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Any raad followed precisely to its end leads precisely nowhere. 
Climb the mountain just a little bit to test it's a mountain. 

From the top of the mountain, you cannot see the mountain. 

Bene Gesserit proverb 
Dune, Frank Herbert 



Abstract 

Nuclear Magnetic Resonance (NMR) is a method used succesfully for already several decades 
to probe the local hyperfine interactions in solicis and liquids. Important structural and mag
netic information can be acquired in this way. In this report 59 Co NMR is performed on 
Co/Cu multilayered nanowires and Co nanowires in two types of membranes, that is poly
carbonate and ceramic (anodic alumina) membranes. Furthermore, magnetoresistance mea
surements on the Co/Cu multilayers and magnetisation measurements on the Co nanowires 
are performed. These structures are electrochemically deposited into the pores of these mem
branes, also referred to as electrodeposition. Because of its relative simplicity and low cast 
electrodeposition is an increasingly applied alternative to more conventional growing methods 
such as sputtering and Molecular Beam Epitaxy (MBE). 
In polycarbonate membranes with pare diameters of 80 nm five Co/Cu multilayers are grown 
from a Co/Cu electrolyte with a constant Cu layer thickness of about 22 A and a varying Co 
layer thickness between 7.8 A and 71.1 A. NMR spectra showed a main line at 218 MHz which 
corresponds to Co in the fee structure, whereas satellites arising from atoms at the interface 
are not well resolved indicating a diffuse interface. The value of the interface roughness is 
determined as 17±1 A per layer, i.e. 8.5±0.5 A per interface. A maximum magnetoresistance 
effect of 10 % is obtained at room temperature for a Co layer thickness of about 40 A. 
The multilayer series in the ceramic membranes with pare diameters of 20 nm consist of 40 
A Cu layers and Co layers with thicknesses ranging from 42 A to 210 A. Here, the main 
line from bulk fee Co is seen at a frequency of 218 MHz. In contrast with the multilayers in 
the polycarbonate membranes, the interface in the NMR spectra is better resolved now and 
clearly shows the second and third satellite lines and a possible fourth and fifth. This already 
suggests a rough interface and from the measurements an interface roughness of 6.5 ± 0.5 A 
per interface is calculated. 
Two series of multilayers with varying Cu layer thicknesses and a constant Co layer thickness 
(tea = 56 A and tea = 210 A) were stuclied on their magnetoresistance effect in the CPP 
geometry. A maximum effect of 8 % at room temperature and 18 % at 10 K was measured for 
tea = 56 A and tea = 40 A. Identifying the MR effects of the two series with the model of Valet 
and Fert resulted in the following parameters: the bulk spin asymmetry parameter j3 = 0.18, 
the Cu bulk resistivity Pcu = 2.6 x 10-8 Dm and the Co bulk resistivity Pca = 4.4 x 10-8 Dm. 
Determination of r; and 1 resulted in negative, and thus incorrect, values. This is caused by 
the 50 f.-lm Cu part in the wires which is in series with the multilayer of 10 f.-lm length. 
NMR and magnetisation measurements on Co wires in the 100 nm membranes showed that 
the preferential direction of the magnetisation is perpendicular to the wire axes. In case of 
the 20 nm Co wires the magnetisation obviously shows an isotropie behaviour. The direction 
of the magnetisation is determined by a competition between demagnetising fields and dipale
dipale interactions. 
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Technology assessment 

The group Physics of Nanostructures of the Eindhoven University of Technology focuses 
mainly on ultra thin films which consist of magnetic and nonmagnetic layers. These are of 
special interest because they exhibit navel important magnetic properties such as the giant 
magnetoresistance and perpendicular magnetic anisotropy. These properties are useful for 
applications mainly in the information technology, like credit cards, magnetic field sensors 
and magnetic read and write heads for data storage. The demand for recording technologies 
with more starage capacity (i.e. higher bit density per unit area) is growing very fast and 
new solutions have to be investigated to fulfill these needs. In the field of magnetic media 
the industry is interested in possibilities for large areas of magnetic nanostructures in which 
every single magnetic entity represents a bit of information. A low cast and fast technique 
to produce such large arrays of nanostructures is electrodeposition in the pores of nuclear 
track-etched polycarbonate membranes or in the pores of anodic alumina membranes, which 
is the actual subject of this report. 
The magnetic properties of these nanostructures are strongly dependent on the structural 
porperties. Nuclear Magnetic Resonance offers the possibility to obtain bath structural and 
magnetic information in a straightforward way on a nanoscopic scale. 
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Chapter 1 

