from 1-80% at 

low temperature.

A two-channel conduction model can be used to understand the GMR effect.[6] 

In ferrogmagnetic conductors, the energy bands for itinerant electrons with spin 

directions parallel and anti-parallel with the magnetization directions are differ

ent. The electrons with magnetic moments aligned parallel with the magnetization 

are called ’’majority electrons” due to the fact that there are more of this kind 

of electrons than the ’’minority electrons” , whose magnetic moments are aligned 

anti-parallel with the magnetization directions. As a result, after passing through 

a ferromagnetic layer, a ’’normal” electrical current, where the number of electron 

spins are the same for the two directions, becomes spin-polarized, where the major

ity of the electrons have magnetic moment directions the same as the magnetization 

direction of the ferromagnetic layer, as shown in Figure 1.4. When a current with 

the same amount of spin up and spin down go through the first ferromagnetic layer, 

there are more spin down than spin up electrons.



FIG. 1.4: Illustration of GMR effect

The spin-polarized electrons go through the non-magnetic layer as shown in 

Figure 1.3. The electrons scatter with the lattice with a length scale related to 

their mean free path, which induces resistivity. When electrons scatter in the non

magnetic layers, it turns out [6] that not all the scattering events influence the spin 

orientation, yet the electrons can lose or change their spin orientation by spin-orbit 

interaction, magnon and phonon scattering. The distance in which the electrons 

keep their original spin orientations is called the ”spin-diffusion length” , which is 

determined by the spin-orbit coupling, impurity spin flip scattering and the tem

perature of the material. In order to observe any spin-dependent phenomenon, the 

spin-diffusion length of the metal layer must generally be larger than the thickness 

of the layer [7] [8].

For the second ferromagnetic layer, if its magnetization is aligned anti-parallel 

(AP) with the first layer magnetization, the majority electrons after passing through 

the first layer now become the minority electrons in the second layer. However, if the
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second layer magnetization is aligned parallel (P) with the first layer magnetization, 

the majority electrons of the first layer are still the majority electrons in the second 

layer. Therefore more electrons will pass through the whole structure in the P 

configuration than the AP configuration. The resistivity in the P configuration is 

smaller than the AP configuration.

1.2 Applications

1.2.1 Spin valves

The ’’spin valve” , a commonly used structure in spin-transfer phenomenon, is 

similar to the GMR structure previously discussed on Page 6. A spin valve structure 

consists of two ferromagnetic layers seperated by a non-magnetic metal layer as 

shown in Figure 1.5. One of the ferromagnetic layers is designed to be switched by a 

magnetic field, spin-polarized current or other effects. This layer is called the ’’free 

layer” . A typical free layer will have two preferred magnetization directions along 

its easy axis where the magnetic energy is a minimum.

The other ferromagnetic layer is the ” reference layer” . It is designed to main

tain a fixed magnetization direction while the free layer magnetization changes. One 

way to achieve fixed magnetization for the reference layer is to make its anisotropy 

and coercivity much larger than those of the free layer. Therefore when switching 

is induced in the free layer, there are no changes to the reference layer magneti

zation. Another way to achieve a fixed magnetization for the reference layer is to 

incorporate the reference layer into an exchange bias system such that the coerciv

ity of the reference layer magnetization is biased outside the range of the free layer 

magnetization coercivity.

Since the magnetization direction of the reference layer is fixed, any resistance
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FIG. 1.5: Illustration of a spin valve device

change of the total system is due to the change of the free layer magnetization, 

measured through the GMR effect, when current is applied across the layers and 

the voltage is measured between the free and reference layer. By directly measuring 

the resistance of a spin valve, the free layer magnetization configuration can be 

fully understood, e.g. for a simple ”two-state” spin valve, the resistance from a DC 

electrical measurement will indicate whether the free layer magnetization is parallel 

or anti-parallel to the reference layer magnetization. For a uniformly magnetized 

free layer, the resistance represents the angle between the free and reference layer 

magnetization.

The non-magnetic metal layer between the two ferromagnetic layers needs to 

have a long spin diffusion length, larger than the thickness of the layer, so that the 

spin-polarized current keeps its polarization between the reference and free layer. 

The typical thickness of the spacer is only several nanometers, and thus spin polar

ization loss can be ignored [9].



1.2.2 Tunnel Magnetoresistance (TMR) and Magnetic Tun

nel Junctions (MTJs)

Tunnel Magnetoresistance (TMR) is found in magnetic tunnel junctions (MTJs), 

whose basic structures are similar to that of a spin valve. Instead of separating the 

free and reference layers by a non-magnetic metal layer, the MTJ uses a thin in

sulating layer. Electrons will tunnel through the insulating layer between the two 

ferromagnetic layers, where the rate of tunneling depends on the electron spin po

larization and the magnetization directions of the ferromagnets. Therefore, similar 

to spin valves, as long as the magnetization of the reference layer of an MTJ re

mains unchanged during a stimulus, the reference layer can serve as a polarizer to 

the tunneling current and readout of the free layer magnetization[10].

TMR was discovered in 1975[11], much earlier than the GMR. However, it 

did not attract much attention at that time because the measurement was done 

at low temperature and the MR was small. A significant TMR at room temper

ature was later found for amorphous aluminum oxide barriers[12] [13]. Nowadays, 

the most commonly used insulating barrier is crystalline MgO, theoretically pre

dicted in 2001 [14] [15] to lead to larger TMR. Experiments[16][17][18] [19]then fol

lowed, where more than 200% TMRs was achieved at room temperature. A typi

cal ferromagnetic material for the electrodes is CoFeB, and the overall amorphous 

CoFeB/MgO/CoFeB structure after deposition can achieve (001) crystal texture af

ter annealing. Furthermore, the magnetic anisotropy at the CoFeB-MgO interface 

is found to be perpendicular. Therefore an all-perpendicular MTJ structure can be 

realized with thin CoFeB layers[20][21].

The TMR ratio has a simple relation with the spin polarizations inside the two 

ferromagnetic layers[ll]:
2Pi -  P2
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where Pi and P2 represent the spin polarization of the first and second ferromagnetic 

layers. For typical ferromagnetic materials, the spin polarizations are measured to 

be 44% for Fe, 34% for Co and 11% for Ni, which explains the TMR ratio between 

10% to 50% from the early experiments [22].

1.2.3 G M R/TM R Magnetic Hysteresis

In a GMR/TMR system, there is often more than one magnetic layer. Each 

layer will respond to the applied magnetic field and the total magnetization config

uration as well as the resistance of the system can have a complicated dependence 

on the applied field. In a simple two-layer system, there are two different types 

of hysteresis measurements for applying an easy axis magnetic field. One is called 

the “major-loop” where the range of the applied magnetic field is usually larger 

and both the free and reference layers will change their magnetization directions 

during the measurement. Typically the system will show the P state resistance for 

both positive and negative fields with large absolute values, corresponding to both 

the free and reference layers aligned with the applied magnetic field direction. For 

smaller absolute values of the applied field, there may be a region that shows the 

AP state resistance of the system due to the different coercivities between the free 

and reference layers.

The other easy axis hysteresis measurement is called a “minor loop” , corre

sponding to when the applied magnetic field range is chosen to only change the 

magnetization direction for one of the layers, i.e.the free layer, and leave the other 

layer, usually the reference layer, unchanged. In this case, the physics is the same 

as for the single magnetic layer system mentioned before. The reference layer can 

be used to determine the free layer magnetization response through the GMR/TMR 

effects.
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Ferromagnetic materials also exhibit magneto-optical properties. The Magneto- 

Optical Kerr Effect (MOKE) describes the changes to light reflected from a mag

netized surface, which can be used to extract the magnetization structure of the 

materials. MOKE was discovered by Kerr[23], who found a slight rotation (typi

cally <<C 1°) of the plane of polarization of a light beam reflects a magnetized surface. 

Both polarization and reflected intensity can be changed when light reflected from 

magnetized surface. This is similar to the Faraday Efect, where the polarization of 

a light beam is altered upon transmission through a magnetic material, while the 

Kerr Effect describes changes to the light reflected from a magnetic surface.

The plane-polarized light refelected from a magnetic film with non-zero magne

tization M will have its major axis polarization changed, where the rotation depends 

on the magnetization M of the thin film sample relative to the plane of incidence 

of the light beam.

Some non-linear magneto-optical effects are associated with surfaces an inter

faces in magnetic media, i.e. nonlinear second-harmonic Kerr Effects, have also 

been predicted and detected. Although second-harmonic generation is forbidden 

in materials with an inversion center, and most widely encountered materials (Fe, 

Co, Ni, FeNi, etc.) are such, space-inversion symmetry is broken at a surface or an 

interface. Time-reversal symmetry is also broken in magnets. The breaking of these 

symmetries leads to the appearance of second-harmonic magneto-optical phenom

ena, which have been found to significantly surpass the corresponding linear effects 

in magnitude. This thesis addresses such effects in nano-composite magnetic-non

magnetic thin films through a collaborative effort with Professor T. Murzina from 

Moscow State University.
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1.3.1 Macroscopic Formalism for Magnetic Multilayers

The macroscopic description of the magneto-optical effect is based on an analy

sis of the dielectric properties of a medium [24], Two circularly polarized modes gain 

different phase shifts due to their different propagating velocities when propagating 

through magnetic media, resulting in a rotation of the polarization plane, which in

duces the conventional Faraday rotation. Moreover, the different absorption rates of 

the medium for the two circularly polarized modes affects the ellipticity. In general, 

both effects exist in a magnetized medium.

A 3 x 3 dielectric tensor describes a magnetic medium, with with i , j  =  

1,2,3, and it can be decomposed into a symmetric part and an assymetric part, 

(i,j — (eij  +  ej,i) /2 4- (ejj — t j i )/2. The symmetric part can be diagonalized by an 

appropriate rotation of the coordinate system, giving no contribution to the Faraday 

effect. The dielectric tensor is:

^ 1 iQz - iQy^

t — t ( 1 .8 )iQz  1 iQx

y iQy iQx  1 J

Two normal modes for left-circularly polarized light with refraction index 6 i  =  n( 1 — 

|Q  • k ) and right-circularly polarized light with refraction index 6 i  — n (l +  |Q  • k), 

where n =  \/e is the average refraction index and Q is the Voigt vector can be 

described.

Most magnetic materials strongly absorb light. This leads to a convenient 

way to experimentally measure the reflected light in order to probe the magneto- 

optic effect. For a given magnetic multilayer, the tensor for each layer can be 

expressed by a 3 x 3 matrix[25][26]. Considering a multilayer structure that consists 

of N individual layers, after multiple reflections, there will be a reflected beam
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backscattered into the initial medium i and a tramsmitted beam that emerges from 

the bottom layer into the final medium /  The Kerr rotation (j)' and ellipticity <p" for 

s- and p-polarized light are given by

^  =  #  +  i ^ = - £
rSs

(1.9)

and

4 , =  * ; +  ^ ;  =  ^  (l.io )
rpp

With the ultrathin films approximation where the optical thickness of the film 

is much less than the wavelength of the incident light, the reflection coefficients 

are [24]:

riiCosOi — UfCosOf 
ss riiCosOi +  njcosOf

_  TifCQsOj -  njCosOf 

W TlfCOsOi +  UiCOsdf

fps —
47T TliCOsO,
A (riicosdi + nfCos9f)(rifCos6i +  riicos0f)

(  \  (1 1 3 )
x I cosQf ^ 2  dmn2mQ <f l) -  nf nisindt ^  I

47r riicosdi
p̂s

X

A (riiCosOi +  nfcosd/){nfCosOi +  riicosdf)
\  (1-14)

cosOf E ̂ m̂ TnQ̂ z  ̂ WfTliSiTlOi ^   ̂  ̂ J
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Longitudinal Polar Transverse

FIG. 1.6: Illustration of the three MOKE configurations; Left: Longitudinal; Center: 
Polar; Right: Transverse. The magnetization orientation is shown in the corresponding 
case.



CHAPTER 2

Surface Plasmons

2.1 Introduction

Surface plasmons are collective oscillations of free electrons localized at surfaces 

of metallic structures[27]. When surface plasmons are excited, fluctuations of the 

electric charge are induced, accompanied by electromagnetic oscillations[2]. There

fore, the surface plasmons are also called surface plasmon polaritons (SPPs), which 

represent coupled oscillations of electromagnetic waves and oscillations of charged 

particles [28] [29].

SPPs are thus the coupled modes of surface plasmons and light[30]. The SPPs 

enhance the electromagnetic fields localized at the surface of metallic structures 

compared with the excitation field. The enhancement localization of the EM fields 

has led to many applications in the new field of ” plasmonics” . For example, the 

localization of the fields enables nano-optics beyond the diffraction limit of light 

waves[31].

17
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In general, there are two different types of surface plasmons: those propagating 

along a planar dielectric-metal interface, which are usually called surface plasmon 

polaritons (SPPs) [28] [2], and those localized at metallic nanoparticles[32],which is 

usually called localized surface plasmons (LSPs). SPPs and LSPs are of the same 

physical origin. Both of them exhibit electromagnetic fields localized at metallic 

surfaces and significantly enhanced with respect to the excitation fields. An optical 

method for exciting SPPs using a prism, called the attenuated total reflection (ATR) 

method, was demonstrated by O tto and also by Kretschmann and Raether[28] in 

1968. In this chapter, we summarize the fundamental characteristics of SPPs.

2.2.1 Total Internal Reflection

A light beam is incident on a glass prism (e.g. triangular prism) surrounded by 

air, as shown in Fig.2.1. The dielectric constant of the prism is defined as ep and 

of the surrounding medium (air) as em, with the condition ep > em. Light incident 

at the boundary between two media as a function of incident angle 6  follows the 

well-known phenomena of reflection and refraction. When the incident angle from 

denser media is larger than a certain angle, called the critial angle of total reflection, 

it is well-known that light is totally reflected at the interface between the denser 

and the lighter media. The critical angle of total reflection is defined as:

arcsin

Since metals are not perfect reflectors, evanescent waves are generated at the 

interface and penetrate into the medium. For the incident electric field to satisfy 

Maxwell’s equations, k2  =  k2  +  k2  =  (ui/c)2 ep should hold.
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FIG. 2.1: Light beam incident on a prism (inset: Intensity of the reflected light as a 
function of incident angle 6)

The wavevector of the incident light is given by:

kx — (w /  c) y/£f>sin(9in) (2-2)

Under the condition of total reflection, the wavevector of the medium, k^  =  

kmx +  kmz =  (w/c)2em, should also hold. The boundary condition at the prism- 

medium interface requires continuity of the x-component of the wavevector, i.e. 

kmx =  kx — {u/ c)y/£pSin{0in). The electric field can be written as:

Em =  Em0et{k- X~ ^ e ^ z (2.3)

where kmz =  i'y.

