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Abstract

A phenomenological theory of magneto-optic Kerr effect (MOKE) is presented to illus-
trate the connection between the magnetization and the polarization of light reflection
in an isotropic medium. An apparatus measuring the MOKE of magnetic medium
was designed and constructed. The surface magneto-optic Kerr effect (SMOKE) of a
magnetic multilayer is 2 measurement of the average magnetization of several layers
within the penetration depth of the light.

SMOKE measurements on a series of sputtered NigoCogg 154 /Cu(tey), where g,
is thr: 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
SMOKE measurements on a series of AF-coupled ( Ni50C02015A/ CuZOA)xN multi-
layers with bilayer numbers /V ranging from 8 to 100 shows that cumulative interface
roughness increases with increasing NV, 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 (Ni-mCoaulSA / Cu20A)x 10 was continually annealed up to 400°C
in several steps, and the magnetic behaviour of the sample was evaluated as a func-
tion of annealing temperatures. (Ni70003015A/ Cu20A/ Nizg CoaoSOA/ Cu2ﬂA)x5 mul-
tilayer was used for investigating the AF coupling between magnetic layers of unequal
thicknesses. Finally, an AF-coupled (NimCoaolSA/ Cu20A/Ni70003015A/ Cu35A)x5
multilayer was sputtered and used to study the magnetization of an AF-coupled mul-

tilayer with two different coupling strengthes.
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Résumé

Afin d’illustrer la relation entre Paimantation et la polarisation de lumi& réfiéchie dans
un médium isotropique, une théorie phénoménologique de effet de Kerr magneto-
optique (EKMO) a été dévelopée. Un appareil mesurant 'TEKMO de millien aimantés
fiit 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 lumiére.

Des mesures ’EKXMOS sur une série d’échantillOns de NignComlSA/ Cu(tey), ot
tou est 1’épaisseur des couches d’espacement de cuivre, confirment que la force de
couplage entre ces multicouches oscille, passant d’un couplage antiferromagnétique
(AF) jusqu'i ferromagnétique, en fonction de ’épaisseur de la couche d’espacement
de cuivre. Des mesures de diffraction aux rayons-x ainsi que les mesures I’EKMOS
sur une série d’échantillons multicouches couplées AF (Ni50002015A/ Cu2OA)xN dont
le nombre bicouche N varient de 8 & 100 démontrent que la rugosité de la surface
cumulative augmente lorsque N augmente, tout comme le champ de saturation et la
coercitivité. Ceci est possible grice a 'anisotropie hors des plans associée avec la
rugosité de surface cumulative des multicouches.

Le comportement maguétique d’un échantillon couplé AF (Ni7oCoaol5A/ Cﬁ20A) X
10, recuit jusqu’a 400°C en plusieurs étapes, a été évalué en fonction de la tempera-
ture. Des échantillons multicouche de (NizpCoso15A/Cu20A /Nizo Co3030A/Cu204) x5
furent utilisés pour observer le couplage entre des couches magnétiques d’épaisseurs
inégales. i'inalement, un échantillon multicouche
(NizgCogpl5A/Cu20A /NizoCosol5A/CudsA) x5 fitt évaporé et utilisé afin d’étudier la

aimentation de multicouches couplées AF ayant deux longueurs de couplage différentes.
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Chapter 1

Introduction

1.1 Magneto-Optic Effects: MOKE and MOFE

Qur understanding of magneto-optic effects is historically rooted in the work of 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 respectively. When lin-
early polarized light is transmitted through a magnetized medium, the polarization
of the transmitted light rotates by an angle «, as shown in Fig. }.1. This is named the
magneto-optic Faraday effect (MOFE); when linearly polarized light is reflected from
the surface of a magnetized medium, the reflected light becomes elliptically polarized
with a rotation of the polarization plane, as shown in Fig. 1.2. This is named the
magneto-optic Kerr eﬂ'eq# (MOXE). These two magneto-optic effects are due to the
interaction between ].ight. and the magnetized medium, and give the information on
the electronic and magnetic structure of the medium. Since their discovery, they have
been widely used in diverse areas of research and technology.

Due to the connection between the magnetization of the medium and the rota-
tion of the polarization plane of the reflected light, the MOKE is a widely used mag-
netic measurement technique in the search for new magneto-optic information storage
media. Several modulation methods have been developed to precisely measure the

rotation and ellipticity of the polarization of the reflected light, such as the Fara.
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Figurs 1.1: MOFE: rotation of the polarization plane of lineasly polatized light after transmiting
 throtgh a magnetized medium
day cell technique (3], the spinning 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 direction 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) Transverse MOKE (see Fig. 1.3(c) ): the magnetizat'un lies in the surface of
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v
<

Figure 1.2: MOKE: change in the polarization state of linearly polarized light upon reflection by a
magnetized medium’s mirror surface. Note that E and E] are generally not in phase.

the medium and is normal to the plane of incidence.
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@ G) ®

(b) (i) ()

(© (i) (r)

Figure 1.3: Nlustrations of three categories of MOKE: (a) Polar MOKE; (b) Longitudinal MOKE;
(c) Transverse MOKE.
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1.2 Magnetic Multilayers and SMOKE

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 potential
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 alternating thin films
of two or more metals, at least one of which is magnetic. These materials display
many interesting phenomena, such as, superconductivity[7], solid-state amorphiza-
tion[8], interdiffusion[9], low-dimensional magnetism[10], and more recently, magnetic
interlayer exchange coupling[11-13], 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 electron diffraction (LEED),
reflective high-energy electron diffraction (RHEED), Auger electron spectroscopy
(AES), transmission electron microscopy (TEM), low-angle x-ray diffraction (EXD),
and surface magneto-optic Kerr effect (SMOKE).

Metallic multilayers constructed of thin magnetic layers separated by thin non-
magnetic layers have been used to 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 metals was found to be ferromagnetic[17]. Only
recently an oscillating magnetic coupling of the well-known Ruderman-Kittel-Kasuya-
Yosida (RKKY) form[18]) was 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 bee (100) Fe/Cr/Fe sandwiches{11] using
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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 [21], (100) Fe/Cr multilayers[13] and the sputtered Fe/Cr
multilayers[12] 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[19], NiFe/Cu, NiFeCo/Cu[22,23], 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.

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 niake 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 reflected 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 reflected undergoes
Faraday rotation on transmission as well as Kerr rotation upon reflection. The sur-
face superlattice structure is also relevant. In order to distinguish this effect from the
MOKE of bulk magnetic materials, it is called the surface v 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 la.yef‘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



Chapter 2

Theory of Magneto-Optic Effects

2.1 Introduction

Magnetism is an electrically 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 reflection 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 limiting
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
literature. Based on Ref.[27] and [28], we present a concise review of the subject
starting from the fundamentals, with some reorganization and simplification.

In this chapter, we will discuss the dielectric properties of an isotropic 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 naturally. 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.
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2.2 Description of Polarized Light

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 equations in
the classical limit. For the physical effect of the field vectors on almost all 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 F of the

field on a charged particle is given by Lorentz’ law,
v
F=q(E+ — X pH), (2.1)

g being the charge, z the permeability, v the velocity of the particle, and ¢ the velocity
of light. Since v/c 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
B cos (wt —k- x4+ &), (2.2)

where F;, represents the amplitude of the ith sealar component of E, w the frequency,
k the wave vector with |k| = w/c, and §; the relative phase of the ith component; ¢
and r are the time and space coordinates, respectively.