General introduetion 

Magnetism is an interesting phenomenon which is present throughout the universe. On earth 
it is responsible for the spectacular and beautiful aurora! lights which occur near the north 
and south poles of Earth. This phenomenon has been observed by man throughout history. 
To early man it most probably was assumed to have a supernatmal origin. Until the mid-
1800's most people thought that the aurara's light extended to the ground. A common theme 
in aurora mythology is that the aurora will deseend to bop the heads of misbehaving children! 
From 1645 through 1710 there was a great decrease in the electromagnetic activity of the 
sun, and so few disturbances excited the aurora. The auraras returned to northern Europe 
in 1716 with tremenclous displays. Astronomer Edmond Halley, seeing the pattem of vertical 
rays, recognised a conneetion with Earth's magnetic field. 

Nowadays we know that the sun emits a constantstreamof charged particles, called the solar 
wind. The solar wind blows toward theEarthand is deflected byEarth's magnetosphere so 
the Earth is shielded from the full blast of these particles. The aurora occurs when a stream 
of charged particles is captured by Earth's magnetic field and are accelerated as they travel 
down along the magnetic field lines. On their way down they gain energy and when these 
particles collide with atoms and molecules in Earh's atmosphere the atoms and molecules will 
be excited to a higher energy level and after a time these will return to lower energy states 
by releasing photons of particular wavelengths which we can see as light. An aurara's colours 
depend on the type and height of atom or molecule struck by the electrons. Auraras occur 
around Earth's north and south geomagnetic poles in regions known as aurora! ovals. These 
auraras are called the Aurora Borealis or Northern Lights and Aurora Australis or Southern 
Lights. A photograph of an aurora is seen in figure 1.1 (a southern aurora), which is taken 
from space. 

In modern life the presence of magnetism is not only what is visible to us. Magnetic materials 
play a very important role in common everyday life. A large number of applications are 
based on the properties of these materials. Today the most significant is the ability to store 
data for different kinds of media, such as rigid drives for computers, audio and video tapes 
and magnetic strips on credit cards and banker's cards. For these applications structures 
are used with very small dimensions. An example of such structures are magnetic metallic 
multilayers which consist of a repetition of two different elements of which one or both are 
magnetic. Within the group Physics of N anostructures the work is partly dedicated to study 
the remarkable magnetic properties of these kind of structures, like magnetic anisotropy and 
giant magnetoresistance ( G MR). 

Magnetic anisotropy is the preferential direction of the magnetic moments of which three 
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General introduetion Chapter 1 

Figure 1.1: A southern aurora seen from space. The bright verticallines mark the direction 
of the field down which accelerated electrans are fiowing. 

sourees can be distinguished: shape anisotropy, magnetocrystalline anisotropy and magne
toelastic anisotropy. In general the shape anisotropy is the dominant factor which results in 
an easy diretion of magnetisation parallel to the film plane. However, for very small mag
netic layer thicknesses interface contributions can cause the magnetisation to be directed 
perpendicular to the film plane. 
Giant magnetoresistance is the relative change in resistance between antiparallel and par
allel alignment of the magnetisation of the magnetic layers. GMR originates from the spin 
dependenee of the scattering rates of conduction electrons. For a parallel alignment of the 
magnetic layers the resistance is small whereas it is large for an antiparallel alignment. By 
applying an external field transitions between these two states can be accomplished. The 
magnitude of the GMR depends crucially on the combination of magnetic and nonmagnetic 
elements which are used, the individuallayer thicknesses of these layers and the roughness of 
the interfaces. 
Since the magnetic properties of nanostructures are closely related to structural properties 
such as interface roughness, strain and crystal structure it is required that these characteristics 
are known for a better understanding of the magnetic properties. An elegant methad to obtain 
this information is Nuclear Magnetic Resonance (NMR) because it measures the hyperfine 
interactions at the nucleus site giving information about the local atomie environment as well 
as the local magnetic moments. In the investigations described in this report, NMR plays a 
prominent role to characterise magnetic nanostructures. Therefore, the principles of NMR 
are discussed in chapter 2 tagether with the experimental setup. The differentcomponentsof 
the hyperfine field are treated in chapter 3 tagether with a methad to determine the interface 
roughness. 
We have employed this NMR technique to characterise the structural and magnetic properties 
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Chapter 1 

