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Abstract

A phenomenological theory ofmagneto.optic Kerr effeet (MüKE) is presented to illus­

trate the conneetion between the magnetization and the polarization oflight refieetion

in an isotropie medium. An apparatus measuring the MüKE of magnetic medium

was designed and constructed. The surface magneto-optic Kerr effect (SMüKE) of a

magnetic multilayer is a measurement of the average magnetization of severallayers

within the penetration depth of the light.

SMüKE measurements on a series of sputtered NisoC020 1SÂjCu(teu), where teu

is thl. thickness of Cu spacer layer, multilayers confirms that the coupling strength

in these multilayers oscillates from antiferromagnetic (AF) coupling to ferromagnetic

coupling as a function of Cu spacer layer thickness. Low-angle x-ray diffraction and

SMOIŒ measurements on a series of AF-coupled (NisoC0201SÂjCu20Â)xN multi­

layers with bilayer numbers N ranging from 8 to 100 shows that cumulative interface

roughness increases with increasing N, as do the saturation field and coercivity.

This is possibly due to the out-of-plane anisotropy associated with cumulative inter­

face roughness in multilayers.

An AF-coupled (NhoCoso1SÂjCu20Â)x 10 was continual1y annealed up to 4000C

in several steps, and the magnetic behaviour of the sample was evaluated as a func­

tion of annealing temperatures. (NhoCoso1SÂjCu20ÂjNi7oCOso30ÂjCu20Â)xS mul­

tilayer was used for investigating the AF coupling between magnetic layers of unequal

thicknesses. Final1y, an AF-coupled (Ni70COso1SÂjCu20ÂjNhoCoso1SÂjCu3SÂ)xS

multilayer was sputtered and used ta study the magnetization of an AF-coupled mul­

tilayer with two ..:Ufferent coupling strengthes.
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Résumé

Afin d'illustrer la relation entre l'aimantation et la polarisation de lumiè réfléchie dans

un médium isotropique, une théorie phénoménologique de l'effet de Kerr magnèto.

optique (EKMO) a été dévelopée. Un appareil mesurant l'EKMO de millieu aimantés

fût dessiné et construit. L'effet de Kerr magnéto-optique de surface (EKMOS) de

multicouches magnétiques est une mesure de la magnétisation moyenne de plusieurs

couches limité par la longueur de pénétration de la lumière.

Des mesures d'EKMOS sur une série d'échantillOns de NisoC02015Â/Cn(teu), 011

teu est l'épaisseur des couches d'espacement de cuivre, confirment 'lue la force de

couplage entre ces multicouches oscille, passant d'un couplage antiferromagnétique

(AF) jusqu'à ferromagnétique, en fonction de l'épaisseur de la couche d'espacement

de cuivre. Des mesures de diffraction aux rayons·x ainsi que les mesures d'EKMOS

sur une série d'échantillons multicouches couplées AF (NisoC02015Â/Cu20Â)xN dont

le nombre bicouche N varient de 8 à 100 démontrent que la rugosité de la surface

cumtùative augmente lorsque N augmente, tout comme le champ de saturation et la

coercitivité. Ceci est possible grâce à l'anisotropie hors des plans associée avec la

rugosité de surface cumulatÏ'fe des multicouches.

Le comportement magnétique d'un échantillon couplé AF (Ni7oCo3015Â/Cu20Â)x

10, recuit jusqll'à 400°0 en plusieurs étapes, a été évalué en fonction de la tempera.­

ture. Des échantillons multicouche de (Ni7oCo3015Â/Cu20Â/NhoCo3030Â/Cu20Â)x5

furent utilisés pour observer le couplage entre des couches magnétiques d'épaisseurs

inégales. J.~inalement, un échantillon multicouche

(NhoCo3D15Â/Cu20Â/Ni7oCo3015Â/Cu35Â)x5 fût évaporé et utilisé afin d'étudier la

aimentation de multicouches couplées AF ayant deux longueurs de couplage différentes.



•

•

Contents

Abstract

Résumé

List of Figures

List of Tables

Acknowledgements

1 Introduction
1.1 Magneto-Optic Effects: MOKE and MOFE ..
1.2 Magnetic Multilayers and SMOKE .

1.2.1 Magnetic Multilayers .
1.2.2 MOKE and SMOKE .

2 Theory of Magneto-Optic Effects
2.1 Introduction......................
2.2 Description of Polarlzed Light . . . . . . . . . . . .
2.3 Magneto-Optic Effects of Magnetic Medium ....

2.3.1 Dielectric Properties of Magnetic medium .
2.3.2 Optic Modes in Magnetic Medium .
2.3.3 Faraday Effect. . . . . . . . . . . . . . . . .
2.3.4 Kerr Effect .

3 Experimental Methods
3.1 Magneto-Optic Kerr Effect Apparatus .

3.1.1 Principle of Design .
3.1.2 Optical Layout ...••...........
3.1.3 Kerr Ellipticity and Rotation vs Magnetization
3.1.4 Kerr Ellipticity and Rotation vs Kerr Intensity .
3.1.5 Data Aquisition System •..........
3.1.6 Improvement of Techniques .
3.1.7 Improvement of Apparatus . . . . . . . . . .

3.2 Preparation of Multilayers by Sputtering . . . . . . . .

iv

ii

iii

v

vi

vii

1
1
5
5
6

8
8
9

13
13
16
18
19

22
. · · · · 22

· · · 22

· · · 24

· · · · 27

· · · 27

· · · 29
. . · · · · · 29

· · · · · · 31

· · · · 34



•
CONTENTS

3.3 Structura! Characterization by X-Ray Diffraction
3.4 Magnetotransport Measurements .

4 Experimental Results and Discussion

v

37
40

42
4.1 SMOKE of Magnetic Multilayers 42
4.2 Oscillatory Inter1ayer Coupling in NisoC020 /Cu Multilayers . . . . .. '17
4.3 Effect of Cumulative Interface Roughness on Magnetization of AF-

Coupled NisoC020 /Cu Multilayers . . . . . . . . . . . . . . . 54
4.3.1 Introduction........................... 5'1
4.3.2 Samples Preparation and Structura! Characterization . . . . 54
4.3.3 Effect of Cumulative Interface Roughness 011 Magnetization 58
4.3.4 Summary . . . . . . . . . . . . . . . . 63

4.4 Effects of Annealing on Strucutre and Magnetization of AF-Coupled
Ni70CoSO/Cu Multilayer 64

4.5 Magnetization Configurations in Multilayer with Unequa! Magnetic
Layer Thicknesses . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 69

4.6 Magnetization Configurations of Multilayer Coupled under Two Dif­
ferent AF Coupling Strengthes . . . . . . . . . . . . . . . . . . . . .. 73

•

5 Conclusions

References

76

78



•
List of Figures

1.1 MOFE: rotation of the polarization plane of linearly polarized light
after transmiting through a magnetized medium . . . . . . . . . . .. 2

1.2 MOKE: change in the polarization state of linearly polarized light upon
ref!ection by a magnetized medium's mirror surface. Note that E; and
E; are generally not in phase. . . . . . . . . . . . . . . . . . . . . .. 3

1.3 illustrations of three categories of MOKE: (a) Polar MOKEi (b) Lon-
gitudinal MOKEi (c) Transverse MOKE. . . 4

1.4 Magneto-optic scattering from a multilayer . 7

2.1 Quantities that describe elliptic polarization.
2.2 Direction of the wave normal, n .

11
17

•

3.1 Simple graphical relation between the elliptic parameters for small val-
ues of a, € and!J. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 23

3.2 Schematical diagram of the Kerr effect apparatus. . . . . . . . . . .. 25
3.3 The analyzer's actual orientation. The extinction orientation is per­

pendicular to the p direction. E; shows up with the net non-zero
magnetization of the sample. . . . . . . . . . . . . . . . . . . . . . .. 28

3.4 Calibration carve of voltage values from the Hall effect probe with
standard magnetic field. 30

3.5 Longitudinal magneto.optic Kerr hysteresis of a 1000 A sputtered Co
film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.6 Arrangement for the polar MOKE measurement . . . . . . . . . . . 33
3.7 Polar magneto-optic Kerr hysteresis of a 1000 A sputtered Co film. 34
3.8 Schematic Diagram of Sputtering Apparatus . . . . . . . . ~6

3.9 Triple-axis x-ray diffractometer with high-resolution setull. . . . . . 39
3.10 Sample dimensions and geometries for MR measurements. ..... 41

4.1 A boundary between layers. The :z:y-plane is the boundary between
media 1and 1+1. Waves going in the z.direction are denoted by Ei,
while those opposite to the z.direction are Er. !JI and !Jl+1are the angles
in the Sne1l's law. . . . . . . . . . . . . . . . . . . . . . . . • . . . .. 43

4.2 SMOKE hysteresis loops for a series of samples (NisoC02015A/Cu tA) X 30
with Cu spacer layer thickness equals (a) 6 Aj (b) 8 Ai (c) 10 Ai (d)
20 Ai (e) 25 Aj and (f) 35 A, respectively. 48

vi



4.3 Dependences of saturation field H" obtained from SMOKE IIIC<LSllrC-
ment, on Cu spacer layer thickness t(C") for a series of samples (Niso Co,p1SÂ./CII
tA)x 30. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 49

4.4 Magnetoresistances [~p/P = (Po - p(H.))/p(H.)] vs applicd lIIagnetic
field at room temperatllre for (a) AF-collpled sample (NisoCo,01SA/cII20A)x
30; and (b) ferromagneticaIly coupled sample (NisoCo1015Â/CII10A)x
30. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. r,o

4.5 Dependences of MR on Cil spacer layer thickness t( Cil) for a scrics of
samples (NisoCo,o15ÂjCu tÂ)x30. . . . . . . . . . . . .. 51

4.6 Definition illustration of M" tM, <p, and <p, in an AF-couplcd lIIuIti-
layered system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ., 52

4.7 Computp.r-simulated evolution of cumulative interface roughncss in an
idealized model for multilayer growth. 56

4.8 Low-angle 9 - 2 9 x-ray diffraction spectra oh series of (NisoCo,o15AjCu20A)x N
multilayers. For c1arity, the curves have been displaced verticaIly. .. 57

4.9 Dependence of u. and l on N. Where u. is the outer surface roughncss,
and l the intensity of second order superiattice Bragg peaks. . . . .. 58

4.10 High-angle 9-29 x-ray diffraction spectrum for sample (NisoCo,o15ÂjCu20Â)x30. 59
4.11 Magnetization of a typica! (NisoCo,o 15ÂjCu20Â)x45 sample mea-

sured by (a) SQUID (normalized to M.), and (b) SMOKE (arbitrary
unit). It is indicated that for fields H < Hf the nonlinearity of the
magnetization curve can be observed. . . . . . . . . . . . . . . . . .. 60

4.12 SQUID magnetization measurement of sample (NisoCo,o 15AjCu20Â) x 8.
Note that the nearly rectangular loop near zero field is contributed from
the 50 Âthick NiaoCo,o ferromagnetic buffer. . . . . . . . . . . . . .. 61

4.13 SMOKE magnetization measurements of samples with different bilayer
numbers: (a) N=8, (b) N=15 and (c) N=100. Saturation fields If.
and the fields Hf below which the nonlinearity appears are indicated
in the figures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ., 62

4.14 SMOKE loop of (Ni70C03015ÂjOu20Â)x10 multHayer. Magnetization
configurations are illustrated in the figure by arrows which depict sub-
magnetization vectors. . . . . . . . . . . . . . . , 65