We choose to work in Cartesian coordinates { z, y, z } with the zaxis in the k
direction, The curve which the end point of the E vector describes is the locus of the

points whose coordinates are:

E. = aycos (wt — kz+ 61},
E, =ajcos (wt—kz+ &), (2.3)
E, =0

and the first two equations can be rewritten into the form

Be = cos (wt — kz) cos (8,) — sin (wt — kz) sin &, (2.4)
%— = cos (wt — kz) cos (6;) — sin (wt — kz) sin . .
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Squaring and adding gives

E. ., E,., E. E, . n
- e _9=_4 &= F) .
(01) +(a2) zal azcos sin’s, (2.5)
where
§ =6 — b, (2.6)

which is the equation of an ellipse. The wave is then said to be elliptically polarized.
The ellipse is inscribed into a rectangle whose sides are parallel to the coordinate
axies and whose lengths are 2a; and 2a; (see Fig. 2.1). The ellipse touches the sides
at the points (ta,, tazcos §) and (ta;icos 6, +as).

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 principal axes of the ellipse, and the
azimuth 4 , i.e., the angle between the major axis and the reference direction of v-axis.
Alternatively, it will be convenient to introduce an auxiliary angle a (0 < a < 7/2),
such that

tan a = -2, (2.7)
ay

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

be obtained
sin 2e = sin 2a sin 6,
(2.8)
tan 20 = tan 2a cos b
which are called equation of polarimeiry. The polarization state of the light wave
concerned can be fully described by either of the two equivalent sets of paramenters,
6 and ¢, or @ and 4. Of these, the former set can be measured directly, while the

latter is more convenient for mathematical operations.

If, instead of the real representation written above, the complex one is used, then
E, = a eiwt=kstd)
E,= ayeilut-ketsa) (2.9)
E. = 0.

ThllS y We have
E as .
v el& ]

= (2.10)
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Ty

Figure 2.1: Quantitics that describe clliptic polarization.

Here two special polarization states of particular importance can be determined from

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

b= ~bfi=mr (m=0,41,%2,.), (2.11)
then
EU — mg
- (-1 @ (2.12)

The other is the circular polarization, namely when

= m7/2 (m=+1,42,.), und

a1 = Qa,

(2.13)
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then
=2 = 4, (2.14)

Here '+ represents the right-handed circular polarization and -’ the left-handed one.
The E vector of a monochromatic electromagnetic plane wave can be written in the

form of a 2x1 column vector as follows

E(zt) = 5, J

ay gilwt—k218;)

= ] (2.15)

as e:'(wt—k:-i-ﬁ:)

i5
_ gilw—kz) | €
as ei%2

Because the E vector componets at all points in space for a moncchromatic plane wave

are known to oscillate harmonically with time at the sarue frequency, the temporal

information can be suppressed. We can write

B
E = (2.16)
E,
with
E:r = 551
“e (2.17)

2 Ey = a.ze'.&z.
This E vector contains complete information about the polarization of the monochro-

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

2.3.1 Dielectric Properties of Magnetic medium

The behaviour of a medium under the influence of an electric field can be described
by an dielectric constant € which defines the relation between the electric field E aud
the displacement D

D

3 (2.18)

In an anisotropic medium, € is a tensor of two-dimension. But in the great mnjorily
of cases, a medium can be supposed isotropic, and € reduces to a complex scalar; thus,
the relation between D and E is linear. Further, if the medium is non-absorbing, ¢ is
a real scalar.

In discussing the mgneto-optic phenomena, we begin with a simple case where the
medium is isotropic and non-absorbing in the absence of an applied magnetic field.

In the form of a tensor expression we have

D; = e;E; (2.19)
where
e 00
;=10 ¢ 01, (2.20)
0 0 €

and ¢ is a real scalar.

An effective dielectric tensor €;;(M) as a function of magnetization of the medium,
M, will be used to describe the properties of a magnetically anisotropic medium which
is isotropic in the absence of any magnetic field. ¢;;(IM) satisfies the following Onsager

relation[30],
ei(=M) = (M) (2.21)

and the relation between vectors D and E becomes

D; = E,'_.,'(M)Ej. (2.22)
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The energy loss, w, of light with frequency w travelling in a medium with dielectric
constant tensor e is [31]
W, ,
w = g(fij — €;i) BB}, (2.23)

and the condition that absorption in the medium is absent requires that the tensor €
should be Hermitian:
€ = € (2.24)

which implies that the real and imaginary parts of ¢;; must be respectively symmetric

and antisymmetric, 1. e., if

& = &5 + e, (2.25)
then
e‘.. = e‘..
Vo (2.26)
E‘-J- = _EJ-"-

Using ( 2.24), we have

fl'j(M) = E;i(M) = EZ'j(_M)a

. } . (2.27)
&;(M) = —€;(M) = —¢;(—M).

By expanding ¢;; to the linear term in M we conclude that tensor 525 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
0 €12 €13
€3 = el + 7:5;;-, E:-; = —€12 0 €73 (2‘28)

—€13 —€3 0

where ['is a unit matrix.

Mathematically, the antisymmetric tensor e:; is equivalent to an axial vector g.
For an isotropic medium, g is parallel to M and proportional to M in the linear
approximation,

g=fM (2.29)
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where fis a proportionality coefficient. By using the notion of an antisymmetric unit

tensor e;;x we have

& = ij Eijkgk- (2.30)
The connection between the components of the dielectric tensor e:: and the axial
vector g is
a1 = €
g9z = —é, (2.31)
g3 = €23.
Therefore, ( 2.28) becomes
€ g3 —ig2
€&;=\| —igs € g1 |- (2.32)
g2 —tg €

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

.Dg - EE,‘ +1 Z e,-,-kngj, : (2.33)
ik

or, equivaiently, in the form cf vector expression,

D=¢E+:Exg (2.34)
which can be inverted to give
1 .1
E= ED - 2'5 XEg. ‘ (235)

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 anisotropic 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 anisotropic medium are totally
different from those in an isotropic one, it is expected that the optical reflectivity and

refractivity will be dramatically changed once the medium is magnetized.
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2.3.2 Optic Modes in Magnetic Medium

In a medium possessing no external current and assuming a unit permeability, H =

B, and Maxwell’s equation reads

VxH=
VxE=-—

’ (2.36)

o= n e
hoi] Q
el [

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

E are propotional to ®¥~“t), and Maxwell’s equation ( 2.36) become

“8 - kxE
¢ ’ (2.37)
D= _kxH,

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

refraction-index vector n by

wn
k= — (2.38)
From ( 2.37) and ( 2.38) we get
H= E,
e (2.39)
D= -nxH
which results in
D =7n°E—-(E.n)n. (2.40)

We set up a coordinate system { z, y, z} inside the medium with z axis parellel
to n (see Fig. 2.2). Thus,

|

na=ny, =0, and n.=n#0, (2.41)
and ( 2.40) decomposes into
D, = nlE,,
D, = =’E,, (2.42)

Dz = 0,
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medium
X

LSS

air

Figure 2.2: Direction of the wave normal, n.

or, inversely,

E, = L:Dm)
" (2.43)
E,= ,%:Dw
and E, is to be determined later.
Through ( 2.35) and ( 2.43) we establish relations for D, and D,

—i2D. + (1 - ;lf)Dy =0

where g; is the axial vector g’s ~component. A non-vanishing D requires that the

determinant of the coefficients should vanish,

1_1 m
AR (2.45)

—s 1 _
1': nd

LY

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

1_& (2.46)
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and
1 1 g
n_:",_- = - + '—3. (2.47)

€ €

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

-ﬁ—::i for n, (2.48)
and
-%:-:—i for n.. (2.49)

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

E; =1 for mn,, (2.50)
and
B —i for n., (2.51)
Y
with
E.=0. (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

n4 and n-, and hence with different wave vectors
by =wng /e (2.53)
It is easy to see that, if the medium is not magnetized, i. e., gs=0, and ny=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 I Inside the medium the linear oscillation can be represented as the

sum of two circular oscillations with opposite directions of rotation, which are then
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propagated through the medium with different wave vectors as expressed in ( 2.53).

