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Abstract

The magnetization processes of antiferromagnetically (AF) coupled Co/Pt multilayers

on extended substrates and of Co/Pd multilayers deposited on arrays of 58 nm spheres are

investigated via magnetic force microscopy at room temperature by imaging the domain con-

figuration in magnetic fields.

Adding AF exchange to such perpendicular anisotropy systems changes the typical energy

balance that controls magnetic band domain formation, thus resulting in two competing re-

versal modes for the system. In the ferromagnetic (FM) dominated regime the magnetization

forms FM band domains, vertically correlated. By applying a magnetic field, a transition

from band to bubble domains is observed.

In the AF-exchange dominated regime, by applying a field or varying the temperature it is

possible to alter the magnetic correlation from horizontal (AF state) to vertical (FM state)

via the formation of specific multidomain states, called metamagnetic domains. A theoretical

model, developed for complex multilayers is applied to the experimentally studied multilayer

architecture, showing a good agreement.

Magnetic nanoparticles have attracted considerable interest in recent years due to possi-

ble applications in high density data storage technology. Requirements are a well defined

and localized magnetic switching behavior and a large thermal stability in zero fields. The

thermal stability of [Co/Pt]N multilayers with different numbers of repeats (N), deposited

on nanospheres is studied by magnetic viscosity measurements. The magnetic activation vol-

ume, representing the effect of thermal activation on the switching process, is estimated. It

is found that the activation volume is much smaller than the volume of the nanosphere and

almost independent of the number of bilayers supporting an inhomogeneous magnetization

reversal process.
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1 Introduction

The technological requirements of increasing the capability of magnetic recording media

and the miniaturization of spintronic devices promote new designs of magnetic structures,

such as perpendicular magnetic orientation [Man06], multilayer stacks [Khi06], and patterned

nanobits [Ter05].

Multilayer systems with perpendicular magnetic anisotropy are thus attractive since they

could be used in multilayer magnetic recording media [Alb05b], spin current-driven magnetic

devices [Men06], or magnetoresistive sensors [Din05]. They are expected to improve density,

stability, and reliability. At present, the areal densities achieved with longitudinal recording

Fig. 1.1: Evolution of areal density in magnetic disk storage, taken from Hitachi Data Systems.

media range from 100-150 Gb/in2 [Fer08]. However the pursuit of higher recording densities

is limited by the thermal activation of small ferromagnetic entities known as the “superpara-

magnetic effect” [Alb05a]. To overcome this problem, perpendicular magnetic recording was

introduced recently as an alternative to conventional longitudinal recording [Fer08]. Perpen-

dicular recording has the advantage of achieving higher storage densities and suppressing the

superparamagnetic effect by aligning the magnetic recording bits perpendicular to the disk

7



1 Introduction

plate. Therefore, a lot of research work has been carried out on magnetic materials which can

be used for the perpendicular magnetic recording. Thus areal densities of 300-400 Gb/in2 have

been achieved. Another approach considered here is bit patterned media. In bit patterned

media the aim is to make a single magnetic grain the object of a recording bit, targeting

to areal densities beyond 1 Tb/in2 (Fig. 1.1). Magnetic thin films with strong perpendicu-

lar anisotropy, e.g., Co/Pt and Co/Pd multilayers, have been a topic of increasing interest

due to their easily tunable magnetic properties and possible applications in perpendicular

magnetic recording and patterned media [Koo60,Car85,Hel03,Liu04,Dav04,Rod06,Bar06b].

The magnetization reversal process in these systems usually involves the formation of ver-

tically correlated band domains, i.e. domains of which the magnetization goes through the

entire multilayer film stack, resulting from a competition between ferromagnetic (FM) ex-

change, anisotropy, and dipolar energies [Koo60]. The energy balance can be further tailored

by an addition of non-magnetic spacer layers with appropriate thickness, which establishes

antiferromagnetic (AF) interlayer exchange coupling [Grü86,Par90,Par91,Bru91,Bru92]. In

antiferromagnetically coupled multilayers, both vertically and laterally correlated domain

states have been observed. The reversal modes are determined largely by the individual layer

thickness and magnetization and by the strength of the AF interlayer coupling. In these sam-

ples, [(Co/Pt)X−1/Co/Ru]N multilayers, the competition between reversal modes is tuned by

N, the number of [Co/Pt] stacks separated by non-magnetic spacer layers, and X, the number

of Co layers per [Co/Pt] stack.

The increasing interest in systems with perpendicular anisotropy raises questions on the

role of interlayer interactions, both exchange and magnetostatic. Understanding the role of

magnetostatic interactions in magnetic layered structures with perpendicular anisotropy is

critical for the development of advanced magnetoresistive devices and recording media.

The interlayer exchange coupling has been thoroughly investigated in the past two decades.

It was found that the magnetization of two ferromagnetic thin films separated by a nonmag-

netic metallic spacer layer is coupled via an exchange interaction mediated by the itiner-

ant electrons of the spacer layer. In this case the interlayer exchange coupling oscillates

between ferromagnetic and antiferromagnetic as a function of the nonmagnetic layer thick-

ness [Par90,Par91].

The magnetostatic coupling affects the formation of domains in exchange coupled ferromag-

netic multilayers exhibiting perpendicular magnetic anisotropy. For antiferromagnetically

exchange-coupled multilayers, this magnetostatic coupling competes with the interlayer ex-

change interaction resulting in unusual domain structures.

In this context, investigations of the magnetic domain structure are of great interest be-
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cause they allow to extract information about magnetization, interactions and anisotropy.

Furthermore, a full understanding of the magnetic domain configuration will provide funda-

mental insights as well as help to achieve technically based objectives, since the magnetization

reversal mechanism is closely related to the domain structure.

The aim of this thesis is to study in detail the domain structure and the magnetization

processes together with a description of a theoretical model in order to quantitatively describe

the complex interactions present in multilayers.

The organization of the thesis is as follows. An overview of existing models describing mag-

netic domains in thin films and multilayers and some insight into the underlying physics

are given in Chapter 2. In Chapter 3 the experimental characterization techniques used in

this work are outlined together with some aspects of the sample preparation. In Chapter

4 the experimental results on [Co/Pt]/Ru multilayers with ferromagnetic ground state are

grouped. Here, the remanent state is characterized by the above described band domains

also common for simple single layer films with perpendicular anisotropy. In-field magnetic

force microscopy measurements are performed to follow the evolution of the domain structure

in a perpendicular oriented magnetic field in the ascending and descending branches of the

first quadrant of the magnetization curve. In the end, the experimental results are compared

quantitatively with a modified domain theory for the multilayer architecture investigated

in this chapter. Chapter 5 presents the experimental and theoretical data of [Co/Pt]/Ru

multilayers with antiferromagnetic ground state. In this case, the AF state transforms into

a saturated state via a first order transition accompanied by the formation of multidomain

states. In order to investigate field and temperature dependent magnetization reversal, in

field domain imaging and magnetic measurements have been performed. Chapter 6 deals

with a multilayer system with similar architecture, where the Ru spacer layers are replaced

by Ir spacer layers, known for their large mediated AF coupling [Hel07]. The system presents

a FM ground state, where the magnetization reversal happens in two distinct steps, show-

ing a new type of magnetization process. Going further towards technological applications,

Chapter 7 studies the magnetization reversal of arrays of 58 nm spheres covered by [Co/Pd]N

multilayer stacks exhibiting an out-of-plane magnetization. Such samples are possible candi-

dates for bit-patterned media [Alb05a]. MFM measurements show the individual switching

events localized at the sphere locations. The MFM data are correlated with viscosity mea-

surements. The magnetic viscosity is associated with the energy barriers and the activation

volume involved in the magnetization reversal and thus allows a better understanding of this

process.
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2 Fundamentals

2.1 Magnetic domains in films with perpendicular

anisotropy

Energy terms

The magnetic domains in thin films display various morphologies. These are determined

by many factors such as thickness, strain and applied field and can be understood by a

competition of various interactions. Equation (2.1) describes the total energy (disregarding

magneto-elastic effects):

Etot =

∫
V

[eex(m)︸ ︷︷ ︸
exchange

+ ean(m)︸ ︷︷ ︸
anisotropy

− JsHexm︸ ︷︷ ︸
ext.field

− 1

2
JHd︸ ︷︷ ︸

strayfield

]dV (2.1)

where, m(r) = J(r)/Js is the magnetization unit vector that points in the direction of the

local polarization J and Js is the saturation polarization.

The exchange interaction in a ferromagnet favors a parallel alignment of the magnetic

moments. Every deviation from this configuration invokes an energy cost which depends on

the exchange stiffness constant A [Hub98]:

eex = A[(∇mx)
2 + (∇my)

2 + (∇mz)
2] (2.2)

The magnetic anisotropy describes the dependence of the energy on the direction of

magnetization. A perpendicular magnetic anisotropy (the easy axis of magnetization is ori-

ented perpendicular to the film surface) can be found in thin films with perovskite-like struc-

ture [She59], in orthoferrites [Bob67], or in garnets [Koo60]. In recent years, a perpendicular

magnetic anisotropy could also be observed in magnetic multilayers, like: Fe/Pd, Fe/Au,

Fe/Gd, Co/Cr, Co/Pd, Co/Pt or Co/Au [Sch99]. The perpendicular anisotropy in multi-

layers is attributed to the reduced symmetry at the interface between the layers. Other

factors like the lattice misfit strain, the interface structure and roughness, atomic mixing
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2 Fundamentals

at interfaces, or interfacial magnetocrystalline anisotropy have been considered as a possible

additional origin [Cha88,Kyu96].

In the case of uniaxial anisotropy the energy density up to fourth order is given by [Hub98]:

ean = Ku1sin
2θ +Ku2sin

4θ (2.3)

where θ is the angle between the anisotropy axis and the magnetization direction, and Ku1 and

Ku2 are material constants. The systems with an easy axis have a large positive Ku1, while

systems with an easy plane perpendicular to the anisotropy axis have a large negative Ku1.

Intermediate values, i.e., −2 < (Ku1/Ku2) < 0 describe systems with a “conical” anisotropy.

The magnetic field energy can be separated in two terms. The external field term or

Zeeman energy describes the interaction with an external field, Hex, and depends only on

the average magnetization:

EH = −Js
∫

Hex ·mdV (2.4)

The second term, the stray field energy or magnetostatic self energy is related to the

demagnetization field, Hd or the magnetic stray field, Hs, generated by the magnetic sample

itself [Hub98]:

Ed =
1

2
µ0

∫
outsidesample

H2
sdV = −1

2

∫
sample

Hd · JdV (2.5)

Magnetic domains

Magnetic domains are small areas of the sample that are uniformly magnetized in a given

direction. Adjacent domains show a different alignment of the magnetic moments to reduce

the total free energy of the system, mainly by reducing the stray field energy.

+ + + +

- - - -

++

++

- -

- -

Fig. 2.1: Schematic view of (a) single domain (b) multidomain, (c) closure domain configuration.

Figure 2.1 illustrates the reduction of stray field energy by domain formation. The single

domain in Fig. 2.1(a) is assumed to lie parallel to an anisotropy axis and has a large stray field
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2.1 Magnetic domains in films with perpendicular anisotropy

energy, which is reduced (Fig. 2.1(b)) by the formation of antiparallel domains. At the domain

boundaries the magnetic moments are no longer oriented parallel to each other, which leads

to an increase in exchange and anisotropy energy. If the material has a cubic anisotropy, or if

its uniaxial anisotropy is not too strong, the sample may form closure domains (Fig. 2.1(c))

and thus completely eliminates the stray field contribution. However there is a cost to the

formation of these closure domains if the material has a strong magnetostriction (which causes

the sample to change shape in the direction of magnetization) or a strong uniaxial anisotropy

(which causes the magnetization to align preferentially along the easy axis). Domains are

separated by walls, zones in which the magnetization changes its direction in a continuous way.

Their dimension is given by the exchange length, lex =
√
A/K, which is determined by the

exchange stiffness constant, A and the dominating anisotropy, K. When the shape anisotropy

is dominant, the exchange length reads: lex =
√
A/Kd, with Kd = J2

s /2µ0, otherwise it is

given by lex =
√
A/Ku, with Ku being the uniaxial anisotropy constant.

The exchange and anisotropy energies determine the width of domain walls. While the

exchange energy favors thin walls, the anisotropy energy is minimized for infinitely extended

walls. In thin films the magnetization tends to lie in the plane of the film due to demagnetiz-

ing effects of the film shape. In thin films with perpendicular anisotropy the demagnetizing

influence is overcome by the uniaxial anisotropy which keeps the moments aligned perpen-

dicular to the film plane. Beside the mentioned energy terms, other parameters, such as the

dimension of the sample, external magnetic fields, tension, morphology, or temperature, de-

termine the size of magnetic domains. Consequently, magnetic domains show many different

shapes and sizes, reaching from some nanometers to the macroscopic extension of the sample.

2.1.1 Band domains

In the 1960´s Kooy and Enz [Koo60] proposed a model to explain the observed domains in

thin films with perpendicular anisotropy. The model assumes parallel bands with alternating

magnetization “up” and ”down” (Fig. 2.2). It shows how the formation of magnetic domains

is induced by the diminution of stray field energy. The width of the band domains in the

absence of an applied field follows from the minimization of wall energy and stray field energy.