4.15 High-angle diffraction spectra for multilayer sample (NÏ70003015ÂjOu20A) x 10
annealed continuaIly at ditferent temperatures: (a) as-deposited; (b)
200°0; (c) 250°0; (d) 3000Ci and (e) 400°0. For c1arity, the curvcs
have been displaced verticaIly. 67

4.16 SMOKE hysteresis loops for multilayer sample (Ni70003015AjCu20A) x 10
annea!ed continuaIly at different tempt::raturesi: (a) as-deposited; (b)
200°C; (c) 250°0; (d) 300°0; and (e) 400°0. . . . . . . . . . . . . .. 68

4.17 SMOKE loop of (Ni70C03015AjCu20AjNi70003030AjOu20A)x5 mul-
tilayer. . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . .. 70

•

•

LIST OF FIGURES vii



4.1R Magnetaresistance [t!.pjp = (Po - p(H,))jp(H,)] vs applied magnetic
field at raam temperature for (Ni7oCa3010ÀjCu20ÀjNhoCa3015ÀjCu20À)x5
multili\yer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 72

4.19 SMOIŒ Iaap of (NhoCa3015ÀjCu35À) x 10 multilayer. .. . . . . .. 73
4.20 SMOIŒ Iaap of (Ni7oCa3015ÀjCu20AjNi7oCa3015ÀjC",,5À)x5 mllI-

tilayer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 74

•

•

LIST OF FIGURES viii



•

•

List of Tables

3.1 Optical produets used in the Kerr effect measurement appamtus. :lli

ix



•
LIST OF TABLES

Acknowledgement

x

•

1 wish to tak" this opportunity to thank my supervisor, Prof W. Burnett Muir, for

snggesting a project which was suited to my interest, managing my financial support,

and advising on my research with resourcefulness and kindness.

1 am greatly indebted to Prof Zaven Altounian for his constant advice on my

work, Prof John O. Strom-Olsen for his interest in this project, Prof Mark Sutton for

his enlightening comments on lo\v-angle x-ray refiectivity measurement involved, and

Prof Robert W. Cochrane for giving me access to his laboratory for magnetoresistance

measurement in Départment de Physique, Université de Montréal.

1 would like to thank my fellow graduate students. Xiaoping Bian generously

offered his help and comments on many important issues throughout this projectj

Yi Zhao let me share his knowledge on computer-controlled data aquisitionj Randa

Abdouche helped me fit low-angle x-ray refiectivity datai and Stéphane Legault trans­

lated the abstract into French. 1 enjoyed the warm and active atmosphere on the 4th

f100r of Rutherford Physics Building with, just name a few, Quanmin Yang, Tianqu

Gu, Ke Xin, Erol Girt, Mosen Sabouri, Eric Dufresne, Yanbin Wang, Ou Mao, Zhida

Yan, Yongjiang Wang, et al.. Happy memory also goes back to my early days of

graduate study at McGill when 1 received friendly assistance from Weimin Wang,

Ricardo Anino, and Pierre Laperle.

1 am grateful to Frank Van Gils and John Egyed for their technical help, Cynthia

MacDonald, Paula Dorningues, Joanne Longo, and Diane Koziol for their adminis­

trative assistance.

My last thank goes to my wife, Qin Xin, for her patience throughout my graduate

study.

Xiaodong Meng

Rutherford Physics Building

McGill University



•

•

Chapter 1

Introduction

1.1 Magneto-Optic Effects: MOKE and MOFE

Our understanding of magneto-optie effeets is historieal1y rooted in the work o{ M.

Faraday[l] and J. Kerr[2]. They were the first to study the influence of magnetized

media on the polarization of transmitted and refiected light respeetively. When lin­

early polarized light is transmitted through a magnetized medium, the polarization

of the transmitted light rotates by an angle 0(, as shown in Fig. LI. This is named the

magneto-optic Faraday efJect (MOFE)j when linearly polarized light is refieeted {rom

the surface of a magnetized medium, the refieeted light beeomes e11iptieal1y polarized

with a rotation of the polarization plane, as shown in Fig. 1.2. This is named the

magneto-optic Kerr efJef.t (MOKE). These two magneto-optie effeets arc due to the

interaction between light =d the magnetized medium, and give the information on

the eleetronie and magnetie structure of the medium. Since their discovery, they have

been widely used in diverse areas of researeh and teehnology.

Due to the eonneetion between the magnetization of the medium and the rota­

tion oI the polarization plane of the refiected light, the MOKE is a widely used mag­

netie measurement technique in the seareh for new magneto-optic information storage

media. Severa! modulation methods have been developed to precisely measure the

rotation and ellipticity of the polarization of the refieeted light, sueh as the Fara-

1
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Figur~ 1.1: MOFE: rotation of the polarizatiiJn plane of linearly polarized light artel transmiting
thro':"gh Il magnctized medium

day cell techIÙque [3], the spinIÙng analyzer technique [4], and the piezo-birefringent

modulator [5]. A novel magneto-optic microscope system using a digital contrast

enhancement scheme has also been devised to observe magnetic domain dynamics

[6].

It is customary to distinguish three principal cases of MOKE according to the

geometry of the experiment. They are:

1) Polar MOKE (see Fig. 1.3(a) ):the magnetization àirection is perpendicular

to the surface of the medium and parallel to the plane of incidence;

2) Longitudinal MOKE (see Fig. 1.3(b) ): the magnetization is parallel to the

surface of the medium and parallel to the plane of light incidence;

3) 'Thansverse MOKE (see Fig. l.3(c) ): the magnetizaf.~n lies in the surface ..of



•
OHAPTER 1. INTRODUOTION

E (r)
S

-----=;.... M

3

•

Figure 1.2: i.4:0KE: change in the polarization state of linearly polarized light upon ren.clion by Il

magnetized medium's mirror surface. Not" that E; and E; are generally not in phase.

the medium and is normal to the plane of incidence.
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Figure 1.3: illustrations ofthl'ee categories of MOKE: (a) Polar MOKE; (b) Longitudinal MOKE;
(c) 'l'rl1llsverse MOKE•



CHAPTER 1. INTRODUCTION

• 1.2 Magnetic Multilayers and SMOKE
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•

1.2.1 Magnetic Multilayers

Artificially made and ordered material systems are an important part of late-20th­

century advanced technology. Among them, magnetic multilayers, or magnetic super­

lattices, have exhibited new and interesting physical effects which show great potentia1

for technological advances in information storage and retrieval, including magnetic

read heads and magnetic field sensors for a variety of applications.

Magnetic multilayers are made by the orderly deposition of a1temating t.hin films

of two or more metals, al. least one of which is magnetic. These materia1s display

many interesting phenomena, such as, superconductivity[7], solid-state amorphiza­

tion[8], interdiffusion[9], 10w-dimensiona1 magnetism[10], and more recently, magnetic

inter1ayer exchange coupling[1l-13], and giant magnetoresistance[12,13].

Interest in magnetic multilayers has been encouraged by the availability of im­

proved sample preparation techniques, such as sputtering, molecular beam epitaxy

(MBE), and chemical deposition [14,15], and by the rapid development of sophisti­

cated characterization techniques[15], such as, low energy eiectron diffraction (LEED),

refieetive high·energy electron diffraction (RHEED), Auger electron sper.troscopy

(AES), transmission electron microscopy (TEM), low-angle x·ray diffraction (LXD),

and surface magneto-optic Kerr effect (SMOKE).

Metallic multilayers construeted of thin magnetic layers separated by thin non­

magnetic layers have been used 1.0 study magnetic coupling mediated by non-magnetic

metals[16]. In experiments from the 1960's until about 1988, however, the coupling of

such magnetic layers through most metais was found 1.0 be ferromagnetic[17]. Only

recentlyan oscillating magnetic coupling of the well-known Ruderman-Kittel-Kasuya­

Yosida (RKKY) form[18]) wa." observed in the majority of transition metal multilay­

ers[12,19,20].

The first evidence for antiferromagnetic (AF) coupling of magnetic layers via a

transition metal was made in crystalline bec (100) Fe/Cr/Fe sandwiches[ll] using



Brillouin light scattering and SMOKE hysteresis loops. Interest in the AF coupling

was heightened by the subsequent observation that the resistance of the AF-coupled

(100) Fe/Cr/Fe sandwiches [21J, (100) Fe/Cr multilayers[13J and the sputtered Fe/Gr

multilayers[12J decrease enormously with the application of a magnetic field. The

changes are so large that the phenomenon has been termed giant magnetoresistance

(GMR). Later on, the AF coupling and associated GMR were found in multilayers

from other combination of transition and noble metals, especially in Cu-based multi­

layers such as Co/Cu[19J, NiFe/Cu, NiFeCo/Cu[22,23J, and NiCo/Cu[24,25]. Studies

on these multilayers with increasing spacer thickness evidently show oscillations in the

strenght of the AF interlayer coupling and in the magnetoresistance (MR) variations.

•
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•

1.2.2 MOKE and SMOKE

Magnetic hysteresis measurement is an important step in the characterization mag­

netic multilayers. MOKE provides an easy way to lllake these measurements. We

emphasize that the MOKE of magnetic multilayers is not the same as that in bulk

magnetic materials. In a multilayer light transmits through and is reHected from and

absorbed in several ultrathin magnetic and non-magnetic layers, as shown in Fig. 1.4.

The light which transmits through a magnetic layer before being reHected undergoes

Faraday rotation on transmission as weil as Kerr rotation upon reHection. The sur­

face superlattice structure is also relevant. In order to distinguish this effect. from the
,

MOlCE of bulk magnetic materials, it is called the surface;"I<meto.optic Kerr effect

(SMOKE).

Other magnetization measurement techniques, such as superconducting quan­

tum interference device (SQUID) magnetometer, and vibrating sample magnetometer

(VSM), measure the overall magnetization of the sample. The SMOKE magnetome·

ter only measures the top few laye~s within the penetration depth of the light and

reveals information about surface magnetism. These methods give complimentary

results.
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Figure 1.4: Magneto-optic scattering from a multilayer
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Chapter 2

Theory of Magneto-Optic Effects

2.1 Introduction

Magnetism is an electrical1y driven phenomenon and quantum mechanical in nature.

It has its origins in the Pauli exclusion principle and the existence of electron spin.

A rigorous thorough treatment of magneto-optics should relate the optic transmis­

sion and refiection in magnetic media to atomic magnetic moments and crystal fields.

Argyres[26] attempted this in 1955, taking into account spin-orbit interactions. How­

ever, quantum magneto-optics can only deal with the simplest cases using Iimiting

approximations. Therefore the classical treatment is still widely used in data analysis.

The classical version of magneto-optics is phenomenological and is outlined in

Landau and Lifshitz's Electrodynamics of Continuous Media[27]. Unfortunately, there

is no comprehensive review of the magneto-optics of magnetic multilayers in the

Iiterature. Based on Ref.[27] and [28], we present a concise review of the subject

starting from the fundarnentals, with sorne reorganization and simplification.

In this chapter, we will discuss the dielectric properties of an isotropie bulk medium

in the presence of a magnetic field, and derive the optical modes in such a medium.

Magneto-optic Faraday and Kerr effect expressions then will come out natural1y. The

goal of this chapter is to obtain magneto-optic Kerr effect expressions which will

facilitate the design of the Kerr effect measurement apparatus in Chapter 3.