of so-called electrodeposited nanostructures. Electrodeposition, described in chapter 4, is an 
alternative chemical approach to fabricate nanostructures, which we have used to produce 
Co/Cu multilayers and Co nanowires in membranes. In the pores of these membranes long 
wires can be produced with large aspect ratios (height divided by diameter) which is not 
possible with standard techniques such as Molecular Beam Epitaxy (MBE). In this way 
ferromagnetic or multilayered wires can be produced which are also suitable for electrical 
transport perpendicular to the plane of the membrane. 
First, studies on Co/Cu multilayers in the pores of track-etched polycarbonate membranes 
are presented in chapter 5. After these multilayers were succesfully deposited approximately 
a year ago [Sij97] the actual work is to obtain more information on the structure of the 
Co/Cu multilayer nanowires which was not investigated so far. NMR measurements are 
performed to characterise the Co layers and the interfaces between adjacent Co and Cu 
layers. Magnetoresistance measurements are dorre todetermine the magnitude of the GMR 
effect as function of the Co layer thickness with the current perpendicular to the plane (CPP) 
of the multilayer. 
An alternative to polycarbonate membranes are the arrodie alumina membranes, which is the 
subject of chapter 6. They have the great advantage that the pores are completely straight 
and have a constant diameter throughout their length in contrast with the polycarbonate 
membranes. Literature is very scarce on reports of structures which are grown in these kind 
of membranes. In view of this, first attempts were undertaken to fill the pores with Co 
which succeeded immediately. The wires of Co which are grown have been characterised with 
NMR and magnetisation measurements. The results showed that a competition between 
demagnetising fields and dipole-dipole interactions determine the preferential direction of the 
magnetisation. Additionally, we have produced Co/Cu multilayers in ceramic membranes 
with varying Co layer and Cu layer thicknesses. NMR and magnetoresistance measurements 
are compared with those of the Co/Cu multilayers in polycarbonate membranes. 
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Chapter 2 

N uclear Magnet ie Resonance 

Nuclear Magnetic Resonance (NMR} is a characterisation technique which can be used to de
termine the hyperfine interactions between the nuclear magnetic moment of an atom and its 
surroundings. These hyperfine interactions are important because they provide useful infor
mation, structural as well as magnetic, of the atoms under investigation. In the first section 
these hyperfine interactions will be discussed. Beetion 2.2 describes the principles of spin-echo 
NMR. In the third section of this chapter experimental conditions will be dealt with, such as 
the resonance condition and the spin-echo intensity. Furthermore relaxation times and en
hancement will be discussed. Finally, in section 2.4 the measuring equipment will be briefiy 
descri bed. 

2.1 Interaction between the nuclear spin of an atom and the 
magnetic field at the nucleus 

An atom which has a magnetic moment will interact with unpaired electrans of neighbouring 
atoms and electrans of the atom itself. These interactions can be expressed in an effective 
field at the nucleus of the atom, the so-called hyperfine field. 
Now consider a nucleus with a magnetic moment p. If the nucleus has a total angular 
momenturn f, the relation between the magnetic moment and this angular momenturn is: 

p = 'fryl, (2.1) 

where n is the constant of Planck divided by 21r and Î is the nuclear gyromagnetic ratio. 
The interaction between this moment and the total magnetic field Btot at the nucleus is 
described by the Zeeman Hamiltonian Hz: 

Hz= -J-1, · Btot· (2.2) 

The total field Btot consists of several contributions, namely 

- -, - - -
Btot = Bhf + Bdip + Bappl +Bind, (2.3) 

with the hyperfine field B~f' the dipolar field Bdip, the external applied field Bappl and Bind 

the induced field caused by the external applied field. These contributions will be discussed 
in more detail in the next chapter. 
For magnetically ordered materials such as 59Co (ferromagnet), which plays a vital part in 
this report, the directions of the atomie magnetic moments and the hyperfine field are fixed 
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B = 0, I= 1/2 / 
/ 

Chapter 2 

Figure 2.1: Splitting of the nuclear energy levels by a magnetic field; m1 are the magnetic 
quanturn numbers, ranging from I,I-1, .... ,-I. 