Kooy and Enz predict the field dependence of band domains in perpendicular magnetic fields

by treating the stray field energy in terms of a Fourier expansion and then minimizing the

total energy to obtain the magnetization and the equilibrium domain width. The model

introduces the expression in the form of two dimensionless parameters: the reduced material
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2 Fundamentals

h

D

Fig. 2.2: Schematic view of a band domain structure.

anisotropy constant

Q =
Ku

Kd

=
2µ0Ku

J2
s

(2.6)

which gives the ratio between the anisotropy energy and the demagnetization energy, and the

reduced characteristic length:

λc =
ew

2Kdh
=
lc
h

(2.7)

where ew = 4
√
AKu is the domain wall energy. For Q� 1, the stray field energy is given as:

Ed = Kdh

{
m2 +

4p

π3

∞∑
n=1

n−3 sin2[
π

2
n(1 +m)][1 + exp(

−2πn

p
)]

}
(2.8)

with d1, d2 = domain widths

D=d1+d2 = domain period

h= film thickness

m = (d1 − d2)/(d1 + d2) = reduced magnetization

p = (d1 + d2)/h = reduced period

By adding wall energy and Zeeman energy to the stray field energy, the total energy is

minimized with respect to p and m, and yields:

λc =
p2

π3

∞∑
n=1

n−3 [1− (1 + 2πn/p) exp(−2πn/p)] · sin2
[π

2
n(1 +m)

]
(2.9)

h∗ = m+
p

π2

∞∑
n=1

n−2 sin [nπ(1 +m)] [1− exp(−2πn/p)] (2.10)

These are two equations that yield, for every pair of reduced period p and of reduced mag-

netization, the corresponding values of the reduced characteristic length λc and the reduced

bias field h∗.

Figure 2.3 (a) shows magnetization curves calculated for different values of λc. The domain
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2.1 Magnetic domains in films with perpendicular anisotropy
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m

Fig. 2.3: Equilibrium magnetization curves of band domains as a function of a perpendicular applied
magnetic field (a) and the equilibrium band domain period D=d1+d2 as a function of the
film thickness in zero field (b).

wall energy (expressed as a function of λc) has little influence on the magnetization curve for

small λc (large thicknesses) [Hub98]. With increasing λc (small thicknesses) the initial slope

of magnetization increases and saturation is reached in fields smaller than the demagnetizing

field. Figure 2.3 (b) shows the domain period D at zero field in function of the material

characteristic length lc. For small thicknesses (h < lc), the sample forms huge domains. The

domain width decreases by reducing the film thickness to a critical value of 4lc. For h > 4lc

the domain width increases again.

2.1.2 Bubble domains in thin films

Magnetic bubbles are cylindrical domains of reversed magnetization in a thin film. Magnetic

bubbles can exist in materials with Q = 2Ku/µ0M
2
s > 1 and in the presence of an external

applied magnetic field [Esc81]. Even when Q > 1 and the magnetization is oriented per-

pendicular to the film it is favorable for the magnetization to break up into a band domain

structure to minimize the total energy. By applying a field, the band domain structure (Fig.

2.4(a)) transforms into isolated bubbles (Fig. 2.4(b)). The isolated bubbles require an exter-

nal magnetic field, H in order to be stable. If H is reduced, the isolated bubbles transform

into isolated stripe domains in order to increase the volume fraction of the minority domain

and thus reduce Zeeman energy. The field at which this occurs is called strip-out field (Hbs).
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H

Bubble collapseBubble collapse

Strip-out

0.5d d 1.5d

d

H

(c)(b)
(a)

Fig. 2.4: Schematic view of (a) a band domain structure, (b) bubble domains and (c) evolution of
bubbles in magnetic field.

If H is increased, the magnetic orientation of the volume outside of the bubbles becomes

more favorable and above a critical field, collapse field Hbc, the bubbles collapse. The bubble

size varies in a field range limited by the two critical fields, strip-out and collapse field (Fig.

2.4(c)). The deviation from the equilibrium configuration of an isolated bubble was calcu-

lated by Thiele [Thi70]. It was assumed that the equilibrium configuration is circular and

the instability occurs when the applied field is reduced to the critical value of the strip-out

field. Figure 2.5 shows the domain model considered. The single cylindrical domain exists in

Fig. 2.5: Schematic view of the domain configuration.

a plate with perpendicular anisotropy and thickness h. The domain wall is assumed to have

negligible width and to be characterized by a wall energy density σw, which is independent

of the wall orientation or curvature.
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2.1 Magnetic domains in films with perpendicular anisotropy

The domain shape is described by the expansion:

rb(θ) = r0 + ∆r0 +
∞∑
n=1

∆rn cos[n(θ − θn −∆θn)] (2.11)

where ∆rn and ∆θn describe the variation from a circular domain, and θn gives the direction

of variation. The circular domain has a radius that differs from the radius of a circular bubble,

r0, by an amount ∆r0. Domain size and stability are characterized by the first and second

derivative of the total energy ET with respect to ∆rn and ∆θn.

∆ET =
∞∑
n=0

[(
∂ET
∂rn

)
0

∆rn +

(
∂ET
∂θn

)
0

∆θn

]
(2.12)

+
1

2

∞∑
n=0

∞∑
m=0

[(
∂2ET
∂rn∂rm

)
0

∆rn∆rm + 2

(
∂2ET
∂rn∂θm

)
0

∆rn∆θm +

(
∂2ET
∂θn∂θm

)
0

∆θn∆θm

]
+03

In Eq. (2.12) zero subscripts represent the evaluation of the derivative when the domain is

circular and 03 refers to the terms of order three and higher in the combination of ∆rn and

∆θn [Thi69].

Here, many of the terms are zero
(
∂ET
∂rn

)
0
,
(
∂ET
∂θn

)
0

but not
(
∂ET
∂r0

)
0

[Thi69]. Thus, the system

is in equilibrium for (
∂ET
∂r0

)
0

= 0 (2.13)

which represents the first derivative of the total energy , the so-called force function. For the

system to be stable, the second derivative should be positive:
(
∂2ET
∂r2
n

)
0
> 0. Normalizing the

total energy to the magnetic energy of a volume 2πh3 containing an uniform magnetic field

of magnitude Js/µ0, yields:

∆ET
J2
s

2µ0

πh3
=

[
lc
h

+
µH

Js
− F

(
d

h

)]
∆r0

h
(2.14)

−
[
lc
h
− S0

(
d

h

)]
d

h

(
∆r0

h

)2

+
1

2

∞∑
n=2

(
n2 − 1

) [ lc
h
− Sn

(
d

h

)]
h

d

(
∆rn
h

)2

+ 03
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2 Fundamentals

where F and Sn are defined as a force and a stability function, respectively and are functions

of complete elliptic integrals of the first and second order [Thi69]. The equilibrium diameter

of the bubble is obtained from the first order variation, which yields:

lc
h

+
µ0H

Js

d

h
− F

(
d

h

)
= 0 (2.15)

Equation (2.15) is displayed graphically in Figure 2.6. The values of lc and µ0H/Js define

F(d/h)

S (d/h)0

S (d/h)2

d/h

l c

0+
Hd

�

1

0.6

0.2

1 2 3 4dbc dbs

l
c
/h

st
ab

le

unstable

Fig. 2.6: The force and stability functions versus bubble diameters.

a straight line which intersects the force curve F (d/h) twice. The diameters at which this

intersection occurs are the solutions of Eq. (2.16). However, these solutions can be stable or

unstable. The stability criteria come from the second order variation and are:

lc
h
− S0

(
d

h

)
< 0 (2.16)

and
lc
h
− Sn

(
d

h

)
> 0, n ≥ 2 (2.17)

These two functions are plotted also in Figure 2.6. Using the plot and lc/h = S0(dbc/h) =

S2(dbs/h), the critical diameters, dbc and dbs, are obtained. Together with Eq. (2.16) also

the critical fields, Hbc and Hbs, are determined. In the field range between these two critical

fields the magnetic bubbles are stable.

18



2.2 Magnetic multilayers

2.2 Magnetic multilayers

Magnetic multilayers formed by a repeated stack of a magnetic metal (such as Fe, Co or Ni)

alternating with a non-magnetic metal (such as Cu, Pd or Pt) were investigated for possible

applications as magneto-optical recording media [Zep89,Lin92] and to study low dimensional

magnetic phenomena. The result of this work was the discovery of perpendicular magnetism

[Gra77, Car85, Car88] and enhanced magneto-optical effects in novel layered materials, of

oscillatory exchange coupling as a function of the thickness of a layer of spacer materials

separating two magnetic films [Maj86] and of giant magnetoresistance (GMR) in similar

layered materials [Grü86,Bai88].

2.2.1 Interface anisotropy

Two important reasons for magnetic anisotropy are the dipolar interaction and the spin orbit

interaction. The dipolar interaction depends on the shape of the specimen and is responsible

for the in-plane magnetization usually observed in thin films. Locally, the spins are coupled

via the spin-orbit interaction to the orbits, which are influenced by the crystal lattice. In this

case, the spin-orbit interaction induces a small orbital momentum, which couples the total

magnetic moment to the crystal axes [Joh96]. This results in a total energy which depends on

the orientation of the magnetization relative to the crystalline axes and reflects the symmetry

of the crystal.

As the individual layers in the magnetic multilayers have a thickness of just a few atomic

layers, the role of surfaces and interfaces may dominate that of bulk; this is the case for

various magnetic multilayers where a perpendicular interface contribution to the magnetic

anisotropy is capable of rotating the easy magnetization direction from in the film plane to

an orientation perpendicular to the film plane. For the first time this type of anisotropy was

predicted by Néel [Née54] and results from the lower symmetry at surfaces or interfaces.

Experimentally, perpendicular magnetic anisotropy was observed in multilayers by Carcia et

al. [Car85,Car88] in Co/Pd and Co/Pt, respectively, and later in other Co-based multilayers,

such as Co/Au [dB88], Co/Ru [Oun92] and Co/Ir [dB91].

In all these studies the magnetic anisotropy energy K (defined per unit volume) is separated

into a volume contribution, Kv, and an interface contribution, Ks, and is sometimes indicated

as effective anisotropy, Keff :

K = Keff =
2Ks

h
+Kv (2.18)

A positive K describes the case of a perpendicular magnetization. The equation represents
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2 Fundamentals

the average of the magnetic anisotropy energy of the interface atoms and the internal atoms

of a magnetic layer of thickness h. The factor 2 comes from the two interfaces of each Co

layer. The volume anisotropy, Kv includes the magnetostatic or demagnetizing energy and

the magnetocrystalline anisotropy. The determination of Kv and Ks can be obtained by a

plot of the product Kh versus h.

Kv

2KS

hC

[Co(hÅ)/Pd(11Å)]N

1.5

1.0

0.5

0.0

-0.5

-1.0

0 5 10 15 20 25

K
·h

(m
J/

m
)

e
ff

C
o

2

h (Å)Co

Fig. 2.7: Magnetic anisotropy energy versus the individual layer thickness of Co/Pd multilayers
[dB91].

Figure 2.7 shows a typical example of such a plot for Co/Pd multilayers [dB91]. The nega-

tive slope indicates a negative volume anisotropy, Kv, favoring an in-plane magnetization due

to the dominating shape anisotropy. Up to a critical thickness hc = −2Ks/Kv the interface

anisotropy contribution exceeds the volume contribution, resulting in a perpendicular effec-

tive anisotropy. Experimentally, many factors such as roughness or formation of interface

alloys may cause a variation in perpendicular magnetic anisotropy. The effect of roughness

on the anisotropy was studied theoretically by Bruno [Bru88]. A rough surface can be char-

acterized by an average fluctuation amplitude σ, which is the mean square deviation from

the ideally flat surface, and the correlation length ξ, the average lateral size of flat areas on

the surface (terraces and craters). Roughness creates in-plane demagnetizing fields at the

edges of terraces, thereby reducing the shape anisotropy. The anisotropy contribution result-

ing from the roughness will, therefore, always be positive (favoring perpendicular magnetic

anisotropy) [Bla94].

Interdiffusion might occur during the deposition of multilayers. Draaisma et al. [Dra88]

showed that when the layers are interdiffused, Ks has a strong dependence on the degree of

mixing.
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In addition, it was shown that the effective perpendicular magnetic anisotropy also de-

pends on the crystal orientation in Co-based multilayers. For instance, the (111) orientation

favors the perpendicular anisotropy in Co/Pt multilayers compared to (100) or (110) growth

orientations [Lee90,Lin92,Can87].

2.2.2 Antiferromagnetic coupling

Coupled magnetic layers have attracted a lot of interest in the last decade because of the

discovery of two interesting effects in ferromagnetic transition metal films separated by non-

magnetic layers. The first effect is that the ferromagnetic layers can couple antiparallel to each

other and form an antiferromagnetic (AF) system [Grü86]. The second effect is that an AF

coupled system can exhibit a giant magnetoresistance effect (GMR) [Bai88]. The magnetic

coupling in these complex multilayers oscillates between ferromagnetic and antiferromagnetic

as a function of spacer layer thickness [Par90].

Various architectures of materials, in sandwiches or multilayers, have been examined in

terms of their coupling and the oscillation period [Hei94]. In multilayers, the oscillation pe-

riods are between 8-12 Å for almost every metal spacer layer and no multiperiodicity was

observed [Par90]. Multiperiodicities, that imply both short (about 2 monolayers) and long-

range (about 5-6 monolayers) periodicities of interlayer coupling have been reported in few

well controlled sandwich systems. However, in multilayer systems, short range coupling os-

cillations have not been observed so far, despite theoretical predictions, probably due to the

roughness at the interface [Bru91,Bru92].