8
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• 2.2 Description of Polarized Light

9

Light is electromagnetic radiation with its frequency falling in the optical range with

its wavelength from 4000 A to 7600 A. It is described by Maxwell's eq\ll\tions in

the c1assical limit. For the physical effect of the field vectors on almost ail media

with which we are concerned, the electric field E, instead of magnetic field H, is the

dominant constituent of light[28]. In Gaussian units, the mechanical force l!' of the

field on a charged partic1e is given by Lorentz' law,

v
F = q(E +- x ItH),

c
(2.1)

qbeing the charge, iL the permeability, v the velocity of the partic1e, and c the velocity

of light. Since vic is usually very small compared to unity, the magnetic effect of light

may often be neglected.

The simplest optical radiation is that of a monochromatic plane wave, i.e., when

each component of E is of the form

EioCOS (wt - k· r +Di), (2.2)

where Eio represents the amplitude of the ith scalar component of E, w the frequency,

k the wave vector \Vith Ikl = wj c, and 5i the relative phase of the ith componentj t

and r are the time and space coordinates, respectively.

We choose to work in Cartesian coordinates { :Il, y, Z } with the .z.axis in the k

direction. The curve which the end point of the E vector describes is the locus of the

points whose coordinates are:

•

Ez = alCOs (wt - kz +51),

Ey = a2cos (wt - kz +52),

E. = 0

and the fust two equations can be rewritten into the form

~ = cos (wt - kz) cos (5t)- sin (wt - kz) sin 51,

~ = cos (wt - kz) cos (52) - sin (wt - kz) sin 52'

(2.3)

(2.4)
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Squaring and aùding b'Ïves

E E E E(""":')2 + (....J!.? _ 2""":'....J!.cos 0 = sin20,
al a2 al a2

la

(2.5)

where

(2.6)

which is the equation of an ellipse. The wave is then said to be elliptically po/arized.

The ellipse is inscribed into a rectangle whose sides are parallel to the coordinate

axies and whose lengths are 2al and 2a2 (see Fig. 2.1). The ellipse touches the sides

at the points (±a1) ±a2cos 0) and (±alcos 0, ±a2)'

The shape of the ellipse and its orientation can be fully described by specifying the

ellipticity, i. e., the ratio of the minor to the major principa! axes of the ellipse, and the

azimuth 9 , i.e., the angle between the major axis and t.he reference direction of :J)-axis.

Alternatively, it will be convenient to introduce an auxiliary angle et (0 :::; et :::; 'Ir/2),

such that
a2

tan et = -. (2.7)
al

As shown in Ref. [29], the following expression for ellipticity 9 and the azimuth e can

be obtained

(2.8)
sin 2e = sin 2et sin 0,

tan 29 = tan 2et cos 5

which are called equation of po/arimetry. The polarization state of the light wave

concerned can be fully described by either of the two equivalent sets of paramenters,

9 and e, or et and o. Of these, the former set Can be measured directly, while the

latter is more convenient for mathematica! operations.

If, instead of the rea! representation written above, the complex one is used, then

• Thus, we have

E", = alei(loIt-k.H,)

Eu = a2ei(loIt-k.H,)

E. = O.

(2.9)

(2.10)
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Fieiure 2.1: Quantitics that dcscribe elliplie pol11tizatioll.
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Here two special polarization states of particular importance can he determined from

the value of 6. One is the linear polarization, namely when

•

6 =02 - 01 = m7r (m =0, ±l, ±2, ,,,),

then

Ev = (_l)m a2
Ez al

The other is the circular polarlzation, namely when

6 = m7r/2 (m = ±1,±2, ... ), t..nd

(2.11)

(2.12)

(2.13)
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then
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(2.14)

Here '+' represents the right-handed circular polarizat.ion and '-' the left-handed one.

The E vector of a monochromatic electromagnetic plane wave can be wriiten in the

form of a 2x 1 column vector as follows

E(z, t) =

=

=

(2.15)

Because the E veetor componets al. aIl points in space for a monochromatic plane wave

are known 1.0 oscillate harmonicaIly with time al. the sarÙ.e frequency, the temporal

information can be suppressed. We can write

with

Ez = alei61 ,

. Ey = a2 ei5,.

(?.16)

(2.17)

•

This E vector contains complete information about the polarization of the monochro­

matic plane wave light.
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• 2.3
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Magneto-Optic Effects of Magnetic Medium

2.3.1 Dielectric Properties of Magnetic medium

The behaviour of a medium under the influence of au electric field cau be deseribed

by an dielectric constant E which defines the relation between the dcctric field E IUld

the displacement D

D = EE (2.18)

In an anisotropie medium, E is a tensor of two-dimension. But in the gren.t lrmjorily

of cases, a medium can be supposed isotropie, and Ereduces to II. complcx scnln.rj tlm:l,

the relation between D and E is !inear. Further, if the medium is nOIHl.bsorbing, f is

a real scalar.

In diseussing the mgneto-optie phenomena, wc begin with a simple case where the

medium is isotropie and non-absorbing in the absence of an applied maguctic field.

In the form of a tensor expression we have

(2.19)

where
o 0

E 0

o E

(2.20)

and E is a real scalar.

An effective dielectrie tensor Ei;(M) as a function of magnetization of the medium,

M, will be used to describe the properties of a magnetically anisotropie medium whieh

is isotropie in the absence of any magnetie field. €i;(M) satisfies the following Ousager

relation[30] 1

and the relation between vectors D and E becomes

•
(2.21)

(2.22)



The energy los5, 10, of light with frequency w travelling in a medium with dielectric

constant tensor f is [31]•
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(2.23)

and the condition that absorption in the medium is absent requires that the tensor f

should he Hermitian:

(2.24)

which implies that the rea! and imaginary parts of fi; must be respective1y symmetric

and antisymmetric, i. e., if

(2.25)

then

Using ( 2.24), we have

e~;(M) = e~i(M) = e~i(-M),

E~~(M) =-e;i(M) = -E~~(-M).

(2.26)

(2.27)

By expanding ei; ta the linear term in M we conclude that tensor E~i reduces to a

scalar notated as e which is independent of M, and that E~~ becomes an antisymmetric

tensor which is proportional to M. Therefore ( 2.25) becomes

where 1 is a unit matrix.

MathematicaUy, the antisymmetric tensor f~~ is equivalent to an axial vector g.

For an isotropie medium, g is paraUel to M and proportiona1 to M in the linear

approximation,

•

0 E12 EI3
. l ." "

Ei; = E +~Ei;' Ei; = -e12 0 E23

-f13 -E23 0

g=fM

(2.28)

(2.29)



where fis a proportionality coefficient. By using the notion of an antisymmetric uuit

tensor eijk we have•
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(2.30)" "fi; = L...J eijk9k.
k

The connection between the components of the dielectric tensor €:~ and the axial

vector g is

91 = EU,

9. = -E13,

93 = f23·

Therefore, ( 2.28) becomes

€ tY3 -i9'

fi; = -i93 € i91

t9. -t91 €

and ( 2.22) can be expressed in terms of vector g,

Di =€Ei +i L: eijk9kEj,
ilk

or, equivaiently, in the form cf vector expression,

D=€E+iExg

wlùch can be inverted to give

E ID .1
= ~ - t

D
x g.

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

•

Through equations ( 2.29), ( 2.32) and ( 2.33) we have established the relation

between the dielectric tensor € of a medium and its magnetization M. Up to now

we have demonstrated how an isotropic medium previously possessing a real scalar

dielectric constant has been changed into anisotropie medium under the influence

of magnetization in the sense that the dielectric constant has become a tensor of

rank two. Since optical propagation modes in an anisotropie medium are total1y

difi'erent !rom those in an isotropie one, it is expected that the optical reflectivit), and

re!ractivity will be dramatically changed once the medium is magnetized.
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2.3.2 Optic Modes in Magnetic Medium
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In a medium possessing no externa! current and assuming a unit permeability, H =

B, and Maxwell's equation reads

\7xH=

\7xE=-

IBD
ëBt'
IBH
ë8ë°

(2.36)

Futhermore, for monochromatic plane wave light of a single frequency w, both H and

E are propotiona! to é(k.r-wt), and Maxwell's equation ( 2.36) become

wn: k E-.-= X,

wD = -kx H. ,.
(2.37)

and the three vectors k, D and H are mutually perpendicular. We can define a

refraction-index vector n by

From ( 2.37) and ( 2.38) we get

which results in

k -~- .
c

H = n X E,

D= -nxH

D = n 2E - (E . n)n.

(2.38)

(2.39)

(2.40)

We set up a coordinate system { x, Y, z} inside the medium with z axis parelle!

to n (see Fig. 2.2). Thus,

•
and ( 2.40) decomposes into

D., = n 2E."

Dy = n2Ey,

D. = 0,

(2.41)

(2.42)
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n

medium

aIr

Figu:s:e 2.2: Direction of the wave normnl1 n.

or, inverse1y,

E::J = ~3D:r:,

Ey = ;3 Dy,

and E% is to he determined later.

Through ( 2.35) and ( 2.43) we establish relations for De and Du,

(~ - !)D +';~D = 0n3 e e ~ (II ,

-iS;D= +(~- ~ )DII = 0

17

(2.43)

(2.44)

where 93 is the axial vector g's z-component. A non-vanishing D requires that the

determinant of the coefficients should vanish,

which gives two solutions to the index of refrection, n+ and n_, respectively satisfying

•
1 1 .Il!=r -- 't e

=0n e

-itU. 1 1
e n2 - ';"

(2.45)

(2.46)
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and
1 1 93-=-+-.n:' € €

Corresponding to the two solutions, there are two modes of D satisfying

and
D: . f- = -t or n_.
Dy

Substituting ( 2.42) into ( 2.48) and ( 2.49) results in two modes for E,

and

with

E. =0.

18

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

It is concluded that light modes in a magnetized medium are two independent right­

handed and left-handed circular polarizations, each with different indices of refraction

n+ and n_, and hence with different wave vectors

(2.53)

•

It is easy to see that, if the medium is not magnetized, i. e., 93=0, and n+=n_, the

light mode is linearly polarized as expected.

2.3.3 Faraday Effect

Let a linearly polarized plane wave be incident normally on a medium and pass

through a path ,. Inside the medium the linear oscillation can be represented as the

sum of two circular oscillations with opposite directions of rotation, which are then



propagated through the medium with different wave vectors as expressed in ( 2.53).

Arbitrarily taking the wave amplitude as unity, we ha.ve•
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E;e = Hék+= +ék-=),

E - !i(_eikt= + é k-=)!I - 2 1
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(2.54)

E;e =
E!I =

When the wave leaves the slab, we have

(2.55)

E
E: = tan li.l. (2.56)

Since this ratio is real, the two beams merge into a linearly polarized beam but with a

non-zeto polarization rotation away from its incident one. This is the Faraday eJJcet.

2.3.4 Kerr Effect

When a linear polarized beam is refiected from the mirror surface of a magnetized

medium, the refieeted beam is then rendered elliptically polarized together with iL

rotation of its polarization plane. This is the Kerr eJJect. We will present a detai1ed

consideration of this case.