This indicates that an evanescent wave propagates along the x-direction with 

its amplitude decaying exponentially away from the interface. Even if there is no 

energy flow into the adjacent medium, the evanescent electric fields penetrate into
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Light Wave

FIG. ‘2.2: Light beam incident on a prism attached to metal thin film (e.g. Ag) — 
Krestschemann configuration

^Lightwave

FIG. 2.3: Light beam incident on a prism set in close proximity to an metal thin film 
(e.g. Ag) —Otto Configuration

the medium and have nonzero amplitudes.

2.2.2 SPP Excitations

A prism is attached to metal thin films, as shown in Fig.2.2 in the Krestehemann 

configuration. The O tto configuration is shown in Fig.2.3

The intensity of the reflected light as a function of the incident angle leads to 

a dip in reflectivity due to light absorption at the angle which is larger than 9C, as 

shown in Fig.2.4. The dip is attributed to the excitation of SPPs at the metal-air



Incident Angle

FIG. 2.4: Intensity of reflected light as a function of incident angle 

interface.

The electric fields accociated with the SPPs can be written as[28][29]:

with j  =  d for the dielectric and j  — m  for the metal. The magnetic fields I!} are 

written in a similar way. Thus SPPs are classified as a transverse magnetic (TM) 

mode and can be excited only by p-polarized light.

The SPP dispersion relationship beween kspp and a; is given by

negative values and the imaginary part is not very large. Thus, the condition is 

satisfied by good metals such as Ag and Au in the visible range.

A typical SPP dispersion relationship is schematically shown in Fig.2.5. The 

curve starts at ui =  0 and kc — 0 and approaches a horizontal line uj — uisp for large 

kx, where ujsp is the frequency satisfying e(uJsp) =  — em. For small kx, the SPP

(2.4)

(2.5)

where e(uj) is the dielectric function of the metal.

In general, Eq.2.5 is valid for a material for which the real part of e(u) takes



22

a ) Air light line

SP

FIG. 2.5: SPP dispersion relationship[2]

dispersion curve approaches a line given by kx =  (oj/c)x/e^'. The SPP dispersion 

curve is located in the nonradiative region and SPPs can not interact directly with 

light propagating in air.

The dispersion curve of the evanescent wave generated from the prism is given 

by Eq.2.2 and represented by the solid line I in Fig.2.5. The slope of the line changes 

depending on 9in. An evanescent wave generated by incident light with a frequency 

uj and an incident angle 6 in is characterized by a point P on I. The excitation of 

SPPs in the ATR configuration can be explained by the crossing of line I with the 

SPP dispersion curve.

As shown in Fig.2.6, the electric field localized in the vicinity of the metal 

surface and the electric field enhancement are the most important features of SPP
I 12excitation. In the figure, the square of the electric field amplitude |E(z)\ is normal-

I 12ized to the incident light | E(o) | , referred to as the electric field enhancement factor. 

The contributions of z- and x- components of the electric field to |E(2)|2 are shown 

by broken and dotted lines, respectively.

Fig.2.6 clearly shows that under SPP excitation condition, a very strong electric 

field, mainly normal to the interface (z-component), is generated at the metal-air
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FIG. 2.6: Electric field profiles under the SPP excitation condition in a Kretschmann 
configuration shown in the inset.[2]

interface and decays exponentially away from the interface. The region of the strong 

electric field is confined to within a few hundred nanometers of the interface. The 

generation of the enhanced and localized electric fields in the vicinity of the metal 

surface offers the possiblity of many potential applications.

2.3 Diffraction Gratings

The ATR configuration described in the previous sections can be used to excite 

SPPs, however it is sometimes difficult to miniaturize. An alternative technique 

is a grating coupler method, in which periodic structures are introduced on metal 

surfaces to diffract incident light into SPPs.

Fig.2.7 shows a metallic surface corrugated with periodic grooves, a one-dimensional 

(ID) grating, and monochromatic light incident on the surface at an angle 6 in. The 

grating induces diffracted light of various orders in addition to the reflected light. In 

optics, a diffraction grating is an optical component with a regular pattern, which
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Reflected Light
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m =  -1 !

Diffracted Light 
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FIG. 2.7: Light incident in a ID metallic grating

splits and diffracts light into several beams travelling in different directions. The 

directions of these beams depend on the spacing of the grating and the wavelength 

(A) of the incident light. An idealized diffraction gratings is composed of parallel 

and infinitely long narrow slits of spacing A.

As shown in Fig.2.8, a reflection dip very similar to Fig.2.4 can be observed 

provided that the spacing between the grooves (grating pitch A) is appropriately 

chosen[33] [34]. The dip appears for p-polarized incident light but not for s-polarized 

incident light. The dip can be attributed to the excitation of SPPs, and the energy 

of the incident light is transferred to SPPs at the dip angle angle.

The momentum of an optical wave can be increased to match that of surface 

plasma by gratings. The wavevector k  of the diffracted light parallel to the interface 

is altered as:

^SPP — kXin +  ^ k x ( 2 .6 )

with:

(2.7)
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FIG. 2.8: Dispersion relationship of SPP excitation by the grating

and:

kxin — (^/^) yfasindin (2*8)

where m is an interger and, kx is the component of the wave vector of the incident 

light along the grating surface. Eq.2.6 represents the x-component of the wavevector 

of the mth order of diffracted light. Eq.2.6 implies that the excitation of SPPs is 

possible when the incident light is diffracted into SPPs. The grating can add a 

quasi-wavevector of to the incident light wavevector kxin to be compatible with 

kspp, as shown in Fig.2.8

The relationship between m and the incident angle 6  is:

nasin0 +  m -  =  ± J  wr a (2.9)

where 6  is the angle of incident beam, na is refractive index of dielectric, and emr 

is the real part of metal’s dielectric constant. When the formula is satisfied, surface 

plasmon polaritons are excited.
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2.4 Applications

Surface plasmons are essentially light waves trapped at the surface because 

of their interaction with the free electrons of the conductor. In this interaction, 

the free electrons respond collectively by oscillating in resonance with the light 

wave[28]. These evanescent waves excited at the boundary of the metal and the 

medium are very sensitive to any dielectric change at this boundary, such as the 

adsorption of molecules to the metal surface. Thus, optical sensors, based on SPPs 

at planar gold surfaces, are fast becoming a preferred method for many sensing 

applications. Biosensors based on surface plasmon resonance (SPR) possess desir

able characteristics such as refractive index sensitivity on the order of one part in 

105-106 corresponding to a real mass sensitivity in the picogram per square millime

ter range, although for some biosensing applications—particularly biohazards and 

defense applications—this may not be sufficient [35]. The question that we have ad

dressed in this work is whether or not it is possible to further enhance the sensitivity 

of SPR based biosensors.

2.5 Transfer M atrix Formalism

We use a general transfer matrix formalism to simulate ellipsometric properties 

using bulk values for the dielectric constants[36], which is useful to compare with 

experimental ellipsometric measurements.

For the general transfer matrix, considering a layered system with plane parallel 

interfaces, assume an incident light wave with wave vector ka coming from the 

incident medium (ambient, index a, —oc < 2  < oo, complex index of refraction na) 

at an angle of incidence <Fa (Fig.2.9). Then the wave vector of the wave reflected 

from the plane of incidence will be ka. Let Ap, As and Bp, Bs denote the complex
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z=0

FIG. 2.9: Incident, reflected, and transmitted p and s modes of a plane wave with their 
wave vectors ka, ka, kf and k^, respectively. Ds and Dp indicate the modes of the back- 
travelling waves inside the substrate. If the exit medium is anisotropic, there may exist 
four different wave kf.

amplitudes of the p and s mode of the incident and reflected waves, respectively. 

The exit medium (substrate, index f, Zn < z < oo) does not include a back side. 

Hence there are only two amplitudes for the transmitted p and s mode, Cp and 

Cs, respectively. A Cartesian laboratory coordinate system is then defined when 

the plane of incidence coincides with the x-z plane, where the origin is set at the 

interface.

W ithout loss of generality the wave vector ka does not have a component parallel 

to the y- direction. In order to connect the four wave amplitudes inside the incident 

medium (left side of the structure in Fig.2.9) with the two transmitted amplitudes 

inside the exit medium (right side of Fig.2.9), a general transfer matrix can be 

defined for any given layered structure:
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M
( ti ll T n T13 t14n fc,\

B ,

=  T
D s = T21 T 2 2 T 2 3 t 24 0

Ap cp t 3 1 T 3 2 T 3 3 t 34 Cp

\ B p j \ d p J yLn T i 2 T ,3 T 4 4  j w

The tangential components of the electric and magnetic field vectors are con- 

tinous across the interface between the two media (if the surface current density 

K and the surface charge density a vanish). Thus a 4 x 4 matrix algebra that de

scribes the propagation of monochromatic plane waves through the entire layered 

system can be introduced. If d* is the thickness of the ith  layer, a partial transfer 

matrix T ip that connects the in-plane wave components at the interface at z =  z, 

with those at the next interface at z =  Zi +  di can be defined for both isotropic 

and anisotropic layers. Hence the ordered product of all partial matrices from all 

N layers transfer the in-plane components at the first interface at 2  =  0 to the last 

interface at 2  =  zn- Likewise, the incident matrix La projects the in-plane wave 

components of the incident and reflected waves through to the first interface. The 

exit matrix L/ projects the transmitted amplitudes from the last interface through 

to the exit medium that may be isotropic or anisotropic. The general transfer ma

trix T as defined in Eq.2.10 is then most easily obtained from the product of all 

inverted matrices T,p for each layer, as well as the incident and exit matrices in the 

order of their appearance:

N
T = L „- 'n r.,[T .p(<i,)]-|L/  = L ; ‘ n T ip(-rf,)L/  (2.11)

l—l

Note that due to the symmetry of the coordinate systems the inversion of Tp that 

is indicated in Eq.2.11 does not require a matrix inversion calculation.



2.5.1 Polarized-Dependent Optical Parameters-Transmission 

and Reflection Coefficients

The measurable polarization-dependent optical parameters can be obtained im

mediately from the general transfer matrix and therefore through the algebra dis

cussed here.

The transmission and reflection coefficients of layered systems are traditionally 

defined as the ratios of the amplitudes of the incident and reflected or transmitted 

waves, respectively. They can be expressed in terms of the elements of the general 

transfer matrix T. Consider Eq.2.10 as a system of four linear relations between the 

p and s components on the left and right sides of Fig.2.9. As an example, one might 

choose the Jones reflection and transmission coefficients r ss and tsp, respectively. 

Inside the substrate only transmitted waves are allowed. Therefore the ratios can 

be found as follows:

. & s \  T 2 1 T 3 3  —  T23T3!
rx. =

A s )  J4 - 0  T 1 1 T 3 3  —  T 1 3 T 3 1

T  (2.12)  
/    1 P I ~ i 31van
sp \ A j Ap=o T1 1 T3 3  T1 3 T3 1

Note that all eight conceiveable quotients of the incident and emerging wave parts 

can be expressed in termes of elements of the matrix T.

2.5.2 Generalized Ellipsometric Parameters

The complex reflectance ratio p has been traditionally defined as



and can be expressed through the ratios of the amplitudes of the incident and 

reflected waves. Let \  be the ratio of the incident modes Ap and As; then the 

ellipsometric ratio is obtained from Eq.2.10 as follows:

_! _  1 UijTw — xTn) +  ^ ( x ^ n  ~  ^ 3 1 ) _  Ap
P X ^2l(733 — X^13) +  t23(X^U — ^ 3 1 ) * As

(2.14)

or, using the expression for the transmission and reflection coefficients derived from

As seen in the latter equation the complex reflectance ratio p is then a com

bination of three ratios formed by the elements of the Jones reflection matrix, and 

depends on the ratio of the incident wave amplitudes Ap and As. The basis of gen

eralized ellipsometry is to define and determine three linear independent normalized 

reflection matrix elements.

Defining a set of those normalized elements:

T:

P  — [ r p p  T  R r p ( x )  ] (r ss T  r p s X ) (2.15)

or, in a slightly different form:

(2.16)

=  R (2.17)

results in Eq.2.16:

p =  [Rpp +  R[sp\{x) ' ] (14- RppRpsx) 1 (2.18)

Eq.2.10 simplifies in cases where only isotropic materials are included in the



31

layered system or in some special cases where, for example the Cartesian principal 

axes of the material layers are all oriented parallel to the axes of the laboratory 

coordinate system. In this case the ellipsometric ratio holds:

pls =  p ^ L , JRs =  p i , JRp =  p ^  (2.19)
1 33-t21 i l l  i  33

These coefficients can be experimentally measured.



CHAPTER 3

Experimental Techniques

In this chapter, detailed experimental techniques and instruments used for 

the work presented are discussed. The thin film deposition and fabrication used 

and also thin film characterization techniques are included in this chapter. Also, 

custom-made instruments including the angular-dependent surface plasmon reso

nance (SPR) /  Magneto-Optical Kerr Effect (MOKE) setup and the electrical trans

port measurement setups are described.

3.1 D eposition and Fabrication Techniques

In this dissertation, a thin film deposition chamber with ultra-high-vacuum 

(UHV) was used. The pressure of the UHV chamber can be as low as 10~10 Torr to 

achieve the least interaction between the residual gas and thin film growth as well 

as surface characterization process.

32
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3.1.1 Direct Current (DC) Magnetron Sputter Deposition

Direct current (DC) sputter deposition is one of the most common methods 

of physical vapor deposition (PVD) techniques used to deposit conducting thin 

films[37].