Oscillatory coupling between Co layers across a Ru spacer layer was first investigated by

Parkin et al. [Par90]. Figure 2.8 shows the dependence of the saturation field on the thickness

of the Ru spacer layer for Ru(100 Å)/[Co(20 Å)/Ru(t)]20/Ru(50 Å) multilayers, deposited

at different temperatures. The saturation field can be displayed in terms of the strength

of the antiferromagnetic coupling as −4Ji = HsMhFM [Par90] where M and hFM are the

magnetization and the thickness of the ferromagnetic layer, respectively. The saturation field

Hs increases as the Ru layer thickness decreases below 8 Å. As the Ru thickness is increased,

the saturation field decreases to small values in the range of 10-14 Å. As the Ru thickness

is increased further, Hs reaches a maximum at '18 Å and a second one at '31 Å. The

data show that the strength of antiferromagnetic coupling is related to the Ru thickness and

oscillates with a period of ' 12-14 Å.

Generally, the AF coupling in these systems can result from the combination of two contri-

butions [Sti93]:
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Fig. 2.8: Saturation field vs Ru layer thickness for Co/Ru multilayers deposited at 40◦C (solid sym-
bols) and 125◦C (open symbols) [Par90].

• The exchange coupling mediated by the conduction electrons, which oscillates as a

function of the metallic spacer thickness and which suggests the involvement of the

Ruderman-Kittel-Kasuya-Yosida (RKKY) theory.

• The dipolar magnetic coupling, known also as Néel coupling or “orange-peel” coupling,

which comes from the magnetostatic charges at the interfaces and is induced by surface

roughness.

Oscillatory exchange coupling (RKKY-type): In systems formed by ferromagnetic layers sepa-

rated by non-magnetic spacer layers, the magnetization of each ferromagnetic layer is coupled

with the next ferromagnetic layer through the electrons of the spacer layer. The RKKY in-

teraction [Rud54,Yos57] is long ranging and oscillatory and was used to describe the indirect

coupling of both electronic and nuclear magnetic moments by conduction electrons [Hei94].

However, one must consider the itinerant nature of electrons in transition metal ferromag-

nets which gives rise to the spin-split band structure and spin-dependent reflectivities at the

non-magnetic/ferromagnetic interfaces. The spin-dependent reflectivity is illustrated in Fig.

2.9, where it is assumed that electrons with their spins parallel (antiparallel) to the magneti-

zations M1 and M2 are weakly (strongly) reflected at these interfaces. Spin up (↑) electrons

can penetrate the whole stack with little reflection at the interfaces. For spin down (↓) elec-

trons, due to the splitting of the bands in the magnetic films, the transmission of electrons
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2.2 Magnetic multilayers

Fig. 2.9: Spin-down electron reflected back and forth between the interfaces and spin-up electron,
which can penetrate the whole stack with little reflection at the interfaces.

is reduced leading to a stronger confinement. With respect to the motion of the electrons

perpendicular to the interfaces a spectrum of discrete energy levels is obtained corresponding

to the formation of standing electron waves. When the interlayer thickness is increased, the

discrete levels shift downwards and new levels come in and are populated upon crossing the

Fermi energy (EF ). The result is an increase of the electronic energy when such a level just

crosses EF . To lower its energy the system changes the magnetization direction from par-

allel to antiparallel alignment. For discrete levels far below EF , with low energy, a parallel

alignment of magnetization directions will be more favorable. Therefore, upon increasing the

spacer thickness, an oscillatory magnetic coupling is expected. The stronger the confinement

and the higher the changes in the density of states, the larger will be the associated coupling

amplitudes.

For an antiferromagnetic alignment of the magnetic films, both up and down spins are less

confined and no standing waves are formed. Taking into account the real band structure of all

three layers, the exchange coupling between ferromagnetic layers separated by nonmagnetic

spacer layers is a product of the electronic and geometrical properties of the Fermi surface of

the spacer layer material and the reflection amplitudes from the interfaces [Sti93].

Magnetostatic (orange-peel) coupling : Néel studied the magnetostatic coupling between two

ferromagnetic layers due to the magnetic dipoles at the interfaces induced by the roughness of

layers [Née62]. This so called orange-peel coupling is ferromagnetic when the adjacent inter-
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faces present the same correlated in-phase waviness and decreases exponentially with spacer

layer thickness. Moritz et al. [Mor04] extended Néel’s theory of magnetostatic coupling to the

case of multilayers with perpendicular anisotropy and showed that the presence of roughness

at the interfaces induces an interlayer coupling that can favor either parallel or antiparallel

alignment of the magnetization between two ferromagnetic (FM) layers.

Two FM layers, F1 and F2, of thickness t are separated by a non-magnetic spacer layer (NM)

Fig. 2.10: Schematic of layer geometry, consisting of two FM layers, F1 and F2, separated by a
non-magnetic spacer layer, NM [Mor04].

of thickness b (Fig. 2.10). The roughness of the FM layers is assumed to be correlated (in-

phase) where h and T are the amplitude and the wavelength of the roughness, respectively.

It is assumed that the dominant anisotropy term is the interfacial anisotropy and that the

local anisotropy axis always points along the normal to the interface. Due to the perpendic-

ular anisotropy, the magnetization is in average perpendicular to the plane (Fig. 2.10).

However, due to the misalignment of the anisotropy axes caused by the interfacial wavi-

ness, the magnetization oscillates spatially. The total energy of the system is a sum of the

anisotropy, exchange and magnetostatic energies.

It was found that magnetostatic coupling (“orange-peel”) can favor either parallel or an-

tiparallel alignment with out-of-plane anisotropy depending on the relative amplitude of the

exchange stiffness constant and the magnetic anisotropy. For low values of the anisotropy

constant, the coupling favors a parallel alignment of the magnetization. In this case the

magnetization remains uniformly perpendicular to the plane, as illustrated in Fig. 2.11(a),

in order to minimize the surface charges and because of the exchange stiffness. In this case,

there are no volume charges because the magnetization is almost uniform within each layer.

It results that the main magnetostatic interaction is the interaction between the charge den-

sities which are facing each other at the F1/NM and NM/F2 interfaces. Since these charges
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(c)

(a) (b)

Fig. 2.11: (a) Illustration of the magnetization in the case of low anisotropy. The average magne-
tization being parallel to the z-axis, magnetic charges of opposite signs appear on the
interfaces generating a parallel coupling. (b) For large anisotropy, the magnetization fol-
lows the normal to the surface. The volume charges of the same sign in the magnetic
layers generate an antiparallel coupling. [Mor04].

are opposite in the parallel magnetic configuration, the parallel alignment is favored in this

case.

When the anisotropy is large, the magnetization follows the normal to the interface as shown

in Fig. 2.11(b). Here, the interfaces are uniformly charged and generate no coupling. But a

large oscillatory distribution of volume charges arises due to the divergence of the magneti-

zation in the x-direction. For a parallel magnetic alignment, the volume charges oscillate in

phase in F1 and F2 which is unfavorable from a magnetostatic point of view since charges

of the same sign are facing each other. Consequently, this situation favors an antiparallel

alignment of the magnetization.
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2.3 Review of domain studies on AF coupled multilayers

Due to the progress made in the development of new and good techniques for high-quality

thin film deposition, the surface and interface determined properties of magnetic materials

attracted much interest. The discovery of the GMR effect [Grü86, Bai88] and the interlayer

exchange coupling [Maj86, Par90] in magnetic multilayers consisting of thin ferromagnetic

layers spaced by non-magnetic layers have led to intense theoretical and experimental studies

in the past years.

Parkin et al. [Par90] observed that antiferromagnetic (AF) coupling across non-magnetic

layers is an oscillatory function of the interlayer thickness and changes from FM to AF and

vice versa. An oscillatory coupling was observed in Co-based multilayers with 3d, 4d and 5d

transition metal spacer layers, with an oscillation period of about 5-6 monolayers and different

coupling strength as function of the spacer thickness. Interlayer exchange coupling has been

observed experimentally for a wide variety of spacer materials such as nonmagnetic metals

(Ru, Cu, Au, etc.) [Par90,Par91] and AF metals (Cr, Mn) [Grü86,Bai88,Ung91] or insulating

(MgO and NiO) and semiconducting (Si, Ge) materials [Liu03,Liu04,FV02,Pop02].

So far almost all investigations were carried out on layered magnetic thin films with in plane

magnetization. Recently, Co/Pt or Co/Pd multilayers were used as FM layers for their

perpendicular anisotropy, attracting considerable attention due to their possible application

in perpendicular magnetic storage technology.

The so far best studied system is [(Co/Pt)X−1/Co/Ru]N [Hel03,Hel07], which is formed by

individual Co/Pt stacks, separated by thin Ru spacer layers (Fig. 2.12(a)). This produces a

competition between magnetostatic coupling and AF exchange coupling. The perpendicular

anisotropy of the Co/Pt system originates from the Co surface anisotropy and can be tuned

via the individual Co layer thickness, while the total magnetic moment can be varied inde-

pendently via the number of Co/Pt repeats and the ratio of the Co and Pt layer thicknesses.

The Co layers are strongly ferromagnetically coupled across the Pt layers and each separate

Co/Pt stack can be seen as a single FM layer (see Section 2.2.1). Layering Co/Pt multilayers

separated by Ru spacer layers introduces an AF exchange coupling between adjacent Co/Pt

stacks whose strength is tuned via the Ru thickness [Hel03].

Figure 2.12(b) indicates the remanent domain state of the [Co/Pt]/Ru system as function of

the sample architecture. It is distinguished between a so-called AF state, where the magne-

tization is laterally correlated in each individual Co/Pt stack but antiparallel from stack to

stack and the FM ground state where the magnetization is correlated in vertical direction

forming band domains. For small X (the number of Co/Pt repeats per block) and small N
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2.3 Review of domain studies on AF coupled multilayers

(b)(a)

Fig. 2.12: (a) Schematic illustration of the multilayer structure (b) Phase diagram of the magnetic
ground state configuration in [(Co/Pt)X−1/Co/Ru]N multilayers depending on N and X.
AF-coupled ground states are shown in solid circles, while FM states are shown in open
triangles. The mixed state is marked by half filled squares [Hel07].

the system displays an AF ground state, while for large X or N the system prefers the FM

ground state (with a characteristic band domain structure (Chapter 4)). In between, there

is a transition region, where the system displays a mixed state that results in a ground state

which depends on the magnetic history (Chapter 5). Figure 2.13 displays the MFM remanent

states of [(Co/Pt)X−1/Co/Ru]N thin films for the case N=4, after in-plane and out-of-plane

saturation, respectively. Below the transition from AF to FM (X<8), the system displays

micrometer AF domains after in-plane saturation and a uniform AF state after out-of-plane

saturation. At the transition (X=8) the system reveals a mixed behavior. After in-plane

saturation the sample shows FM domains but develops an uniform AF state after out-of-

plane saturation. For X>8, the FM magnetic domains develop independent of the magnetic

history [Hel07] (for more details see Chapters 4 and 5).

Whereas the remanent domain state in this system is well characterized (Fig. 2.12) and

understood in the framework of a simplified domain theory ignoring the details of the layered

structure, the magnetization processes and the rich variety of the domain configuration in an

external field are not well studied. They present the topic of Chapters 4 and 5 in this thesis.

Another study addressed the Néel-type magnetostatic coupling through the correlated rough-

ness of a metallic spacer layer, as described in Section 2.2.2.

The developed theoretical model [Mor04] was applied to [Pt(2 nm)/Co (0.4 nm)]4/Pt(tPt)/

[(Co (0.4 nm)/Pt(2 nm)]3/(Co (0.4 nm)/PtMn(7.5 nm). The coupling was found to be par-

allel for all Pt thicknesses and rapidly decreases as the thickness increases. The decrease was
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Fig. 2.13: MFM images (5µm2 ×5 µm2) recorded after in-plane (top) and out-of-plane saturation
(bottom) for AF-coupled Co/Pt/Ru systems with X=5, 8 and 13 [Hel07].

found to be non-monotonous and an oscillatory behavior was found with a local maximum

in the coupling amplitude around 3.8 and 5 nm [Mor04]. It was observed that in the range of

thickness corresponding to the local minimum of interlayer coupling (≈ 3.5 nm), the ground

state of the system is antiferromagnetic. In contrast, around a Pt thickness of 3.8 nm, the

initial magnetization was equal to the saturation magnetization indicating a ferromagnetic

coupling [Mor04].

Baltz et al. [Bal07] studied the domain replication resulting from interlayer magnetostatic

coupling in trilayers formed by two (Co/Pt)X layers separated by a thick Pt layer. Samples

consisting of stacks of two ferromagnetic multilayers (soft and hard layer) separated by a thick

non-magnetic spacer layer (Co/Pt)2/PtX/(Co/Pt)4 with perpendicular magnetic anisotropy

have been DC sputtered on a continuous silicon substrate. The spacer thickness, x, varies

from 4 to 100 nm. As in the previous examples, each Co/Pt stack can be considered as

a single ferromagnetic layer. The effects resulting from magnetostatic interaction on the

domain configuration for different Pt spacer layer thicknesses were investigated by MFM.

For a thin Pt spacer thickness, the stray field of the bottom layer combines with that from

the top layer. The images displayed only bright and dark contrast. The absence of the

“gray” (intermediate) contrast results from the domain replication due to the strong interlayer

magnetostatic interactions [Rod06]. For thick Pt spacer thicknesses, the stray field from the

bottom layer becomes too weak and only the stray field coming from the top layer is probed.
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Recently, oscillatory interlayer coupling was observed in (Co/Pt)/NiO/(Co/Pt) multilayers

with out-of-plane anisotropy [Liu03,Liu04,Bar06a,Bar06b]. The interlayer coupling oscillates

Fig. 2.14: MFM images (5µm2 ×5 µm2) of coupled Co/Pt multilayers with different thicknesses of
the NiO spacer layer [Bar06a].

between FM and AF as a function of NiO spacer thickness with a period of ∼ 5 Å or

2 monolayers [Liu04]. Figure 2.14 shows MFM images of AF coupled [Co(0.4 nm)/Pt(0.6

nm)]/NiO(tNiO)/[(Co(0.4 nm/)Pt(0.6 nm)] for different NiO thicknesses [Bar06a]. The cou-

pling strength, J, varies with the NiO thickness as is indicated on the individual figure panels.