In magneto-optics, the dielectrlc tensor C:i; is usually expressed in terms of the

magneto.optic coupling vector, or the Voigt vector [32], Q,

and ( 2.32) becomes

Q = g/c: = fM/f, (2.57)

•
1 iQ3 -iQ2

fi; = e -iQ3 1 iQl (2.58)

iQ2 -iQl 1

In fact the effect of the abso#tion of light in magnetic metals can by no means

be neglected. In this case, the Ieal dielectric scalar e must he replaced by a complex
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scalar
.41l"CT

Ec = E +1.--,
W
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(2.59)

and all the other electrornagnetic equations will rernain identical[33]. Thus, the Voigt

vector Q is also complex.

In sorne literature a complex index of refraction N is l1sed in place of a complex

dielcetric constant Ec :

N = ve; = n(l- ik) (2.60)

where n is the rea! index of refraction anf k the absorption index. If we take the

mirror surface to be xy-plane, the incident plane of light yz-plane, and the direction

of the magnetization along y-axis, then only Q2= Qis non-vanishing, and the die1ectric

tensor expression ( 2.58) is simplified to be

1 0 -iQ

e= N 2
0 1 0

iQ 0 1

(2.61)

w. Voigt[32] gave the first complete classical treatment of Kerr effect which was

later developed whithin a broader framework by C. C. Robinson[34]. By taking into

account the absorption in the metal and choosing the proper boundary conditions,

the fol1owing equation which describes the refieetion at a boundary between air and

a magnetic metal had been obtainedt

E; = r..E~ +r,pE;,

E; = rp,E; +rppE;,
(2.62)

• i
1\

l'
1

where E; and E; represent the e1ectric field components of the incident wave vibrating

in the plane of the mirror surface (5) and in the plane of incidence (p), respeetivelYt

and they have the same phase, set to zero for simplicity, sinee the incident beam

is lincarly polarized. E: and E; are the corresponding components of the refiected

wave. The reflection coefficients r.. and rp1» connecting the incident wave and the

refleeted wave in the same azimuths, are the ordinary metallic refieetion coefficients

given by the Fresnel equation. The refiection coefficients r,p and rp, provide a refiected



component along the azimuth perpendicular to that of the incidcnt wavc. Thcsc arc

Kerr refiection coefficients that give rise to the Kerr components. Voigt dcrivcd thc

expression for the refiection coefficients

•
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ru =
Tpp =

r"p =

CO&Pi -Nc:o~1>t

CO:JrPi+Nco:JrPl'

N cO:Jrp;-collt/Jr
NCO:"Pi+COllr/J, ' (2.6:l)

where 4>i and 4>t are the angles of incidence and refraction, respectivcly. It is obvions

that, upon reversing the direction of the magnetization, the Voigt vcctor Q and

therefore the Kerr refiection coefficients T.p and Tp• change signs, and t1llLt thcre is a

symmetrical rotation of the major axis of the elliptic polarization to the otllcr side of

the p plane. The sign of the ellipticity also reverses. The Kerr effect disappears for

normal incidence on the mirror when 4>i=O.

Although the Kerr effect exists for any arbitrary direction of the magnetization,

the longitudinal Kerr geometry (see Fig. 1.2) is the one most frcqnently nsed in

magnetic measurements. In this geometry, the mgnetic metal minor is magnetized

in a direction that is parrallel both to the plane of incidence and to the surface of the

mirror. The incident light beam is linearly polarized with its electric vector in the

plane of incidence (i.e., the incident light is p-polarized with E: = 0) and is reilected

obliquely from the mirror. In thi~ case, ( 2.62) becomes

E; = r.pE~,

E; = TppE~.
(2.64)

•

A p component appears in the refiected beam as in the case of an ordinary metallic

refiection. In addition, because of the magnetization in the surface, a small s compo­

nent appears in the refiected beam. In general, this second electric field component is

out of phase with the refiected p component. Therefore, the refiected light becomes

elliptically polarized with a slight rotation of the major axis of ellipse away from the

p plane. These polarization changes are called the Kerr rotation and ellipticity. Upon

reversing the magnetization, the Kerr component changes its sign.
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Experimental Methods

3.1 Magneto-Optic Kerr Effect Apparatus

3.1.1 Principle of Design

The polarization of monochromatic plane waves can be fully described by either of

the two equivalent sets of parameters, 9 and e, or a and 5, as indicated in Fig. 2.1

and associated with each other through equations of polarimetry ( 2.8).

For the majority offerromagnetic films and multilayers, the value of a, e and 9 are

very small, say, around or less than 20'; thus, Equation (2.8) can be approximated

to be
9 = a cos 5,

ê = a sin 5
(3.1)

•

with an inaccuracy of 0.004%.

Equliiion ( 3.1) suggests the graphical relation shown in Fig. 3.1. The point P

represents an elliptic polarization described by 9 and e, or a and 5. If the ellipticity

axis is made imaginary, OP becomes the complex amplitude·rotation vector aei6 with

real and imaginary parts 9 and ie.

In accordance with ( 2.62), the two components of the E vector field of the refiected

beam are notated as E; in the plane of incidence and E: perpendicular to the paIne

22
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Figure 3.1: ::iimple graphical relation between the elliptic parameters for small values of 0, E ILlld (J.

of incidence, respectively. Thus, ( 2.17) can be rewritten as

E; = a1ei61,

E; = a2é63.

Their ratio is

where 8 = 82 - Sl'

From ( 2.7), we have
a2

tan ex =-.
al .

In the approximation of small angles, ( 3.3) becomes

which, combining with ( 3.1), gives

(3.2)

(3.3)

(3.4)

(3.5)

(3.6)

•
ET'E: = 9 +ie.

p

Through ( 3.6), MOKE experessed by ( 2.62) and ( 2.63) is therefore conneeted

with the polarization of the reHeeted light which can be measured by ellipsometry.
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3.1.2 Optical Layout
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•

An apparatus has been developed to measure the Kerr rotation and ellipticity of a

magnetic sample. A schematic diagram is given in Fig. 3.2.

The light source is a 6328 Â red He-Ne laser of 15 mW which is highly monochro­

matie, spatially and temporally coherent, and is reasonably weil plane-polarized.

A GIan-Thompson polarizing prism which is mounted into a precision polarizer

holder is inserted in the incident beam to improve the polarization of the laser. The

holder lms manual 3600 rotation, and the precision adjustments through an extremely

fine pitch lead screw can be achieved with an accuracy of 0.0010
•

The sample is mounted in an aluminium holder which has manual 3600 rotation

in the plane parallel to the magnetic field and perpendicular to the plane of inci­

dence. The sample holder is attached to a non-magnetic kinematic-type mini mirror

mount which has a total movement of 60 about both the horizontal and vertical axes

accomplished by turning two spring-Ioaded precision thumb screws.

The angle of incidence is 230
, due to the geometricallimitation of the electromag­

net. A longitudinal Kerr geometry is employed. If the sample initially has zero net

magnetization, then the Voigt vector Q vanishes, and so do the coiflicients r.p and

r p .' According to the longitudinal Kerr effect formula ( 2.64), the refiection beam will

remain p-polarized. The refiection beam then enters the analyzer which is the same

as a polarizer in structure and is adjusted to the p-polarization extinction position.

Practically, it is very diflicult to produce a purely p-polarized incident beamj thus,

according to C2.62), a non-zero s component will occur in the refiection beam due

to the ordinary metallie refiection. Fortunately, this s component does not change

with the application of an external magnetic field and has no contribution to the Kerr

rotation and ellipticity, so that it can be neglected in the Kerr effect analysis.

The detector assembly consists of a silicon photodiode and a large dynamic range

amplifier. The amplifier is connected to the photodiode and converts current signals

from the photodiode into a voltage while maintaining a constant zero bias across the

detector. In the amplifier there are nine gain settings ava.ilable ranging from 1 gigohm
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•
Figure 3.2: Schematicn! diagram of the Kerr effect apparatus.



te 10 ohms. This permits an accurate detection of signaIs from 1 pA to 100 mA. The

amplifier has a readout windo'v showing the photocurrent and an output which can

be read by an externa! device.

The He-Ne laser, :he polarizer, the ana!yzer, and the photodiode detector are sup­

ported by carriers 011 top of optica! rails which are mounted on an optica! breadboard.

Ail the optica! devices used in this apparatus ar" products of Melles Griot. These

optica! produets are listed in Table 3.1

•
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Table 3.1: Optieai products used in the Kerr elfect measurement apparatus.

Optical Item Product Number Number ')f Pieces

6328 AHe-Ne Laser 1

Glan-Thompson Polarizing Prism 03P'l'H101 2

Precision Polarizer Holder 07HPT001 2

Kinematic-Type Mini Mirror Mount (assemply)
.

1

Silicon Photodiode 13DSI001 1

Universa! Modular Mount (assemply) 1

Large Dynamic Range Amplifier 13AMP003 1

Optica! Rail 070RP003 2

070RP007 1

Optica! Rail Carrier 070CP501 6

070CP503 1

Optica! Breadboard 070BH521 1

Once the magnetic field is applied and the sample Îs magnetized, the refiected

beam will contain. an s-component E= which is proportiona! to the magnetic field

and general1y not in phase with the p-component E; due to the Kerr effect with

E=~E;. The refiected beam is then elliptical1y polarized with the Kerr rotation (J

and ellipticity e defined in ( 3.6).
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In the longitudinal geometry, it is supposed that s compollellt in the incident beam

vanishes. According to ( 2.64) the ratio of E; to E; is

(:1.7)

For a magnetic medium sample described in Section 2.3, substituting ( 2.0:1) into

( 3.7) gives
Er
-' = 7JQEr

p

(:1.8)

where Q is the complex component along the direction of the applied field of the

Voigt vector defined in ( 2.57), and 7J is a complex constant defined Ils

-icOS<Pisin'/J;(N COs <Pi - COS <Pt )
71 =

- COS<Pt(cOS<Pi +Ncos<pt)

According to ( 2.57), ( 3.8) becomes

(3.9)

(3.10)

where M is the magnetization along the direction of the applied field and eis Il

complex constant defined as

e== 7Jf/e. (3.11)

From ( 3.6) and ( 3.10) we get the relation between the Kerr ellipticity Ilnd rotlltion

vs the magnetization

(3.12)

•

3.1.4 Kerr Ellipticity and Rotation vs Kerr Intensity

Practical!y, we set the analyzer a smal! angle f3 from extinction under the zero net

magnetization as shown in Fig. 3.3.

A photodiode is a quantum device, and the current output from it is proportinal

to the photo detection rate, i.e., to the power of the the signals detected by it .
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Figure 3.3: The analyzer's aetual orientation. The extinction orientation is perpendicular ta the p
direction. E~ shows up with the net non-zero magnetization of the sample.

Clnssically, the photogenerated CUIrent I, hereafter named the I(err intensity, can be

expressed as

l =1 iE;sin {3 +E;cos {3 12

which has the approximation form for small {3

(3.13)

l = 1 iE;{3 +E; 1
2

_ 1E; 121{3121i +U;'12 .
•

Substituting ( 3.6) into ( 3.14) resuIts in

(3.14)

1= ID 1 i +W+ie) 1
2

10[(~)2 +(1 + ~ )2],
(3.15)

where ID =1 E; 121{312 is the Kerr intensity at zero net magnetization.