Arbitrarily taking the wave amplitude as unity, we have

B, = ek g eik-sy,

-]

. . (2.54)
Ey = %i(_etk+: + etk..:),
or, putting k=3(ky + k_) and x=21(k; — k),
E, = €*cos xz,
) (2.55)
E, = e*zsin Kz,
When the wave leaves the slab, we have
% = tan xl. (2.56)

4
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 effect.

2.3.4 Kerr Effect

When a linear polarized beam is reflected from the mirror surface of a magnétized
medium, the reflected beam is then rendered elliptically polarized together with a
rotation of its polarization plane. This is the Kerr effect. We will present a detailed
consideration of this case.

In magneto-optics, the dielectric tensor ¢;; is usually expressed in terms of the

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

Q = g/e = M/, (2.57)
and ( 2.32) becomes
1 iQs —iQ:
G =¢| —iQs 1 i1 |- (2.58)
Q2 —i@y 1

In fact the effect of the absorpstion of light in magnetic metals can by no means

be neglected. In this case, the real dielectric scalar € must be replaced by a complex
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scalar

Aro
€= €+i—, (2.59)

and all the other electromagnetic equations will remain identical[33]. Thus, the Voigt
vector Q is also complex.
In some literature a complex index of refraction N is used in place of a complex

dielectric constant e.:

N = /& =n(l — ik) (2.60)

where n is the real index of refraction anf % the absorption index. If we take the
mirror surface to be zy-plane, the incident plane of light yzplane, and the direction
of the magnetization along y-axis, then only ;=@ is non-vanishing, and the dielectric
tensor expression ( 2.58) is simplified to be

1 0 —i@
e=N*{ o0 1 o0 |- (2.61)
iQ 0 1

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 following equation which describes the reflection at a boundary between air and

a magnetic metal had been obtained,

E = r,,E;. + r,,,E;i, (2.62)
El = 7p,E, 4By,

where Ei and Ej represent the electric field components of the incident wave vibrating

in the plane of the mirror surface (s) and in the plane of incidence (p), respectively,

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

is lincarly polarized. E; and Ej are the corresponding components of the reflected

wave, The reflection coefficients r,, and »,,, connecting the incident wave and the

reflected wave in the same azimuths, are the ordinary metallic reflection coefficients

given by the Fresnel equation. The reflection coefficients r,, and r;, provide a reflected
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component along the azimuth perpendicular to that of the incident wave. These are
Kerr reflection coefficients that give rise to the Kerr components. Voigt derived the

expression for the reflection coefficients

_ cosg;—Ncosds
cospi-+Neoad ?

—  Ncospj—cosdy g a
Tpp = Ncoad+eoady? (2.6-;)

Po= —p. = —iQcoad;sing;
P P? ™ cosde(cospi+Ncospe (N cosdi+coagy )’

where ¢; and ¢, are the angles of incidence and refraction, respectively. 1t is obvious
that, upon reversing the direction of the magnetization, the Voigt vector @ and
therefore the Kerr reflection coefficients r,, and r,, change signs, and that there is a
symmetrical rotation of the major axis of the elliptic polarization to the other side of
the p plane. The sign of the ellipticity also reverses. The Kerr effect disappears for
normal incidence on the mirror when ¢;=0.

Although the Kerr effect exists for any arbitrary direction of the magnetization,
the longitudinal Kerr geometry (see Fig. 1.2) is the one most frequently used in
magnetic measurements. In this geometry, the mgnetic metal mirror 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 Ef = 0) and is reflected

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

B = r"’E‘if’ (2.64)
By = k.

A p component appears in the reflected beam as in the case of an ordinary metallic
reflection. In addition, because of the magnetization in the surface, a small s compo-
nent appears in the reflected beam. In general, this second electric field component is
out of phase with the reflected p component. Therefore, the reflected 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, 6 and ¢, or & and §, as indicated in Fig. 2.1
and associated with each other through equations of polarimetry ( 2.8).

For the majority of ferromagnetic films and multilayers, the value of o, € and & are
very small, say, around or less than 20°; thus, Equation | 2.8) can be approximated

to be
0= acosd?,

e= asind (&)
with an inaccuracy of 0.004%.

Equaiion ( 3.1) suggests the graphical relation shown in Fig. 3.1. The point P
represents an elliptic polarization described by 6 and e, or & and §. If the ellipticity
axis is made imaginary, 0P becomes the complex amplitude-rotation vector ae'® with
real and imaginary parts 6 and ie.

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

beam are notated as E7 in the plane of incidence and E] perpendicular to the palne

22
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i€

i€

Figure 3.1: Simple graphical relation between the elliptic parameters for small values of a, ¢ nnd 6.

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

B= e (3.2)
ET = aei2,
Their ratio is
Ef _a g Q.
B; = ale (3.3)
where § = §; — §;.
From ( 2.7), we have
as .
t - —, o 3.4
an o o ‘ (3.4)
In the approximation of small angles, ( 3.3) becomes
E—; = ae' (3.5)
which, combining with ( 3.1), gives
Er '
== = E. 3.6
E; 0+ e (3.6)

Through { 3.6), MOKE experessed by ( 2.62) and ( 2.63) is therefore connected
with the polarization of the reflected light which can be measured by ellipsometry.
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3.1.2 Optical Layout

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 A red He-Ne laser of 15 mW which is highly monochro-
matic, spatially and temporally coherent, and is reasonably well plane-polarized.

A Glan-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 has manual 360° rotation, and the precision adjustments through an extremely
fine pitch lead screw can be achieved with an accuracy of 0.001°.

The sample is mounted in an aluminium holder which has manual 360° 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 6° about both the horizontul and vertical axes
accomplished by turning two spring-loaded precision thumb screws.

The angle of incidence is 23°, due to the geometrical limitation 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 coifficients r,, and
7ps. According to the longitudinal Kerr effect formula ( 2.64), the reflection beam will
remain p-polarized. The reflection 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 difficult to produce a purely p-polarized incident beam; thus,
according to ( 2.62), a non-zero s component will occur in the reflection beam due
to the ordinary metallic reflection. 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 available ranging from 1 gigohm
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Figure 3.2: Schematical diagram of the Kerr effect apparatus.

o
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= 10 chms. This permits an accurate detection of signals from 1 pA to 100 mA. The
amplifier has a readout window showing the photocurrent and an output which can
be read by an external device.
The He-Ne laser, the polarizer, the analyzer, and the photodiode detector are sup-
ported by carriers on top of optical rails which are mounted on an optical breadboard.
All the optical devices used in this apparatus are products of Melles Griot. These
optical products are listed in Table 3.1

Table 3.1: Optical products used in the Kerr effect measurement apparatus.