Sputtering is a method of physical vapor deposition of thin films of one material 

onto another material or substrate. This thin film deposition technique is amply 

used in scientific and industrial applications. The most common sputter deposi

tion methods used are ion beam sputtering, diode sputtering and DC magnetron 

sputtering.

General Description

A schematic representation of a vacuum chamber used for DC magnetron sput

ter deposition is shown in Fig.3.1.

Sputtering occurs in a vacuum chamber, where a substance is bombarded with 

ionized gas molecules that displace atoms. The process involves ejecting material 

from a “target” , which is a source, onto a “substrate” .

In order to remove contaminations, i.e. gas impurities, the vacuum chamber is 

evacuated to the lowest achievable pressure or base pressure, typically in the ultra- 

high vacuum (UHV) regime ( ~  10-9 Torr ), using different kind of vacuum pumps, 

including roughing pumps, turbo-molecular and cryo-pumps, according to different 

pumping ranges.

Magnetrons are used in the sputtering process to helps control the path of the 

displaced atoms that fly randomly around the vacuum chamber and also helps lower 

the pressure needed to sputter the conducting materials. The vacuum chamber is 

filled with ultra-high purity inert gas such as Argon (Ar) gas (99.999%). Magnetron 

sputtering sources can be used in the range of 10~3 Torr Ar gas to exite a plasma.
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FIG. 3.1: Illustration of DC sputtering

A high negative DC voltage is applied to the target while the sample is grounded. 

Ions from the plasma are accelerated towards the target due to the high negative DC 

potential. More ions and electrons are created in the process through an avalanche 

leading to a self-sustainable plasma. The ejected neutral target atoms fly through 

some distance and then are deposited onto the surface of the substrate. These atoms 

hit the substrate and bond to the surface at an atomic level and form a thin film.

3.1.2 Deposition Chambers

Fig.3.2 shows a photograph of the UHV deposition chamber that was used to 

deposite the DC magnetron sputtered thin films throughout this project. The system 

has two chambers, the loadlock—used for sample entry purposes— and also the 

deposition chamber, seperated by a gate valve. Four DC magnetron sputter sources 

are installed in the deposition chamber. The deposition chamber has a surface 

characterization instrument—reflection high-energy electron diffraction (RHEED)— 

and also one ion-gun for surface modification purposes.



FIG. 3.2: Picture of Perkin-Elmer deposition system

3.2 Characterization Techniques

Several thin film characterization techniques are used in this dissertation. A frief 

description of the thin film characterization techniques are mentioned in this section, 

including structual characterization [X-ray diffraction(XRD)]; surface characteriza- 

tion[atomic force microscopy(AFM)] ; magnetic characterization [superconducting 

quantum interference device (SQUID) magnetometry.

X-Ray Diffraction (XRD) and X-Ray Reflectivity (XRR) The crystal 

structure and the thickness of the layers was monitored using ex-situ x-ray diffrac

tion (XRD) and x-ray reflectivity (XRR) carried out using a standard four-circle 

diffractometer with Cu K a radiation (=1.5418A) in the Bragg-Brentano configura

tion and with 1/32° slits. We used PANalytical X’Pert XRD intrument to char

acterize thin film microstructures. Aspects of our work were carried out using the 

X’Pert instrument facilitated by NSU through the ARC consortium.
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Ellipsometry Variable angle spectroscopic ellipsometry (VASE) is an M-44 VASE 

J. A. Woollam Co. instrument. VASE provided the actual optical constants in the 

spectral range of 1.5 to 3 eV.

Scanning Electron Microscopy (SEM) The surface morphology was charac

terized with scanning electron microscopy (SEM, Hitachi 4700 Scanning Electron 

Microscope with Energy-Dispersive X-Ray Spectroscopy).

Scanning Transmission Electron Microscopy (STEM) The microstructure 

of the samples was investigated using scanning transmission electron microscopy 

(STEM). The specimens were observed with a VG Microscope HB501UX operated 

at 100 kV and equipped with a Nion 3rd-order aberration corrector and a Gatan 

Enfina electron energy loss spectrometer capable of providing atomic resolution in 

both imaging and spectroscopy. Specimens for STEM observations were prepared by 

conventional thinning, grinding, dimpling and Ar ion milling. Principal component 

analysis (PCA) was applied to the EELS images to remove random noise. This work 

was done by Maria Varela from Oak Ridge National Laboratory.

Atomic Force Microscopy (AFM) and Magnetic Force Microscopy (MFM)

The surface morphology was investigated using atomic force microscopy (AFM). The 

AFM experiments were conducted using a Nanotec Electronica Scanning Probe Mi

croscopy (SPM), with AFM/MFM cantilever. We use WSxM program made by 

Nanotec for Data Acquisition and Processing SPM. The AFM/MFM images were 

measured under ambient pressure and room temperature.

Superconducting Quantum Interference Device (SQUID) magnetometers

Magnetic Property Measurement System(MPMS) SQUID made by Quantum Design 

was used to measure magnetic hysteresis loops. The MPMS SQUID can achieve 7



Tesla magnet with the temperature range 1.8 —400K.
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3.3 Angular-Dependent Surface Plasm on Resonance 

and M OKE Setup

To realize an expriment that relates surface plasmon resonance and the corre

sponding response of the angular-dependent Magneto-Optical Kerr Effect(MOKE), 

a custom-built setup containing all the required laboratory instrumentation is needed. 

Fig.3.4 shows the setup built to do all these measurements. A custom-made high- 

precision surface plasmon resonance and transverse MOKE setup was designed to 

measure optical reflectivity as well as the transverse MOKE signal. The setup uses 

a goniometer with of 1 thousands of a degree (1/1000° ) precision. The two arms 

shown in Fig.3.4 can move independently/dependency and also automatically, con

trolled by a computer. The arms of the goniometer can only perform x-y plane 

rotational motion. An image of the setup is shown in Fig.3.3.

There are four main components for the experimental setup: the incident arm 

and optics, the magnet, the sample and sample stage, and the reflected arm and 

optics.

3.3.1 Electromagnet

We used a solenoid wrapped around an iron core (pole) to apply the external 

magnetic field. The solenoid is wound 50 turns around an iron core to amplify 

the magnetic field, and current can be applied. The solenoid is air-cooled and 

thus, due to the heating of the solenoid and iron core, the maximum voltage (AC) 

is around 42 Volts and the corresponding magnetic field is around 800-1000 Oe, 

which proved sufficient for this work. Due to heating of the solenoid, the resis-
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FIG. 3.3: Image of Angular-Dependent Surface Plasmon Resonance and MOKE setup
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FIG. 3.4: Configuration of Angular-Dependent Surface Plasmon Resonance and MOKE

tance/current slightly changes due to temparature. We recommend to continue 

the measurement/experiment until the temperature of the solenoid/iron core is sta- 

blized.

A custom-made mount is attached to the electromagnet to keep the electromag

net at a fixed position. The mount can be modified to position the electromagnet in 

different orientations, e.g. transverse, longitudinal and polar, depending on the con

figuration desired. For example, in the transverse configuration (shown in Fig.3.4), 

the electromagnet is placed vertically, with the magnetic field perpendicular to the 

optical plane and parallel to the sample surface. In order to optimize the magnetic 

field on the sample, another small coil (not shown) is applied below the optics plane. 

The small coil is placed coaxial with the electromagnetic solenoid.

We choose to use a Hall probe to fine-calibrate the electromagnet.
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FIG. 3.5: Configuration of Angular-Dependent Surface Plasmon Resonance and MOKE- 
sample part

Determining the Applied Magnetic Field on Sample

In order to obtain accurate applied magnetic field values on the sample, we con

ducted measurements of the applied magnetic field with the Hall probe and mapped 

the field. We first measured the field according to the applied voltage/current and 

then the distance. It is worth mentioning that the alignment of the top surface of 

the electromagnet with respect to the position of the sample (the area illuminated 

by the laser) is crucial to the accuracy of the experiment. Both the x-y position and 

the orientation of the electromagnet will determine the actual value of the magnetic 

field applied. Thus, in the experiment, we mounted the top surface of the electro

magnet (iron core) parallel to the top surface of a half-cylinder prism and the center 

of the electromagnet (iron core) just above the center of the illuminated area, in 

order to obtain accurate magnetic field values.
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3.3.2 Sample and Sample Stage

The sample is attached to the half-cylinder prism using matching refractive 

index liquids. The flat and transparent side of the substrate (soda-lime) is attached 

to the flat side of the half-cylinder prism using minimum amount of refractive index 

liquids. The volume of the refractive index liquids needs to be minimal in order to 

prevent liquid leaks through the bottom of the sample. The spacial gap between the 

substrate and half-cylinder prism is around 100 microns. After the refractive index 

liquid fully fills the gap between the substrate and half-cylinder prism, reflection 

from the back side of the substrate and also the back side of the half-cylinder prism 

should not be observed.

The sample stage has x, y and z motion with respect to the goniometer, which 

can be adjusted using a micrometer. There is another rotation attached to the x, y 

and z stage such that the sample stage could rotate in the x-y plane, with the capa

bility to rotate full turns and also be controlled with a high-precision micrometer. 

The distance between the top surface of the sample (dependant on the side of the 

sample) and the electromagnet is kept at a minimum, 5-10 millimeters, to achieve 

the largest magnetic field possible.

3.3.3 Incident Arm and Optics

The incident arm optics includes HeNe laser (632nm), neutral density (ND) 

filter, polarizer (optional), half-wave plate/quater-wave plate (optional) and focus 

lens. The HeNe laser is mounted in the p-polarized direction and the laser beam is 

aligned parallel to the goniometer plane/optics plane and also parallel to the incident 

arm. The height of the laser should be close to the sample height. Depending on 

the configuration, the wave plate can be mounted to modify the polarization of the 

incident light. The lens can be used to focus the laser to a specific illuminated area



on the sample surface (radius of the laser spot (f> ~  0.5 millimeter).
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3.3.4 Reflected Arm and Optics

The reflected arm and optics are composed of a detector, polarizer (analyzer), 

and focus lens. A Si (or Ge) detector is used to measure the reflected light intensity.

light is incident on a ferromagnetic sample, the reflection consists of an s component 

(Es) and a p component, with Es/E p being the Kerr rotation. The measurement of 

the s component could be achieved by adding a linear polarizer (analyzer) in front

the measured intensity is proportional to the square of the magnetization. Second, 

it is difficult to quantify the absolute value of the Kerr rotation.

By setting the polarizer (analyzer) at a small angle (S) from the p axis, the above 

disadvantages can be solved, as shown in Fig. 3.6. In this method, the intensity 

measured by the photodetector is:

3.4 MOKE Experim ental Setup

An experimental MOKE setup has the advantage of simplicity. If a p-polarized

of the photodetector to eliminate the p component. However, this geometry has 

disadvantages. First, because the photodetector measures light intensity (~  l ^ l 2),

I =  \Epsin8  +  Escos6 \ 2 «  \EPS + Es|2 (3.1)

The equation can also be written as:

(3.2)

with:

Io = \Ep\2 S2 (3.3)
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FIG. 3.6: Schematic of MOKE setup used for measuring the magnetic hysteresis loop of 
thin films

representing the intensity at zero Kerr rotation.

Both 4>' and 4>" are linearly related to the magnetization, thus the measured 

intensity as a function of H yields a magnetic hysteresis or M-H- loop.

The saturation Kerr rotation (j)'m can be determined by the relative change of 

the Kerr intensity A I obtained upon reversing a field value that is equal to or greater 

than its saturation value:

6 A / 
4 ' I0

(3.4)

In the experimental setup, intensity-stabilized laser (e.g. He-Ne laser with 

wavelength of 632 nm) is usually used as a light source. A lens can be used to 

focus the light beam into a small spot on the sample surface. The sample can be 

mounted on a rotational stage located between two electromagnets, which allows the 

magnetic field to be applied along different crystallographic directions (azimuthal 

directions).

Lock-in detection techniques can be used to improve the signal/noise ratio.
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Hysteresis loops can be collected by means of a photodiode and use of an incident 

beam whose polarization is modulated by a commercial photoelastic modulater or 

a mechanical chopper to enable lock-in detection.

3.5 Electrical Transport M easurement

A Quantum Design MPMS SQUID (Superconducting Quantum Interference 

Device) system that can provide accurate measurement of magnetic moments with 

intense external magnetic fields (maximum 7 Tesla) and temperature (minimum 

2K) was used. W ith the installation of an external device control (EDC) option, 

the MPMS system can also use other external equipment to conduct other measure

ments, such as the measurement of electrical transport with Keithley nanovolt and 

micro-amp meters controlled by computer using a programmable sequence in con

junction with MPMS Multivu software. A custom-built electrical transport measure

ment setup was designed for measuring the electrical (DC) conductivity/resistivity 

under a strong applied magnetic field, and also under low temperature (cryogenic). 

Both the material and the structure of the core part of the system —the four-point 

probe—was designed for that purpose.

3.5.1 Four-Point Probe

In order to measure precise resistance under an applied magnetic field (7 Tesla 

maximum) and cryogenic conditions (up to 20K), the materials of the custom-made 

four-point probe were selected. An oxygen-free high thermal conductivity (OFHC) 

copper (Cu) plate was used to hold and support the substrate. We used Tungsten 

(W) as a pin material to minimize thermal effects and the magnetic response. We 

chose Teflon to secure the four-probe pin, in order to minimize the electrical conduc

tivity and the cryogenic response. Single-strand cryogenic wire made of Phosphor
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FIG. 3.7: Illustration of the four-point probe

bronze, which is non-ferromagnetic, was used for the connection between the pin and 

electronics. The wire has a relatively low temperature dependence of its resistance 

from room temperature to liquid helium temperatures. Polyimide insulation covers 

the non-magnetic cryogenic wire.

tance under the desired environment (H =l Tesla and T=20K).

Fig.3.8 and Fig.3.9 show images of the four-point probe described. The pin- 

pin distance is 0.5” . The four-point probe is mounted with the four pins facing a 

Cu plate. The pins are desined to touch the measurement area of the sample to 

guarantee the precise measurement of resistance.