due to exchange interactions between the magnetic moments. This means that the hyperfine 
field will become the dominant factorand can have values ranging from 1 T to 100 T (for 59 Co 
this value can be as large as 20-30 T). According to the Zeeman Hamiltonian the energy levels 
of the nuclear spin split up (see figure 2.1) and the energy distance between two adjacent 
levels is 

b..E = rry I Btot I = !iw L' (2.4) 

where w L is the Larmor frequency ( resonance frequency, w L = 2w f). The resulting degenerate 
energy levels have discrete energies because the magnetic moment is quantised. When an 
electromagnetic wave with a frequency equal to the Larmor frequency is incident on the 
nucleus, the nucleus can be excited from one energy level to another. This is called Nuclear 
Magnetic Resonance. 
For 59 Co it has been determined that 1 /2w=10.054 MHz/T [WWJ67] and when no external 
field is applied the magnitude of Btot is in the order of 22 T. For Co this leads to resonance 
frequencies in the order of 200 MHz. 
Besides the magnetic interactions discussed so far, the nucleus also has an electric quadrupale 
moment if the spin quanturn number I#! (for 59 Co I=~). In a non-cubic environment 
this quadruple moment will interact with the electric field gradient caused by the electrons, 
which results in an extra contri bution to the splitting of the energy levels. But since this extra 
contribution is very small compared to the splitting due to the hyperfine field (approximately 
three orders of magnitude lower) it can be neglected. Moreover, the structure of the Co/Cu 
multilayers in membranes and the Co wires discussed in this report, are mainly cubic (face
centered-cu bic (fee) and hexagonal-close-packed (hcp)). 

2.2 Pulsed NMR, principlesof a spin-echo experiment 

The resonance condition of equation 2.4 given in the previous section only concerns one 
nucleus. But in practice an ensemble of resonating nuclei is involved. All these atoms have a 
magnetic moment which results in a net nuclear magnetisation M. In the presence of a large 
enough static magnetic field Boez the system is in equilibrium and has the net value lvf8 • 

When the magnetisation is disturbed from its equilibrium the motion of the magnetisation is 
described by the Bloch equations which returns the magnetisation to its equilibrium position. 
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Chapter 2 2.2 Pulsed NMR, principles of a spin-echo experiment 

The equations describe the dynamica! behaviour (i.e. time dependence) of the magnetisation: 

d 
dt Nix (t) Nix ( -+ ) - T

2 
+ 1 lvi x Boez x , (2.5) 

d 
dt lviy( t) lviy ( -+ -+) - T

2 
+ 1 lvi x Boez Y , (2.6) 

d 
dt lviz(t) 

lviz - Nis ( -+ -. ) 
- Tl + 1 lvi X Boez z . (2.7) 

In these equations Mx, lviy, and lviz are the components of the magnetisation in the cor
responding diredions, !vis the saturation magnetisation, T1 the spin-lattice relaxation time 
and T2 the spin-spin relaxation time. The relaxation times will be discussed in the following 
section. 
When relaxation is neglected and only the static magnetic field along the z-axis is present the 
Bloch equations describe a precessing motion around the z-axis with a constant magnitude. 
The frequency of this motion is the Larmor frequency, 

(2.8) 

With relaxation taken into consideration, the projection of the magnetisation on the x-y 
plane decreases with a charaderistic time T2 to zero. On the other hand, the magnetisation 
along the z-axis increases up to the saturation magnetisation with a charaderistic time T1. 
So eventually the magnetisation does not precess anymore, the individual spins now precess 
out of phase. 
During a NMR experiment a linearly polarised radio frequency (RF) magnetic field is applied 
with a frequency w, 

(2.9) 

This field is oriented in the x-direction, perpendicular to the static field. When the time 
during which the RF field is applied is much smaller than the relaxation times, relaxation 
can be neglected changing the Bloch equations into: 

d -+ -+ 
-lvi = rl'vi x [Boez + 2B1 cos (wt) ë':z,]. 
dt 

(2.10) 

The magnetic field 2B1 is linearly polarised and can be split up in a left and right circularly 
polarised field. Introducing a rotating frame which rotates with a frequency w around the 
z-axis, one component becomes static with a fixed orientation along the x*-axis while the 
other component now rotates with the double frequency (2w). The last component, however, 
can be neglected compared to the static one. The motion of the magnetisation of equation 
2.10 becomes 

(2.11) 

It is clear that if the frame rotates with the Larmor frequency the magnetic field along the 
z* -axis vanishes and only a static magnetic field along the x* -axis remains. This means that 
the magnetisation precesses around the x* -axis. \Vhcn the alternating RF field is turned on 
for a time T P the angle of rota ti on of the magnetisation is 

(2.12) 
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where E~ff is the effective field experienced by the nulcei. By varying the pulse time or the 
magnitude of the applied field E1 this turning angle can be manipulated. Due to enhancement 
of the applied field by the electronic magnetisation E~f f is a factor 1J larger than E 1, with 1J 
the enhancement factor; enhancement will be discussed in more detail in the next section. 