Optical Item o Produ:'; Num_.iner Numbez »f Pieces
6328 A He-Ne Laser 1
Glan-Thompson Polarizing Prism 03PTHI101 2
Precision Polarizer Holder 07HPT001 2
Kinematic-Type Mini Mirror Mount (assemply) 1
| Silicon Photodiode 13DS1001 1
Universal Modular Mount (assemply) 1
Large Dynamic Range Amplifier 13AMP003 1
Optical Rail 07ORP003 2
07ORP007 1
Optical Rail Carrier - 070CP501 6
© 070CP503 1
Optical Breadboard 07OBHS521 1

Once the magnetic field is applied and the sample is magnetized, the reflected
beam will contain an s-component E’ which is proportional to the magnetic field )
and generally not in phase with the p-component E7 due to the Kerr effect with
E;<E;. The reflected beam is then elliptically polarized with the Kerr rotation 8
and ellipticity ¢ defined in ( 3.6). |
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3.1.3 Kerr Ellipticity and Rotation vs Magnetization

In the longitudinal geometry, it is supposed that s component in the incident beam

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

E7 7,
el NP 3.7)
E; Tpp (

For a magnetic medium sample described in Section 2.3, substituting ( 2.63) into
( 3.7) gives

El"

== = 3.

B ¢ (3.8)
where @ is the complex component along the direction of the applied field of the

Voigt vector defined in { 2.57), and 7 is a complex constant defined as

_ —tcosg;sing;(Ncosd; — cosey) .t
1= cosy(cosd; + Ncosg,) (3.9)

According to ( 2.57), ( 3.8) becomes

El"

=M (3.10)
Ep

where M is the magnetization along the direction of the applied field and £ is a

complex constant defined as
¢=nf/e. (3.11)

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

vs the magnetization

M=

M| >

(= +i). (3.12)

Fa SNy

3.1.4 Kerr Ellipticity and Rotation vs Kerr Intensity

Practically, we set the analyzer a small angle 8 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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EXTINCTION ANALYZER"S
DIRECTION ORIENTATION

Figure 3.3: The analyzer’s actual orientation. The extinction orientation is perpendicular to the p
~ direction. B shows up with the net non-zero magnetization of the sample.

Classically, the photogenerated current I, hereafter named the Kerr intensity, can be

expressed as

I =|iE}sin B + Ejcos § |* (3.13)
which has the approximation form for small 8

I= |iBp+E |

_ . (3.14)
= B PIBPIi+3E P
Substituting ( 3.6) into { 3.14) results in
I= L|i+i(0+i)|?
oli+5(0+ie)] (3.15)

= Ll(§?+(1+5),
where Ip =| B}, |?| 8 |? is the Kerr intensity at zero net magnetization.

On the other hand, 8/8 and /8 are very small. Let  and € be 20’ and 8 be fixed
at 2°. If we neglect the squred terms of /8 and /8 in ( 3.15), then the inaccuracy
is less than 1%; in this case, ( 3.15) reduces to be

I=IQ1+ %E). (3.16)
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The Kerr ellipticity £ can be expressed in terms of the Kerr intensity,

_BI-L
T2 I,

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

£ (3.17)

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

M~e~I-1, (3.18)

3.1.5 Data Aquisition System

In Section 3.1.3, we have established a theoretical model and the concerned adjust-
ment methods which combine to result in the Ketr.rota.tion and ellipticity in terms
of the Kerr intensity. To get the Kerr hysteresis loop, we need to connect the Kerr
ellipticity 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 linear 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 signals into digital signals. 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,
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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 following 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 sample 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 shield
the optical path between the analyzer and +he photodiode detector from randomly
scattered light.

3) Irrelevant electric wires are kept far away from the photodiode, which can
reduce the noise level significantly.

4) In principle, the analyzer could be set to the extinction position at which
detected signals 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 obtained 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 A sputtered Co film. A satuation field of 110

De is observed.

3.1.7 Improvement of Apparatus

L. 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 vector of the incident beam perpendicular
to the incident plane, i.e., the incident beam is s-polarized. The followihg polarizer

can be adjusted to maintain a relatively pure s-polarization in the incident beam.
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Figure 3.5: Longitudinal magneto-optic Kerr hysteresis of a 1000 A sputtered Co film.

II. Measurement of Polar MOKE

This apparatus can be converted to measure the polar magneto-optic Kerr effect
by inserting a nonmagnetic metal mirrior of high reflection as shown in Fig. 3.6. The
sample is placed with its mirror suface perpendicular to the magnetic fields and reflects
the beam backward onto the metal mirror’s surface. The beam is then reflected into
the analyzer outside the magnet. The reflection from the metal mirror will introduce
into the beam a minute elliptic polarization due to the ordinary metallic reflection.
We should balance the adjustment of the polarizer, the analyzer, the mirrior and
the sample to achieve detectable signals. Fig. 3.7 gives the polar Kerr intensity
measurement on the same 1000 A sputtered Co film as that used in the longitudinal
MOKE measurement. The satuation field is 550 OQe, five times as large as before.
This is due to the fact the shape anisotropy in such a 1000 A Co film results in a
hard magnetization axis along the perpendicular direction. -

Finally, it should be mentioned that the spectroscopic MOKE, a technique used in
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SAMPLE MIRROR

Figure 3.6: Arrangement for the polar MOKE measurement

research of magneto-optic memory materials, can be measured if the laser is replaced

with a monochrometer and an arc lamp.
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Figoze 3.7: Polar magneto-optic Kerr hysteresis of a 1000 A sputtered Co film.
3.2 Preparation of Multilayers by Sputtering

A wide variety of film deposition techniques have been used for the preparation of
multilayers, Sputtering is notable for the case with which many different materials
can be deposited at relatively high deposition rates. This method uses a de glow
discharge between the plate of source material and the substrate upon which the film
is deposited. A summary of the physics of glow discharge processes can be found in
the literature{35]. Fig. 3.8 shows the schematic diagram of our two-source sputtering
apparatus,

The source material is machined into a cylinder of 25 mm in diameter and 2 ~ 3
mm thick in order to fit the suource holder. Before sputtering, the chamber must be
evacuated. Upon the application of electric field the sputterin'g' gas (Ar in this case)

is ionized and Ar* ions bombard the source material. If the kinetic energy of Art
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ions exceed ronghly 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 material and away from the substrate. This reduces damage to the
substrate and the deposited film from energetic ion bombardment. This also 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 the residual
gas pressures in the deposition system. Thus magnetron sputtering deposition leads
to films with low residual 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 Diffrac-
tion

The physical properties of multilayers depend strongly on the atomic structure of
individual layers and the superlattice structure. A structural examination is a very
important step toward understanding the magnetic and transport properties of mag-
netic multilayers. X-ray diffraction is widely used to charactenize the structure of
multilayers[37]. Detailed structural information can be obtained by modeling multi-
layer structures and comparing their calculated x-ray intensity with the experimental
data[38,39).

The most commonly used x-ray scattering geometry is the reflection geomeiry
in which the scattering vector is normal to the film. Reflectivity measurements are
conventionally separated between the low-angle { < 20°) and high-angle ( > 20°)
regions of the spectra.

In the low-angle region, the length scales studied are greater than the lattice
spacings of the constituent layers, so the scattering' can be considered as arising solely
from the chemical modulation of the structure[40).