3.5.2 Precision Current Source/Nanovolt Meter Setup and

A Keithley 6220 Precision Current Source, with corresponding positive and 

negative electrodes and grounding, is shown on top in Fig.3.8; a Keithley 2182A 

Nanovolt Meter, with just the corresponding positive and negative electrodes, is

The custom-made four-point probe can provide precise measurements of resis-

Control



Internal wire connector Four point probe

FIG. 3.8: Image of the four-point probe (top view)

Four point probe side view:

Non-magnetic wire

Screw connect Cu

FIG. 3.9: Image of the four-point probe (side view)
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Keithley 6220 Precision Current Source Keithley 2182A Nanovolt Meter

FIG. 3.10: Image of Keithley 6220 Precision Current Source and 2182A Nanovolt Meter

shown below it. The Keithley 2182A Nanovolt meter has only the corresponding 

positive and negative electrode. The two electrodes are connected to Channel 1 

(maximum 10V) due to high voltage when the current source switching on andoff.

The EDC program is a programmable file which can operate external devices 

(like the 6220, 2182A, etc.) with the control of the SQUID and SQUID Multivu 

software. The EDC program can be used by Multivu to operate the custom-made 

four-point probe described in Page44. W ith the precision current source, current 

from InA to 1 mA can be applied.

The current applied to the four point probe can dramatically change the resis

tance measured. A smaller current (1 nA minimum) will introduce less disturbance 

including heat, electric density, etc. to the sample surface, but will have more noise 

in the background and signal.

A larger current (normally larger than 100 pA) will introduce dramatically-
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localized heat accumulation and electric density changing between the film and 

substrate, thus making thermal/electrical drift with resistance measured with the 

nanovolt meter. The current depends on the 1) thickness of the film, 2) contact of 

the pins and 3) temperature, and may vary from sample to sample. Careful selection 

of current applied to the four-point probe needs to be experimentally determined.



CHAPTER 4

Magnetic Field Modulation of 

Intense Surface Plasmon 

Polaritons on A u /C o/A u  

Multilayer Thin Films

4.1 Introduction

Surface plasmon polaritons (SPPs) are transverse magnetic (TM) surface waves 

propagating along the interface between two materials with dielectric constants of 

opposite sign, generally a metal and a dielectric[28]. They result from the inter

actions between an illuminating wave and the free electrons of the conductor, gen

erating highly confined electromagnetic (EM) fields at the interface. SPPs have 

been extensively studied and used in a number of applications, including biosensors 

[35], optical modulators and switches[38], and new generation plasmonic devices[38]. 

SPP technology is an attractive platform for the development of nanoscale optical

49
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integrated circuits with passive and active devices, achieving and controlling light 

propagation in sub-wavelength geometries[39]. Thus, the control of SPPs by external 

magnetic fields has led to striking results, such as the manipulation of optical trans

mission through magneto-plasmonic crystals with external magnetic fields [40] [41] 

or the control of terahertz SPPs on semiconductor surfaces by applying an exter

nal static magnetic field[42]. As a consequence, a number of technological appli

cations have appeared in the last few years, including magneto-plasmonic optical 

modulators[43], optical isolators[44] and magneto-plasmonic sensors[45]. Neverthe

less, for many applications it is important to achieve high intensity SPPs that also 

exhibit strong dependence on externally applied magnetic fields.

Previous reports have indicated that the SPP dispersion relation can be affected 

by applying magnetic fields perpendicular to the propagation vector of the SPP and 

along the surface, i.e. in the so called transverse configuration[46], in single layered 

magnetic materials[47], giving rise to field-dependent variations of the SPP wave 

vector ksp . This effect has been observed for bounded SPP modes in which the 

electromagnetic field generated by the SPPs in the metallic film decays exponen

tially in the surrounding dielectric films[48] and for symmetric leaky SPP modes in 

which the electromagnetic field decays in the dielectric with lower refractive index 

and radiates towards the dielectric of higher refractive index[47][Fig.4.1(a)]. The 

leaky modes are of special interest, since they generate very intense localized EM 

fields, and thus they are very sensitive to the interface conditions, giving rise to 

applications as sensors and for signal transmission in integrated circuits. These 

modes can be excited in the Kretschmann configuration [49] [50], where the metal

lic films are optically coupled to a prism and far-field light is angled through the 

prism such that the in-plane wave vector k\\ =  KoripngmSinO matches the associated 

SPP propagation constant k\p [Fig.4.1(a)], where ko — u>/c is the wave number in 

vacuum, 0  is the incidence angle and n prism is the refractive index of the prism.
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Unlike the bounded modes, these modes lose energy not only due to the inher

ent absorption inside the metal, but also due to leakage radiation emitted into the 

prism. Thus, in the Kretschmann configuration a minimum in the reflected intensity 

is obtained at a critical incidence angle 6 C due to destructive interference between 

the leakage radiation emitted by the excited SPPs and the incoming light at the 

boundary with the prism[28]. This minimum actually vanishes for a critical metal 

thickness dc , associated with optimum SPP excitation and thus leading to maxi

mum EM fields. Such critical thickness depends strongly on the absorption losses 

of the metal. Thus, in this configuration and for magnetic metals, the variation 

of the SPP wave vector ksp when an external magnetic field is applied [Fig.4.1 (b)] 

gives rise to a change of the SPP excitation condition and thus to a shift of the 

critical incidence angle 6 C . As a consequence, a strong field-dependent variation 

of the reflectivity is observed giving rise to a strong enhancement of the transverse 

magneto-optical Kerr effect (TMOKE)[51][52]. Nevertheless, ferromagnetic metals 

such as Fe and Co have very high absorption losses compared to noble metals, i.e. 

Au and Ag, giving rise to overdamped SPP modes associated with low EM fields. 

Figure 4.1(b) shows the dispersion relation for the symmetric leaky SPP modes in 

Au and Co illuminated in the Kretschmann configuration using a quartz prism. Due 

to the high absorption of Co, the SPP dispersion relation is similar to that of light 

propagating through air. Combined noble-ferromagnetic systems have been pro

posed as Au/Co/Au trilayers) [51] [52] [53], giving rise to a system with lower absorp

tion losses and thus higher EM fields but still with sensitivity to external magnetic 

fields. In their studies, special attention was devoted to the large enhancement of 

the magneto-optical (MO) activity associated with the SPP excitation[54].

In the present studies, rather than optimizing the MO response, our attention 

was devoted to optimum excitation of SPPs, leading to maximization of the gen

erated EM fields at the surface without compromising dependence with externally
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FIG. 4.1: (a) Schematic view of momentum matching in the Kretschmann configuration, 
where far-field radiation couples symmetric leaky SPP modes at the air-metal interface 
by means of a glass prism. Hy represents the only magnetic component in the TM mode, 
(b) Dispersion relation for such modes in Co and Au films considering their absorption 
losses. The dashed line shows the dispersion relation for Au considering no absorption 
losses. The dispersion relation of Co splits into two branches when external magnetic 
fields are applied along the y direction.

applied magnetic fields. To this end, Au/Co/A u trilayers were grown by sputter 

deposition on glass slides with the Co layers placed at different distances from the 

surface and with different thickness. We have been able to probe the SPP generated 

EM fields, and to demonstrate that it is experimentally possible to achieve optimal 

SPP excitation with strong dependence on external magnetic fields.

4.2 Experim ental

Au/Co/Au trilayers were grown on soda-lime glass substrates via magnetron 

sputtering deposition in an ultra high vacuum (UHV) system under a base pressure 

in the low 10~9 Torr range. Slow deposition rates of 0.066 A/s and 0.319 A/s for Co 

and Au respectively allowed accurate thickness control. Soda-lime glass substrates, 

previously cleaned ultrasonically in successive baths of acetone and methanol, were
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UHV annealed at 600°C for 30 minutes in order to planarize the surface[52]. Sub

sequently, a Au buffer layer was grown at RT and then annealed for 10 minutes at 

350°C in order to further planarize the Au surface before Co growth. Co films with 

thickness ranging from 2.5 to 10 nm were grown at 150°C to favor surface diffusion 

of the incoming adatoms and thus give rise to a bi-dimensional growth mode with 

low interfacial roughness. Finally, a 3 nm thick Au capping layer was grown to 

prevent Co oxidation and to improve the generation and propagation of the SPPs 

on the upper metal-air interface. The thickness of the different layers was moni

tored using ex-situ x-ray reflectivity (XRR) carried out using a standard four-circle 

diffractometer with Cu K a radiation (=1.5418A) in the Bragg-Brentano configura

tion and with 1/32° slits. Variable angle spectroscopic ellipsometry provided the 

actual optical constants for the Au and Co layers in the spectral range of 1.5 to 3 

eV.

The optical and MO response of the multilayers under SPP excitation were in

vestigated in the Kretschmann configuration using p-polarized He-Ne laser radiation 

(=632.8 nm). In this configuration [Fig.4.1 (a)], the glass substrate is coupled to a 

semicylindrical glass prism by a matching refractive index liquid. In our experimen

tal setup the prism was mounted on an automated goniometer allowing illumination 

in total internal reflection with variable incidence angle 6  and angular resolution of 

10-4 degrees. A Si amplified photodetector preceded by a p-oriented polarizer was 

used to detect intensity variations in the reflected radiation. The TMOKE was also 

investigated by applying a 30 mT alternating magnetic field (60 Hz) in the plane 

of the sample and perpendicular to the incidence plane, intense enough to saturate 

the Co layers with in-plane magnetization. The TMOKE signal, i.e. the intensity 

variation of the p-polarized reflected light when applying magnetic fields in oppo

site directions A Rpp =  R(+H)  — R(—H), was detected and analyzed using lock-in 

techniques.
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Maximum SPP-generated EM fields are obtained when illuminating under the 

critical incidence angle 9C and for a critical thickness dc that depends strongly on 

the dielectric constants of the metal. Fig.4.2 (a) shows reflectivity curves for Co and 

Au films for which the absorption losses are considerably different and thus their 

critical thicknesses d c are 9.7 and 48.2 nm respectively. A much broader reflectivity 

curve is obtained for Co due to its higher absorption. For these particular thick

nesses, maximum EM fields appear at the metalair interface as shown in Fig,4.2(b). 

Nevertheless, high absorption losses in Co drastically reduce the SPP-generated EM 

fields in this metal. On the other hand, Co films alone exhibit maximum TMOKE 

response ARpp, as shown in Fig.4.2(c). Thus, Au-Co multilayered systems are better 

suited to achieve SPPs with larger localized electromagnetic fields that can also be 

modulated by externally applied magnetic fields. Several factors have to be taken 

into account to accomplish this scenario, namely accurate control of the total thick

ness of the full trilayer, the thickness of the Co layer and its position within the film, 

as well as the discrepancy between the optical constants in very thin layers with re

spect to bulk values. In these studies the top Au layer thickness was minimized to 

3 nm to allow the Co film to be as close as possible to the excited SPP thus making 

the trilayer system more sensitive to external magnetic fields. Fig.4.2(d), (e) and 

(f) show the minimum value of the reflectivity R min , the maximum value of the 

electromagnetic field \Hy\max and the maximum value of the MO activity A Rrnax 

for Au/Co/Au trilayers with each combination of Co and Au thicknesses calculated 

using transfer matrix formalism[36][55] and bulk optical constants[56] at 1.96 eV.

The maximum intensity of the SPP generated Hy is obtained for single Au films 

and decays abruptly when Co is inserted in the structure as shown in Fig.4.2(e). 

On the other hand, the maximum TMOKE response A R is obtained for pure Co
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films, decreasing progressively when Au is inserted in the structure. Thus, in order 

to achieve large EM fields in the upper Au-air interface while keeping sensitivity to 

external magnetic fields it is necessary to minimize the Co layer thickness. Neverthe

less, to maintain the integrity of the trilayer structure, the Co film needs to be thick 

enough to guarantee its continuity as a full layer. We have estimated that 3 nm is 

the minimum Co thickness that can yield a continuous Co layer when deposited on 

the Au buffer[57], For such Co thickness, and considering a 3 nm thick Au capping 

layer mentioned previously, the maximum SPP generated EM field is obtained when 

the buffer layer is 20 nm thick so that the critical thickness is achieved, as shown in 

Fig.4.2(e) .

Nevertheless, due to the dependence of the optical constants with thickness 

in thin layers, the critical thickness might not be experimentally achieved for the 

predicted Au buffer and Co layer thickness. For this reason, a series of Au (3 nm)/Co 

(dCo)/Au (20 nm)/glass trilayer structures with different Co thickness from dCo 

=2.5 to 10 nm was prepared. Figure 4.3(a) shows the angular dependency of the p- 

polarized reflectivity in the Kretschmann configuration RpP for the different trilayers. 

Evidence of SPP excitation is the characteristic minimum observed in reflectivity 

around the resonance angle 9R ~  44.7° . A minimum reflectivity value as low as 

1 x 10~5 was obtained for d Co =2.8 nm. The inset in Figure 4.3(a) illustrates 

how critical the optimization of the Co layer thickness is to minimize the overall 

reflectivity of the sample. Indeed, our experimental results show a good agreement 

with simulations using the transfer matrix formalism as shown in Fig.4.3(b).

Interestingly, direct correlation of the Co optical constants with film thickness 

is observed [Fig. 4.3(c)]. We note that in previous studies, several other properties 

have also been reported to be Co-thickness dependent in Au/Co/Au trilayers, e.g. 