On the other hand, 9/{3 and e/{3 are very small. Let 9and e be 20' and {3 be fixed

nt 20 • If we neglect the squred terms of 9/{3 and e/{3 in ( 3.15), then the inaccuracy

is less than 1')'Qj in this case, ( 3.15) reduces to be

• 2e
1= / 0 (1 +73)' (3.16)



The Kerr ellipticity ê can be expressed in terms of the Kerr intensity,

f3 1- ID
ê =2~' (3.17)

From ( 3.12) and ( 3.17) we know that, once normalized, hysteresis loops of the

magnetization, the Kerr ellipticity and the Kerr intensity are the same, i. e.,

•
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3.1.5 Data Aquisition System
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(3.18)

•

In Section 3.1.3, we have established a theoretical model and the concerned adjust­

ment methods which combine to result in the Kerr rotation and elliptieity in terms

of the Kerr intensity. To get the Kerr hysteresis loop, we need to connect the Kerr

e1Iiptieity with the variation of magnetic fields.

A Hall effect probe is placed on one pole of the magnet to monitor the magnetic

field. A standard Gaussmeter has been employed to calibrate the Hall voltage with

the actual value of field. The calibration curve is shown in Fig. 3.4.

It can be seen that a nearly-perfect Iinear relation exists between the Hall voltage

and the field with a constant of 10.13 mV/kOe.

A computer-aided data aquisition system has been developed to measure the Kerr

hysteresis loops. A Keithley mode 199 system DMM scanner is used to read the

detector output and the Hall voltage, and a built-in A/D converter converts those

analog signais into digital signais. Using a data aquisition program written in C

language, a microcomputer reads the Kerr intensity and Hall voltage.

In place of the computer-aided data aquisition system, a much simpler X-Y

recorder is a good alternative with the advantage of fast measurement and satis­

factory accuracy, but reduces the ease of data transfer and processing.

3.1.6 Improvement of Techniques

The optical layout and detecting assembly are extremely sensitive to optical, me­

chanical and electrical interference from the surroundings. During the set-up of the
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Figure 3.4: Calibration curve of voltage values from the Hall effect probe with standard magnetic
field .



apparatus, we have identified most sources of signal noise and drift, and reduced these

to a minimum. In order to optimize the experimental results, the fol1owing procedures

have been adopted:

1) The sample is screwed to its holder through a tiny copper plate. The screws

must be tight enough to keep the sampIe firm, but can not be so tight that a stress

develops in the sample.

2) A black paper tube of 6 cm in length and 3.5 cm in diameter is used to shicld

the optical path between the analyzer and •~e photodiode detector from randomly

scattered light.

3) Irrelevant eleetric wires are kept far away from the photodiode, which cal1

reduee the noise level significantly.

4) In principle, the analyzer could be set to the extinction position at which

detected signais would be minimum at net zero magnetization. However, such a

net zero magnetization is hard to locate for ferromagnetic samples. Instead, the

approach of two subminima has been used. The two minima points are obta.ined at

two saturation magnetic fields of opposite directions. The actual minimum is then

obtained by averaging the data pair.

Fig. 3.5 gives an example of the longitudinal Kerr intensity measurement using

this apparatus. The sample is a 1000 Asputtered Co film. A satua.tion field of 110

De is observed.

•
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3.1.7 Improvement of Apparatus

1. Measurement of Transverse MOKE

We can measure the transverse magneto.optic Kerr effect if we insert a half·wave

plate before the polarizer to rotate the E veetor of the incident beam perpendicular

to the incident plane, i.e., the incident beam is s·polarized. The fol1owing polarizer

can be adjusted to maintain a relatively pure s·polarization in the incident beam.
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ligure :1.5: Longitudinal magnc&o-optie Kerr h)"ltereaïJ of a 1000 A. ,puUered Co film.

•

ll. Measurement of Polar MOKE

This apparatua cm be converled to measure the polar magneto-optie Kerr etrect

by inserting a nonmaguetie metal mirrior of high refiedion as shown in Fig. 3.G. The

lample il placed with U. mirror auface perpendieular to the magnetic fields and refiect8

the beam backward onto the metal minor'. surface. The beam i. then refiected into

the analyzer outside the magnet. The reftection from the metal minor will introduce

into the beam a minute elIiptic polarization due to the ordinary metallic reftection.

We .hould balance the adjuatment of the polarizer, the analyzer, the mirtior and

the sample to achieve detectable signala. Fig. 3.7 gives the polar Kerr intensity

measurement on the lame 1000 À .puttered Co film as that uaed in the longitudinal

MOKE meuurement. The latuation field il 550 Oe, five times as large as belore.

This is due to the fact the shape anisotropy in BUch a 1000 À Co film. resuIts in a

hard magnetization axis alODg the perpendieular direction•

Finally, it should be mentioned that the spectroscopie MOKE, a tedmique used in
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research of magneto-optic memory materials, can he measured ü the laser is replaced

with a monochrometer and an arc lamp•
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3.2 Preparation of Multilayers by Sputtering

A wide variety of film deposition techniques have been used for the preparation of

multUayen. Sputtering il notable for the ease with which many dift'erent materials

can be deposited lot relative1y high deposition ratel. Thil method U8el a de glow

discharge between the plate of lOurce materia1 and the lubltrate upon which the film

il depolited. A lummary of the phYlica ofg1ow discharge proceslel C&Il be found in

the Iiterature[35]. Fig. 3.8 showi the schematic diagram of our two-source sputtering

apparatui.

The source materia1 il machined into a cylinder of 25 mm in diameter and 2 ,..,; 3

mm thick in order to fit the luouree holder. BeCore sputtering, the chamber must be

evacuated. Upon the application oC e1eetric field the aputtering gas (Ar in thil eue)

is ionized and Ar+ ions bombard the source materia1. If the kinetic energy of Ar+



ions exceed roughly four times the heat of sublimation of the source material, atoms

are knocked off the source and ejected into the gas phase whence they are deposited

on the substrate. However the energy of these ejected atoms will be reduced by

collisions with the sputtering gas prior to deposition on the substrate. The collision

process depends on a variety of factors including the sputtering gas pressure and the

construction of the chamber, e. g., the source-substrate distance. In our sputtering

apparatus, the deposition rate is adjusted by changing the sputtering gas pressure.

The source holders are designed associated with magnetrons which consist of

strong permenent magnets and give rise to a magnetic field which confines the plasma

close to the source materiaI and away from the substrate. This reduces damage to the

substrate and the deposited film from energetic ion bombardment. This aIso allows

the use of lower sputtering gas pressure while maitaining relatively high growth rates.

The concentration of impurities in the deposited film from residual gases in the sys­

tem, such as oxygen or nitrogen, depends on the film growth rate versus th.e residual

gas pressures in the deposition system. Thus magnetron sputtering deposition leads

to films with low residuaI gas impurity level.

The rotation of the substrate plate is controlled by a microcomputer. Multilayers

of fixed layer thickness and layer number can be obtained by setting corresponding

parameters in the control program[36]•

•

•
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3.3 Structural Characterization by X-Ray Difft"ac­

tion
•
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The physical properties of multi1ayers de,pend strongly on the atomic structure of

individual layera and the superlattice structure. A structural examinlLtion is IL very

important step toward understanding the magnetic and transport properties of mag­

netic multi1ayers. X-ray diffraction is wide1y used to cha.rlLcterize the structure of

multi1ayers[37). Det&i1ed structural information can be obt&ined by modeling multi­

layer structures and comp&ring their calculated x-ray intensity with the experimental

data[38,39).

The most commonly used x-ray scattering geometry is the ref!.ection geometry

in which the' scattering vector is normal to the film. Reflectivity meuurements a.re

conventiona11y separlLted between the low-angle ( < 20°) and high-angle ( > 20°)

regions of the spectrlL.

In the low-angle region, the length scales studied a.re greater than the IlLttice

spacings of the constituent layera, so the sClLttering can be considered u a.rising sole1y

!rom the chemical modulation of the structure[(0).

Low-&ngie x-ray reflectivity experiments were performed using IL high-resulotion

triple-8JCÏs diffractometer with a Cu-Ka sealed tube shown schematica11y in Fig. 3.9[41].

By using a single-crystal Ge (Ill) monochrometer and analyzer, IL resolution of or­

der 0.010 , full width ILt hal! ma.ximum (FWHM), for IL 8 - 28 scan wu ILchieved,

corresponding to IL âQ of 0.0004 À-l (FWHM) in reciprocal splLCe. The original

x-ray beam dimension of 1x4 mrn2 wu reduced by slit # 3 to 0.4 mm in the verti­

cal direction (in the plane of scattering) and 2.0 mm in horizontal direction. Slit #
4 is ILCtua11y the ILcceptance window in the analyzer housing. The ma.ximum beam

density ILt zero 28 with no sample present (where 8 is the beam incident angle) is

about 220,000 cps with the tube power setting ILt 40 kVx40 mA. The sa.mple wu

fixed in IL holder whose rotation in the plane perpendicu1a.r to the sa.mple's surCa.ce

WIL8 controlled by a microcomputer. The initial alignment procedure wu for the sa.m-



pie to block half the Kal x-ray beam at 8=0. The blocking was checked by w scan

around 8=0. Since the low-angle refiectivity is very sensitive to the aligument of the

sample and the diffractcmeter, extreme care was taken in order to maintain the same

alignment conditions for all the samples. After complete aligning of the the sample,

a 8 - 28 scan was taken to measure the specular ref1eetion signal.

High-angle x-ray difFraction measurments were carried out on a conventional pow­

der diffraetometer with Cu-Ka radiation. The instrumental broadening for this

diffraetometer was estimated to be 0.15° FWHM for a 8 - 28 scan•

•

•
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Figure 3.9: Triple-uia x-ray dift'ractometer with high-resolutioD setup.
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Studies on magnetotransport properties (that is, properties relating to electrical con­

ductivity in the presence of an applied magnetic field) of mu1tilayers are very impor­

tant both for fundamental understanding and for practical application. In this re­

search, MR was measured using a microcomputer controlled high-resolution Ge bridge

in Départment de Physique, Université de Montréal[42].

The principle of MR measurement has been detailed in literature[20]. The sample

dimension and geometries for the measurement are illustrated in Fig. 3.10. Sample

dimension have been defined by sputtering through a mask 4 mm wide with two

small arms on each side for e1ectrica1 contacts distanced 8 mm apart[43]. The e1ectric

current :flows in the sample plane between contacts 1 and 2. The MR was measured

between contacts 3 and 4 with the magnetic field in the film plane and perpendicu1ar

to the current direction. The field is provided by the e1ectromagnet and varled from

- 1 Tesla to 1 Tesla.

Silicon vacuum grease was used to establish thermal contact between the sample

holder and samples. Electrical contacts between samples and leads are secured using

silver paste.
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Figure 3.10: Sample dimeuiona and geomdries Cor MR meaaurementl.
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Chapter 4

Experimental Results and

Discussion

4.1 SMOKE of Magnetic Multilayers

Much theoretical and experimental effort has been devoted to the Kerr effect of

magnetic films and mu!tilayers[34,44-54]. The complexity arises from the fact that

the light beam will be refiected from and transmit through many mangnetic and

non-magnetic layers before it is fully absorbed. Therefore, both Faraday and Kerr

magneto-optic e1fects will be involved in the radiation reflected from a magnetic mu!­

tilayer, though it is still conventionally named Kerr effect for its refiection character­

istics.