Low-angle x-ray reflectivity experiments were performed using a high-resulotion
triple-axis diffractometer with a Cu-Ka sealed tube shown schematically in Fig. 3.9[41).
By using a single-crystal Ge (111) monochrometer and analyzer, a resolution of or-
der 0.01°, full width at half maximum (FWHM), for a § — 20 scan was achieved,
corresponding to a AQ of 0.0004 A~! (FWHM) in reciprocal space. The original
x-ray beam dimension of 1x4 mra® was 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 actually the acceptance window in the analyzer housing. The maximum beam
density at zero 20 with no sample present (where 8 is the beam incident angle) is
about 220,000 cps with the tube power setting at 40 kVx40 x_nA. The sample was
fixed in a holder whose rotation in the plane perpendicular to the sample’s surface

was controlled by a microcomputer. The initial alignment procedure was for the sam-
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ple to block half the Ka; x-ray beam at §=0. The blocking was checked by w scan
around #=0. Since the low-angle reflectivity is very sensitive to the aligament of the
sample and the diffractemeter, extreme care was taken in order to maintain the same
alignment conditions for all the samples. After complete aligning of the the sample,
a 6 — 20 scan was taken to measure the specular reflection signal.

High-angle x-ray diffraction measurments were carried out on a conventional pow-
der diffractometer with Cu-Ko radiation. The instrumental broadening for this
diffractometer was estimated to be 0.15° FWHM for a § — 26 scan.



CHAPTER 3. EXPERIMENTAL METHODS

DETECTOR

Ge(111)
SLT4 ~

SUT2 —| -
Stop Cut width : 1.0 mm
Slhit 1: 2.0 x 4.0 mm
Slit 2: wide open Ge(111)
Siit 3: 0.4 x 2.0 mm P
Slit 4: wide open SLIT )
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3.4 Magnetotransport Measurements

Studies on magnetotransport properties (that is, properties relating to electrical con-
ductivity in the presence of an applied magnetic field) of multilayers are very impor-
tant both for fundamental understanding and for practical application. In this re-
search, MR was measured using a microcomputer controlled bigh-resolution ac bridge
in Départment de Physique, Université de Montréal[42].

The principle of MR measurement has been detailed in literaturef20]. 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 electrical contacts distanced 8 mm apart[43]. The electric
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 perpendicular
to the current direction. The field is provided by the electromagnet and veried 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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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 multilayers{34,44-54]. The complexity arises from the fact that
the light beam will be reflected from and transmit through many mangnetic and
non-magnetic layers before it is fully absorbed. Therefore, both Faraday and Kerr
magneto-optic effects will be involved in the radiation reflected from a magnetic mul-
tilayer, though it is still conventionally named Kerr effect for its reflection character-
istics.

We will follow the description by Zak, et al [53], and consider & multilayer with
the suri'ace 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 (Ei, E}), and that of reflection, (E], EF), on the surface of
the multilayer. The boundary condition requires that:

1) at each interface of the superlattice, the tangential components of the electric
field (E,, E,) and magnetic filed (H,, H,) 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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LAYER 1

LAYER [ +1

e ] L L Syep— L

Figure 4.1: A boundary between layers. The zy-plane is the boundary between media [ and i+1.
Waves going in the z-direction are denoted by EF, while those opposite to the »direction are E'. §;
and 641 are the angles in the Snell’s law.
with the subscripts s and p taking their usual meaning.

2} the light will be totally absorbed in the substrate and no reflected component

will be present, thus in the last layer adjacent the substrate we have
(E:.9 E;:ELE;) = (E;, E:,,O, 0) (4.1)

where E} and E; are the electric fields transmitted through the layer.

Formally, we can relate (E}, E}, E;, E7) with (E., E,, H., H,) within each layer
of the superlattice, and (E;, E}, E], E7) at Rh interface with (E], Ei, E;, E7) at
(I+1)th interface using two types of 4x4 matrices, A and D, referred to as the medium
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boundary and medium propagation malrices as follows:

E E:
1 =47 (4.2)
H, E;
L HV d; L E; d;
and L .
E E:
Pl =D # (4.3)
E; E;
R SR
The boundary condition of continuity at each interface then is given by
[ E. | [ E ]
E Et
A; V1= H(AzD;Al-l)Af P, (44)
H, ¢
L H" i L 0 J

Here the subscripts of 1 and f stand for the initial and final materials. The matrix
elements of A and D are constructed from the geometric angles of the problem and
from the N and Q values of each layer. Prescriptions for constructing A and D appear
in ref.[53]. After evaluating A and D matrices one can calculate the Kerr rotation
and ellipticity.

In thin-film limit, where the total thickness of the multilayer is much less than
the wavelenth of the incident light, the calculation of the product of those matrices

in ( 4.4) can be greatly simplified[53]. For the longitudinal case, the result is
E _4xsin ¢ NZN;
2= R I T 0m, (45)

where ¢ is the angle of incidence upon the surface of a multilayer, and N; and Ny are
indices of reflection 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 surface magneto-
optic Kerr effect (SMOKE) of magnetic multilayers within the thin-film limit, from
which we conclude that

1) SMOKE depends linearly on the thickness of the magnetic component; and

2) SMOKE is independent of the intervening nonmagnetic layers.

This theoretical prediction has been confirmed recently by experiments by Qiu, et
al. {54).

The SMOKE is proportional 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
effect (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 valid for the majority of multilay-
ers for the fact that, due to the absorption of light in metals, the optical penetration
depth into metallic multilayers is about 100 to 200 A which still falls into the thin-film
region comparing with the optic wavelenth, e. g., 6328 A for He-Ne laser. Thus, we
are allowed to take SMOKE as a magnetic measurement of the top few layers.

From ( 2.29), we have

~8_1
Then ( 4.5) becomes
E, 4xsin¢ N!Nsf
Er~ X N;+ N eE,,. Gon Mo (47)

where M, is the magnetization of the mth magnetic layer.
The averaged magnetization of the magnetic multilayer is notated as M with

zm dﬂlMﬂ‘
M= 4.8
S (88)
With all physical and geometrical coefficients in ( 4.7) being absorbed into one coef-
ficient -+,
4x singNNy f
TEX NN 2 (49)
which is a complex constant for given media and experimental layout, ( 4.7) becomes
E;

E" =M. (4.10)
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Through ( 3.6) and ( 4.10), the average magnetization of multilayer films is related
to the Kerr rotation # and the Ker ellipticity £, which can be measured with the Kerr

effect apparatus described in Section 3.,
1 .
M = (6 +ic). (4.11)

Therefore, by measuring either # or ¢ as a function of the applied field, we get the
SMOKE hysteresis of the magnetic mutilayer films, which can be viewed as a mea-

surement of magnetization hysteresis.
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4.2 Oscillatory Interlayer Coupling in NigyCoz/Cu
Multilayers

The interlayer coupling between magnetic layers separated by non-magnetic layers in
multilayers has been measured by a variety of techniques such as neatron diffraction,
spin-polarized electron scattering, scanning electron microscopy with polarization
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 measuring the magnetization of
multilayers as a function of an applied magnetic field — that is, by measuring the
magnetization hysteresis loop — one obtains direct information on the coupling be-
tween various ferromagnetic layers. These loops can be obtained for a variety of
structural and compositional parameters, in particular as a function of the thickness
of the non-magnetic spacer metals,

It has been reported recently that sputtered NiggCozo/Cu multilayers show a well-
defined oscillation of the saturation MR as a function of Cu spacer thickness[25].
We have made SMOKE measurements on these NiggCozo/Cu multilayer samples.
Magnetization versus in-plane field loops are shown in Fig. 4.2 for a selected series of
sputttered NiggCozo/Cu samples as a function of Cu spacer layer thickness.