Co lattice parameter[57], magnetic anisotropy[58] or magnetic moment [59] [60] to 

name a few. These changes are primarily due to the misfit between the Co and
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FIG. 4.2: Schematic view of the SPP excitation in the Kretschmann configuration for 
the Au(3nm)/Co(dCo)/Au(dAu) trilayers where external magnetic field Hext is applied 
along y. (a) Reflectivity curves calculated for Co and Au films with critical thick
ness, (b) SPPs \ H y \ at the metal-air interface for Co and Au films as a function of 
the thickness and (c) Transverse magneto-optical Kerr effect R for a single Co film and 
for Au(3nm)/Co(dCo)/Au(20 nm) trilayers as a function of the Co thickness. The lower 
row represents calculations of (d) R m i „ ,  (e) \ H y \ m a x  and (f) A R m a x  for any combination 
of Au and Co thickness in the Au(3nm)/Co(dCo)/Au(dAu) trilayers.
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FIG. 4.3: (a) Experimental and (b) simulated angular dependency of the reflectivity with 
no external magnetic field applied Rpp for the Au(3 nm)/Co(dCo)/Au(20 nm) trilayers
with dCo ranging from 2.5 to 10 nm. (c) Real (n) and imaginary (k) parts of the complex
refractive index of Co film measured with ellipsometry.
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Au lattices and also due to confinement effects since the Co thickness approaches 

a monolayer. In the present case, we find a progressive decrease in the absorption 

coefficient k as the Co thickness increases approaching the bulk value, while n is 

nearly constant for all samples but slightly higher than bulk value.

In order to discuss the MO response of these trilayers, we recall that the shift 

observed in the position of the reflectivity minimum in magnetic materials is due to 

modification of the SPP wave vector by the external magnetic field. Figure 4.4(a) 

shows the angular dependency of the MO signal A Rpp for the Au(3 nm )/Co (d)/Au 

(20 nm)/glass trilayers with different Co thickness from d=2.5 to 10 nm, exhibiting a 

resonance-like feature associated with SPP excitation around c for all the trilayers. 

In this case, a maximum value of A Rpp =  7 x 10~3 is obtained for the trilayer with 

Co thickness d=10 nm, decreasing for lower and higher Co thicknesses in agreement 

with the simulations in Fig.4.2(c). The variation of the SPP wave vector Aksp =  

ksp(+ H ) — ksp(—H) when magnetic fields are applied in opposite directions along y 

was simulated using transfer matrix formalism [36] [55], and imposing the boundary 

conditions characteristic of symmetric leaky SPP modes, i.e. an exponential decay 

of the EM field in the air-metal interface and an exponential increase at the lower 

Au-prism interface[49]. Figure 4.4(b) shows the calculated AA:sp variation of the 

SPP k-vector for the Au(3 nm)/Co (d)/Au (20 nm)/glass trilayers with varying Co 

thickness from d=2.5 to 10 nm, where a maximum variation is obtained around the 

radiation energy used in our experiments (1.96 eV). In addition, we observe that the 

variation of the SPP k-vector scales with the maximum value of the magneto-optical 

activity A Rpp

To continue our discussion on the magneto-optical properties of the trilayers, we 

consider that the transverse MOKE signal is typically expressed as the normalized 

variation in reflectivity of the p-polarized light:
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FIG. 4.4: (a) Transverse magneto-optical Kerr effect A R =  R(+ H )  -  R(—H)  measured 
in the Kretschmann configuration for the Au(3 nm )/Co(d)/Au (20 nm) trilayers with d 
ranging from 2.5 to 10 nm. (b) Field dependent variation of the SPP wave vector A ksp =  
kap(+H)  — k,p(—H).  The dashed line represents the energy of the radiation used in the 
measurements E=1.96 eV.
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The magnitude of this ratio might be misleading in systems illuminated in the 

Kretschmann configuration since the reflectivity tends to zero in optimized samples 

whereas the field dependent variation of the reflectivity does not. Nevertheless, this 

ratio can be used in sensing applications as previously demonstrated [35] [45], because 

the sensitivity is strongly enhanced when the critical thickness is achieved. Figure 

4.5 shows A Rpp/Rpp measured for the Au(3 nm)/Co(d nm)/Au(20 nm) trilayers. 

A maximum value of A Rpp/Rpp ~3.2 (relative variation of 320%) is found for the 

trilayer with d=2.8 nm, which is the highest value ever reported for this system to 

the best of our knowledge.

Once the critical thickness for this system was experimentally achieved, we an

alyzed the distribution and intensity of the EM fields within the samples. Hermann 

et al. [51] showed how the MO response of multilayers incorporating a magnetic thin 

layer is related to the intensity of the EM fields at the position of the magnetic layer.
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nm.
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They showed that in the TMOKE geometry, the variation of the complex reflection 

coefficient for p-polarized light A i s  directly proportional to the product of the 

TM electric field components (Ex and Ez )[54] within the magnetic layer, which 

along with Hy are the only EM fields present in TM modes. In the ultrathin film 

limit, where the electric fields can be considered constant within the magnetic film, 

the relationship is [51] [61]:

i k 2
^ rpp ~  n ’i exyl’’nExEz (4.2)ZK\t

where ko =  lj/ c is the wave number in vacuum, K\ is the z component of 

the incident light wave vector at the first interface, exy are the MO constants of 

the magnetic film, lm is the thickness of the magnetic film and t accounts for the 

absorption of such film[51]. Thus, by placing a MO active layer within the Au 

film and measuring the variation of the complex reflectivity it is possible to probe 

the actual intensity of the SPP generated EM fields at the location of the magnetic 

layer. We used this method to study the intensity and spatial distribution of the SPP 

generated electromagnetic fields. For this study we prepared Au/Co/A u trilayers 

with critical thickness (25.8 nm) and with a 2.8 nm thick Co layer positioned at 

different distances from the upper air-Au interface as shown in Fig. 4.6. Reflectivity 

and MO measurements in different configurations were carried out in order to extract 

the change in the complex reflection coefficient A rpp when an external magnetic 

field is applied as shown in Ref [51]. For this we used p polarized light [Fig.4.6(a)], 

light rotated 45° from the p-axis and with a polarization analyzer oriented at 45° 

[Fig.4.6(b)], light rotated 45° from the p-axis and with a quarter wave plate with its 

fast axis along p followed by a polarization analyzer oriented at 45° [Fig.4.6(c)] and 

s-polarized light [Fig.4.6(d)]. Thus, the left column in Fig. 4.6 shows the reflectivity 

vs. incidence angle in the different configurations whereas the right column displays
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the MO response in each case. No MO response is obtained with s polarized light. 

In spite of the fact that all the samples have the same total Au and Co thickness, 

slight variations in the reflectivity curves are found due to slight modification of the 

excitation conditions of the SPPs by inserting a Co film in different positions.

The variation of the complex reflection coefficient A a n d  thus the product of 

the TM electric field components (Ex and Ez) as a function of the position within 

the Au films can be obtained using the experimental data in Fig. 4.6, as described 

in Ref [51]. Figure 4.7(a), shows the measured EXEZ fields when positioning the Co 

film at different distances to the upper Au- air interface, normalized to the incident 

radiation. The results show the expected SPPs generated EM fields exponential 

decay as the distance to the upper Au-air interface increases. The EM field at the 

Au-air interface can be calculated using these results and taking into account the 

exponential decay of the EXEZ product and the difference between the dielectric 

constants of Au and Co that affect the Ez component. The calculated intensity 

of the EM field at the upper interface is shown with a dashed line in Fig.4.7(a), 

exhibiting a normalized EXEZ value around 0.43 at the critical angle when SPPs 

are excited, compared to a much lower value of 0.1 expected for single Co films of 

critical thickness. Our experimental results are in good agreement with the EM 

field intensity simulations for Co layers at different positions within the trilayers 

[Fig.4.7(b)|. Thus, we have demonstrated experimentally that for tailored trilayers 

with total critical thickness and a thin Co layer placed close to the air-metal inter

face, namely Au(3 nm)/Co (2.8 nm )/Au (20 nm)/glass, very high SPP-generated 

EM fields are achieved while keeping high sensitivity to externally applied magnetic 

fields.
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FIG. 4.7: (a) Modulus of the product of the TM electric components ExEz normalized to 
the incident intensity at the position in which the ferromagnetic film is placed in each case 
for the Au/C o/A u trilayers with Co positioned at 3 nm (up), 11.5 nm (middle) and 23 
nm (down) to the upper Au-air interface. The dashed line represents the estimated value 
of EXE Z at the air-metal interface, (b) EXE Z is represented as a function of incidence 
angle and distance to the upper Au-air interface.
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4.4 Conclusions

We have demonstrated that it is experimentally possible to achieve SPP modes 

in tailored A u/Co/Au trilayers that exhibit large electromagnetic fields that can also 

be modulated by externally applied magnetic fields. The MO activity, associated 

with the modification of the ksp, exhibits a strong dependence with the external 

magnetic fields. By using magneto-optics as a tool, we have analyzed the field- 

dependent optical response in tailored Au/Co/Au trilayers and have been able to 

probe the SPP generated electromagnetic fields within the structures, checking them 

against simulated values calculated using transfer matrix formalism. Our studies are 

useful for the design of magneto-plasmonic components for varied applications based 

on leaky modes in SPP excitation.



CHAPTER 5

Magneto-Optics and 

Magneto-Plasmonics on Au-Co 

Nanocomposite Thin Films

In this section, the main purpose is utilizing surface plasmon polaritons to 

generate large electric-magnetic fields of interest in sensor applications.

5.1 Introduction

Most current bio-sensing schemes based on Surface Plasmon Resonance (SPR) 

are “passive” , i.e. they are based on small changes in the optical properties at 

the sensor surface - typically gold - when a biological specimen to be detected is 

bound to it and SPPs are excited. In order to improve sensitivity, it would be 

highly desirable to develop “active” plasmonic systems such that some optical prop

erty can be varied under application of an external field. This design would allow 

highly sensitive bio-sensing using field modulated detection schemes [45]. We have

66
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explored this option in sensing-elements that include magneto-optically active mat- 

erals where their magneto-optical properties can be modified by the application of 

external magnetic fields. Transition metals alone such as Fe, Ni and Co exhibit 

magneto-optical effects accessible at relatively low fields, but their absorption co

efficients are higher than those of Au and therefore their SPPs are over-damped. 

Thus, composite noble-metal/ferromagnetic-metal sensing elements can overcome 

the high absorption problem while exhibiting high magneto-optical activity. In fact, 

it has been observed that multilayer films of Co and Au[62][51] do exhibit enhanced 

magneto-optical activity related to SPP excitation that can be controlled by an 

externally applied magnetic field. We have previously studied such layered Co-Au 

systems and found that (i) the modulated magneto-optical signal is enhanced when 

the SPP are excited, and (ii) this phenomenon is extremely sensitive to the thickness 

of the intervening layers. Thus, in order to explore less stringent material designs, 

we have considered the possibility of using nano-composite AuCo films as magneto- 

plasmonic sensors. In fact, it is the first time that nano-composite materials have 

been used for such magneto-plasmonic applications. Since these materials do not 

form a binary alloy[63], the two metals can form different nanocluster-matrix aggre

gates depending on their relative concentration and the growth temperature, and 

thus their magneto-plasmonic properties can also be optimized.

In this work, Co-Au composite films with various Co:Au concentration ratios 

from 5:95 to 60:40 and grown at temperatures from RT to 600 °C but with fixed to

tal thickness were prepared using magnetron sputtering co-deposition. Optical mea

surements including ellipsometry and reflectivity in the Krestchmann configuration 

along with magneto-optical measurements in the transverse Kerr configuration were 

performed. The optical properties of the films as a function of the microstructure 

were described using effective medium theory[64]. In addition, a strong enhance

ment of the magneto-optical activity was observed when SPPs were excited in the
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nano-composite films.

5.2 Experim ent

The Au-Co nano-composite films were prepared using DC magnetron sputtering 

co-deposition in an ultra-high vacuum chamber with base pressure in the low 10~9 

Torr regime. Sputtering deposition was performed simultaneously from high purity 

(99.99%) Au and Co targets at 5 x 10-3 Torr Ar pressure. Soda lime glass sub

strates were ultrasonically cleaned in subsequent baths of acetone and methanol for 

10 minutes each prior to introduction in the deposition chamber. Before growth, the 

substrates were UHV annealed at 600°C for 30 minutes to degas and planarize the 

surface[57). To improve the deposited film homogeneity the substrates were rotated 

around the vertical axis at constant speed (12 rpm) during thin film growth. All 

films were 50 nm thick and were deposited at temperatures ranging from room tem

perature (RT) and 600°C in order to explore the dependence of the microstructure 

with the growth temperature. The Co concentration was varied from 5% to 60% by 

controlling the DC voltage applied to the Co and Au targets during co-deposition. 

All samples were capped with 3 nm Au films deposited at RT to prevent oxidation 

of Co.

The surface morphology of the samples was characterized with scanning elec

tron microscopy (SEM, Hitachi 4700 Scanning Electron Microscope with Energy- 

Dispersive X-Ray Spectroscopy). The microstructure of the samples was inves

tigated using scanning transmission electron microscopy (STEM)[65]. The spec

imens were observed with a VG Microscope HB501UX operated at 100 kV and 

equipped with a Nion 3rd-order aberration corrector and a Gatan Enfina electron 

energy loss spectrometer capable of providing atomic resolution in both imaging 

and spectroscopy[66][67][68]. Specimens for STEM observations were prepared by
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FIG. 5.1: Illustration for Au:Co co-deposition

conventional thinning, grinding, dimpling and Ar ion milling. Principal component 

analysis (PCA) was applied to the EELS images to remove random noise[69].

Magnetic measurements carried out with a Superconducting Quantum Inter

ference Device (SQUID) indicated in-plane anisotropy in all cases, and that the 

magnetic moment in the samples correlated with the full amount of Co present. 

Variable angle spectroscopic ellipsometry was measured using an M-44 VASE J. 

A. Woollam Co. instrument, to determine the actual optical constants for the 

Au-Co nano-composite films in the spectral range from 1.5 to 3 eV. The optical 

and MO response of the multilayers under SPP excitation were investigated in the 

Kretschmann[70] configuration using p-polarized He-Ne laser radiation (A =  632.8 

nm). In this configuration, the glass substrate is coupled to a semi-cylindrical glass 

prism by a matching refractive index liquid. In our experimental setup the prism 

was mounted on an automated goniometer allowing illumination in total internal 

reflection and variable incidence angle 9 with a resolution of 10~4 degrees. A Si am
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plified photodetector preceded by a p-oriented polarizer was used to detect intensity 

variations in the reflected radiation. The transverse MOKE was also investigated by 

applying a magnetic field H =  30 mT alternating magnetic field (60 Hz) in t he plane 

of the sample and perpendicular to the incidence plane, intense enough to saturate 

the Co films with in-plane magnetization. The MO signal, i.e. the intensity varia

tion of the p-polarized reflected light at the modulation frequency, was investigated 

in transverse geometry, i.e. field applied in the plane of the sample but normal to 

the light incidence plane and detected and analyzed using lock-in techniques.