Spin-echo NMR utilises this principle of angle rotation of the magnetisation. A sequence of 
two RF pulses is applied, called the Hahn sequence which results in an induction echo signal. 
The sequence starts with a long delay, a time during which the magnetisation relaxes from 
a previous experiment. After the long delay the magnetisation will be directed along the 
z* -axis. First a ~-pulse is applied that turns the magnetisation over an angle of ~ radians 
around the x* -axis. The magnetisation then lies in the x* -y* plane along the positive y*
axis (figure 2.2(b)). Because of field inhomogeneities and a spread in the applied frequency 
not all spins will precess with one Larmor frequency, but there will be a certain frequency 
distribution. This means that the spins will dephase in the x*-y* plane (rotation around 
the z* -axis), which causes the magnetisation to decrease down to zero. This motion of the 
individual spins which cause this diminishing induction signal is called the free induction 
decay (FID). After a delay time T a 1r-pulse is applied. The spins rotate again around the 
x*-axis, now over an angle of 1r radians, see figure 2.2(d). Since the slower spins will now be in 
front of the faster spins, the spins will rephase. A time T later the individual spins will have 
rephased again along the negative y*-axis (figure 2.2(!)). At this time the magnetisation 
has its maximal value and the corresponding induction signal is called the spin-echo. This 
spin-echo signal will in general have a somewhat smaller amplitude than the magnetisation at 

n-pulse 
d) 

b) 
rt/2-pulse 

\ 
\ 
I 

---~-----J_.L-1 .. y' 

M 

e) 
rephasing 

dephasing 
c) 

f) 

M 

x' 

Figure 2.2: The behaviour of the spins during a Hahn sequence in a rotating frame. In 
equilibrium the magnetisatiun is directed along the z* -axis (a). A ~-pulse is 
applied during which the spins rotate around the x* -axis over an angle of~ {b). 
Th en the spins dephase in the x* -y* plane (c) and aft er a time T a 1r -pulse is 
applied. Now the spins rotate around the x* -axis over an angle of 1r {d). The 
spins rephase (e) and after a time T the magnetisation is directed along the 
negative y* -axis ( f) resulting in a spin-echo signal. 
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FID spin-echo 

long 
delay 

pulse 1 delay 1 pulse 2 delay2 

Figure 2.3: Envelopes of the applied RF pulses during a Hahn sequence. 

the beginning due to the spin-spin relaxation. After the maximum of the spin-echo a normal 
free induction decay occurs, lowering the magnetisation again. In figure 2.3 the envelopes of 
the pulses tagether with the spin-echo and the free induction decay is shown. 

2.3 Experimental conditions 

The purpose of a NMR experiment is to determine the hyperfine field distribution in the 
sample as function of the frequency f or the externally applied field Bappl· If the field is 
applied parallel to the plane of the sample then the resonance condition of equation 2.4 
changes into 

(2.13) 

The minus sign arises from the fact that the hyperfine field is antiparallel compared with the 
electronic magnetisation (in the case of Co). It is apparent that the hyperfine field can be 
determined in two separate ways. One is to vary the frequency while a constant magnetic 
field is applied (mostly zero field) and another is to vary the applied field while applying 
a constant frequency. The intensity of the signal can be used to determine the number of 
nuclei (N) that resonate at a specific hyperfine field value. The spin echo intensity depends 
on sohle other parameters as well and is given by the relation: 

(2.14) 

with f the frequency, I the nulcear spin and T the temperature. The spin-echo intensity is 
inversely proportional to the temperature. So by measuring at a lower temperature the signal 
intensity will increase. In the case of a frequency scan the intensity has to be corrected for 
the f 2 dependence. 
Nat only does S depend on the parameters given in the above equation, but also on the 
properties of the material like the spin-spin and spin-lattice relaxation times T1 and T2 and 
enhancement, discussed in the now following sections. 