The loops clearly show an oscillatory variation of saturation field H, with Cu
thickness, A detailed dependence of saturation field on Cu thickness is shown in
Fig. 4.3. Three oscillatory peaks at 8 A, 20 A and 35 A are observed with relatively
large saturation fields, which indicates strong AF couplings, while with Cu thickness
at 6 A, 10 A and 25 A, ferromagnetic coupling dominates.

It is interesting to see that the GMR can be observed in an AF-coupled multi-
layer. In an AF-coupled multilayer, the magnetic layers have succesive antiparallel
orientation. With the application of sufficient in-plane magnetic field, the exchange

interaction can be overwhelmed and the magnetization of all the magnetic layers be-
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Figute 4.2: SMOKE hysteresis loops for a series of samples (NisoCo30154/Cu tA) x 30 with Cu lpu:c-zr

layer thickuess equals (a) 6 4; (b) 8 A; () 10 &; (d) 20 &; (c) 25 A; and (f) 35 A, respectively.
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Figure 4.3: Dependences of saturation field H,, obtained fiom SMOKE measurement, on Cu spacer
layer thickness #(Cu) for a series of samples (NigyCoz015A/Cu tA)x 30.

comes parallel. The resistance to passage of electrons through the multilayer stack
is less for the parallel configuration than for the antiparallel configuration, and this
difference accounts for the GMR[55]. Fig. 4.4 shows two typical cases of MR versus
epplied field in an AF-coupled sample (NigoCos015A/Cu20A)x 30 and a ferromag-
netically coupled sample (NiaoCo30154/Cul04)x 30.

For comparison the oscillatory variation of the saturation MR with Cu spacer
thicknesses for NiggCozo/Cu multilayers is shown in Fig, 4.5, It is found that the
saturation field and the saturation MR oscillations possess the same period.

Relative strengthes of AF coupling can be derived from SMOKE hysteresis loops.
As shown in Fig. 4.3 (b), the AF coupling of the NigCosq layezs results in a nearly
net zero magnetic moment in small magnetic fields. However, the application of a
magnetic field sufficiently Jarge o overcome the AF coupling .causes the magnetic
moments of the NigyCoyp layers to become aligned with the field. Consider any pair,
of neighboring NigyCozq layers in which the magnetic moments, M. and M, of the
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Figure 4.4: Magnetoresistances [Ap/p = (po—p{H.))/p(H,)] vs applied magnetic field at room tem-
perature for (8) AP-coupled sample (NigoCo3915A/Cu20A)x 30; and (b) ferromagnetically coupled
sample (NisgCoyol54/CulOA)x 30.

NisoCozo layers are coupled with an interlayer exchange constant, J1a. The exchange
coupling energy between two neighboring NigCosp layers can then be written, within

a Heisenberg model, as
E = Jncos au, (4.12)

where 68,3 is the angle between M; and M,.

In general the magnetization mechanism is rather complicated. It involves nucle-
ation of domains, motion of domair walls and, in the case of an AF-coupled multilayer
sysfem, coherent rotation of magnetizations of adjacent magnetic layers. For an AF-
coupling-dominated multilayer system, we consider the ’single-domain limit’ where
only coherent in-plane rotation of magnetizations is considered.

In a magnetic field, ignoring any magnetic anisotropy, the tt?tal energy of an AF-

coupled multilayer per unit area is

E(H) = 2Jy3c0s (¢1 — ¢3) — M,taH(cos ¢y + cos ¢3) (4.43)
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Figure 4.5: Dependences of MR on Cu spacer layer thickness #(Cu) for s series of samples
Si/NigoCo3050A (NigoCo3015A/Cutd)x 30,
where M, is the magnetization of the NiygCojq layers, tp is the thickness of each
NigoCoyq layer, ¢, and ¢; are the angles between H and the magnetization, as shown
in Fig. 4.6, and the factor 2 before Jy; enters because each magnetic layer interacts
with its two neighboring magnetic layers.

The stable configuration of magnetizations of adjacent magnetic layers is found
by minimizing the total energy, i.e., equating dE/8¢; and 8 E/8¢, to zero, which

gives, respectively,
— 2J128in (¢ — ¢3) — M, Hty sin ¢, = 0; (4.14)

and

2J1381in (¢ — ¢a) — M, Hip sin ¢y = 0. (4.15)

Combining the above two equations gives

sin ¢y = —sin ¢s. (4.16)
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Figure 4.6: Definition illustration of M,, tar, é1 and ¢, in an AP-coupled multilayered system.
The smooth magnetization process suggests one solution to ( 4.16),
¢ = = —¢a (4.17)
Subject to solution ( 4.17), ( 4.14) or ( 4.15) reduces to
— 2J138in 2¢ = MsHty sin @, (4.18)

and by expanding sin 2¢, the the magnetization M = M,cos ¢ can be expressed as
a function of the applied field, H,

Mty
L (4.19)

i.e., M is linearly proportional to the field, H. Therefore, by measuring the saturation
field H,, we can get the AF coupling strength

Jn = i'H.M,tM. . (4.20)

Complementary measurements using SQUID show that the saturation moment

M, of the 15 A NigoCoyo layer is about 620 emu/cm3[25]. From ( 4.20), the absolute

M=
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value of AF coupling is about 3.5x1072 erg/cm? for the first oscillatory peak at t¢,=8
A, 5.8x10"2 erg/cm? for the second peak at ¢c,=20 A, and 6.4%10~* exg/cm? for the
third peak at ¢¢,=35 A.
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4.3 Effect of Cumulative Interface Roughness on
Magnetization of AF-Coupled Nig;Coy/Cu Mul-

tilayers

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 model 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 eflect[57). The author of the thesis, in coorperation with other researchers, has
specifically studied the effects of cumulative interface roughnes on the magnetic prop-
erties of AF-coupled NigyCos0/Cu multilayers[58], X-ray diffraction was performed
for structural characterization and estimating the cumulative interface roughness as
a function of bilayer number N. The room temperature in-plane magnetization of
the samples was measured using a SQUID magnetometer. The magnetization of the
top few layers was studied using SMOKE,

Magnetization measurements from a SQUID magnetometer, which measures the
effects of the overall 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, therefore, give direct information on the effect of cumulative interface

roughness on the magnetization process in AF-coupled multilayers.

4.3.2 Samples Preparation and Structural Characterization

Previous studies have shown that (NisggCozo/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
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interface roughness on the magnetization of AF-coupled multilayers, we prepared a
series of NigpCozp/Cu multilayers with Cu spacer layer’s thickness fixed at 20 A and
bilayer numbers varying from 8 to 100.

(NiguComl5A/ Cu20A)xN multilayers with 50 A thick NiggCogq buffer layers were
deposited on Si substrates. The base pressure before deposition was 2x10~7 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 reflectivity measurements
were 1.5 A /s for NigyCoyo 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. All samples exhibit clear first order superlattice Bragg peaks, al-
though the electronic contrast between the two constituent layers is very small. With
increasing bilayer number N, the second order superlattice Bragg peaks are gradu-
ally 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 NN is partially correlated to the increased outer surface rough-
ness[62]. The low-angle x-ray reflectivity has been analysed using an optical model[62)
to produce the outer surface roughness §,. Fig. 4.9 shows the decreased intensities
of second order superlattice Bragg peaks and increased outer surface roughness with
increasing bilayer numbers N,

NigyCozo and Cu both crystallize in fec structures with a lattice mismatch of
only 2.2%. High-angle § — 26 x-ray diffraction of (NispCo30/Cu)x N multilayers (see
Fig. 4.10) shows that the films have textured structures with the.dominating fec (111)
direction normal to the film plane and a weak (200) peak. The FWHM of the fee
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Figure 4.7: Computer-simulsted evolution of cumulative interface toughness in an idealised model
for multilayer growth,
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Figure 4.8: Low-angle & - 2 8 x-ray diffraction spectra of a series of (NiagCo3015A /Cu20A)x N
multilayers. For clarity, the curves have been displaced vertically.
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Figure 4.9: Dependence of o, and I on N. Where o, is the outer surface roughness, and I the
intensity of second order superlatiize Bragg peaks.