We will follow the description by Zak, et al [53], and consider a mu!tilayer with

the surface parallel to the zy-plane. In each magnetic layer the dielectric tensor takes

the form of ( 2.58). The goal is still to find the relation between the electric field of

incidence, represented by (E;, E;.), and that of reflection, (E:, E;), on the surface of

the mu!tilayer. The boundary condition requires that:

1) at each interface of the superlattice, the tangential components of the e1ectric

field (E., Eu) and magnetic filed (B., Bu) are continuous. In defining the magneto­

optic coefficients the quantitities E;, E;., E: and E; shown in Fig. 4.1 will be used

42
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Figure 4.1: A boundary between layen. The =v-plane ia the boundary between media 1and 1+1.
Waves going in the ~ec:tion are denoted by E'. while thole opposite to the ~direction are Et'. 8.
and 81+1 are the angles in the Snell'. law.

with the subscripts sand p taking their usual meaning.

2) the light will be tota1ly absorbed in the substrate and no refiected component

will be present, thus in the lut layer adjacent the substrate we have

(4.1)

•

where E; and E; are the e1ectric fields transmitted through the layer.

Formally, we can relate (E:, Ej., E;, E;) with (E., EII, H., HII) within each layer

of the superlattice, and (~, E;, E:, E;) at Ah interface with (E:, Ej., E;. E;) at

(l+l)th interlace using two types of 4x4 matrices, A and D, referred to as the medium
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boundary and medium propagation matrices as follows:

",. EP
"'p p1 1+1

The boundary condition of continuity at each interface then is given by

44

(4.2)

(4.3)

(4.5)

•

E.. Et•

At E" = II(AID, Aï 1)AI
E:, (404)

H.. 0

H" 0

Here the subscripts of i and f stand for the initial and final materials. The matrix

e1ements of A and D are construeted from the geometric angles of the problem and

from the N and Qvalues of each layer. Prescriptions for construeting A and D appear

in ref.[53]. After evaluating A and D matrices one can calcu1ate the Kerr rotation

and e1lipticity.

In thin-film Iimit, where the total thickness of the multilayer is much less than

the wave1enth of the incident Iight, the calculation of the produet of those matrices

in ( 4.4) can be greatly sîmp1i1ied[53]. For the longitudinal case, the result is

E; = 41r sin ~ NfNI E d.".Qm.
E; À Nd NI m

where ~ is the angle of incidence upon the surface of a multi1ay~. and Ni and NI are

indices of refieetion in the initial and the final medium. respectively. The summation

runs only over the thickness and the magnitude of the Q vector of the mth magnetic
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layer. The above equation gives the formulus for the longitudinal ~urlaee magneto­

optie Kerr effeet (SMOKE) of magnetic multilayers within the thin-film limit, from

which we conclude that

1) SMOKE depends linearly on the thickness of the magnetic componentj and

2) SMOKE is independent of the intervening nonmagnetic layers.

This theoretica.! prediction has been confirmed recently by experiments by Qiu, et

al. [54).

The SMOKE is proportiona.! to the thickness of the sum of magnetic layers, as

in the case of magneto-optic Faraday effect, in a contrast to the magneto-optic Kerr

e1fect (MOKE) of the mirror surface of a bulk magnetic medium which is independent

of the thickness. In this important respect SMOKE is distinct from MOKE.

Although derived from a thin-film limit, ( 4.5) is va.lid for the majority of multilay­

ers for the fact that, due to the absorption of light in meta.ls, the optica.! penetration

depth into meta.llic multilayers is about 100 to 200 Awhich still fa.lls into the thin-film

region comparing with the optic wave1enth, e. g., 6328 Afor He-Ne laser. Thus, we

are a.llowed to take SMOKE as a magnetic measurement of the top few layers.

From ( 2.29), we have

•

(4.6)

Then ( 4.5) becomes

E: = 47rSin tP NlNd 'E dmMm (4.7)
E; ,\ Ni+Nf f m

where Mm is the magnetization of the mth magnetic layer.

The averaged magnetization of the magnetic multilayer is notated as M with

M = Et:~m. (4.8)

With a.ll physica.! and geometrica.! coefficients in ( 4.7) being absorbed into one coef­

ficient 7,

•
7 =411' .intPNlNf f 'E dm (4.9)

,\ Ni +Nf f m •

which is a complex constant for given media and experimenta.!layout, ( 4.7) becomea

~
E: = 7M• (4.10)

p



Through ( 3.6) and ( 4.10), the average magnetization of multilayer films is related

to the Kerr rotation 0 and the Ker ellipticity f:, which can be mea.sured with the Kerr

effect apparatus described in Section 3.,
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M = !(O +if:).
"(
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(4.11)

•

Therefore, by measuring either 0 or f: a.s a function of the applied field, we get the

SMOKE hysteresis of the magnetic mutilayer films, which can be viewed a.s a mea­

surement of magnetization hysteresis.



4.2 Oscillatory Interlayer Coupling in NisoCo20/Cu

Multilayers
•
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The interlayer coupling between magnetic layers sepa.rated by non-magnetic layers in

multilayers has been measured by a variety of techniques sucb as neutron diffraction,

spin-pola.rized electron scattering, scanning electron microscopy with pola.rization

analysis, Brillouin light scattering, ferromagnetic resonance, and SMOKE. Among

them, SMOKE is valued for its elegance and high resolution. It is virtually a mag­

netization measurement of the top few layers within the optic penetration depth at

a particular location in the multilayer sample. By mea.suring the magnetization of

multilayers as a function of an applied magnetic field - that is, by measuring the

magnetization hysteresis loop - one obta.ins direct information on the coupling be­

tween various ferromagnetic layers. These loops can be obta.ined for a variety of

structural and compositiona.1 parameters, in pa.rticular as a function of the thickness

of the non-magnetic spacer meta.ls.

It has been reported recently that sputtered NisoCo20/Cu multilayers show a well­

defined oscillation of the saturation MR as a function of Cu spa.cer thickneBB[25].

We have made SMOKE measurements on these NisoCo20/Cu multilayer samples.

Magnetization versus in-plane field loops are shown in Fig. 4.2 for a selected series of

sputttered NisoCo20/Cu samples as a function of Cu spa.cer layer thickness.

The loops clearly show an oscillatory variation of saturation field H. with Cu

thickness. A deta.iled dependence of saturation field on Cu thickness is ahown in

Fig. 4.3. Three oscillatory peales at S A, 20 Aand 35 Aare observed with relatively

large saturation fields, which indicates atrong AF couplinga, while with Cu thicknesa

at 6 A, 10 Aand 25 A, ferromagnetic coupling dominates.

It is interesting to Bee that the GMR ca.n be observed in an AF-coupled multi­

layer. In an AF-coupled multilayer, the magnetic layers have succesive antiparallel

orientation. With the application of aufficient in-plane magnetic field, the exchange

interaction can be overwhelmed and the magnetization of all the magnetic layera be-
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Figure 4.2: SMOKE hYlterw loopl for a seriel ohamples (NiaoCo,o15À/Cll tA) x30 with Cu .pacer
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Figme 4.3: Dependences ofsatmation field H" obtaiDcd !rom SMOKE meumement, on Cu apacer
layer thicbeu ~(Cu) Cor a oeries oCaamples (NiaoCoN 16A/Cu ~A)x 30.

comes parallel. The resistance to passage of electrona through the multilayer stack

is less for the parallel configuration than for the antiparallel configura.tion, and this

dift'erence accounts for the GMR[SS). Fig. 4.4 shows two typical cases of MR versus

applied field in an AF-coupled sample (NiaoCo201SA/Cu20A)x 30 and a fenomag­

netically coupled sample (NiaoCo201SA/CulOA)x 30.

For comparison the oscillatory variation of the saturation MR with Cu spa.cer

thicknesses for NiaoCON/CU multila.yeu is shown in Fig. 4.S. It ia found that the

saturation field and the saturation MR oscillations possess the same period.

Relative atrengthes of AF coupling can be derived t'rom SMOKE hyatereaia loops.

As shown in Fig. 4.3 (b), the AF coupling of the NiaoCON la.yers results in a nearly

net zero magnetic moment in small magnetic fields. However, the application of &

ma.gnetic field sufliciently large to overcome the AF couplinr; ·causes the ma.gnetic

moments of the NilOCo20 layers to become aligned with the field. Conaider any pair.

of neighboring NilOC020 layers in which the ma.gnetic moments, Ml" andM2 of the
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Figure 4.4: Magndoresis&ances [Ap/p = (Po-p(H.»!p(H.)] TI applied magndic field at room tem­
perature Cor (a) AF.c:oupled sample (NieoCo3015A.!Cu20A.)x 30j and (h) ferromagneûcall1 c:oupled
aample (NieoCo201SA.!CulOA.) x 30.

NiIQC020 layers are coupled with an interlayer exchange coutant, J12. The exchange

coupling energy between two neighboring NiaoCo30 layera cm then be written, within

a Heiaenberg model, lUI

(4.12)

•

where 812 i. the angle between Ml and M2•

In general the magnetization mechaniam is rather complicated. It involvea nucle­

ation of domains, motion of domain walls and, in the case of an AF-coupled multilayer

system, coherent rotation of magnetizationa of adjacent magnetic layera. For an AF­

coupling-dominated multilayer sydem, we consider the 'single-domain limit' where

ouly coherent in-plane rotation of magnetizations is considered.

ln a magnetic field, ignorlng any magnetic anisotropy, the total energy of an AF-
"

coupled multilayer pet unit area is

E(H) = 2J12co.9 (th - th) - M,tAfH(co.9 rh +cos th)
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Figure '.s: Depcndences or MR on Cu apacer tarer lhicbeu '(Ca) for a .crie. or IaDlplea
Si/Nieoco2oS0A,(NieoCo2o151/oucÀ)x30.

wl;tcrc M, i. the magnelization of the NiaoC02o layerll, tJi ÎI the thickneal of each

NiaoC020 layer, th a.ild 4>J are the angles between H and the magnetization, &llIhown

in Fig. 4.6, and the fador 2 be{ore J12 enter. because eath magnetic layer interacb

with ils two neighboring magnetic layen.

The stable configuration of magnetizationl of adjacent magnetic layer. il found

by minimizing the tota! energy, i.e., equating 8E/8~ and 8 El8th to zero, which

gives, respective1y,

•
and

2J12"in (~ - ~) - M.HtJl ,in th = o.

Combining the above two equations givea

(4.14)

(4.15)

(4.16)
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Figure 4.6: DefinHion illustration of M,. CAl. t/Jl and t/J"J in an AF.coupled multilayered system.

The smooth magnetiza.tion process suggests one solution to ( 4.16),

(4.17) .

Subject to solution ( 4.17), ( 4.14) or ( 4.15) reduces to

(4.18)

•

and by expanding ..in 2cP, the the magnetization M =M,co.. cP can be cxprcssed as

a function of the applied field, H,

M = M:tMH, (4.19)
4J12

i.e., M is1inearly proportiona! to the field, H. Thererore, by measuring the saturation

field H" we can get the AF coupling strength

(4.20)

Complementary measurements using SQUID show that the saturation moment

M, of the 15 ANi80C020 layer is about 620 emu/cm3[251. From ( 4.20), the absolute



value of AF coupling Îs about 3.5xl0-' erg/cm' for the first oscillatory peak at tCu=8

A, 5.8xl0-S erg/cm' for the second peak at tCu=20 A, and 6.4xl0-4 erg/cm' for the

third peak at tcu=35 A.