5.3 R esults and Discussion

5.3.1 Morphology and Microstructure

As previously mentioned, Co and Au do not form a binary alloy and therefore 

two separate phases co-exist in the films[37], i.e. a matrix with a cluster distribu

tion. The size distribution of the various clusters is critical to the optical and MO 

behavior. We have used SEM and STEM to investigate the surface morphology and 

film microstructure.

In Fig.5.2 the SEM images for films with Co:Au concentration ratio of 50:50 

and deposited at temperatures ranging from RT to 600 °C are depicted. At RT, 

the surface exhibits low roughness, increasing gradually with the deposition tem

perature. At 600°C , the surface becomes significantly rougher, exhibiting separate 

three-dimensional grains with no specific orientation. The average diameter of the 

observed clusters is of 150 and 500 nm and 2.5 microns for the samples grown at 

RT, 300°C and 600°C respectively.

Fig.5.3 shows Z-contrast images along with Co compositional maps obtained 

from EELS for two of the samples, namely Co 5% Au 95% deposited at 300°C and Co
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FIG. 5.2: SEM image for 50 nm thick Co:Au films with a concentration ratio of 50:50 
and grown at RT, 300°C and 600°C respectively. This work was carried out at ORNL 
by our collaborator M. Varela.
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FIG. 5.3: STEM Z-contrast images, EEL spectra and Co composition maps based on 
EELS/STEM (insets) for two nano-composite samples, (a) Sample grown at 300 °C 
with Co 5% Au 95% and EELS spectrum. The white rectangle shows the region where 
an EELS spectrum image of 71 x 12 pixels in size was acquired. Inset: STEM Co 
compositional map. (b) STEM Z-contrast image of the sample grown at 600 °C with Co 
40% Au 60% and EELS spectrum. The white rectangle shows the region where an EELS 
spectrum image of 80 x 20 pixels in size was acquired. Inset: Co compositional map. 
The right panels show single pixel EEL spectra corresponding to the Co L2 . 3  edge after 
background subtraction for both samples (the acquisition time was 1 s per pixel). PC A 
was applied to remove random noise to the spectrum image in (a). The Co maps were 
obtained through spectrum imaging after subtracting the background using a power law 
fit and integrating a window 20 eV wide below the Co L2 ,3  edge around 779 eV. Note: 
The grayscales on both Co maps are not the same.



40% Au 60% deposited at 600°C . Even for the diluted sample (5% Co), a clear Co 

signal is observed in the EEL spectra [see Fig.5.3(a)], allowing compositional maps 

to be produced. The image shows homogeneous distribution of Co in this film, so 

any clustering present occurs below the length scale of the STEM resolution. For 

the samples grown at 600°C , on the other hand, Au and Co segregate forming clear 

grains in both the perpendicular and lateral directions.

Our observations are compatible with those by Mader et al. on Co-Au thin 

films[63]. They observed that when heating the substrate at 200°C an irreversible 

transformation from amorphous to a metastable FCC crystalline phase occurred 

that subsequently decomposed into equilibrium phases above 277°C , leading clearly 

to segregated micro-structure. This can be understood considering that at lower 

temperature, the adatoms freeze in places close to their points of impingement on the 

surface, and form close packed “crystalline” particles, while as the surface mobility 

increases at higher temperatures, atoms’ diffuse for longer distances such that they 

can form separate phases. We note that the two randomly mixed components do 

not form clusters of the same size because of the different atoms diffusion energies. 

Thus, there is a balance between the random cluster distribution and their ability 

to fill the available space in the film. In our case, the SEM images and STEM maps 

also indicated that at RT, the lowest substrate temperature tried, an amorphous 

metastable structure can exist that separates into distinct aggregate phases at higher 

deposition temperature.

5.3.2 Optical and M agneto Optical Characterization

In order to further understand the optical and magneto-optical response gener

ated from the Au-Co nanocomposite thin films, we use the general transfer matrix 

formalism to simulate the ellipsometric properties[36].
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Ellipsometric Measurement

The optical constants for the Au-Co composite films were measured with ellip- 

sometry in the spectral range from 1.4 and 3 eV. Fig.5.4 shows the refractive index 

(n) and absorption coeficient (k) for the different films, along with the bulk values 

for Au and Co. In order to understand the evolution of the optical constants as 

a function of the Co concentration and morphology, effective medium calculations 

were carrried out. Two fundamental approximations can be made depending on 

the reference tensor 0 used in the effective medium calculation: the Bruggeman and 

Maxwell-Garnett (MG) approximations[71]. In the Bruggeman approximation the 

reference dielectric tensor 0 is considered the final effective medium tensor and then, 

following a self-consistent computation process, no distinction is made between the 

matrix material and the nano-cluster material. Thus, this approximation should be 

used to treat systems where no clear assignment of which component is the matrix 

material and which the host can be done. On the other hand, in the Maxwell- 

Garnet approximation the matrix material determines the choice of the reference 

dielectric tensor as this one is taken equal to that of the matrix. Thus, it is more 

appropriate to treat systems using this formalism when adequate assignment of the 

matrix material is possible. As shown in Fig.5.4 at lower Co concentration, the MG 

method and Bruggeman methods yield similar results whereas larger discrepancies 

are found at higher Co concentration. Good agreement is found between the ex

perimental values measured in Au-Co films grown at 300 °C and the Bruggeman 

model for all the temperatures studied, indicating a good segregation of Co and an 

homogeneous distribution in the Au matrix for this growth temperature. Neither 

model works for the samples grown 600 °C since, as previously shown, the size of the 

observed clusters exceeds the wavelength range investigated, and thus the effective 

medium aproximation is not valid.
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FIG. 5.4: Optical constants (left column: n, right column: k) for Co:Au nano-composite 
films with composition ratio of (a) 10:90, (b) 30:70 and (c) 50:50. The optical constants 
of bulk Co and Au are plotted for comparison, along with the optical constants for 
nano-composite films with identical concentrations calculated using Maxwell-Gamett 
and Bruggeman effective medium approximations.
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In order to understand the dependence of the optical constants with the mi

crostructure of the films we consider the electric behaviour of these materials. In 

general, an amorphous nano-composite film has a significant number of defects lead

ing to higher electric resistivity than a denser film. Using the classical Drude model, 

the AC conductivity can be written as:

a(u) =  — ^ —  (5.1)
1 +  IU)T

in which a0  is the DC conductivity, u> is the angular frequency of electric field, and r  

is the average time between collisions. Thus, the dielectric constant can be written 

as:

er(w) =  1 +  ^  (5.2)
Co OJ

when r  is smaller than the bulk value, which is achievable when the mean free 

path of the electron is small as would be the case for an amorphous film with many 

scattering centers[63], then the changes in the dielectric constant lead to an increased 

n value with respect to bulk as we observe.

Reflectivity measurements in the Krestchmann configuration as a function of in

cident angle for the various Au-Co films with different Co concentration and growth 

temperatures are shown in Fig.5.5 along with simulations using the transfer matrix 

formalism[36] and the experimental optical constants.

Both the theoretical calculations and the experimental data in Fig.5.5 show that 

as the Au concentration decreases the reflectivity minimum shifts to higher values 

of incident angle. As expected, the nano-composite films do not exhibit as sharp 

as reflectivity minimum compared to pure Au films due to the higher absorption 

of Co. Thus, we notice that the minimum in reflectivity broadens when the Co 

concentration is increased, consistent with the stronger absorption of Co.
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FIG. 5.5: Angular dependence of the reflectivity in the Kretschmann configuration for 
Co-Au nano-composite films grown at RT, 300°C and 600°C with concentration ratios 
of (a) 10:90, (b) 30:70 and (c) 50:50. Experimental data are shown in the left column 
whereas simulations are shown in the right column.
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FIG. 5.6: Angular dependence of the Magneto-Optical Kerr Effect in the transversal 
configuration Eq.5.3 A R  =  R { H+) — R(H~)  for (a) Co:Au nano-composite films with 
concentration ratio of 10:90 and grown at different temperatures and (b) nano-composite 
films grown at 300 °C with different Co concentrations.

We note that the experimental reflectivity curves and thus the SPP excita

tion in the nano-composite films also depends on their microstructures. Simulations 

carried out using experimental optical constants agree well with the experimental 

data for the samples deposited at RT and at 300°C . The distinct 3D microstruc

ture observed in the 600°C sample hinders SPP propagation and thus makes any 

simulations meaningless in this case.
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Magneto-Optical Measurement

We expect that optimal excitation of SPP in these nano-composite films should 

lead to enhanced magneto-optical effects, since these depend on the actual electro

magnetic fields near the magnetic components[52] [53]. The curves shown in Fig.5.6 

illustrate the transverse Magneto-Optical Kerr Effect measured in the Kretschmann 

configuration for the composite films, given by the magnetic field induced change of 

the reflectivity between the two opposite external magnetic field orientations:

A R =  R{H+) -  R{H~)  (5.3)

Fig.5.6 (a) shows A R for films with a Co:Au concentration ratio of 10:90 grown 

at ET, 300 and 600°C . We observe maximum magneto-optical effect in the sam

ples grown at 300°C , for which optimum segregation of Co in the Au matrix was 

inferred by the optical measurements. Fig.5.6 (b) shows A R  for the films grown 

at the optimum temperature 300°C and with different concentration ratios. Higher 

magneto-optical response is obtained for the films exhibiting a higher concentration 

of Co. We also notice that unlike the field-independent reflectivity, the field modu

lated reflectivity keeps a narrow angular resolution at resonance, which is of interest 

in the design of magneto-plasmonic sensors for field-modulated sensing schemes.

5.4 Conclusions

We find that the samples grown at 300°C , which exhibit segregate nano-cluster 

microstructure and smooth surfaces capable of SPP propagation, exhibit larger MO 

effects than the samples grown at lower and higher temperatures, as expected from 

our discussion on the correlation between SPR excitation and microstructure. We 

also note that the MO activity also increases with increasing Co concentration con
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sistent with the presence of more magnetic material in the films, while the angular 

resolution of the field-dependent change of the reflectivity at resonance is somewhat 

insensitive to the amount of Co present. Our studies open up new possibilities for 

optimizing nano-composite materials that combine suitable properties, i.e. optical 

and magnetic, for applications that benefit from modulated sensing schemes, such 

as novel sensors based on SPR technology.



CHAPTER 6

Magneto-Transport and 

Non-Linear Magneto-Optics 

Correlations

6.1 Introduction

Plasmon resonance can lead to the amplification of the local field within or close 

to plasmonic structures resulting in the enhancement of linear and nonlinear opti

cal processes[72]. For example, it has recently been reported that the direction of 

magnetization can be tracked by surface plasmons through magnetization-induced 

second harmonic generation (SHG) in chiral nickel microstructures[73], due to the 

sensitivity of SHG to probe buried interfaces where inversion symmetry-breaking 

at the interfaces occurs. On the other hand, anomalous linear Magneto-Optic Kerr 

Effect (MOKE) due to excitation of localized and/or propagating plasmonic modes 

has been reported in various composite systems such as Au/Co/Au multilayers[74], 

core-shell Ag-Fe[75] and Au-maghemite nanoparticles[76], and Co or Au/Fe garnet

81
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films perforated with holes[77] [41], to name a few. Nanocomposite materials can 

also exhibit interesting magnetic and magneto-transport properties; for example 

Skumryev et al. [78] prepared a novel class of nanoparticle-matrix materials exhibit

ing novel exchange bias properties. Thus, it is important to investigate correlations 

between magneto-optical and magneto-transport properties on nanostructured ma

terials.

Nonlinear Magneto-Optical Kerr Effect (NOMOKE) under optical second-harmonic 

generation (SHG) in the presence of a DC magnetic field has also been observed 

in various magnetic systems, such as atomically clean surfaces[79], thin films[80] 

and nanocomposite films also exhibiting giant magneto-resistance (GMR)[81][82], 

These findings have inspired our present work on the correlation between non-linear 

magneto-optics/magneto-plasmonics, and magneto-transport properties on Au-Co 

nanocomposite thin films.

6.2 Experim ents

6.2.1 Deposition Conditions

Since the Au-Co binary system is a typical phase-separation system [83], it en

ables deposition of nanocomposite films where the Co content as well as cluster 

size can be tailored via adequate deposition conditions[84]. Thus, Au-Co nanocom

posite thin films were co-deposited from high purity (99.99%) Au and Co targets 

using DC magnetron sputtering in an ultra-high vacuum (UHV) chamber with base 

pressure in the low 10~9 Torr regime. Soda lime glass substrates were introduced 

into the UHV chamber after ultrasonic cleaning in subsequent baths of acetone and 

methanol for 10 minutes. Prior to deposition, the substrates were UHV annealed 

at 600°C . The substrates were rotated azimuthally at constant speed (12 rpm) to
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optimize film homogeneity. All the samples in this study had a total thickness of 

50 nm while the Au-Co composition was varied from 10% to 58% Co content. The 

deposition temperature was kept at 300°C since in our previous study[84] contrast 

images along with compositional maps obtained from EELS indicated that the Co 

and Au species segregate in films with higher Co concentration as well as higher 

deposition temperature, thus showing that 300°C is an optimal growth temperature 

for the present studies. All samples were capped with 3 nm Au films grown at RT 

to prevent Co oxidation after removal from the UHV chamber. The relative compo

sition of Au and Co was achieved based upon well-calibrated Au and Co deposition 

rates.

6.2.2 Crystallinity Analysis— X-Ray Diffraction Measure

ment

The microstructure of the films was determined ex-situ by carrying X-ray 

diffraction (XRD) scans.