(111) peaks indicate a grain sice of about 100 A.

4.3.3 Effect 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 (NiggCo2015A/Cu20A)x 45 multilayer having moderate cumulative
inteface roughhess. The linear magnetization versus field predicted by ( 4.19) is not
observed and there is a distinct nonlinearity for fields H < H. Fig. 4.11(b) shows
the magnetic properties of the top few layers measured by SMOKE. The SMOKE

measurements were made using 6328 A He-Ne laser which has a penetration depth
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Figure 4.10: High-angle 6 — 20 x-ray diffraction spectrum for sample {NisoCo3015A/Cu204)x30.

of about 200 A corresponding to the top 5 or 6 bilayers of the multilayer. The non-
linearity of the magnetization curve for H < H; is more pronounced for the top few
layers than it is for the whole multilayer and the coercivity is considerably increased.

For samples with N = 8 both SQUID and SMOKE measurements show a linear M
vs H relation below saturation, as shown in Fig. 4.12 and Fig. 4.13, respectively. The
saturation moment M, of the 15 A NiyoCoso layer is about 620 emu/cm?, as shown
in Fig. 4.12. From 4.20, we can get an AF coupling strength J ~ 5.8 X 1072 erg/cm?
for the sample[25]. This value is much smaller than that found in other Cu-based
multilayer systems[22,23,63] , indicating a very weak AF coupling between adjacent
NisoCoso layers across 20 A thick Cu spacer layers. The M, values measured with the
SQUID magnetometer do not depend on N. This implies that the intermixing at the
interfaces is not changing significantly with increased interface roughness.
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Figure 4.11: Magnetisation of a typical (NiggCoso 15A/Cn20l)x45 sample measured by {a) SQUID

(normalised to A,), and (b) SMOKE (arbitrary unit). It is indicated that for fields H < Hy the
nonlinearity of the magnetisation curve can be observed.
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Figure 4.12: SQUID magnetisation measurement of sample (NisgCoyp 15A/Cu20A)x8. Note that
the nearly rectangular loop near zero field is contributed from the 50 Athick NigoCojq ferromagnetic
buffer.

Fig. 4.13 shows SMOKE mezasurements for different bilayer numbers. Fig. 4.13(a)
shows that the magnetization relation is nearly linear below saturation fields for
sample with N = 8 where the cumulative interface roughness is presumably small.
Fig. 4.13(b) shows rezults for N=15 where a plateau region with a relatively small
slope is observed at low fields, and the failure of the linear M - H relation is clearly
seen. As the bilayer number N increases up to 109, the cumulative interface roughness
is considerably larger, and the plateau region becomes more striking as indicated in
Fig. 4.13(¢c). From low-angle x-ray reflectivity analyses and SMOKE measurements,
we conclude that the nonlinear M ~ H behavior in samples with large N are related
to cumulative interface roughness which becomes significant as the bilayer stacking
increases.

The nonlinearity in magnetization is obviously associated with the appearance of
significant cumulative interface roughness and might be attributed to an anisotropy

related to surface and interface strains due to the roughness.
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Figure 4.13: SMOKE magnctisation measurements of samples with different bilayer numbers: (a)

N=8, (b) N=15 and (¢) N=100. Saturation ficlds H, and the fields Hy below which the nonlinearity
appears are indicated in the figures.
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4.3.4 Summary

We have examined the cumulative interface roughness in AF-coupled multilayers
(NigoCoz0154/Cu20A)x N using low-angle x-ray reflectivity and SMOKE. Both ex-
periments show that interface roughness increases with the number of bilayer. SMOKE
measurements are sensitive to the roughest region of the sample, namely the top sev-
eral layers. Relatively flat interfaces only exist 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 linearity in M - H
curves gradually becomes larger, which might be attributed to a roughness-related

anisotropy.
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4.4 Effects of Annealing on Strucutre and Mag-
netization of A¥-Coupled Ni;Co3/Cu Mul-

tilayer

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. ¢., 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.Cojpo-s alloy system, the magnetocrystalline anisotropy is minimum at
x=80, while the magnetostriciton coefficient vanishes at x=60[64]. Studies of multi-
layers with Ni,Cojgo-» alloys as magnetic layers and Cu as spacer layers[65] 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=50-70. It is expected
that the choice of x=70 for this multilayer system would combine the advantages of a
relatively low magnetocrystalline 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 NizpCoso/Cu multilayer.

In order to reduce the influence of cumulative interface roughness on the magne-
tization of multilayers, we design a sample with 10 bilayers. We sputtered a series of
(NizgCo30154/Cu tg,A)x10 samples with 15 A NizpCosy buffer layers on Si wafers.
The thickness of Cu spacer layer &¢, varied from 17 A to 21 A with 1 A step. The base
pressure before sputtering was 2 x 10 ~7 Torr. The Ar pressure during sputtering
is 8.5 mT. All samples’ magnetization loops were measured using SMOKE, and the
sample with the maximum AF coupling strength was identified by the maximum sat-
uration field. It was found that the sample with ¢¢,=20 A shown the the maximum
saturation field 120 Qe.

The SMOKE loop of sample (NizgCoso154/Cu20A)x 10 is shown in Fig. 4.14. The
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Figure 4.14: SMOKE loop of (NirgCozo154/Cu204)x 10 multilayer. Magnetisation configurations
are illustrated in the figure by arrows which depict submagnetisation vectors.
magnetization is nearly linear before saturation with very small hysteresis, which is
quite close to the relation ( 4.19) based on a ’single-domain limit’.

Because multilayer systems are not in the thermodynamic equilibrium, their struc-
ture is sensitive to growth conditions including, for example, the deposition method,
the sputtering gas pressure, the substrate material and the buffer layer. Experiments
reveal that the structure and physical properties of multilayers containing Cu lay-
ers are particularly sensitive to deposition conditions, both for sputtered and MBE
prepared multilayers{19]. After-growth annealing also has effects on the structure of
multilayers, and in turn influences the magnetic properties of multilayers.

We annealed the AF-coupled (NizCosg15A/ Cu20A)x10 sample up to 400°C. The

sample was placed, together with a temperature probe, inside a quartz glass tube
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which was exacuvated to a pressure of 10~2 Torr. The sample was annealed in a gas
of mixture consisting of 5% Haz and 95% Ar in a temperature-controlled furnace at
different temperature steps for ten minutes, respectively, and then cooled to room
temperature.

In order to reveal the influence 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 continually at different temperatures. All specira
show textured structures with the fcc (111) direction normal to the film plane. The
FWHM of the fcc (111) peaks decreases monotically with each annealing step al-
though the peak positions remain unchanged, indicating that the film has developed
larger textured grains with no evidence for formation of phase segregated regions.
When annealing up to temperatures larger than 250°, weak (200) peaks gradually
appear.