2.3.1 Relax:ation 

In the description of the Hahn sequence in the previous section relaxation mechanisms were 
neglected. In a real experiment these effects in general cannot be neglected. The Bloch equa
tions show that the behaviour of the magnetisation depends on these relaxation mechanisms. 
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The spin-lattice relaxation causes the magnetisation to return to its equilibrium position 
along the z* -axis and therefore is also called the longitudinal relaxation. After the ~-pulse 
is applied, the longitudinal magnetisation will be zero while it is now situated in the x* -y* 
plane. Next the system relaxes back to its equilibrium state with a charaderistic time T1 , 

because energy is released from the spin system and absorbed by the lattice. In this way a 
coupling arises between the lattice and the spin system. In order to makesure the spin-lattice 
relaxation has no effect on the measurement the long delay must be long with regard to T1 or 
else the magnetisation does not reach its equilibrium befare the next pulse is applied. Hence 
this results in a smaller spin-echo since the intensity of the spin-echo is proportional to the 
magnetisation at the beginning of the experiment. 
A methad for measuring the spin-lattice relaxation time is the presaturation sequence, which 
is schematically presented in figure 2.4. The sequence starts with a series of nearly ~-pulses, 
the comb sequence, causing the spins to be randomly ordered and zero magnetisation. Then 
the magnetisation starts to grow towards the equilibrium state due to the spin-lattice re
laxation. After a time {5 a Hahn sequence is applied, resulting in a spin-echo signal. By 
varying this time {5 and measuring the corresponding spin-echo intensities this leads to a time 
dependent spin-echo given by the following equation: 

Jvf ( b) ex Pvfs ( 1 - exp (- ;
1 

) ) , (2.15) 

from which T1 can be determined. 
The second relaxation mechanism is the spin-spin relaxation or transverse relaxation because 
it decreases the component of the magnetisation in the x* -y* plane. This dephasing of the 
spins reduces the spin-echo and is irreversible unlike the free induction decay. In general 
the spin-spin relaxation time is smaller than the spin-lattice relaxation time, T2 < T1. To 
measure a spin-echo the time of the Halm sequence that is generated must be short compared 
to T2. 
Suhl [Suh59] and Nakamura [Nak58] proposcdamodel to desribe this relaxation mechanism 
by means of an indirect spin-wave coupling. A nuclear spin can interact with the electronic 
spin (magnetic moment) of its own atom via the effective hyperfine field. Through this 
hyperfine coupling the nuclear spin excites a spin wave which is absorbed by an electronic 
spin of another atom. Via the hyperfine coupling between the electronic spin and the nuclear 
spin of the other atom a coupling thus results between two nuclear spins. In addition to this 

-~ 

Co mb ~~~----------~~~----------•~~~~--------~~ echo 

Figure 2.4: Schematic representation of the presaturation sequence to determine the spin
lattice relaxation time T1. 
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n/2 

Figure 2.5: Pulse series of a CPMG sequence. 

Suhl-Nakamura interaction direct dipole-dipole interaction is an important contribution to 
the spin-spin relaxation. This is described by a dipolar field at a nucleus site caused by other 
nuclear spins. The dipolar field causes a variation of the total field at the nucleus site so the 
individual spins will dephase in the x* -y* plane and consequently the magnetisation of the 
system decreases. 
The spin-spin relaxation time depends on neighbouring atoms because it represents inter
actions between moments of different atoms. Therefore bulk atoms with neighbours of the 
same kind only will have a different T2 than interface atoms. Also does T2 depend on both 
the frequency of the RF signal and the external field, herree the spectrum has to be corrected 
for T2. 
Several methods are available to measure T2. One is to make use of the Hahn sequence. By 
varying the delay time the spin-echo intensity decreases from which T2 can be determined. 
Such a measurement takes a lot of time because the magnetisation has to reeover each time 
from a previous experiment befare a new one can be started. Therefore a special sequence 
is developed for measuring T2: the CPMG sequence, see figure 2.5. The sequence starts by 
applying a Hahn sequence foliowed by a number of 1r-pulses. The Hahn sequence itself and 
the n-pulses all induce a spin-echo that decreases exponentially with time. Measuring all 
these echos gives us relatively simple T2, sirree the relation between intensity and spin-spin 
relaxation time is described by 

S ( t) ex exp (- ;
2

) . (2.16) 

From this we can determine T2. After a time T2 a part ~ of the signal is left. 