•

•
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4.3 Effect of Cumulative Interface Roughness on

Magnetization of AF-Coupled NisoCo20/Cu Mul­

tilayers
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4.3.1 Introduction

A currently debated topic is the influence of interface roughness on the properties

of AF-coupled multilayers. Theoretical analyses based on the RKKY mode! pre­

dict that the AF coupling is weakened by the introduction of interface roughness

[56], whereas experiments explicitly show that interface roughness introduced by

changing the sputtering parameters (e. g., sputtering gas pressure) can enhance the

GMR effect[57]. The author of the thesis, in coorperation with other researchers, has

specifical1y studied the effects of cumulative interface roughnes on the 'llagnetic prop­

erties of AF-coupled NisoCo20/Cu multilayers[5S]. X-ray diffraction was performed

for structural charaeterization and estimating the cumulative interface roughness as

a Cunction oC bilayer number N. The room temperature in-plane magnetization oC

the samples was measured using a SQUID magnetometer. The magnetization oC the

top few layers was studied using SMOKE.

Magnetization measurements !rom a SQUID magnetometer, which measures the

effects oC the overal1 interface roughness, are compared to the SMOKE measurements

which are sensitive only to the top few layers where the cumulative interface roughness

reaches its maximum value. SMOKE measurements for multilayers with different

bilayer number, thereCore, give direct information on the effect oC cumulative interface

roughness on the magnetization process in AF-coupled multilayers.

4.3.2 Samples Preparation and Structural Characterization

Previous studies have shown that (NisoCo20/Cu) multilayers ·exibit an oscillatory

GMR as a function of Cu spacer thickness(25) and a well-defined simple AF coupling

for Cu spacer thickness at 20 A [59). In order to study the effects of cumulative



interface roughness on the magnetization of AF-coupIed multilayers, we prepared a

series of NisoCo20/Cu multilayers with Cu spacer layer's thickness fixed at 20 A and

bilayer numbers varying from 8 to 100.

(NisoCo2015A/Cu20A)xN multilayers with 50 A thick NisoCo20 buffer layers were

deposited on Si substrates. The base pressure before deposition was 2x 10-7 torr.

With a sputtering pressure of 8.5 mtorr of Ar, the deposition rates determined from

the measured thickness of single films by low-angle x-ray rel1ectivity measurements

were 1.5 A/s for NisoCo20 and 1.6 A/s for Cu.

There are several types of interface imperfections. Cumulative interface roughness

is the accumulation of small intrinsic interface roughness in each layer and, there­

fore, its effects become more pronounced when the number of bilayers increases[60].

Fig. 4.7, extracted from Ref. [60] , shows a computer-simulated evolution of cumulative

interface roughness with increasing bilayer number N.

Fig. 4.8 shows low-angle x-ray diffraction results for typical samples with different .

bilayer numbers. AlI samples exhibit clear first order superlattice Bragg peaks, al­

though the e1ectronic contrast between the two constituent layers is very small. With

increasing bilayer number N, the second order super1attice Bragg peaks are gradu­

aIIy damped as shown in Fig. 4.8, suggesting an increase of interface roughness[61].

Clear thickness oscillation fringes between superlattice Bragg peaks are observed for

samples with N < 15. For a finite film thickness less than 1000 A, suppression of the

fringes with increasing N is partially corre1ated to the increased outer surface rough­

ness[62]. The low-angle x-ray rel1ectivity has been analysed using an optical mode1[62]

to produce the outer surface roughness 5,. Fig. 4.9 shows the decreased intensities

of second order superlattice Bragg peaks and increased outer surface roughness with

increasing bilayer numbers N.

NisoCo20 and Cu both crystallize in fcc structures with a lattice mismatch of

only 2.2%. High-angle fJ - 2fJ x-ray diffraction of (NisoC020/Cu)x N multilayers (see

Fig. 4.10) shows that the films have textured structures with the dominating fcc (111)

direction normal to the film plane and a weak (200) peak. The FWHM of the fcc

•
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Figure ".7: Comp1lter-àmulated evo11ltion or c1Imulative interf'al:e r01lghneu in an idealiled mode!
ror multila)'er growth•
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Figuie 4.8: Low-angle 8 • 2 8 x-ra)' dift'raetion .pedra or a .criel or (NiaoC01015À/Cu20A)xN
multilayers. For clarit)', the \':urves have been displaeed yertieally•
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Figure 4.9: Dependenee 01 fT. ad 1 on N. When tT. illhe outer 'nrl'aec rODsbea, ad l'he
in'enai', 01 teeond order .QperIaUi~e Bragg peab:.

(111) peak. ÎJldicate a grain &Ûie of about 100 À.

4.3.3 Etfect of Cumulative Interface Roughness on Magne­

tization

Fig. 4.11(a) shows the overall in-plane magnetization measured with a SQUID mag·

netometer for a (NisoCo2015A/Cu20A)x 45 multilayer having moderate cumuIr.tive

inteface rouguess. The linear magnetization venus field predided by ( 4.19) is not

observed and there is a distinct nonlinearity for field& H < HJ. Fig. 4.~1(b) shows

the magnetic properties of the top few layera measured by SMOKE. The SMOKE
-' .

meaSurements were made using 6328 ft. He-Ne laser which àas a penetra.tion depth
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Figure 4.10: Bigh-angle 8 - 28 x-ray clliüac&ioD .pedrum for aample (NiaoCoJo16A/Cu20A)xso.

of about 200 A corresponding to the top 5 or 6 bUayer. of the multUayer. The non­

linearity of the magnetization curve for H < HI is more pronounced for the top few

layers than it is for the whole multUayer and the coercivity ia con.iderably mcreaacd.

For samplea with N = 8 both SQUID 8Jld SMOKE meaaurements .haw a linear M

vs H relation below saturation, as shawn in Fig. 4.12 and Fig. 4.13, respeetive1y. The

saturation moment M. of the 15 A NiaoC02o layer il about 620 emu/cm', 14 .hown

in Fig. 4.12. From 4.20, we can get an AF coupling Itrength J i'W 5.8 X 10-1 erg/cm2

for the sample[2;5]. This value ÎI much BlIla1ler than that found in other Cu-bued

multUayer systems[22,23,63] , ÎDdicating .t. very weak AF coupling between adjacent

NiaoCo2o layers across 20 A thick Cu apacer layera. The M. values meaaured with the

SQUID magnetometer do not depend on N. This impliea that the ÏDtermixing at the

interfaces is not changing significantly with increased interface roughne...
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Figure 4.11: MagnetÎlation oh t1Pîea1 (NiaoCo:ao 16À/C1I201)x45aample mcu1lled b, (a) sQum
(Dormaliled to M,), and (b) SMOKE (arbitr&r1 unit). U is indieated that for fieldJ H < HJ the
Donlinearity of the magnctuatîon C1lITe can he oœeryed•



•
CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 61

400o
H (Oe)

600

;- 400

e 200

'; 0
~-200

:a. -400

-60·0~~~

-400

Figue 4.12: SQUID magDeti.ation measuen:ent ohample (Niao~ ISÂ!Cu20Â)x8. Note 'hat
the Deut)' rectangular loop Deal lero field ia c:oDtributed ûom the &0 ltmd N~Co:Jo rerromagnetic:
bufFer.

Fig. 4.13 shows SMOKE measurements {or different bllayer numberl. Fig.4.13(a)

shows that the magnetization relation is neuly linear below saturation fields for

samplè with N = 8 where the cumulative interface rougbneu ÎJ presumably smalI.

Fig. 4.13(b) shows reauIts for N =15 where a plateau region with a re1atively ImalI

slope is observed at low fields, and the {allure of the linear M - B relation i. clearly

aeen. As the büayer number N increasea up to 100, the cumuIati7e interface roughnell

is considerably larger, and the plateau region becomes more Itriking u indicated in

Fig.4.13(c). From low-angle x-ray refieetivity analyseJ and SMOKE measurementl,

we conclude that the nonlinear M - H behavior in samples with large N are related

to cumulative interface roughnesi which beeomeJ significant u the büayer atacking

increases.

•
The nonlinearity in magnetization i. obviously aBsociated with the appearance of

significant ctilllulative interface roughness and might be attributed to an anisotropy

related to surface and interface strains due to the roughness•
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Fiaure 4.13: SMOKE magndiJation measuremeDU of AlDples wilh diJferenl bilaycr number.: (a>
N=8, (b) N=15 aod (e) N=100. Saluralion fields H. ud the fields BI below which the Donlinearity
appeau are iDdicated iD the figures•
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We have examined the cumulative interface roughness in AF-coupled multilayers

(NisoOo201SÂ/Ou20Â)xN using low-angle x-ray relleetivity and SMOKE. Both ex­

periments show that interface roughness increases with the number ofbilayer. SMOKE

measurements are sensitive to the roughest region of the sample, namely the top sev­

erallayers. Relatively llat interfaces only mst in sputtered multilayers with bilayer

number N < 10 for which SMOKE magnetization curves are linear below saturation

fields. As the number of bilayers increase, the deviation from line&rity in M - H

curves gradually becoml~s larger, which might be attributed to a roughness-related

anisotropy•



4.4 Effects of Annealing on Strucutre and Mag­

netization of AF-Coupled Ni70C030/Cu Mul­

tilayer
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Cu-based magnetic multilayers are promising candidates for applications such as MR

read heads and magnetic sensors. However, a practical requirement along with a

large MR is a high maguetic.field sensitivity, i. e., an appreciable resistance change

upon application of a small magnetic field, together with a low coercivity. Identifying

multilayer systems with these characteristics remains a key problem in this field.

In the Ni.Colllll_. alloy system, the magnetocrysta1line anisotropy is minimum at

x=80, while the magnetostriciton coefficient vanÏshes at x=60(64). Studies of multi·

layers with Ni.Co1OO_. alloys as magnetic layers and Cu as spacer layers(6s) demon­

strated that a broad maximum MR of 12% was found in the range x=70-80, and a

broad minimum of saturation fields was found in the range x=so-7C'. It is expected

that the choice of x=70 for this multilayer system would combine the advantages of a

relatively low magnetocrysta1line anisotropy and a small magnetostriciton coefficient,

and result in a substantial GMR with a low saturation field, and hence a large field

sensitivity. In this section, we will focus on the AF-coupled Ni70CoSO/Cu multilayer.

In order to reduce the in1luence of cumulative interface roughness on the magne­

tization of multilayers, we design a s&mple with 10 bilayers. We sputtered a series of

(Ni7oCoso1sÀ/Cu tcuÀ)x10 s&mples with 15 À Ni70CoSO bufFer layers on Si wafers.

The thickness of Cu spacer layer ~cu varied from 17 À to 21 À with 1 À step. The base

pressure before sputtering was 2 X 10 -7 Torr. The Ar pressure during sputtering

is 8.5 mT. AU s&mples' magnetization loops were measured using SMOKE, and the

s&mple with the maximum AF coupling strength was id~ntified by the maximum sat·

uration field. It wu found that the s&mple with tcu=20 À shown the the maximum

saturation field 120 Oe.

The SMOKE loop of s&mple (Ni70Coso1sÀ/Cu20À)X 10 is shown in Fig. 4.14. The
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magnetization is nearly linear before saturation with very ImalI hYltereai•• which ÏI

quite close to the relation ( 4.19) based on & 'singl~domain limit'.

Because multilaye: systems are not in the thermodynamic equilibrium. their ItruC­

ture i. sensitive to çowth conditions including, for example, the deposition method,

the sputtering gas pressure. the substrate material and the buffer layer. Experimenta

reveal that the structure and physical properiies oC multilayclI containing Ou lay­

ers are parlicularly senBitive to deposition condition•• bath Cor Iputtered and MBE

prepared multllayen[19]. ACter-growth annealing a.lso hu effectl on the structure of

multilayers. and in turn influences the magnetic propertiea oC r;nultllayers.