The positive (negative) value of J corresponds to AF(FM) coupling. In FM-coupled samples,

the domains are coupled vertically through the whole stack leading to a net up-down configu-

ration. In AF coupled samples, the magnetization is only laterally correlated leading to a zero

net magnetization. Here, the magnetic contrast arises from the regions where magnetization

changes from “up” to “down”. It was shown that there is a lateral shift between the domains

in the upper and lower Co/Pt layers. The domain wall possesses a net magnetic moment and

is wider (>130 nm) than the expected domain width in these films (14-22 nm). The overlap

region varies in width with the strength of AF coupling [Bar06b]. The same behavior was

observed in the case of Co/Pt multilayers separated by Ru or Pt.

AF interlayer coupling through an insulating spacer was evidenced also in the case of
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Fe/MgO/Fe/Co [FV02]. The AF coupling is observed for tMgO<0.8 nm, with a very fast

increase of amplitude when the thickness of the spacer is reduced from 0.8 to 0.5 nm. Below

0.5 nm, the AF coupling decreases due to the low spacer thickness, the occurrence of pinholes

is expected, and consequently a direct FM coupling competes with the AF exchange coupling

[FV02]. In these latter studies, however, no domain information was revealed.
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This chapter focuses on the description of the sample preparation and on the main

experimental techniques used to characterize the samples. In Section 3.1 the preparation of

the samples is highlighted. In Section 3.2 and 3.3 Magnetic Force Microscopy (MFM) and

Vibrating Sample Magnetometry (VSM), respectively, are described.

3.1 Sample preparation

The samples used in this work, Co/Pt/Ru and Co/Pt/Ir prepared on extended substrates and

Co/Pd multilayers deposited on spherical particles were provided by Olav Hellwig (Hitachi

GST) and Manfred Albrecht (Chemnitz University of Technology), respectively.

The Co/Pt/Ru and Co/Pt/Ir samples were deposited at ambient temperature on Si3Nx

coated Si substrates by magnetron sputtering using a con-focal sputter-up geometry in a

ATC 2200 system from AJA International. A 20 nm Pt seed layer was used. During growth

the samples were rotated at ∼ 5 Hz for better uniformity. The deposition rates were 0.1-0.2

nm/s. The sputtering was performed in 3 mbar Argon. Finally, the samples were covered with

a 2 nm Pt layer to prevent oxidation. X-ray reflectivity and diffraction measurements confirm

a well-defined multilayer structure with a (1 1 1) crystalline texture of the Pt buffer [Hel07].

Densely packed two-dimensional arrays of monodisperse spherical polystyrene particles in

the size of 58 nm are formed by self-assembling upon slow evaporation of a solvent under am-

bient conditions. Such particle monolayers are typically used as a two-dimensional deposition

mask for nanostructure fabrication followed by mask removal. The assemblies of polystyrene

particles were covered with Co/Pd multilayer stacks with a different number of bilayers, N,

ranging between 8 and 80. The deposition of [Co(0.27 nm)/Pd(0.8 nm)]N multilayer stacks

was performed by magnetron sputtering using Kr as sputter gas at a pressure of 3.9×10−2

mbar. In order to improve the growth conditions of the multilayers, a 5 nm thick Pd buffer

layer was sputtered onto a 1 nm thick Cr seed layer (3.5 ×10−2 mbar of Ar pressure) grown

directly on the particles. A 1 nm thick Pd capping layer was additionally deposited to protect

the sample from oxidation [Alb05a].
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3.2 Magnetic force microscopy (MFM)

Magnetic force microscopy (MFM) is a special mode of operation of the scanning force mi-

croscope. The technique employs a magnetic tip, which is brought close to a sample surface

(10-100 nm) and interacts with the magnetic stray fields near the surface. The strength of the

local magnetostatic interaction determines the vertical motion of the tip as it scans across the

sample. MFM was introduced shortly after the invention of atomic force microscopy [Mar87],

Fig. 3.1: Principle of Magnetic Force Microscopy [Hop05].

and became popular as a technique that offers high imaging resolution without the need for

special sample preparation or environmental conditions. Since the early 1990s, it is widely

used in the fundamental research of magnetic materials, as well as in the development of

magnetic recording components.

The image is formed by scanning the tip laterally with respect to the sample and measuring

the force (or force gradient) as a function of position. The concept is schematically illus-

trated in Fig. 3.1. That way, MFM can detect locally varying stray fields and gives therefore

a qualitative picture of the sample domain structure.

Nowadays, the main developments in MFM are focused on the quantitative analysis of data,

improvement of resolution, and the application of external magnetic fields during the mea-

surements [Por98].
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Basics of contrast formation

MFM is a non-contact technique, and both static and dynamic operating modes can be

applied. The static mode detects the magnetic force acting on the tip, whereas the dynamic

mode measures the force derivative acting on the tip. The force derivative is determined

from a change in the dynamic properties of the cantilever, such as a shift in phase, oscillation

amplitude or resonance frequency. Phase detection and frequency modulation give the best

results, with a higher signal-to-noise ratio. These detection modes require the addition of an

electronics module (Extender) to the Dimension Microscope. The signal depends on the force

derivative in the following manner:

∆Φ ∼ −Q
k

∂F

∂z
(3.1)

where Q is the quality factor and k is the cantilever spring constant.

An attractive interaction (∂F
∂z

> 0) leads to a negative frequency shift, while a repulsive

interaction (∂F
∂z

< 0) gives a positive frequency shift. The force derivative can originate

from a wide range of sources, including electrostatic tip-sample interactions, van der Waals

forces, damping, or capillary forces. However, MFM relies on those forces that arise from a

long-range magnetostatic coupling between tip and sample. This coupling depends on the

internal magnetic structure of the tip, which greatly complicates the mechanism of contrast

formation.

However, at short distances, it is difficult to separate the magnetic interactions from van

der Waals interactions. Taking advantage of the fact that topographic interactions are short

range while magnetic interactions are long range, one uses the “lift-mode” technique: take

an image of the sample at short distances to obtain primarily topographic information, then

use this information to keep the tip at a fixed height ∆h above the sample, following the

topography, and thereby obtain a (almost) purely magnetic image (Fig. 3.2).

first step

second step

�h

Fig. 3.2: Illustration of “lift-mode” principle.
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MFM in field

In order to apply a perpendicular magnetic field to the sample during MFM measurements,

a strong pyramidal stack of NdFeB permanent magnets with their texture axis perpendicular

to the sample surface was lifted gradually to approach the sample from below. The full

NdFeB
magnets vertical

movement

MFM tip
sample

3 mm
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(b)
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Fig. 3.3: (a) Schematic view of the MFM setup with NdFeB magnets, (b) Magnetic fieldHz measured
in lateral displacement, at different distances from the sample.

sample size (< 3 mm) is typically smaller than the smallest dimension of the magnet. The

sample is placed with a precision of ± 0.5 mm above the center of the magnet, guaranteeing a

perpendicular orientation of the field in the sample center (Fig. 3.3(a)). The field distribution

above the permanent magnet was measured with a Mag-Scan Hall probe system. The lateral

field homogeneity is better than 1 % within a radius of 1 mm from the center of the magnet,

and the field strength in the central area can be varied from 0.02 T to a maximum of 0.6 T

for a fully approached magnet (Fig. 3.3(b)).
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3.3 Vibrating sample magnetometry (VSM)

Vibrating Sample Magnetometry (VSM) systems are used to measure the magnetic properties

of materials as a function of magnetic field, temperature, and time. If a material is placed

within an uniform magnetic field H, a magnetic moment m will be induced in the sample.

In a VSM, a sample is placed within suitably placed sensing coils, and is made to undergo

sinusoidal motion, i.e., mechanically vibrated. The resulting magnetic flux changes induce a

voltage in the sensing coils that is proportional to the magnetic moment of the sample. The

magnetic field may be generated by an electromagnet or a superconducting magnet. Variable

temperatures may be achieved using either cryostat or furnace assemblies.

Field, temperature and time dependent magnetization measurements of Co/Pt-based multi-

layers were performed in a PPMS VSM setup (2 K ≤ T≤ 400 K) with a maximum perpen-

dicular field of 9 T. Additionally, VSM measurements were performed in an in-plane field up

to a maximum field of 5 T. As an example, Fig. 3.4 shows the room temperature out-of-plane

and in-plane hysteresis loops of Co/Pt/Ru multilayers.
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Fig. 3.4: Magnetic hysteresis of Co/Pt/Ru multilayers measured with PPMS VSM.
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4 Band and bubble domains in

[(Co/Pt)/Ru] multilayers

In recent years, the study of the antiferromagnetic (AF) interlayer coupling has been

extended to ferromagnetic (FM) layers with perpendicular anisotropy [Hel03], which are of

special interest for applications in perpendicular magnetic recording technology. One way of

realizing such FM layers with perpendicular anisotropy is to utilize the interface anisotropy

of a very thin Co film, either as a single layer or within a multilayer consisting of Co and Pt

or Pd [Car85, Has89]. FM layers, separated by a thin non-magnetic spacer layer display an

a)
b)

c)

x

N

Pt

Co

Ru

Fig. 4.1: Schematic view of (a) the sample architecture and two possible magnetic states (b) ferro-
magnetic, (c) antiferromagnetic.

oscillatory interlayer exchange coupling between FM layers. The interlayer exchange coupling

is mediated by the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, and determines the

magnetic alignment of the FM layers (Section 2.2.2). In the well studied [Co/Pt]/Ru multi-

layer system [Hel07], which is composed of individual stacks of Co/Pt multilayers separated

by thin Ru spacer layers (Fig. 4.1(a)), the balance of AF exchange coupling and dipolar

coupling via the details of the multilayer architecture leads to a large variety of different

magnetic zero field states, that are observed using domain imaging techniques. In the FM
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2 m�

a b c

Fig. 4.2: MFM images of various types of domains as observed in AF-coupled Co/Pt/Ru multilayers.
Image (c) taken from [Hel07]

.

band domain state (Fig. 4.1(b)), the perpendicular magnetization is correlated in vertical

direction throughout the whole block, but forms neighboring domains with opposite magneti-

zation direction in order to minimize the stray field energy very similar to the band domains

discussed in Section 2.1.1. In the homogeneous AF state (Fig. 4.1(c)), the magnetization

is laterally correlated in each individual Co/Pt block, but antiparallel from block to block

in order to minimize the AF interlayer coupling. Examples for different possible states are

summarize in Fig. 4.2. Picture (a) shows “up”-”down” band domains characteristic for the

FM phase, (b) shows the AF dominated phase with a sharp antiphase boundary and (c)

shows a mixed phase where the AF and FM domains coexist.

In this chapter, the domain structure and the magnetization processes are studied in a

rather thick [Co/Pt]/Ru multilayer, which the zero field state is characterized by the above

described FM band domains also common to simple single layer films with perpendicular

anisotropy.

4.1 Experimental observation of strip-out and collapse field

In-field Magnetic Force Microscopy (MFM) measurements are performed to follow the

evolution of the domain structure in a perpendicularly oriented magnetic field in the ascend-

ing and descending branch of the first quadrant of the magnetization curve. The qualitative

similarity of the behavior to that of bubble domains known in single layer films [Thi70]

[see Section 2.1.2] and multilayers without antiferromagnetic spacer layer [Rus01], suggests a

possible description of the observed phenomena in these multilayers by a modified bubble the-

ory. The multilayer system used for these experiments is [(Co(0.4 nm)/Pt(0.7 nm))8/Co(0.4

nm)/Ru(0.9 nm)]18, which is in the following referred to as the [Co/Pt]/Ru multilayer.

Figure 4.3 shows the magnetization curve of the [Co/Pt]/Ru multilayer as a function of the
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4.1 Experimental observation of strip-out and collapse field

Fig. 4.3: Hysteresis loop of [Co/Pt/]/Ru multilayer measured by VSM with the field perpendicular to
the sample surface. The points represent the field values used for the MFM measurements
presented in Fig 4.5.

applied field, which is oriented perpendicular to the film plane. At zero applied field the film is

in a nearly demagnetized state with a remanence close to zero. By increasing the field value,

the magnetization increases almost linearly until it reaches saturation. At this point, the

film is completely magnetized in the direction of the applied field. Reducing the field from

positive saturation, the magnetization curve shows a kink in the first quadrant and, after

that, abruptly reduces and continues to decrease with decreasing field. As the field is always

parallel to the anisotropy axis, rotational processes are not expected in the magnetization

reversal, thus the reversal is expected to happen via nucleation of reversed domains and their

expansion until at large negative field the former positive domains are fully expelled from the

film. From these out-of-plane measurements the values for the saturation polarization Js=

0.765 T and the coercive field µ0Hc= 0.01 T are extracted.

MFM images of the sample taken in three different remanent states are shown in Fig. 4.4.

The dark and bright contrast corresponds to domains with magnetization pointing “up” and

“down”, respectively. In the as-prepared state (Fig. 4.4(a)), the image is characterized by a

labyrinth domain pattern. After out-of-plane saturation, the multilayers exhibit a random

maze domain pattern as shown in the MFM image in Fig. 4.4(b). The average domain
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4 Band and bubble domains in [(Co/Pt)/Ru] multilayers

2 m� 2 m� 2 m�

Fig. 4.4: MFM images of [Co/Pt]/Ru in three different remanent states: a) as-prepared state, b)
after out-of-plane saturation, c) after in-plane ac-demagnetization.

width in both cases is about 180 nm. Applying a saturating in-plane magnetic field with

subsequent in-plane AC demagnetization changes significantly the domain pattern, and the

average domain width is reduced to about 135 nm. The in-plane magnetic field couples to the

in-plane magnetization component of the domain wall and aligns the band domains parallel

to the external field direction [Hub98] as it is visible in Fig 4.4(c). Numerical calculations

of dipolar sums predict that the parallel stripes are energetically favored over a labyrinth

domain or maze domain structure [PH92]. The above comparison, however, shows that the

domain configuration in the remanent state depends strongly on the magnetic history, and

the energetically lowest state has to be initiated by an appropriate demagnetizing procedure.