2.3.2 Enhancement 

Another characteristic feature in NMR experiments on ferromagnetic materials is the en
hancement of the RF signal. When a measurement is carried out, it appears that less RF 
power is required and the spin-echo signal is much larger than would be expected, due to en
hancement of the RF signal by the electronk magnetisation. Two types of enhancement can 
be distinguished, namely transmitting and rer:eiving enhancement. Transmitting enhance
ment means the enhancement of the applied RF field. In ferromagnetic materials the high 
frequency RF signal excites the magnetic moments of the 3d electrons, resulting in a variation 
of the hyperfine field at the site of the nucleus. This variation enhances the RF signal applied. 
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Figure 2.6: Enhancement of the applied RF field B1 in magnetic samples. Magnetic mate
rials which are softer than others have less anisotropy and hence enhancement 
will be larger ( and the restoring field smaller). 

The sum of the applied RF field and the alternating hyperfine field induced by the magnetic 
moments is called the effective field B~f f. By dividing the effective hyperfine field by the 
applied RF field B 1 the enhancement factor 7] is obtained. Correction for the transmitting 
enhancement is automatically clone during a NMR experiment by measuring the spin-echo 
intensity at different values of the applied RF field. This results in an optimal value for the 
applied power at which the spin-echo intensity is maximal and therefore the spins are turned 
over the right angle a (90°). 

The second type of enhancement is the receiving enhancement of the spin-echo signal. The 
motion of the nuclei induces a coherent precession of the electronic magnetisation, resulting 
in an enhancement of the spin-echo signal. The signal created is much stronger than induced 
by just the nuclei since the electrans have a much larger moment than the nuclei. For the 
receiving enhancement correction is clone by dividing the measured signal by 7] obtained with 
the transmitting enhancement. 

In figure 2.6 enhancement in a magnetic sample is visualised. When in the case of a non
magnetic sample a RF field of Bnm is required for a maximal spin-echo signal (e.g. intensity 
equals 1), then for a magnetic sample with an enhancement factor 7] the required field is 
equal to Bnm/TJ and the intensity becomes 7]. Since the hyperfine field in magnetic materials 
can be very large, small oscillations of the electronic moment can cause a large variation in 
the hyperfine field. The applied RF field B 1 will then be enhanced by a factor 7]. If the elec
tronic moment oscillates about its equilibrium position, an alternating hyperfine field arises, 
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resulting in the following ratio: 

(2.17) 

where Bres is the restoring field, which in fact represents that part of the electronk magneti
sation that contributes to the enhancement. It is assumed here that B1 is perpendicular to 
Bres. Simplifying, this gives the following expression for the restoring field: 

(2.18) 

The enhancement factor can have values from 101 to 105 . For example, in domain walls TJ is 
much larger than in a domain since the mobility of the electronk moment is much larger in 
the walls. 

2.4 NMR measuring equipment 

A schematic overview of the hardware of the NMR equipment is shown in figure 2.7. A short 
review will be given here, a more detailed description of the different hardware parts can be 
found in [vdH94, Smi96]. The apparatus can be roughly divided into five main parts: the 
controller, the signal generator, the electronk switch, the receiver and the LC circuit. The 
programmabie pulse generator (PPG) in the controller generates a logkal pulse sequence. In 
the XMIT unit a high frequency signal from a synthesizer is modulated with these logical 
pulses to give the desired pulse sequence. Next the signa! is amplified by the so-called RF 
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Figure 2. 7: Schematic overview of the NMR equipment. 
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power unit and led to the electronic switch. The switch sends the signal to the sample that 
is placed in a cryostat and is part of a LC circuit; this circuit will be treated in more detail 
further on in this section. The echo created by the sample is directed back to the electronic 
switch which redirects the echo-signal to the receiver. After the signalis amplified by the RF 
gain unit it is mixed with the LOl signal. This signal has a frequency of 70 or 40 MHz above 
or below the echo-signal and the mixing results in a signal of intermediate frequency (IF) of 
70 or 40 MHz. Again this signalis amplified, now by IF gain. Next the signalis mixed again 
to a frequency domain around zero frequency by the demodulator by mixing the signal with 
the L02 P and Q signals. These latter signals are 90° shifted in phase and have the same 
frequency (70 or 40 MHz). The Pand Q signals are returned to the controller. The controller 
performs a Fourier transformation [Smi96] which gives a value for the spin-echo intensity. An 
example of the P and Q signals (left) and their corresponding Fourier transform (right) is 
given in figure 2.8. In the plot of the Fourier transform besides atoms that resonate at the 
applied frequency, atoms with slightly different resonance frequencies are detected showing 
small peaks to the left and right of the main frequency. 

sample 20Ce34 
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• • • ~ 
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Figure 2.8: Lejt the P and Q signals are plotted and the right figure shows the Fourier 
transfarm of these signals. 