X-ray diffraction measurement data shown in Fig.6.1 illustrate the correlation 

between the Au-Co films’ microstructure and the deposition temperature. We note 

that the Au (111) reflection exists in all samples regardless of concentration and 

growth temperature, but at room temperature (RT), we note a trend in the Au 

(111) reflection, since its full-width at half maximum (FWHM) decreases with Co 

content. This is in contrast with samples deposited at higher temperature, where the 

Au (111) peak does not change significantly with increased Co concentration. For 

the films grown at 600°C a weaker Au (200) peak can also be observed. In particular, 

the Co 50% Au 50% RT sample reveals a Co (100) peak with hexagonal close-pack 

(hep) structure. These results can be qualitatively understood considering phase 

separation processes where the room temperature grown films tend to form a mixed



84

20000 -

 Co 10% Au 90% RT
 Co 10% Au 90% 300C
 Co 10% Au 90% 600C

10000

16000

14000

C  12000

10000

0000

6000 -
4000-

Jw (200)

30 32 34 36 30 40 42 44 46 40 90

20 (degree)

2 0000 -

Au (111)  Co 30% Au 70% RT
 Co 30% Au 70% 300C
 Co 30% Au 70% 600C

10000

10000

3

€ 12000
CO

<0
C 6000

C
2000

30 32 34 36 36 40 42 44 46 46 50
26 (degree)

20000-

 Co 50% Au 50% RT
 Co 50% Au 50% 300C
 Co 50% Au 50% 600C

Au (111)
16000

14000

C  12000

6000

Co (100)
2000 -

30 32 34 36 36 40 42 44 46 46 90

2 0 (degree)

FIG. 6.1: Theta-2Theta XRD scans on composite Au-Co thin films with varied Oo:Au 
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phase of Au and Co at atomic scale [84] since the Au-Co system does not tend to 

form a binary alloy [63].

In our previous study[84] on this same composite system, we observed that the 

Co and Au species segregate into grains in those films with higher Co concentration 

as well as higher deposition temperature. Our observations were based on contrast 

images along with chemical composition maps obtained from EELS. It should be 

noted that the Co 50% Au 50% deposited at room temperature sample is the only 

one exhibiting hep Co (100) peak. For higher deposition temperatures, both Co and 

Au atoms have more energy to segregate and diffuse in both horizontal and vertical 

directions, which was also observed in the EELS chemical composition maps.

Lattice Constant and Domain Size

The bulk values of the lattice spacing of Co (111) is 2.16A while Au( l l l )  and 

Au (200) is correspondingly 2.03 A and 2.35 A. For films grown at higher temper

ature, we notice a trend where the Au lattice relaxes bringing the lattice spacing 

closer to bulk value while we also note that samples grown at room temperature 

exhibit strain. Our XRD measurements suggest that Co, which has hep structure 

in bulk form, acquires a meta-stable fee structure at high Au concentration or high 

growth temperature. At room temperature, the Co 50% Au 50% thin film, which 

exhibits two distinct and separate Au fee (111) peaks and Co hep (100), also shows 

similar grain size as calculated from the Scherrer equation, namely 9.27 nm and 

11.99 nm for Au and Co respectively. As the Co concentration decreases, the trend 

observed is that the Co peak approaches the Au (111) peak, due to strain arising 

from lattice mismatch. Fig.6.2 indicates that the average grain size decreases with 

the introduction of Co in the samples grown at lower temperature (RT and 300°C 

). This indicates that Co is inserted as an impurity in the Au matrix. For higher 

Co concentration, there is more strain due to lattice mismatch and heat treatments
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FIG. 6.2: Lattice constant and domain size analysis on composite Au-Co thin films

have a greater effect on grain size. We note that the average grain size enlargement 

is around 20% for a sample with 10% Co content compared with 100% for the sam

ple with 50% Co content. We also note that the as-deposited Au-Co nanocomposite 

films with higher Co concentration retained cobalt’s hep structure.

We postulate that as the temperature is increased, interfacial stress is relieved 

and, combined with different diffusion rates for both species, leads to more diverse 

grain sizes. Thus, the higher temperature deposition Au-Co nanocomposite thin 

films have much different Au or Co grain size compared with the samples grown at 

lower temperature . These results also were observed in the EELS chemical map and 

SEM images[84]. It should be emphasized that the lattice spacing for the samples 

grown at 300°C and 600°C are very close, indicating that stress present might be 

relaxed but the domain sizes of 300°C samples are much smaller compared to 600°C 

samples due to diffusion processes. As a result, the 300°C grown samples yield 

considerably smoother surfaces.
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6.2.3 Magnetic Hysteresis Measurements

Ferromagnetic thin film hysteresis loops were measured using a superconduct

ing quantum interference device (SQUID) magnetometry. In Fig.6.3(Center),the 

300°C grown thin film, the out-of-plane (easy axis) and in-plane (hard axis) M-H 

loops were measured. We note that the magnetization correlates well with Co con

centration, x, and we also notice that the saturation field decreases with increased 

Co content, indicating that onset of percolation in samples with higher Co content 

occurs approximately around x =  40%.

In Fig.6.3, except for the RT Co 10% Au 90% film, all films exhibit out-of-plane 

anisotropy. Co 10% Au 90% also shows paramagnetic behavior at room temperature 

as expected for small Co cluster size.

6.2.4 Magnetro-Transport Measurements

As previously discussed in Page.44, magneto-transport measurements were car

ried out using the four-point probe method. The magneto-resistance was measured 

at room temperature with the current-in-plane configuration (CIP), applying an 

external DC magnetic field parallel to the surface of the samples while current was 

also applied in the plane of the samples and perpendicular to the external magnetic 

field. A programmable triggered function was used to minimize measurement er

rors by recording the corresponding voltage at a preselected time once the current 

was applied. In this section, all the magneto-transport properties are measured at 

Room Temperature (300K), in order to compare results obtained from the angular- 

dependent MOKE previously discussed on Page.78.

The magneto-resistance data for Au-Co nanocomposite films with varied Co 

composition is shown in Fig.6.4.
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6.2.5 Non-Linear Magneto-Optical (NOMOKE) Measure

ment

We also carried out non-linear magneto-optical (NOMOKE) studies on these 

Au-Co nanocomposite samples in order to investigate the correlation between NOMOKE 

and GMR since such correlation has previously been reported in Co-Ag granular 

films [3].

SHG NOMOKE Experiment

The SHG nonlinear-optical studies were performed using a Ti:sapphire laser 

operating at a wavelength of 800 nm and average power of 200 mW at Dr. T. 

Murzina’s laboratory at Moscow State University. A 45° incident beam illuminated 

the sample and the second harmonic (SH) signal generated in reflection from the 

films was selected by an appropriate set of filters and detected by a photon counter.
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The SH polarization configuration is p-in (for the pump beam) and p-out (for the 

SH beam). A transversal DC magnetic field up to 3 kOe was applied in the plane 

of the film for an arbitrary azimuthal orientation of the sample, since no in-plane 

anisotropy in the SHG signal was observed.

The NOMOKE magnetic contrast is defined as:

I U + H )  -
(6 . 1)

With the SHG intensities , (+H)  measured at opposite directions of the DC mag

netic field H.

The SHG magnetic properties are measured at room temperature (RT), to
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compared with MOKE signal.

SHG magnetic hysteresis loops as a function of Co concentration are shown in 

Figure.6.5. The magnetic hysteresis loops show the evolution from paramagnetic to 

ferromagnetic behavior as the Co content is increased.

The saturation magnetization extracted from the SHG loops is shown in Fig.6.6 

where we note a drastic decrease in saturation magnetization and the onset of fer

romagnetic behavior around 40-45% Co content, consistent with our SQUID data.

The second harmonic generation magnetic contrast, i.e. NOMOKE, as a func

tion of Co concentration of our Au-Co nanocomposite thin film samples is compared 

with the magneto-resistance in Fig.6.7. We include selected SHG hysteresis loops as 

insets in Fig.6.7 to illustrate the different aggregation state of Co in such samples.
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We also show previous reported results[3] on similar Co-Ag samples for comparison.

We note that while the overall SHG signal grows with Co content, a local 

maximum in the SHG magnetic contrast is observed around 35% of Co content, 

in agreement with the maximum observed in the magnetoresistance data in these 

same Au-Co nanocomposite thin films. From the SHG saturation magnetization 

data vs composition (Fig.6.5, Fig.6.6) we deduce that the composition of the films 

corresponds to granular-like type of structure for Co content below 40%, while the 

increase of the SHG magnetic contrast at x ~  35% is attributed to percolation 

accompanied by ferromagnetic order, above 40% of Co content. We note that pre

vious studies on Co-Ag nanocomposite films have shown that a local maximum in 

the SHG magnetic contrast also correlated well with the GMR maximum at some

what lower Co content (~27%). In such studies it was also shown that calculated 

localized Surface Plasmon Resonances(SPRs) associated with this SHG maximum 

exist within the spectral region of interest thus suggesting their role in the observed 

enhanced SHG magnetic contrast.

6.3 Discussion

In granular systems with small single-domain entities, the size of the ferromag

netic domains remain unchanged and the external field only rotates the magnetic 

axes of the particles. In such systems, the rotation towards a complete alignment 

of all magnetic axes upon application of an external field gradually reduces the 

magneto-resistance. Previous reports indicate that the size of the magneto-resistive 

effect in such granular materials depends on spin-dependent scattering as well as 

the number and size of ferromagnetic entities within the probed volume [85]. In 

our case, the maximum in GMR near 35% Co content corresponds to the opti

mum cluster size and inter-granular separation[86][87]. Further, previous results on
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multilayered Au-Co and Ag-Co films show that optimized GMR values were ob

tained for similar thickness of the non-magnetic metal (Ag or Au) but lower Co 

thickness in the Co-Ag case than in the Co-Au case, consistent with the observed 

dependence on Co concentration in the granular films studied here, compared to 

the Ag-Co films reported elsewhere[3] (88]. We note that our GMR values are also 

consistent with recent reports where similar nanocomposite thin film samples were 

prepared using electrochemical methods. In our granular films, the low MR values 

below 30% Co content can be ascribed to a relatively low concentration of ferromag

netic nanograins, leading to fewer magnetic and non-magnetic interfacial scattering 

sites, while the decrease in MR values above 45% Co concent, above the percolation 

threshold, seems to be due to the decrease in spin-dependent scattering, which is 

mainly responsible for the GMR effect [89] [90] [91].

To understand the correlation between our GMR and NOMOKE data, we note 

that within the dipole approximation, the optical second harmonic and NOMOKE 

can originate only from regions of broken symmetry, for example, the surfaces 

and the interfaces of a centro-symmetric material. Consequently, NOMOKE can 

probe the local magnetization at surfaces and interfaces[92] where plasmons can
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also be present. More specifically, a contrast in the NOMOKE intensity depends 

on the relative local magnetization in the material [93] [94] and on the particular in

ner structure of the nanocomposite. SHG magnetic contrast enhancements ascribed 

to localized surface plasmons have been reported in ferromagnetic gratings [95] and 

granular films[96][3]. Clearly our Au/Co granular nanocomposite films exhibit dif

ferent interfaces between the magnetic Co clusters and the Au matrix where the 

coupling between Co nanoclusters depends on their size and separation within the 

Au matrix[97]. Therefore at 35% Co, just prior to the percolation threshold, we 

achieved optimized size and inter-granular Co cluster separation, leading to larger 

magnetic contrast and also larger GMR.

6.4 Conclusion

The microstructure and composition of nanocomposite AuCo thin film samples 

can be tailored with adequate choice of deposition conditions. We have observed 

that the ensuing composition of the films affects their non-linear magneto-optical 

properties as well as the magneto-transport behavior in a correlated manner. The 

SHG values are affected by interaction between magnetic clusters in granular films 

and depend on the average distance between clusters. Therefore it is reasonable to 

expect a correlation between the SHG magnetic contrast and the magneto-resistance, 

since both the spin-dependent electron scattering that determines the magnitude of 

the magneto-resistance, and the magnetization induced SHG are driven by the local 

value of the magnetization. On the other hand, above the percolation threshold, 

the behavior of the NOMOKE magnetic contrast and that of the magnetoresistance 

are quite different because the ensuing ferromagnetic ordering leads to a significant 

increase in the NOMOKE magnetic contrast but suppresses the spin-dependent elec

tron scattering and hence also the magneto-resistance. The detailed nature of this
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correlation must be further investigated, combining theoretical approaches previ

ously developed for each of these phenomena in order to provide a more quantita

tive model for the Co content dependence in our reported experimental GMR and 

NOMOKE data[98].



CHAPTER 7

Magnetic Sensor Applications

7.1 C o /P d  U ltrathin M ultilayer

Introduction

MgO-based magnetic tunnel junctions (MTJs) with perpendicularly magnetized 

electrodes are key to achieving better spin-transfer-torque (STT)-type random ac

cess memories (STT-EAM or spin-RAM). Several candidate materials with perpen

dicularly magnetized (PM) free-layer structures[99][100] could reduce the switching 

current Ic and also reach large perpendicular magnetic anisotropy energy K u with 

thinner free layer (thickness lower than 2 nm)[100].

In previous reports, Co-based multilayer films have been shown to exhibit large 

magnetic anisotropy[101]. A promising candidate for the free layer of MgO-based 

MTJs with perpendicularly magnetized electrodes (p-MgO-MTJs) is Co-based mul

tilayer film, such as [Co/Pt]n and [Co/Pd]n alternating multilayers. In a previous 

work on Co-based PM multilayers, Co layers with 0.1 nm thickness and P t or Pd lay

ers with approximately 1 nm thickness were alternately deposited [100] [102] [103] [104]. 

These Co-based multilayer films exhibited large K u (up to 107 ergs/cm3) due to large

97
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interfacial magnetic anisotropy. However, relatively thick P t (or Pd) layers made 

it almost impossible to reduce the free-layer thickness to about 2 nm. Prom the 

theoretical calculation, the switching current Ic is proportional to the free layer 

thickness[105] and the free layer should be very thin to allow small switching cur

rent Ic. Thus, a relatively large P t (or Pd) thickness hindered further application. 

An alternating C o/Pd multilayer with monoatomic-thickness is a preferred candi

date because, in principle, post-annealing may favor the formation of ordered phases 

with adequate magnetic anisotropy[106]. In fact the idea here is to mimic these or

dered phases on substrates and seed layers compatible with industrial STT-RAM 

fabrication processes.