Figure 4.5 shows a series of MFM images for different magnetic fields applied perpendicular

to the sample plane during measurement. The as-prepared film was structured for an easier

recognition of the scanned area. For the given structure with its geometry and size no influence

of the lateral confinement on the domain configuration was observed. Thus, the presented

results can be seen as representative for extended films. Starting from the demagnetized

state, in fields which are small compared to the saturation field, the domains change very

slowly. The first magnetizing process can be observed at the rim of the element where bright

domains oriented parallel to the element edge disappear first. This can be understood from

the unfavorably large magnetostatic energy for such oriented domains due to large stray

fields [Neu04]. By increasing the external magnetic field, the domains which are aligned

parallel to the field grow while the oppositely aligned domains get smaller. This process

occurs gradually, until the domains transform into isolated stripes (Fig. 4.5(c)) and, in the

end, into a bubble domain structure at higher fields (Fig. 4.5(d)). However, near the strip-

out instability field (the field in which the elongated domains with opposite magnetization

transform into bubble domains), a rapid growth of the preferably aligned domains can be
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4.1 Experimental observation of strip-out and collapse field
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Fig. 4.5: Domain structures in a [Co/Pt]/Ru multilayer recorded along the increasing branch of the
hysteresis.

observed. During this process, the width of the domains oriented opposite to the applied field

remains nearly constant while they contract along their length [Eim00]. A further increase

of the external field causes the bubbles to shrink until, at a critical field (collapse field) of

0.52 T, they collapse (not shown here). In order to obtain a more precise quantitative field

value at which the strip-out instability occurs, a series of MFM images was recorded now on

the decreasing branch of a minor loop in a narrow field range close to saturation (Fig. 4.6).

This can ensure that the strip-out starts from isolated bubbles and is not influenced by the

domain configuration at lower fields. Starting from the highest value where the bubbles still

exist (0.5 T), upon decreasing the field, the bubble shape and configuration stay stable but

the MFM contrast arising from the bubbles changes gradually down to 0.41 T.

This is best seen in exemplary MFM profiles extracted from the measurements across an

individual, isolated bubble as a function of the applied field (Fig. 4.7). Both, the full width

at half maximum and the absolute MFM contrast increase with decreasing field, which is

interpreted as a continuous enlargement of the bubble. As described in the experimental

section, MFM records only the force gradient experienced by a magnetic tip due to the

magnetostatic interaction with the z-component of the bubble stray field. The contrast,
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4 Band and bubble domains in [(Co/Pt)/Ru] multilayers

3 m�

3 m�3 m�

3 m�

0.5 T 0.45 T

0.41 T 0.4 T

Fig. 4.6: Sequence of MFM images of [(Co/Pt)/Ru] multilayers recorded on the decreasing branch
of a minor loop.

therefore, also largely depends on the magnetic structure and the volume of the tip coating

and is necessarily broadened compared to the true size of the bubble. Thus, one cannot

conclude on the exact bubble diameter from MFM measurements with an uncalibrated tip.

At 0.4 T (strip-out field) the instability occurs and the bubbles start to expand into isolated

stripes (Fig. 4.6 (circled with dark blue)).

4.2 Comparison between the theoretical model and

experimental results

The observed magnetization processes resemble those seen in single layer thick films with

perpendicular anisotropy (Section 2.1.2). Close to saturation, the labyrinth band domains

contract to form isolated stripe domains and transform further into bubble domains. In this

state, bubble domains can either transform back into isolated stripes by reducing the field

below Hbs (the bubble strip-out field) or can collapse when increasing the field above Hbc. A.

N. Bogdanov and co-workers in the IFW Dresden, have extended the bubble theory described
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Fig. 4.7: MFM profile of an isolated bubble for different applied fields.

in Section 2.1.2 to calculate the critical bubble diameters and fields also for coupled multilayers

as observed in the experiment. The only adapted parameter is the characteristic length lc=

4.43 nm. This value has been derived from analysis of the domain periods measured in series

of [Co(0.4 nm)/Pt(0.7 nm)]X multilayers [Dav04].

A multilayer system consisting of N∗ = NX identical magnetic layers with magnetization

Fig. 4.8: (a) A fragment of multilayers with band domains, (b) an isolated bubble, and (c) contri-
bution of the magnetostatic interaction between two layers.

M and thickness h separated by spacer layers of thickness si is considered (Fig. 4.8(a)). For

every X magnetic layer, the separating spacer layer mediates an AF coupling. Generalizing

the results of Kiselev et al. [Kis07,Kis08] the energy of the band domain phase for one layer
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4 Band and bubble domains in [(Co/Pt)/Ru] multilayers

is:

E =
2Js
µ0

lc
D

+
J

h

(
1− 1

N

)
−HJsq +

J2
s

2µ0

Ñ(D, q) (4.1)

where D = d1 + d2 is the band period, q = (d1 − d2)/D is the domain imbalance, J > 1 the

antiferromagnetic exchange interaction coupling constant, and lc = µ0σ/J
2
s the characteristic

length, defined by the ratio of wall energy density σ and magnetostatic energy density J2
s /2µ0.

The first term in Eq.(4.1) describes the wall energy density of the FM band domain pattern,

the second term quantifies the antiferromagnetic exchange energy, which has to be paid at

all N − 1 Ru containing interfaces. The third term (Zeeman term) lowers the energy when

domains grow with the magnetization parallel to the field. The remaining stray field energy

density is expressed with the help of an effective demagnetizing factor:

Ñ(D, q) = Ñself (D, q) + Ñinteraction(D, q) (4.2)

which includes the self energy of individual magnetic layers and the interaction between them

(Fig. 4.8(c)) [Bra09]. The equilibrium parameters of the stripes are derived by a minimization

of the energy according to Eq (4.1) with respect to D and q and result in D0 = 264.3 nm

for the band domain period, which is very close to the observed band period of 270 nm

after in-plane AC demagnetization (see Fig. 4.4). Considering now an isolated bubble of
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Fig. 4.9: The characteristic functions Sbc(d) and Sbs(d) determine bubble sizes at collapse (dbc) and
strip-out (dbs) fields. For [Co/Pt]/Ru multilayers (lc = 4.43 nm) dbc = 69.76 nm and dbs=
193.47 nm were obtained. The inset shows the equilibrium values of the bubble diameters
as a function of the bias field.
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4.2 Comparison between the theoretical model and experimental results

diameter d (Fig. 4.8(b)), the total energy can be written as a sum of the wall energy, the

Zeeman energy and the magnetostatic energy [Bra09]. Following the standard methods (see

e.g. Ref.[Hub]) one can derive the critical parameters of the bubble existence based on the

two stability criteria (outlined in Section 2.1.2). The equation Sbc = lc defines the critical

minimum diameter (collapse diameter) dbc, down to which an isolated bubble is stable for

a film with given architecture and materials properties (lc). Furthermore, the analysis of

elliptical distortion results in an upper critical diameter dbc, defined by Sbs = lc, above which

a cylindrical bubble will elongate and transform into a stripe (strip-out diameter).

Within the limits given by dbc and dbs a cylindrical bubble is stable and its size is an

unambiguous function of the external field according to equation:

lch+
µ0Hhd

Js
− F (d) = 0 (4.3)

where F(d) is called force function and represents the derivative of the stray field energy of

bubbles [Hub98]. For the studied multilayer with X = 9 and N = 18 the stability functions

are given in Fig. 4.9 in dependence of the diameter d and their intersection with lc results

in strip-out and collapse diameter. The insert shows the variation of d within the stability

region as a function of the applied field. For the present [Co/Pt]/Ru multilayers it was

estimate: µ0Hbs = 0.38 T and µ0Hbc = 0.47 T, values which are in good agreement with the

experimental ones: µ0Hbs,exp = 0.4 T and µ0Hbc,exp = 0.52 T.

In summary, the magnetization process of AF-coupled [Co/Pt]/Ru multilayers with per-

pendicular anisotropy was studied by direct MFM observation. The magnetization proceeds

as typical for single layer thin films with perpendicular anisotropy via gradual growing of do-

mains oriented in the same direction with the applied field and contracting of those oriented

opposite to the applied field. Strip-out and collapse fields have been determined from domain

imaging in narrow subsequent field steps. In collaboration with the theory group in IFW

a micromagnetic theory was developed that treats band and bubble domains in multilayer

films with small individual layer thicknesses that consequently was applied to the experimen-

tally studied multilayer architecture. The comparison between experimental results and the

theoretical model showed very good agreement.
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5 Metamagnetic domains in AF-coupled

[(Co/Pt)/Ru] multilayers

In Chapter 4 the magnetization process of [(Co/Pt)X−1/Co/Ru]N multilayers with X=9

and N=18 was investigated via MFM at room temperature by imaging the domain configu-

ration in magnetic fields. At room temperature the samples show band domains which are

characteristic of the ferromagnetic state.

The present chapter focuses on [(Co/Pt)X−1/Co/Ru]N multilayers with X=8 and N=18,

where at room temperature the AF exchange coupling dominates, leading to an antiparallel

alignment between adjacent FM stacks. In order to investigate field and temperature depen-

dent magnetization reversal, in-field domain imaging and magnetic measurements have been

performed.

5.1 In-field domain observation

The reversal modes in [(Co/Pt)X−1/Co/Ru]N multilayers with X=8 and N=18 are deter-

mined by the relative strength of the AF coupling compared to the remaining energy terms.

This can be tuned by sample thickness, temperature or magnetic field.

2 m� 2 m�

(a) (b) (c)

Fig. 5.1: MFM images of the remanent state after (a) out-of-plane saturation and (b) in-plane sat-
uration . (c) Illustration of shifted reversal as observed in (b), here for N=4.

Figure 5.1 shows the MFM images after out-of-plane saturation (a) and after in-plane
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5 Metamagnetic domains in AF-coupled [(Co/Pt)/Ru] multilayers

saturation (b), respectively. Out-of-plane saturation puts the system into the homogeneous

AF-coupled state, with no magnetic domains, while in-plane saturation creates large AF-

domains separated from each other by anti phase boundaries, which in the present case are of

a special ferromagnetic type with “up”-”down” modulation (so called “tiger-tails”). The large

AF domains result from the full saturation in plane, upon which the AF coupling between

neighboring stacks and the alignment parallel to the anisotropy axis is destroyed. Decreas-

ing the applied field back to zero leads to a tilting of the magnetization in each stack back

into the perpendicular direction simultaneously obeying the AF alignment. This, however,

can occur locally with a different polarity sequence and leads to antiphase boundaries as in

Fig. 5.1 (b). Additionally, due to the large interlayer exchange, the AF domain walls are

not perfectly aligned vertically from stack to stack but possess an alternating right/left shift.

The shift produces a FM band at the AF boundaries in which the magnetization of each

stack is aligned vertically, as shown schematically in Fig. 5.1 (c). At this point the dipolar

fields increase and in order to minimize this energy the FM band breaks up into “up”-”down”

domains along its length [Kis07].

Figure 5.2 shows a systematic temperature study for [(Co/Pt)7/Co/Ru]18 multilayers with
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Fig. 5.2: Hysteresis loops for [(Co/Pt)X−1/Co/Ru]N multilayers with X=8 and N=18 at different
temperatures.
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5.1 In-field domain observation

out-of-plane measurements for 100, 200, 300, 350 and 400 K. For low temperatures a char-

acteristic feature is a plateau in the magnetization around zero field which is due to the AF

ground state. The step-like increase is interpreted as the breaking up of the AF coupling in

the external field. At 100 K the AF coupling is strongest and a double stepped hysteresis

loop is observed with the first reversal at about 0.27 T and the second at 0.37 T. At 200 K,

the AF coupling is reduced and the reversal occurs at about 0.23 and 0.3 T, respectively. At

300 K, the hysteresis loop displays only one step at 0.2 T and, by increasing the temperature

to 350 K, the step is shifted to 0.15 T. Finally, at the highest temperature (400 K) the step

vanishes and the shape of the curve suggests a ferromagnetic behavior. The multiple steps in

the hysteresis for T<300 K suggest a stack-by-stack reversal with an AF state at remanence.

As function of temperature, the sample exhibits both vertically and laterally correlated mag-

netization reversal modes. At high temperatures (400 K), a reversal via FM band domains

is observed. At low temperatures the AF coupling dominates and gets stronger for lower

temperatures.

To study in detail the reversal mechanism, measurements were performed at 300 K accessi-
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Fig. 5.3: Hysteresis loop measured by VSM with the field perpendicular to the sample surface.

ble with the microscope. Figure 5.3 shows the hysteresis loop of the sample measured at 300

K with the magnetic field applied perpendicular to the sample surface. At small magnetic

fields, the sample displays a plateau (a-b) in which the magnetization of Co/Pt stacks align

in an antiferromagnetic configuration (schematically presented in Fig. 4.1 (c)) along the easy
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5 Metamagnetic domains in AF-coupled [(Co/Pt)/Ru] multilayers

axis and is therefore less susceptible to the applied field. Increasing the field value above 0.2

T the antiferromagnetic coupling strength is overcome which leads to a step-like increase in

magnetization.