We annealed the AF·coupled (Ni7oOo301S.A/Cu20.A)xl0 .ample up to 400°0. The

sample wu placed. together with a temperature probe. inJide a quartz glus tube



which wu exacuvated to a pressure of 10-8 Torr. The sample was annealed in agas

of mixture consisting of 5% H2 and 95% Ar in a temperature-controlled Cumace at

different temperature steps for ten minutes, respeetivdy, and then cooled to room

temperature.

In arder to reveal the iniluence of annealing on the the sample's crystalline struc­

ture, conventional high-angle x-ray diffraction was measured. Fig. 4.15 shows the

spectra on the sample annealed continual1y at different temperatures. AR speetra

show textured structures with the fcc (Ill) direction normal to the film plane. The

FWHM of the Ccc (Ill) peaks decreases monotical1y with each annealing step al­

though the peak positions remain unchanged, indicating that the film has devdoped

larger textured grains with no evidence for formation of phase segregated regions.

When annealing up to temperatures larger than 250°, weak (200) peaks gradual1y

appear.

Changes in the magnetic behaviour of the film was also monitored &fter each step

using SMOKE. Fig. 4.16 shows SMOKE hysteresis loops for the film annealed at

different temperatures. Compared with the as-deposited stage, the film annealed at

moderate temperatures up to 200°C possesses an unchanged saturation fidd with

smal1er hyseresis, which is noted to be consistent with an enlarged grain me. An­

nealing up to 300°0 gives rise to almost square loops, typical of a ferromagnetic film.

This suggests that the interdiffusion at interfaces between NÎ7oCo3Q and Cu layers be­

comes severe, and Cu spacer layers' thickness is narrowed and much smal1er than 20

A, the thickness required for the AF coupling interaction to be maintained. Further

annealing up to 400° destroys the multilayer structure of the film, and an al10y forma

between Cu and Ni70Co3Q. This NiCoCu system shows ferromagnetic hysteresis with

a much larger coercivity, as seen in Fig. 4.16(e)•

•

•
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Figure 4.15: High-angle dift'raction .pedra (or multilayer I&JDple (Ni70CO.oI5A/CI120A)x ID an·
neaJ.ed continually at dift'erent temperaturel: <a) u-deposîted; (h) 200°0; (c) 2500Cj (d) 300°C; and
(e) 400°C. For claritYt the curves have been displaced vertically•
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Figure 4.16: 5MOKE hysteresis JOOpl for multilayer aample (NiTOCoao15A/Cu20A.) x 10 annealed
continuaDy al dift'erent temperaturelÎ: (a) as-depoaitedj (b) 200DCj (c) 250DCj (d) 300DCi and (e)
400°C•



4.5 Magnetization Configurations in Multilayer

with U nequal Magnetic Layer Thicknesses
•
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Most of previous studies of AF·coupled multilayers have concentrated on samples

containing magnetic layers with equal thicknesses. The magnetization behaviour

is then well understood. Recently there has been a growing interest in sandwich

structures with unequal thicknesses of magnetic layers(66). Here we will study the

magnetization behaviour of a multilayer system with unequal thickneneB, h < t2 , of

the adjacent magnetic layers.

We sputtered a multilayer (NiToCo3015A/Cu20A/NiToCo30soA/Cu20A)x5 with a

15 A NiToCoao buffer layer on Si warer. The base pressure before sputtering was

2x10-TTorr. The Ar pressure during sputtering is 8.5 mT.

The SMOKE loop oHhis sample is shown in Fig. 4.17. Analyses ofmagnetization

process reveals that the thicker and the thinner magnetic layers are AF-coupled at

zero field, and the application of a. small field aligns the thicker ma.gnetic la.yer nea.rly

parallel to the field, while the adjacent thinner ma.gnetic layer, is nearly antiparallel

to the thicker magnetic layer due to the dominating AF coupling interaction between

them. When the saturation field is reached, all magnetic layers a.re aligned pa.rallel

to the field. Magnetization configura.tions were shown in the figure by a.rrows which

depict ma.gnetiza.tion vectors in the adjacent ma.gnetic la.yers.

From the hysteresis loop, we ca.n observe two anti-parallel ma.gnetiza.tion config­

ura.tions near the zero field along each direction of the a.pplied field. Due to the

AF coupling interaction, the magnetiza.tions in the adjacent unequal ma.gnetic la.yers

tends to be in the anti-parallel configuration. Around the zero field, the a.nti-parallel

magnetization, meanwhile perpendicular to the applied field, gives nse to a. nea.rly

zero magnetization projection upon the field direction. This a.nti-pa.rallel ma.gnetiza.­

tion configuration is marked by pla.tea.u B. A small field pulls ~he ma.gnetiza.tion of

the SO A thick magnetic layers lie along the the field direction with tha.t of the 15

A ma.gnetic la.yers opposite, a.nd results in a. nearly l/S net ma.gnetization projection
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Figure ".17: SMOKE loop of (NiroCo3015À/Cu20A/Ni7oCo3030A/Cu20À)x5 multilaycr•



upon the fidd direction. This anti-paralld magnetization configuration is ma.rked by

plateau A. The iurther application oi the fidd tends to rotate all magnetizations up

to the fidd direction until the saturat~on parallel configuration is reached.

For comparison, the MR data on the sample are displayed in Fig. 4.18. The fidd

dependence oi MR is consistent with that oi magnetization, suggesting their common

origin in the change in relative orientations oi adjacent magnetic layers in response

to the applied field•

•
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Figure 4.18: Magnetoresistanc:e [~pjp = (Po - P{H.))fp(H.)) vs applied magndic field at room
temperature for (NhoCosolOAjCu20AjNhoCosoISA/Cu20A)xS multiJaYer•
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Figure 4.19: SMOKE loop oC (NiroColOlSA/Cu3SA)X10 mulül&Jer.

4.6 Magnetization Configurations of Multilayer

Coupled under Two DŒerent AF CoupHng

Strengthes

•

We prepared a series of multilayer BlLD1ples near the nm oscillatory coupling peak UI­

ing the same apuUering condition which we used to spuUer (Ni70Coao15Â/Cu20Â) x 10

multilayer. Throup SMOKE meaaurementa, il wu round that the Den maximum

AF coupling occured at tcu=35 Â. SMOKE loop {orlbia aample ia .hown in Fig. 4.19.

The saturation field is 20 Oe.

In order to study the magnelization behaviour in 8. multUayer where a magnetic

layer is AF-coupled with its two magnetic layer neighborl with two dift'erent coupling
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Fi3ure 4.20: SMOKE loop of (NiroCoaolSA/Cu20A/NiftlCoaolS1/Cu3SA)x6 multila7er.

strengthes JI and J2t we sputtered (Ni70C03Q15A/Cu20A/Ni70Co301SÀ/Cu35À)xS

multilayer sample. The SMOKE loop of thiJ lample ÎI.hown in Fig. 4.20. A linear

M - H rdation can be observed with a saturation fidd of 70 Oe which is the average

of the values found in sample (Ni70C03QlSA/Cu20A)x10 whose saturation field is120

Oet and Ilample (Ni70Coao15À/Cu3SA)xl0 whose saturation fit-ld il 20 Oe.

For a multllayer system containing two dift'erent AF coupling strengthes JI and

J2 t the energy per area is

Just like the AF·coupled multilayer containing only one coupting strength t the sta­

ble configuration of magnetizations of adjacent magnetic layera is found by energy



•
CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION

minimization, and the M - H relation is found to be

which gives a saturation field

H. = 2(J, +J2 ).

M.tM

75

(4.22)

(4.23)

•

Thus the value of saturation field is the average of the values found in the two ntlllti­

layer systems, each of which contains a single AF coupling strength. This theoretical

expectation was observed in SMOKE hysteresis measurements on

(NhoCoso15Â/Cu20Â/Ni70 COso15Â/Cu35Â) x 5 multilayer sampIe.

. :,.
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Chapter 5

Conclusions

An apparatus measuring magneto.optic Kerr effect (MOKE) has been designed and

constructed. Phenomenologically, magnetization in a medium changes its dielectric

properties and results in the variation of optic modes of e1ectromagnetic radiation

in iti hence, the connection between magnetization of the medium and variation in

polarization of refiected beam from the medium's mirror surface is established. The

magnetization loop is recorded by a computer-controlIed data-aquisition system or

simply by an X-Y recorder.

This apparatus can be used for magnetic characterization of multilayers. In the

thin-film limit, the surface magneto-optic Kerr effect (SMOKE) measured on a mag­

netic multilayer is a measurement of the average magnetization of several magnetic

layers near the film's outer surface. This apparatus has been employed in several

other researches[59,67,68].

SMOKE measurements on a series of sputtered NisoCo2015AjCutcu multilayers

confirmed that the coupling strength in these multilayers oscillated from antiferro­

magnetic (AF) coupling to ferromagnetic coupling as a function of Cu spacer layer

thickness tcu, and three oscillatory peaks at tCu=8 A, 20 A and 35 A were observed.

Effects of cumulative interface roughness on the magnetization of AF-coupled

(NisoCo2015AjCu20A) x N were investigated as a function of bilayer number N. Low­

angle x-ray refiectivity revealed that cumulative interface roughness increased with

76



increasing N. SMüKE measuremets, which only detected the top 5 ~ 6 hilayers

due to the 200 Â penetration depth, shown that saturation fields and coercivities

increased with increasing N, possibly due to an out-of-plane anisotropy associated

with cumulative interface roughness in multilayers.

Ni70CoSO was chosen as the magnetic layer for its intrinsical1y low maglletocrys­

talline anisotropy and smail magnetostriction coefficient, and AF-coupled

NhoCoso15Â/Cu20Â multilayer was sputtered. SMüKE measurement on this sample

shown a nearly linear M - H relation before saturation, which oheyed the theoretica!

prediction in the single-domain limit. This sample was continuaily heat-treated up

to 400°C in severa! steps. High-angle x-ray diffraction and SMüKE measurement

were macle on the sample after each step. Annealing up to 200°C gave rise to larger

grain sizes in the film and improved the AF coupling hetween its magnetic layers

across Cu spacerj annealing up to 250°C began to cause significant interdiffusion at

the interfaces of NhoCoso and Cu and weakened the AF couplingj annealing up to

300°C brought about the failure of AF couplingj and annealing up to 400°C rendered

the film ferromagnetic with a much larger coercivity, possibly due to the formation

of CuNiCo ailoy in the film.

(NhoCoso15Â/Cu20Â/NhoCos030Â/Cu20Â)x5 multilayer was prepared for study­

ing the AF coupling between magnetic layers of unequa! thieknesses. SMüKE mea­

sUIement revealed two stable anti-parailel magnetization configurations nt small field.

MR measurement provided a complimentary evidence of the configurations.

Final1y, (Ni70Coso15Â/Cu20Â/Ni70Coso15Â/Cu35Â)x5 multilayer was prepared

for studying the magnetic behaviour in a multilayer where a magnetic layer was AF­

coupled with its two magnetic layer neighbors with two different coupling strengthes.

A linear M - H relation was observed with a saturation field which was the average

of the values in the two multilayer systems each of which contained a single AF

coupling strength, much to the expectation based on a theoretical consideration in

single-domain limit.

•

•
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