Changes in the magnetic behaviour of the film was also monitored after each step
using SMOKE. Fig. 4.16 shows SMOKE hysteresis loops for the film anncaled at
different temperatures. Compared with the as-deposited stage, the film annealed at
moderate temperatures up to 200°C possesses am unchanged saturation field with
smaller hyseresis, which is noted to be consistent with an enlarged grain size. An-
nealing up to 300°C gives rise to almost square loops, typical of a ferromagnetic film.
This suggests that the interdiffusion at interfaces between NizpCoszq and Cu layers be-
comes severe, and Cu spacer layers’ thickness is narrowed and much smaller 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 alloy forms
between Cu and NizCosp. 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 difftaction spectra for multilayer sample (NizoCos015A/Cu20A)x10 an-
nealed continually at different temperatures: (a) as-deposited; (b) 200°C; (c) 260°C; (d) 300°C; and
(e} 400°C. For clarity, the curves have been displaced vertically.
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Figure 4.16: SMOKE hysteresis Joops for multilayer sample (NizgCoa154/Cu20A)x10 annealed
con:inun!ly at different temperaturesi: (a) as-deposited; (b) 200°C; (c) 250°C; (d) 300°C; and (¢)
400°C.
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4.5 Magnetization Configurations in Multilayer
with Unequal Magnetic Layer Thicknesses

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 & multilayer system with unequal thicknesses, ¢, < ¢;, of
the adjacent magnetic layers.

We sputtered a multilayer (Ni7oCoao15A/Cu20A/ Ni-mCom30A/Cu20A)x5 with a
15 A NizoCogp buffer layer on Si wafer. The base pressure before sputtering was
2%10~"Torr. The Ar pressure during sputtering is 8.5 mT.

The SMOKE loop of this sample is shown in Fig. 4.17. Analyses of magnetization
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 magnetic layer nearly
parallel to the field, while the adjacent thinner magnetic 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 are aligned parallel
to the field. Magnetization configurations were shown in the figure by arrows which
depict magnetization vectors in the adjacent magnetic layers.

From the hysteresis loop, we can observe two anti-parallel magnetization config-
urations near the zero field along each direction of the applied field. Due to the
AF coupling interaction, the magnetizations in the adjacent unequal magnetic layers
tends to be in the anti-parallel configuration. Around the zero field, the anti-parallel
magnetization, meanwhile perpendicular to the applied field, gives rise to a nearly
zero magnetization projection upon the field direction. This anti-parallel magnetiza-
tion configuration is marked by plateau B. A small field pulls the magnetization of
the 30 A thick magnetic layers lie along the the field direction with that of the 15

A magnetic layers opposite, and results in a nearly 1/3 net magnetization projection
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Figure 4.17: SMOKE loop of (Ni7oCo3o154/Cu20A /Ni;oCo3030A/Cu20A) x5 multilayer.
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upon the field direction. This anti-paralle] magnetization configuration is marked by
plateau A. The further application of the field tends to rotate all magnetizations up
to the field direction until the saturation parallel configuration is reached.

For comparison, the MR data on the sample are displayed in Fig. 4.18. The field
dependence of MR is consistent with that of magnetization, suggesting their common

origin in the change in relative orientations of adjacent magnetic layers in response
to the applied field.
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Figure 4.18: Magnetoresistance [Ap/p = (po — p(H,))/p(H,)] vs applied magnetic field at room
temperature for (NizoCoso10A/Cu20A/NizoCosp15A/Cu204) x5 multilayer.
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Figure 4.19: SMOKE loop of (NingCoso15A/Cu354)x 10 multilayer,
4.6 Magnetization Configurations of Multilayer

Coupled under Two Different AF Coupling
Strengthes

We prepared a series of multilayer samples near the next oscillatory coupling peak us-
ing the same sputtering condition which we used to sputter (NizgCoss154/Cu204)x 10
multilayer. Through SMOKE measurements, it was found that the next maximum
AF coupling occured at ¢c,=35 A. SMOKE loop for this sample is shown in Fig. 4.19.
The saturation field is 20 Oe.

In order to study the magnetization behaviour in a multilayer where a magnetic

layer is AF-coupled with its two magnetic layer neighbors with two different coupling
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Figuze 4.20: SMOKE loop of (NirgCoso15A/Cu204/NizCos0154/Cu3bA)x b multilayer.

strengthes J; and Ji, we sputtered (NiznCospl5A/Cu20A/NirCoaol5A/CulsA)x5
multilayer sample. The SMOKE loop of this samplc is shown in Fig. 4.20. A linear
M — H relation can be observed with a saturation field of 70 Oe which is the average
of the values found in sample (NizCo315A/Cu20A)x 10 whose saturation field is 120
Oe, and sample (NizyCoso154/Cu354)x10 whose saturation field is 20 Oe.

For a multilayer system containing two different AF coupling strengthes J; and

Ja, the energy per area is
E =(Jy 4 J1)cos (¢ — ¢2) — M.Ht;_;(cos é$1 + cos $3). (4.21)

Just like the AF-coupled multilayer containing only one coupling strength, the sta-

ble configuration of magnetizations of adjacent magnetic layers iz found by energy
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minimization, and the M - H relation is found to be

Mztﬂ{
M=_—_—"—"<H 4.22
(s + J2) (422
which gives a saturation field
2(J1 + Jo)
Hy = ——, 2
Mot (4.23)

Thus the value of saturation field is the average of the values found in the two multi-
layer systems, each of which contains a single AF coupling strength. This theoretical
expectation was observed in SMOKE hysteresis measurements on

(Ni70003015A /Cu20A /NizgCogg 154 / Cu35A) x5 multilayer sample.



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 electromagnetic radiation
in it; hence, the connection between magnetization of the medium and variation in
polarization of reflected beam from the medium’s mirror surface is established. The
magnetization loop is recorded by a computer-controlled 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 NisoCozoISA/ Cuie, 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 ¢z, and three oscillatory peaks at ¢g,=8 A, 20 A and 35 A were observed.

Effects of cumulative interface roughness on the magnetization of AF-coupled
(NiggCoz015A/Cu20A)x N were investigated as a function of bilayer number N. Low-

angle x-ray reflectivity revealed that cumulative interface roughness increased with
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increasing N. SMOKE measuremets, which only detected the top 5 ~ 6 bilayers
due to the 200 A 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.

NizoCoz0 was chosen as the magnetic layer for its intrinsically low magnetocrys-
talline anisotropy and small magnetostriction coefficient, and AF-coupled
Ni-;oCosngA/ Cu204 multilayer was sputtered. SMOKE measurement on this sample
shown a nearly linear M — H relation before saturation, which obeyed the theoretical
prediction in the single-domain limit. This sample was continually heat-treated up
to 400°C in several steps. High-angle x-ray diffraction and SMOKE measurement
were mace 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 between its magnetic layers
across Cu spacer; annealing up to 250°C began to cause significant interdiffusion at
the interfaces of NizgCozp and Cu and weakened the AF coupling; annealing up to
300°C brought about the failure of AF coupling; and annealing up to 400°C rendered
the film ferromagnetic with a much larger coercivity, possibly due to the formation
of CuNiCo alloy in the film.

(Ni70003015.5x / Cu2DA/ Ni70003030A/ CuZOA) x5 multilayer was prepared for study-
ing the AF coupling between magnetic layers of unequal thicknesses. SMOKE mea-
surement revealed two stable anti-parallel magnetization configurations at small field,
MR measurement provided a complimentary evidence of the configurations.

Finally, (Ni70003015A/ Cu20A/Ni70003015A/ Cu35A)x5 multilayer was prepared
for studying the magnetic behaviour in a multilayer where a magnetic layer was AT-
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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