For higher fields, the magnetization increases almost linearly until it reaches saturation. In

Fig. 5.4: Domain structures of [(Co/Pt)7/Co/Ru]18 multilayers measured by MFM as a function of
a perpendicular magnetic field.

the field region of 0.2 T to 0.6 T a mixed state is expected, which is studied in more detail

by in-field MFM observation.

The MFM images in Fig. 5.4 show the domain evolution with magnetic field starting from

the AF state (Fig. 5.4(a)). Applying small fields, the initial AF state is preserved which

corresponds to region a-b in Fig. 5.3. Starting with 0.2 T, the plateau is overcome and

band-like FM “up” domains which form in the otherwise antiferromagnetic matrix (this state

will be later called metamagnetic domain), and are aligned in the same direction as the ap-

plied field (Fig. 5.4(b)). Increasing the magnetic field further, the FM domains expand and

the AF state becomes less predominant until finally being annihilated (not shown here). By

decreasing the field (Fig. 5.4 (e-h)), the FM band state becomes unstable and the AF state

becomes more and more predominant at small fields.

The magnetic hysteresis loop at 400 K (Fig. 5.2 (solid line)) indicates that at this temper-

ature the reversal is mediated by band domains that couple through the entire thickness of

the sample such as observed in Chapter 4. Consequently, the remanent state at 400 K is

expected to be in the FM band domain state.
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5.2 Magnetic phase diagram for metamagnetic domains

3.3µm
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Fig. 5.5: Sequence of MFM images in perpendicular field, showing a two phase behavior of
[(Co/Pt)7/Co/Ru]18 multilayers.

Figure 5.5 shows eight MFM images recorded at room temperature after the sample was

previously magnetized in a positive field at 400 K. In the zero field state (Fig. 5.5(a)), the

demagnetized sample shows FM band domains. It is deduced that the equilibrium domain

state from 400 K is maintained upon cooling to room temperature, now, however, as a

metastable state. As the magnetic field increases (Fig. 5.5(b)), a sudden transition from

the metastable FM state into the stable AF state occurs. Similar to the case presented in

Fig. 5.4, above 0.2 T additional “up” FM domains nucleate and propagate into the AF region.

Increasing the field further results in a pronounced widening of the FM domains (Fig. 5.5(d)).

By decreasing the field the AF state starts to grow until it finally covers the whole scanned

area (Fig. 5.5(h)). At this point the sample is in its equilibrium state.

5.2 Magnetic phase diagram for metamagnetic domains

The theoretical model developed by A. N. Bogdanov and co-workers (IFW Dresden)

(Chapter 4) was applied to [(Co/Pt)X−1/Co/Ru]N multilayers with X=8, N=18. In a mag-

netic field, the AF phase transforms into the saturated state via a specific multidomain phase.

This is similar to a metamagnetic phase transition in bulk antiferromagnets [Str77]. In an

intermediate metamagnetic phase ferromagnetic “up” domains (see Section 5.1) form in the

AF matrix. In the following these domain states are referred to as metamagnetic domains.

For a multilayer formed by identical FM stacks the AF coupling of internal stacks is twice as
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5 Metamagnetic domains in AF-coupled [(Co/Pt)/Ru] multilayers

H

Fig. 5.6: Schematic view of multilayers (N=6) with metamagnetic domains.

large as for the top or bottom stack. Therefore, the reversal in a field might happen in 2 steps,

that the surface stack can switch first and the internal stacks afterwards. This process starts

gradually by reversing the domains oriented antiparallel to the applied field (Fig. 5.6). Due

to the long-range magnetostatic coupling the domain walls are vertically correlated through

all stacks. To find the equilibrium domain state, the total energy density has to include

the domain wall energy, the interlayer exchange energy Eex, the stray field energy Ed, and

the Zeeman energy. It can be shown that the AF interlayer exchange coupling connecting

ferromagnetic stacks acts as a bias field. Consequently, an exchange bias field is introduced

into the Zeeman term:

Hex =
4παJ

hXJs
(5.1)

where J is the strength of the AF interlayer exchange coupling and α is a factor corresponding

to the surface and internal metamagnetic domains, respectively.

Similar to Chapter 4, the equilibrium domain sizes are derived by the minimization of the

total energy with respect to the domain period, D and the imbalance of “up” and “down”

domains, q.

The phase diagram in Fig. 5.7 shows six possible magnetic phases labeled as (I)-(VI) in

the multilayer with N = 18 and different values of X. The phase diagram displays how the

multidomain states change for the experimentally studied multilayers with X = 8 (Section

5.1), and 9 (Section 4.1). For a large thickness of the ferromagnetic block, the multilayer

remains in the ferrostripe regime (VI) for all applied fields until the sample saturates (V). For

the studied geometry this behavior is expected for X = 9 and larger. Multilayers with a smaller

number of layers (X=5, 6) show a two-step magnetization behavior with a pronounced plateau

at M = 0 for small fields until the surface layer switches through a surface metamagnetic

transition in a small field range (II). This is followed by a second plateau (III) that marks

the existence range of the surface metamagnetic domains. Then the well separated bulk
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Fig. 5.7: Phase diagram.

metamagnetic transition follows. Here, stripe domains exist alternatingly in internal layers

of the multilayer stack, as sketched in Fig. 5.6. For an intermediate thickness (X = 7, 8)

surface and bulk metamagnetic transitions merge. Thus, only a single-step magnetization

process is observed when the field overcomes the AF coupling. In those cases, the surface and

the internal metamagnetic domain structures show a mixed appearance in accordance with

the MFM observations in Fig. 5.4. These theoretical results match very well with exemplary

hysteresis curves presented in Fig. 5.8. Calculated magnetization curves for X=7, 8 and 9
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Fig. 5.8: Magnetization curves of [(Co/Pt)X−1/Co/Ru]18 for X=7, 8 and 9, measured by VSM with
the field perpendicular to the film plane (open symbols). Solid lines correspond to the
theoretically calculated magnetization curves.
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5 Metamagnetic domains in AF-coupled [(Co/Pt)/Ru] multilayers

are plotted in Fig. 5.8 together with the experimental curves measured at 300 K with the

field perpendicular to the film plane. The calculated curves are in good agreement with the

experimental ones, showing for X=7 and 8 a plateau at M=0, and a purely FM behavior for

X=9.

In summary, the magnetization processes of perpendicular AF-coupled [(Co/Pt)X−1/Co

/Ru]18 multilayers, with X=8 were investigated by MFM. In such samples it was possible to

alter the magnetic correlations from horizontal (AF state) to vertical (FM state) and vice versa

via magnetic field cycling or temperature variation. Applying a field in the perpendicular

direction, the AF state transforms into the saturated state via formation and expansion of

metamagnetic domains.

The magnetization reversal of AF-coupled multilayers has been investigated as a function of

temperature in the range of 100 - 400 K. The AF-coupling gradually decreases with increasing

temperature, before it abruptly vanishes at 400 K.

Metamagnetic domains can be described by a modified model of FM domains (manuscript

submitted to Phys.Rev. B). This allows to derive the equilibrium parameters of metamagnetic

domains and calculate the magnetic phase diagram. The calculated phase diagram predicts

the existence of three possible types of metamagnetic domains depending on the thickness of

the ferromagnetic stacks, X, which is in good agreement with the experimental results.
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6 Magnetization processes in AF-coupled

[(Co/Pt)/Ir] multilayers

The magnetization reversal process in Co/Pt-based systems usually involves the forma-

tion of vertically correlated band domains through the entire multilayer film stack resulting

from a competition between ferromagnetic (FM) exchange, anisotropy and dipolar energies.

The energy balance was furthermore tailored by the addition of Ru spacer layers with ap-

propriate thicknesses, which establishes antiferromagnetic (AF) interlayer exchange coupling

(Chapter 4 and 5). The various reversal modes are determined largely by the sample ge-

ometry, the magnetization and the strength of the AF interlayer coupling. To study the
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Fig. 6.1: Exchange coupling versus multilayer thickness for Ru and Ir spacer layer [Hel07].

magnetization process in systems with larger AF-coupling, Ru layers were substituted by Ir

spacer layers, which is known to exhibit a larger induced AF-coupling (≈ 3 times larger than

Ru) [Hel07]. The detailed dependence of AF exchange field on the thickness of Ir and Ru

spacer layers is given in Fig. 6.1 for a sample with N=2 and X=5 [Hel07]. The maximum AF
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6 Magnetization processes in AF-coupled [(Co/Pt)/Ir] multilayers

exchange field is obtained for 0.9 nm Ru and 0.5 nm Ir spacer layer thicknesses.

This chapter presents the magnetization results of [(Co(0.4 nm)/Pt(0.7 nm))X−1/Co(0.4

nm)/Ir(0.5 nm)]4 multilayers made up of four (Co/Pt)X−1/Co stacks with perpendicular

anisotropy. Each stack is AF coupled through an Ir layer to the adjacent stack. Similar as in

the Ru systems (see Chapter 4) for a small value of X, the films display an AF ground state

with the moments of adjacent Co/Pt stacks aligned antiparallel to each other. Increasing X

results in a transition to the FM stripe domain state [Hel07].

Magnetization processes in [(Co/Pt)X−1/Co/Ir]4 multilayers with X=20

An out-of-plane magnetization curve for [(Co/Pt)19/Co/Ir]4 multilayers is shown in Fig 6.2.

In the zero field state the sample is almost demagnetized. With increasing field, the magne-

tization curve shows a continuous behavior up to saturation. The measurement reveals that
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Fig. 6.2: Hysteresis loop measured by VSM with the field perpendicular to the sample surface. The
points correspond to the field values applied in MFM measurements (Fig. 6.3).

the saturation field of the sample is ≈ 0.45 T. By decreasing the field, the magnetization

curve shows a kink, marked by an arrow (≈ 0.25 T), and after that continues to decrease

with decreasing field. The shape of the magnetization curve is typical of magnetic thin films

with perpendicular anisotropy and seems to be characterized by nucleation and domain wall

motion [Koo60]. The sample shows a similar behavior as the [(Co/Pt)8/Co/Ru]18 multilay-
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ers presented in Chapter 4. Figure 6.3 shows a series of MFM images, over a 15 µm2 ×

2

Fig. 6.3: Domain structures of [(Co/Pt)X−1/Co/Ir]N multilayers with X=20 and N=4 measured by
MFM in perpendicular magnetic field on the increasing branch of the hysteresis.

15 µm2 area, taken along the increasing branch of the hysteresis loop. Initially, the sample

was fully saturated in a positive 3 T out-of-plane field. In the zero field state, the sample

shows a random maze domain pattern (Fig. 6.3(a)). The dark-bright contrast corresponds

to “up”-”down” domains. The average domain width is about 130 nm. As the magnetic field

is applied, the domains aligned parallel to the field grow, while the domains aligned opposite

to the field contract along their lengths. At 0.25 T isolated stripe domains and bubble do-

mains coexist (Fig. 6.3(c)). Increasing the field further the remained isolated stripes contract

into bubbles. Approaching saturation (Fig. 6.3(e)), the bubbles reduce their diameter with

increasing field, until at a critical field of µ0Hbc=0.42 T (collapse field), they collapse (see

Chapter 4).

After the sample was saturated, a MFM series was recorded along the decreasing branch

of the hysteresis (Fig. 6.4). The field is decreased to 0.25 T where isolated nucleation of a

few reverse domains (Fig. 6.4(b)) was observed, occurring at the marked kink in the hystere-

sis loop (Fig. 6.2). The nucleated domains grow in size with decreasing field. As the field

is further reduced the small domains expand into isolated stripes. At 0.2 T (Fig. 6.4(c))

an expansion of maze domains is observed, seeded from the few nucleated domains already

present. These domains expand through the whole scanned area very fast (Fig. 6.4 (d)-(e)).
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6 Magnetization processes in AF-coupled [(Co/Pt)/Ir] multilayers

2 m�

Fig. 6.4: Domain structures of [(Co/Pt)X−1/Co/Ir]N multilayers with X=20 and N=4 measured by
MFM on the decreasing branch of the hysteresis.

In order to determine the strip-out field at which the bubbles transform into isolated stripes,

a new series of MFM images was recorded now on the decreasing branch of a minor loop

in a field range close to saturation. Starting from the bubble state (Fig. 6.3(e)) the field is

reduced to 0.3 T when the bubbles transform into isolated stripes (not shown here).

Magnetization processes in [(Co/Pt)X−1/Co/Ir]4 multilayers with X=15

Whereas the [(Co/Pt)19/Co/Ir]4 multilayer shows the typical magnetization process and do-

main evolution described already in Chapter 4, by simply reducing the number of Co/Pt

repeats, X, to 15, the magnetic behavior changes measurably. Figure 6.5 shows the mag-

netization curve of [(Co/Pt)14/Co/Ir]4 multilayer as a function of a perpendicular oriented

applied field. The magnetization increases continuously with field up to saturation (≈ 0.5 T ).

However, reducing the field, there are two discrete steps (marked by arrows) on the decreasing

branch which suggests that the stacks are reversing independently at different external fields

and the sample stays in a mixed state. These findings are supported also by the in-field MFM

measurements presented in Fig. 6.6.

Figure 6.6 (a)-(d) displays the MFM images taken on the increasing branch of the hysteresis

loop. In the zero field state (Fig. 6.6(a)), the sample displays a random maze domain pattern

with a domain width of about 100 nm, i.e smaller than the 130 nm observed for the sample
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Fig. 6.5: Hysteresis loop measured by VSM with the field perpendicular to the sample surface. The
points correspond to the field values applied in MFM measurements (Fig 6.6).

with X=20. This is in agreement with the theory that predicts a decrease of the domain

width with decreasing film thickness (see Section 2.1.1, Fig. 2.3(b)). Towards saturation the

domains aligned opposite to the applied field contract to form isolated stripe domains that

contract further into bubble domains. Increasing the field further, the bubbles collapse at a

critical field Hbc [Bra09] and the saturation is reached. The observed magnetization process

resembles that observed in Co/Pt/Ru systems (Chapter 4 and 5).