In a recent study[107], researchers have explored such C o/P t and Co/Pd mul

tilayers. These multilayers could be regarded as artificial superlattices due to ex

tremely thin thickness. The precise thickness control in these Co/Pd multilayers 

enable the analysis with atomic thickness(0.2 nm). They observed significant K u 

for samples with 3 and 6 Co/Pd repeats. The foreseeable technical problem is that, 

despite the possibility of self-assembled L l0 superlattices[108][109], during the fabri

cation of Co/Pd monoatomic artificial superlattices, the thin film deposition process 

may develop interfacial roughness during growth in the same length-scale range as 

the sub-monolayer thickness. Defects at interfaces can propagate, strongly affecting 

the roughness of subsequent interfaces and thus the overall magnetic behavior.

Ultrathin Co/Pd multilayer’s interfaces can thus pose a problem since the thick

ness of the Co and Pd layers are tailored to be about monoatomic or smaller. A 

well-defined and atomically flat interface may not be possible if increased roughness 

develops and therefore the integrity of the multilayer is compromised. Thus, our 

study on the correlation between nanostructure and magnetic properties for mul

tiple surface/interface related parameters for samples grown on realistic substrates 

and seed layers is presented.
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FIG. 7.1: Thin film structure of [Co/Pd]n multilayer on Ru 5 nm/Ta 3 nm buffer/seed
layer.

7.1.1 Experiments and Methods

In this section, we discuss the experiment and methods used in this study.

In order to work with samples relevant to industrial applications, the thin films 

were deposited on non-pretreated Si wafers with natural oxide layers on the surface. 

The deposition method used was DC magnetron sputtering with Argon gas in a 

modified Perkin-Elmer MBE system with five sources. We carried out the entire film 

growth and annealing process in-situ. The base pressure was in the mid 10~10 Torr 

range. We also used RHEED to assess in-situ the crystalline structure/character of 

the surface.

A seed/buffer layer consisting of Ta( 3nm)/Ru( 5nm) was first deposited on 

commercial Si wafers with their native oxide layer as shown in Fig.7.1. In order 

to achieve atomically smooth interfaces, a systematic analysis of thermal treatment 

effects on the surface roughness of the seed layers after suitable post-annealing treat

ments enabled the optimization of the surface roughness up to 0.17 nm. Afterwards, 

[Co/Pd]n superlattice layers were grown by alternate deposition of Co and Pd.

The main surface characterization method was atomic force microscopy (AFM)

[Co/Pd]

Ru 5nm

Ta 3nm

Si w i t h  n a t i v e  o x i d e



100

using a commercial Nanotec AFM and associated software. We utilized a Quantum 

Design MPMS SQUID instrument for magnetic characterization.

7.1.2 Results

Surface Roughness Analysis by Thermal Treatment of Buffer Layer

The root-mean-square (RMS) average roughness value is used to quantify the 

average surface roughness analyzing the surface morphology measurement by AFM.

Fig.7.2(a) shows AFM images of an ‘as grown’ Ta (3 nm) layer on a commercial 

Si wafer with its natural oxide layer. The growth was carried out at room temper

ature. Fig.7.2(b) shows another sample with the same Ta deposition temperature 

and thickness but after post-annealing treatment at 300°C for 30 minutes. Fig.7.2(c) 

shows the surface of a subsequently deposited Ru (5 nm) layer at room temperature 

on the top of structure described in Fig.7.2(b).

Ta 3 nm
Before annealing 0.13 nm
After annealing 0.21 nm

Ru 5 nm
Before annealing 0.52 nm
After annealing 0.17 nm

T A B L E  7.1: R M S  rougness analysis o f  b u ffer /seed  layer R u (5 n m )/T a  (3  
n m )/S i.

Table.7.1 summarizes these results. The surface of the final Ru (5 nm) became 

smoother than the surface with non-annealing treatments. The annealing process 

at 300°C for 30 minutes created a better than atomically smooth surface for further 

growth of [Co/Pd]n multilayers. Thus, the optimization process, compatible with 

industrial processes, that was developed here led to a suitable surface for subsequent 

ultrathin layer deposition.
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FIG. 7.2: AFM images of annealing treatment effects on the buffer layer: (a) Ta 3 nm 
on Si, (b) annealing Ta 3 nm at 300°C for 30 min, (c) Eu 5 nm on annealed Ta 3 nm.



In order to compare the effects of magnetic behavior in the artificial Co/Pd 

superlattices induced by interfacial roughess, we designed two types of [Co/Pd]n 

multilayers deposited on the optimized R u/Ta buffer/seed layer based on RMS sur

face roughness analysis and optimization:

Type I: [Co (0.2 n m )/P d  (0.2 nm)]„

Type II: [Co (0.4 n m )/P d  (0.4 nm)]n

We note that the lattice constant is of bulk fee Co 3.54A while the lattice

constant of bulk fee Pd is 3.89 A [109], and the lattice constant of bulk CosoPdso is

3.81 A [109], and the structure of the ideal (III', [Co/Pd]n multilayer is a stacking 

of (001) planes of an fee lattice. The multilayer has tetragonal symmetry and of 

1.71 A between Co and Pd planes[110]. Thus, a nominal 0.2 nm thickness was 

selected so that it is just less than or very close to monoatomic layer thickness and 

a nominal 0.4 nm thickness is slightly larger than one monoatomic layer. All Co/Pd 

multilayers were deposited at room temperature and no further thermal treatment 

was carried out after deposition.

Number of bilayer (n) RMS roughness (nm)
3 0.28
6 0.29
10 0.36
20 0.44

T A B L E  7.2: R M S roughness analysis o f  [Co (0 .2  n m )/P d  (0 .2  nm )]„

Table.7.2 summarizes the RMS roughness of 0.2 nm thick intervening Co and Pd 

layers with different repetition numbers. We noticed that the roughness deteriorates 

after increased number of Co/Pd bilayer repeats. Thus we notice that the surface 

roughness could achieve values comparable or larger than the single C o/Pd bilayers 

thickness (0.4 nm). The final surface roughness is very likely due to the accumulation
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of interface deterioration after each Co/Pd bilayer. The RMS surface roughness 

exceeds the 0.2 nm nominal thickness of Co/Pd even after 3 bilayer repeats with 

the smallest repetition in this study. Hence, we strongly suspect that the interface 

roughness will dominate the structure of the entire stack with such ultrathin bilayers 

and, due to the interface roughness and associated defects, the individual Co and 

Pd layers may not form complete layers. To corroborate this statement we carried 

out magnetic hysterisis measurements.

Magnetic Hysteresis Measurements

Magnetic hysteresis measurements using a SQUID MPS magnetometer were 

conducted on both types of samples. Our instrument was recently upgraded with a 

horizontal sample rotator to enable accurate in-plane and perpendicular configura

tions for the applied magnetic field with respect to the plane of the sample surface. 

We conducted the magnetic hysteresis measurement at low temperature (20K) in 

order to reduce the thermal and electric noise. Because the total thickness (namely) 

of the ferromagnetic thin film was ~4nm, the magnetic signal will be small and 

easily dominated by thermal/electrical noise. The magnetic signal is the statistical 

average of 20 measurements of the magnetic moment at each data point.

[Co (0.2 n m )/P d  (0.2 nm)]2o Fig-7.3 shows representative loops with the ap

plied magnetic field perpendicular and parallel to the plane of a sample obtained 

for the 20 bilayer repeats multilayer. It is worth noting here that the final surface 

roughness of this sample was ~  0.4 nm. The magnetic hysteresis loop shows that 

the in-plane and out of plane both have similar saturation fields and very small co- 

ercivity (100 Oe) compared to those in previous studies (coercivity around 1000 Oe) 

with smoother interface and more repetition of bilayers. The shape of the in-plane 

and out of plane loops is also very similar. It is worth mentioning that magnetic
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FIG. 7.3: Magnetic hysteresis measurement of [Co (0.2 nm )/Pd (0.2 nm)]2o on Ru (5 
nm) /Ta (3 nm)/Si sample with in-plane and out of plane configuration.

hysteresis loops with lower numbers of bilayer repeats (6 and 10) also hacl similar 

behavior compared to the 20 repeats multilayer but exhibited a higher noise level.

These magnetic loops indicate that there may not be complete magnetic lay

ers in these multilayers, as expected since the surface roughness is larger than the 

nominal layer thickness. The level of intermixing in the [Co (0.2 nm )/Pd (0.2 nm)]„ 

samples is so severe compared to the nominal layers thickness, that it can lead 

to formation of Co clusters instead of larger zones where magnetic domains can 

develop, hence the very low coercivity observed. Thus, we believe that the interfa

cial roughness hindered formations of complete Co layers as postulated earlier, and 

the magnetic behavior is not ferromagnetic but rather super-paramagnetic due to 

Co nano-clusters. We note here that the loops obtained for samples with fewer of 

repeats were very noisy and are therefore not shown in this dissertation.
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FIG. 7.4: Magnetic hysteresis measurement of [Co (0.4 nm )/Pd (0.4 nm)]10 on Ru (5 
nm) /T a (3 nm)/Si sample with in-plane and out of plane configuration.

[Co (0.4 n m )/P d  (0.4 nm)]n On the other hand, for the [Co (0.4 nm )/Pd (0.4 

nm)]„ multilayers, intermixing may not be so significant [111] compared to the layer 

thickness, and formation of a complete ferromagnetic Co layer may be possible, thus 

leading to ferromagnetic behavior. Thus, we postulate that the 0.4 nm Co and Pd 

layers have adequate thickness to enable formation of effective monoatomic layers 

on average for the entire stack.

In Fig. 7.4, hysteresis loops obtained with the field parallel and perpendicular 

to the plane of the sample are shown. It is worth noting that the total amount of 

ferromagnetic material (Co) is the same in the 0.2 nm sample shown in Fig.7.3 as in 

the 0.4 nm sample shown in Fig.4 enabling useful comparison regarding structural 

effects on the magnetic behavior.

The magnetic hysteresis loops in Fig.7.4 show clear ferromagnetic behavior. 

Also, the in-plane loop has a larger saturation field, and the perpendicular loop 

shows a larger coercive field as well as remanence, or remanent magnetization when
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the applied field is zero. Hence, this sample has very weak but noticeable perpendic

ular magnetic anisotropy. This corroborates our initial guess about the dominant 

effect of the interface in ultrathin multiple Co/Pd layers on the overall magnetic 

behavior. A rough interface may not allow formation of complete and therefore fer- 

romagnetically active layers due to intermixing of Co and Pd at the interface. How

ever, if a thickness threshold for the individual layer thickness is achieved just above 

the intrinsic interfacial roughness, a complete ferromagnetic layer can be formed al

lowing formation of effective monoatomic thickness with the expected out-of-plane 

anisotropy.

7.1.3 Conclusion

The Ru/Ta seed layer surface roughness can be optimized by post-annealing 

treatments within suitable parameter ranges for STT-RAM industrial applications, 

leading to adequate surface roughness for subsequent multilayer growth. The layer 

thickness of the multilayers needs to be fine-tuned to overcome accumulated effective 

interfacial roughness. This is particularly important in order to obtain complete 

effective ferromagnetic monoatomic Co layers. We attempted such an approach 

for a [Co (0.4 nm )/Pd (0.4 nm)]io multilayer sample and achieved very weak but 

noticeable perpendicular magnetic anisotropy. Our studies are relevant for STT- 

RAM applications since industrial processes may pose constraints regarding thin 

film growth and processing parameters, which we attempted to follow in this study. 

Aspects of this work were part a collaboration with Grandis (now part of Samsung 

under a grant from DARPA).



CHAPTER 8

Conclusion

Investigations into the structure-property correlations in ferromagnetic thin 

films that exhibit surface plasmon excitations have been discussed in this disser

tation. Experiments related to magnetic, optical, linear magneto-optical, non-linear 

magneto-optical and also magneto-transport properties were studied.

The sensitivity of conventional SPR sensors can be strongly enhanced by adding 

magnetic elements that give rise to magneto-optical signals. Tailored Au/Co/Au 

trilayer structures were shown to be able to achieve SPP modes that exhibit large 

electromagnetic fields due to surface plasmon excitation. The magneto-optical(MO) 

signal can be modulated by externally applied magnetic fields. The MO activity 

exhibits a strong dependence with the external magnetic fields. By using magneto- 

optics as a tool, we have analyzed the field-dependent optical response in tailored 

Au/Co/Au trilayers and have been able to probe the SPP generated electromagnetic 

fields within the structures, checking them against simulated values calculated using 

transfer matrix formalism.

In addition to tailoring the Au/Co/Au trialyer structure with precisely con

trolled thickness, it was also shown Au-Co nanocomposites as a easier preparation
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mode with remarkable sensitivities. Au-Co segregation in nano-clusters and smooth 

surface, with SPP propagation enabled, exhibit largest MO effects. The MO activity 

also increases with increasing Co concentration consistent with the presence of more 

magnetic material in the films, while the angular resolution of the field-dependent 

change of the reflectivity at resonance is insensitive to the amount of Co present.

The composition of Au-Co nanocomposite thin films affects their non-linear 

magneto-optical properties as well as the magneto-transport behavior in a correlated 

manner. The interaction between magnetic clusters in granular films depending on 

the average distance between clusters affects the NOMOKE properties. Au-Co 

nanocomposites NOMOKE indicates when the onset of percolation occurs. Above 

percolation threshold, ferromagnetic ordering leads to a significant increase in the 

NOMOKE magnetic contrast but suppresses the spin-dependent electron scattering 

and also the magneto-resistance. The NOMOKE also suggests possible localized 

surface plasmon excitation leading to localized non-linear magneto-optical enhance

ments.

We have also investigated post-deposition processing treatments applied to 

magnetic multilayers for STT-MRAM applications to optimize their magnetic anisotropy 

properties. We studied the optimization of the layer thickness of the multilay

ers to overcome accumulated effective interfacial roughness, particularly important 

in order to obtain complete effective ferromagnetic monoatomic Co layers and we 

achieved very weak but noticeable perpendicular magnetic anisotropy.
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