After the sample was saturated, a series of MFM images was recorded on the decreasing

branch of the hysteresis (Fig. 6.6 (d)-(i)). At 0.25 T, close to the first kink in the hystere-

sis, the first domains nucleate (Fig. 6.6(e)). The nucleated domains grow in length with

decreasing field and expand through the whole sample very quickly. At this point the sample

looks demagnetized although H>0. But when reducing the field further (at the 2nd kink

in the hysteresis), new processes occur. Reversal domains with stronger contrast appear on

the top of the already existing bright domains (Fig. 6.6(g)). With reducing field, the new

domains expand (Fig 6.6(h)). Close to zero magnetic field they cover the entire area (Fig.

6.6(i)). Figure 6.7 (i)-(ii) presents the close-up images of Fig. 6.6 (g)-(h) where the newly

nucleated domains grow along the length of the old bright domains (marked by the dashed

blue line). This originates from a vertical extension of the existing nucleated band domains.

These separate reversal steps might be explained by the sketch presented in Fig. 6.8. With
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6 Magnetization processes in AF-coupled [(Co/Pt)/Ir] multilayers

1.0µm

1 m�

0.25 T 0.22 T

0.15 T 0.1 T

0.45 T

h i

Fig. 6.6: Magnetic domain structures of [(Co/Pt)X−1/Co/Ir]N multilayers with X=15 and N=4
measured by MFM in magnetic field. The marked area in (g) represents the zoomed area
displayed in Fig 6.7.

decreasing field one of the center Co/Pt stacks is expected to reverse first because it is AF

coupled on both sides and thus its exchange energy is twice as large as for the top or bottom

stacks. This reversal is expected to happen simultaneously with the top stack at the nucle-

ation field and then spread as a band domain through the whole area (Fig. 6.6 (e)-(g)). Here,

the total energy has a minimum, considering the AF ground state of the system. After the

first reversal is completed, decreasing the field further, the second reversal of the remaining

stacks is happening. Judging from the enhanced magnetic contrast in the MFM image (Fig.

6.7(ii)) the bright domains expand vertically through the entire thickness of the sample and

spread through the whole scanned area (Fig. 6.6(i)).

In summary, [(Co(0.4 nm)/Pt(0.7 nm))X−1/Co(0.4 nm)/Ir(0.5 nm)]4 multilayers with per-

pendicular anisotropy show two different magnetization behaviors. For [(Co/Pt)X−1/Co/Ir]4

with X=20 the reversal via vertical band domains through the whole film thickness is ob-

served. The magnetization proceeds as typical for single layer thin films with perpendicular
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Fig. 6.7: Close-up images of Fig 6.6 (g-h), (2.5µm)2 each, as indicated by the blue squares.

H

Fig. 6.8: Schematic presentation of the reversal mechanism observed in [(Co/Pt)X−1/Co/Ir]N mul-
tilayers with X=15 and N=4.

anisotropy via gradual growing of the domains oriented in the same direction as the applied

field and contracting of those oriented opposite to the applied field into the bubble domain

pattern, similar to (Co/Pt)/Ru multilayers (Chapter 4).

For X=15 the reversal occurs in two steps. First, two of the four stacks reverse simultane-

ously forming AF-coupled bands in the still magnetized matrix, which lead to a band domain

structure with reduced contrast. In the second step, the last two stacks reverse, producing a

vertical extension of the already nucleated AF band domains to form negatively magnetized

FM bands. This is a new type of magnetization process which has not been considered before.

61





7 Co/Pd multilayers on nanospheres

Magnetic multilayers with perpendicular anisotropy are promising materials for the next

generation of high density magnetic and magneto-optical recording media. To achieve high-

density recording, the understanding of the magnetization reversal behavior is very important.

A study of Co/Pd multilayers, deposited on arrays of nanospheres suitable for bit patterned

media, will be presented in this chapter.

Since, in bit patterned media one magnetic nanodot corresponds to one recording bit,

a deep understanding of the magnetization reversal in individual nanodots becomes very

important. Many investigations on different shapes of structures such as squares, ellipses,

and disks [Cow99, Shi00, Li01, Zhu02, Vaz03, Sor05] have been reported. In contrast to these

nanostructures, a novel nanomaterial, which consists of a multilayer film on top of a spherical

particle, was introduced recently [Alb05a]. Co/Pd multilayers are deposited on assemblies of

nanospheres as is described in Chapter 3. The total thickness varies and so do the intrinsic

magnetic properties, such as magnetic anisotropy, an important parameter which can affect

the reversal process.

Co/Pd multilayers exhibit perpendicular magnetic anisotropy up to a Co layer thickness

of a few monolayers where the interface anisotropy is large enough to overcome the shape

anisotropy [Car85] (Chapter 2). Assuming an evaporation direction perpendicular to the

substrate, the thickness of Co/Pd multilayers is highest at the top of the spheres and reduces

towards the sides. The so-formed nanocaps on top of the spheres exhibit a radial symmetric

anisotropy orientation across their surface (Fig. 7.1). Due to the small thickness of the indi-

vidual Co layers (0.3 nm ≈ 1.5 monolayers), the ferromagnetic properties of the multilayers

are suppressed at the intersections of the nanocaps, where the Co layer thickness reduces

below 1 monolayer, forming a dilute Co-Pd alloy without significant anisotropy. This effect

leads to an exchange isolation of magnetic nanocaps.

In the nanocap arrays, the magnetic exchange and magnetostatic interaction can be easily

tuned by varying the particle diameter as well as the thickness of the deposited magnetic

film [Ulb08]. At small a separation distance between the nanostructures, the dipole-dipole
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7 Co/Pd multilayers on nanospheres

Fig. 7.1: Schematic pictures of the covered nanospheres [Alb05a].

interaction becomes rather important and will strongly influence the magnetization reversal

in the array. Furthermore, a large film thickness in the range of the particle diameter may also

result in direct exchange coupling of neighboring nanostructures. Consequently, a study of

the magnetization reversal behavior of 58 nm particle arrays covered by [Co/Pd]N multilayer

stacks exhibiting an out-of-plane easy axis of magnetization with varying bilayer number N

will be presented.

7.1 MFM in field

In-field MFM measurements were performed to analyze locally the magnetic domain con-

figuration of [Co(0.3 nm)/Pd(0.8 nm)]80 nanocaps and to investigate their reversal behavior.

Figure 7.2 shows a series of MFM images for different positive magnetic fields applied per-

pendicular to the sample during measurement, after the sample was previously magnetized in

negative direction. The tip was magnetized in positive z-direction such that the dark and the

bright contrasts correspond to domains with magnetization pointing “up” or “down”, respec-

tively. At zero magnetic field (Fig. 7.2 (b)) a few isolated reversed nanocaps are observable

(dark contrast, marked with white dots), which suggests that the nanocaps are in an isolated

magnetic single domain state with the magnetization pointing “up” out of the film plane. The

increase of the reverse magnetic field produces a successive switching of magnetic nanocaps.

The spherical shape of the switched nanocaps suggests that each new “dark” domain corre-

sponds to a single particle (Fig. 7.2 (c-f)) (circled with blue).

The discrepancies between the size of the particle and the size obtained by MFM measure-

ments come from the MFM contrast which depends on the magnetic structure and the volume

of the tip coating and is necessary broadened compared to the true size of the nanocap.

In addition to the single switching event, the reversal of entire regions consisting of several

nanocaps is observed. The dominant individual switching of nanocaps with increasing field

is seen as an indication for magnetic exchange decoupling in this sample.
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7.2 Magnetic Relaxation

1

(a) AFM (b) 0 T (c) 0.04 T

(d) 0.06 T (e) 0.08 T (f) 0.12 T

Fig. 7.2: Scanning probe microscopy observations on the Co/Pd multilayers on nanospheres (58 nm).
Topological AFM image (a). MFM images after application of a perpendicular magnetic
field of 0 T (b), 0.04 T (c), 0.06 T (d), 0.08 T (e), 0.12 T (f).

7.2 Magnetic Relaxation

The increase in magnetic recording density and consequently the reduction of particle

sizes affects the magnetic stability in the media, which results in a time-dependent behav-

ior known as magnetic relaxation. For zero applied magnetic field (H=0), a single domain

particle with uniaxial anisotropy has two energetically equivalent ground states of opposite

magnetization separated by an energy barrier ∆E0 (Fig. 7.3). Applying a magnetic field,

the height of the energy barrier is reduced and the magnetization is reversed [Née49]. If the

applied field is parallel to the direction of the easy axis, the energy barrier can be expressed

as:

∆E = KuV

(
1− H

Hk

)2

= ∆E0

(
1− H

Hk

)2

(7.1)

where Ku is the anisotropy constant, V is the particle volume and Hk = 2K
Js

, the anisotropy

field. The time variation of magnetization of a particle when its magnetization reverses from

positive saturation to negative saturation is expressed by:

M (t) = M0

(
2e

−t
τ − 1

)
(7.2)
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Fig. 7.3: Sketch of magnetic energy barrier vs magnetization angle

where M0 = J0/µ0 is the initial magnetization

τ is the relaxation time, given by the Néel-Arrhenius law:

τ(∆E) = τ0e
∆E
kBT (7.3)

kB is the Boltzmann constant, T is the absolute temperature and ∆E = ∆E(H) is the energy

barrier in the presence of a constant field (Eq. 7.1).

Without a field, the stability factor ∆E0

kBT
determines the time scale on which the stored infor-

mation is stable. Requirements for recording media are β = ∆E0

kBT
≈ 40− 60.

In a real system it is more likely that there are many particles with a corresponding energy

barrier distribution, which leads to a modification of the magnetization relaxation:

M (t) = M0

∫
dEf (E)

(
2e

−t
τ − 1

)
(7.4)

where f(E) is the distribution function of energy barriers that have to be overcome by ther-

mal fluctuations in order to change the equilibrium magnetization direction of the particles.

Equation 7.4 is generally approximated by the well known logarithmic law [Str49]:

M (t) = const− S ln t (7.5)

where S is the magnetic viscosity.

The ratio of S/χirr, where χirr is the irreversible magnetic susceptibility, is defined as the

fluctuation field Hf or in a more general form:

Hf =
S (H, t)

χirr (H, t)
(7.6)
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7.2 Magnetic Relaxation

The concept of the fluctuation field was first suggested by Néel [Née49] and was used to

describe the effects of thermal activation on magnetization reversal. The idea of a fluctuation

field led to the concept of an activation volume, which represents the volume of the magnetic

moments within the material that switch together in the magnetization reversal, and is usually

defined by:

Vact =
kBT

JsHf

(7.7)

Here, kBT is the thermal energy and Js the saturation polarization.

Viscosity measurements for different Co/Pd thicknesses

Polar-Magneto Optical Kerr Effect (P-MOKE) hysteresis loops of [Co/Pd]N multilayers with

different number of repeats are summarized in Fig. 7.4. The measurements were performed at

Fig. 7.4: Hysteresis loops of (Co/Pd)N multilayers with different numbers of repeats

the University of Konstanz by M. Albrecht and coworkers. Co/Pd multilayers on assemblies of

particles reveal a systematic shearing of the hysteresis loop with increasing number of bilayers

which is attributed to the effect of dipolar fields coming from the neighboring caps, which in-

crease proportionally to the growing total magnetic moment of each nanocap [Hel07,Tho06].

In addition, with an increase of the bilayer number, the coercivity gradually decreases to a

value of 0.45 T which might be related to the degradation of the interface quality for the

thicker films. Additional information on the magnetization reversal can be obtained by mag-
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7 Co/Pd multilayers on nanospheres

netic viscosity measurements of [Co/Pd]N multilayers with different numbers of repeats (N),

deposited on 58 nm spheres. For time dependent measurements the [Co(0.3 nm)/Pd(0.8

nm)]N multilayers with N = 16, 45 and 80, were first saturated at 3 T before applying dif-

ferent negative fields. At each applied reverse field, H, the magnetic moment was measured
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Fig. 7.5: (a) Magnetization relaxation data taken in the reverse field of 0.15 T for the (Co/Pd)N
multilayer sample with N = 80. (b) The dependence of the magnetic viscosity, S on the
negative applied field. The results were obtained for (Co/Pd)N multilayers with N=16, 45,
80.

for 9999 s. The magnetization relaxation follows a logarithmic time dependency over the

entire range investigated (Fig. 7.5(a)), as expected for samples with a broad switching field

distribution. The magnetic field dependence of the viscosity, S(H), was determined by fitting

the measured M(t,H) curves according to Eq. (7.5) (Fig. 7.5(b)). The viscosity curves show a

broad field dependence with a maximum close to the coercive field, where the energy barrier

for magnetization reversal is near zero. With the decrease of the bilayer number to N = 16

the maximum of the magnetic viscosity drastically increases.

Recoil loops were measured by applying and removing a negative field (Happl) to a magneti-

cally saturated sample, and the negative field magnitude is increased successively (see insert

in Fig. 7.6(a)). From these measurements the Mr(Happl) curve was extracted (Fig. 7.6(a)).

The irreversible susceptibility (χirr) was obtained by taking the derivative
(

∂Mr

∂Happl

)
of the

remanent magnetization (Mr). The irreversible susceptibility, χirr(H), for the same set of

samples is shown in Fig. 7.6(b). The data reveal a similar field dependence as observed in

the viscosity measurements, with a pronounced peak around the coercive field. Furthermore,

the maximum of the χirr(H) dependence scales in a similar way with the number of bilayers

N, as found for the viscosity. Combining the magnetic viscosity and irreversible susceptibility
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Fig. 7.6: (a) Remanent magnetization of a [Co(0.3 nm)/Pd(0.8 nm)]80 sample as function of the
applied field and recoil loops (insert). (b) Irreversible susceptibility as a function of the
applied field for (Co/Pd)N multilayers with N=16, 45, 80.

measurements (Eq. 7.6), the magnetic field dependence of the fluctuation field, Hf (H), is

deduced. Although both, viscosity and irreversible susceptibility data reveal a strong mag-

netic field dependence, the fluctuation field is found to be almost independent of H as well as

on the number of bilayers around the coercivity but tail off at lower and higher fields (Fig.

7.7, Table 7.1). The derived values Hf (Hc; N) were used to extract the activation volume
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Fig. 7.7: Fluctuation field as a function of the applied field for (Co/Pd)N multilayers with N=16,
45, 80.
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7 Co/Pd multilayers on nanospheres

governing the reversal process (Eq. 7.7). With reducing the number of bilayers, N, the ac-

tivation volume decreases slightly, but does not scale with the total film thickness (Table

7.1). It furthermore adopts a value of about 2000 nm3, which is substantially smaller than

the physical volume of an individual nanocap. The latter is in agreement with the observed

Tab. 7.1: Coercivity field (Hc), fluctuation field (Hf ) at coercivity, activation volume (Vact) and
stability factor (∆E0

kBT
) for (Co/Pd)N multilayers with N = 80, 45, 16. The volume of an

individual nanocap (Vcap) on the spherical particle is given for comparison.

Number of bilayers µ0Hc(mT) µ0Hf (mT) Vact(nm
3) Vcap(nm

3) β = ∆E0

kBT
≈ Hc

Hf

N= 80 430 4.1 2.6 ×103 590 ×103 104

N= 45 500 5 2.3 ×103 340 ×103 100

N= 16 530 6 1.9 ×103 120 ×103 88

individual reversal of magnetic nanocaps (Fig. 7.2) indicating exchange decoupling between

the neighboring nanocaps in the array. Moreover, the finding Vact � Vcap further suggests an

inhomogeneous magnetization reversal process rather than a coherent switching within the

individual nanocaps for which Vact ' Vcap is expected. This is in good agreement with the

results of micromagnetic simulations [Ulb06], which suggest that a nucleation process starts

in a circumferential ring around the nanocaps at about half the cap height, where the easy

axis of magnetization adopts an angle of about 45◦ with respect to the substrate normal. In

order to relate the estimated value of the activation volume to the physical volume relevant

for the system under consideration, the angular modification of the magnetic parameters it

has to be considered. According to the discussion above, the thickness of the individual

layers changes with angle and results in a gradual transformation of the Co/Pd multilayers,

which influences the magnetic anisotropy constant (K0
U), the saturation magnetization (M0

S),

as well as the exchange parameter (A0). The further estimation will be performed assuming

the following angular dependence of the relevant magnetic parameters [Ulb06]:

KU(θ) = K0
U × f(θ); MS(θ) = M0

S × f(θ); A(θ) = A0 × f(θ)2 (7.8)

where f(θ) = exp[−(θ − θ0)2/∆2] for θ > θ0. Here ∆ is the decay length and the angle,

θ ' 45◦ is related to a certain critical thickness above which the degradation of magnetic

properties of magnetic multilayers occurs. In this case, the width of the Bloch domain wall

can be expressed as dBW (θ) = d0 × f(θ), where d0 = 18 nm is the typical domain wall
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7.2 Magnetic Relaxation

width in Co/Pd multilayer films (M0
S = 500 emu/cm3, K0

U = 3× 105erg/cm3, and A0 = 10−6

erg/cm). Assuming an isotropic nucleation process, the activation volume can be expressed

as

Vact ≈ dBW (θ)3 (7.9)

By comparing the measured activation volume with the one defined by Eq. (7.8) and Eq.

(7.9), it is found that the nucleation event occurs at the position θN ≈ θ0 + δ ' 50◦, which

corresponds to a δ of ≈ 5◦. This latter value is in good agreement with micromagnetic calcu-

lation for Co/Pd coated nanospheres, where the parameter δ is in the range of (2-5)◦ [Ulb06].

In total, the magnetization reversal in the nanocaps is interpreted as an isotropic nucle-

ation process within the magnetic layer, which occurs on a length scale of the domain wall,

additionally facilitated by the reduced anisotropy at the necks of the particle assembly.

The fluctuation field additionally allows to estimate the stability factor, β (Table 7.1),

which is found to be higher than 80 even for the thinnest investigated magnetic film. This

value is high enough to fulfill the thermal stability requirement for a recording media [Pir07].

Viscosity measurements for different temperatures

The hysteresis and the magnetization relaxation of [Co(0.3 nm)/Pd(0.8 nm)]80 multilay-

ers were measured at 100, 200, and 300 K, respectively. The hysteresis loops reveal increasing

coercivity fields and magnetic moments with decreasing temperature (Fig. 7.8). The viscosity
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Fig. 7.8: Magnetization loops of (Co/Pd)80 multilayers measured at 100, 200 and 300 K in out of
plane magnetic field.
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7 Co/Pd multilayers on nanospheres

was measured as a function of field for all three temperatures by using the same experimental

approach as described in the previous section. The S(H) curves for all three temperatures

are displayed in Fig. 7.9(a).
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Fig. 7.9: Dependence on a negative applied field of (a) magnetic viscosity, S, (b) irreversible sus-
ceptibility, χirr and (c) fluctuation field, Hf . The results were obtained for (Co/Pd)80

multilayers at 100 K, 200 K and 300 K.

The curves show a bell-shape and the maximum S(H) was obtained at the coercivity field

because of the minimum energy barrier. The same behavior is displayed also in Fig. 7.9(b) and

7.9(c) where with decreasing temperature the irreversible susceptibility and the fluctuation

field decrease, proving that the reduced temperature minimizes the thermal instability in the

sample. The calculations after Eq. (7.6) in the case of (Co/Pd)80 show that the activation

volumes decrease with temperature (Vact,300K= 2600 nm3, Vact,200K= 2000 nm3, Vact,100K=

1300 nm3) while the stability factor, β, increases (β300K= 104, β200K= 130, β100K= 200).

The decrease of Vact with temperature was observed experimentally also in SmCo permanent
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7.2 Magnetic Relaxation

magnets [Pan02] and was predicted theoretically by Kirby el al. [Kir00]. It is in agreement

with the isotropic nucleation model suggested in the previous section. With decreasing tem-

perature the anisotropy constant K in Co/Pd multilayers increases and leads to the observed

increase in coercivity, but it also reduces the domain wall width dBW = (A/K)1/2 and thus

the activation volume according to Eq. (7.9).

Similar to the observations for multilayers prepared on flat substrates (Chapter 4, 5, 6), the

Co/Pd multilayers deposited on assemblies of 58 nm particles reveal an interesting magneti-

zation reversal behavior as function of thickness and temperature. The domain structure and

switching events are now, however, largely localized due to the curved template. The coercive

field and the switching field distribution are found to strongly depend on the thickness of the

magnetic layer, indicating a strong influence of the magnetic dipole-dipole interaction on the

magnetization reversal of the entire array of nanocaps. Moreover, magnetic viscosity mea-

surements allowed the estimation of the magnetic activation volume representing the effect of

thermal activation on the switching process. It was found that the magnetic activation vol-

ume is substantially smaller compared to the volume of the nanocap and almost independent

of the number of bilayers supporting an inhomogeneous magnetization reversal process.
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8 Conclusions and Outlook

In the present work a detailed study of the domain structure and the magnetization pro-

cesses in AF-coupled Co/Pt multilayers and Co/Pd multilayers on arrays of 58 nm spheres

has been presented. This is an unique attempt to understand nano-scale phase formation and

corresponding ground state configuration in complex multilayers. The underlying mechanism

of these complex systems is often found to depend upon the competition between different

energy terms. Competing magnetic interactions produce higher-level patterns, mesoscopic

order or formation of multiple phases with similar energies [Hel07]. The appearance of such

mesoscopic order can be controlled by extrinsic parameters such as external magnetic field

or temperature, while also depending on specific intrinsic parameters like film thickness and

interaction between different layers or nanostructures.

Introducing AF exchange coupling to magnetic films with perpendicular anisotropy via

nonmagnetic interlayers changes the energy balance that controls the band domain formation

and reversal behavior for such systems, thus resulting in two competing reversal modes for

the composite system. In the AF exchange dominated mode the magnetization is laterally

correlated and vertically anti-correlated thus minimizing the interlayer exchange energy. In

the dipolar dominated regime the magnetization is vertically correlated, but laterally anti-

correlated in FM band domains that minimize the dipolar energy at the expense of the

interlayer coupling. The different possible phases are described in Chapters 4 and 5.

The magnetization process of antiferromagnetically coupled [(Co/Pt)8/Co/Ru]18 multilay-

ers with perpendicular anisotropy was investigated via magnetic force microscopy at room

temperature by imaging the domain configuration in magnetic fields (Chapter 4).

In the zero-field state, due to the perpendicular anisotropy, band domains characteristic for

ferromagnetic coupling are observed. By increasing the external magnetic field, the domain

configuration first modifies gradually, then transforms from continuous into isolated stripes,

and changes in the end into bubbles, which collapse at higher fields. Strip-out and collapse

fields have been determined from domain imaging in narrow subsequent field steps.
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8 Conclusions and Outlook

A micromagnetic theory which treats stripe and bubble domains in multilayer films with

small individual layer thicknesses has been applied to the experimentally studied multilayer

architecture. The theoretical model can describe the equilibrium domain width of the sample

in the ac-demagnetized state and the strip-out and collapse fields of the bubble domains with

good precision.

In this study, the sample was structured into isolated square shaped elements with a lateral

size of 12 µm using optical lithography. All observed domain structures are comparable to

those of an extended film. For the given structure geometry and size we thus do not observe

any influence of the lateral confinement on the domain configuration. For smaller structures

this cannot be excluded and presents an interesting topic for future studies.

The magnetization reversal of perpendicular [(Co/Pt)7/Co/Ru]18 multilayers with AF ground

state was investigated experimentally and theoretically in Chapter 5. In such a sample it was

possible to alter the magnetic correlations from horizontal (AF state) to vertical (FM state)

and vice versa via magnetic field cycling or temperature variation.

The magnetization reversal of AF-coupled multilayers has been investigated as a function of

temperature in the range of 100-400 K. The AF-coupling gradually decreases with increasing

temperature, before it abruptly vanishes at 400 K.

The domain evolution with magnetic field starting from the AF state was imaged by MFM

in field. Applying small fields, the initial AF state is preserved. Beyond 0.2 T the AF state

is overcome and ferromagnetic domains with magnetization pointing along the applied field

are formed in the AF matrix. This corresponds to a simultaneous formation of surface and

bulk metadomains, as predicted by the theory. Increasing the magnetic field further, the

up-domains (metamagnetic domains) grow and expand across the whole area. This process,

however, occurs first by an increase in length of the finite domain bands while their width

stays essentially constant. At an applied magnetic field of about 0.38 T the metamagnetic up

and down domains adopt an almost balanced configuration. Reducing the field again leads

to the expected shrinking of the up-domains. At the lowest field, these isolated minority do-

mains vanish almost completely, leaving the multilayer in the original homogeneous AF state.

The direct observation of the metamagnetic domains confirms the theoretical description of

this evolution.

In Chapter 4 the magnetization is dominated by ferromagnetic interaction where the reversal

via vertical band domains through the whole film thickness is observed and well described by

the theory. In Chapter 5 the AF coupling is very strong such that there is an homogeneous

AF ground state at zero field. Here, the domain evolution is influenced by the AF coupling

and confirms the theoretical prediction.
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In Chapter 6 AF coupling is present in the Co/Pt/Ir system (X=15) but it is not so strong

to lead to an homogeneous AF ground state. Ferromagnetic band domains are presented in

the remanent state and AF coupling appears in an intermediate field state, forming a new

type of domains which has not been considered so far. This proves how rich the possible

phenomena are, depending on the balance between different energy scales. A new theoretical

model to describe the new phase transition observed in the Co/Pt/Ir system could provide

the necessary insight into a deeper understanding of coupling mechanism and magnetization

reversal in these systems.

Contrary to the previous three chapters where the presented systems are globally planar

with uniform properties, a multilayer deposition on a curved surface, where the topologi-

cal change alters the film properties locally, has far reaching implications on the physics of

nanoscale magnetism (Chapter 7). The magnetization reversal is driven by complex processes

induced by the radial symmetric spatial variation of anisotropy orientations, which signifi-

cantly alter the reversal process [Alb05a]. Co/Pd nanocaps reveal an interesting behavior as

function of thickness and temperature. The coercive field and the switching field distribution

are found to be strongly dependent on the thickness of the magnetic layer, indicating a strong

influence of the magnetic dipole-dipole interaction on the magnetization reversal of the entire

array of nanocaps. Moreover, magnetic viscosity measurements allowed the estimation of

the magnetic activation volume representing the effect of thermal activation on the switching

process. It was found that the magnetic activation volume is substantially smaller compared

to the volume of the entire nanocap and almost independent of the number of bilayers sup-

porting an inhomogeneous magnetization reversal process. The magnetization reversal in the

nanocaps is interpreted as a nucleation process within the magnetic layer, which occurs in

a length scale of the domain wall, additionally facilitated by the reduced anisotropy at the

necks of the particle assembly.
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