The LC circuit is drawn in figure 2.9. It consists of two variabie capacitors, a resistor and 
a coil in which the sample is placed. During a frequency scan the LC circuit has to be 
tuned for every new frequency because the impedance of the circuit is frequency dependent. 
The impedance can be controlled by varying the magnitude of the capacitors Cs and Cp. A 
program automatically tunes the capacitors to the desired impedance of 50 n to match the 
impedance of the electrical wiring using two computer-controlled stepmotors. The capacitors 
have a range from 0-40 pF. If there is a mismatch between the LC circuit and the wiring 
part of the applied power is refiected back reducing the pulse signal and consequently the 
spin-echo induced in the coil decreases. The sample that is to be measured is wrapped in 
a copper coil that applies the RF signal to the sample and picks up the induced spin-echo 
caused by the sample. The pickup coil has to cover as much of the sample as possible in order 
to obtain a good filling factor. In all our measurements we have used the same coil which 
consists of 5! windings. 
To increase sensitivity NMR measurements are dorre at very low temperatures. The sample 
( and the entire LC circuit) is situated in a cryostat that is filled with liquid helium. By 
pumping the cryostat the temperature can be lowered from 4.2 K to about 1.6 K. According 
to equation 2.14 this implies an enlargement of the spin-echo intensity by a factor 2.5. 
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Figure 2.9: The LC circuit, used to obtain a minimal refiected power at a certain frequency 
by varying the tunable capacitors Cs and Cp· 

Furthermore a superconducting magnet is placed around the sample in order to do field scans 
or to apply a constant field. The field created by the magnet is directed perpendicular to the 
RF field applied in the coil. By rotating the sample the angle between the static magnetic 
field from the superconducting magnet and the film plane can be varied. The static magnetic 
field can have values between 0 and 5.5 T. 
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Chapter 3 

The hyperfine field 

In the previous chapter it was explained that with Nuclear Magnetic Resonance it is possible 
to measure the total magnetic field acting on the nucleus site. This chapter deals with this 
magnetic field in more detail. In section 3.1 the different contributions to this total field 
are described. The infiuence of the atomie local environment on the hyperfine field will be 
discussed in section 3.2. This chapter ends with a hypothetical NMR spectrum of a Co/Cu 
multilayer and a procedure to determine the interface roughness of this multilayer with NMR. 

3.1 Magnetic field at the nucleus 

As described in the previous chapter, the total magnetic field acting on the nucleus site is 
built up out offour different parts, as a result of interactions of the nuclear magnetic moment. 
The contributions to the total field Btot are: 

• hyperfine field 

• di po lar field 

• applied field 

• induced field 

The applied field is an external field, created by a superconducting magnet in the case of 
our NMR equipment. The induced field is caused by the applied field, resulting in effects 
like closed shell diamagnetism and orbital paramagnetism. Sirree for ferromagnetic materials 
the induced field is two or three orders of magnitude smaller than the hyperfine field, this 
contribution can be neglected. 

3.1.1 Hyperfine field 

Three main sourees to the hyperfine field can be distinguished. These are the contact field 
Bcon, the dipolar hyperfine field Bdip,at and the orbital field Borb, in formula 

-, - - -
Bhf = Bcon + Bdip,at + Borb· (3.1) 

Now the different parts will be briefly described. 
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The contact field 

The contact field, also called the Fermicontact field, arises from the Fermi contact interaction. 
For ferromagnetic materials this is the most important contri bution to the hyperfine field. The 
interaction is a result of the fact that there is a non-zero probability density of s electrans 
at the nucleus, with a net spin polarisation. This polarisation can be divided into three 
contributions: 

• the core polarisation Bcore: despite the fact that the care shells are completely filled 
the wave functions of the care s electrans are distorted by the intra atomie exchange 
interaction between the care s electrans and the magnetic moment of the 3d shell of 
the atom itself. So the majority s electrans will be attracted toward the d shell and 
the minority electrans will be repelled, resulting in a negative spin polarisation at the 
nucleus site. 

• the spin polarisation Bcond originates from the interaction between the valenee s elec
trans and the magnetic moment of the atom itself. 

• a transferred contri bution Btrans, due to the magnetic momentsof neighbouring atoms. 

As can be seen, the first two terms depend on the on-site magnetic moment ~t( i) of the a torn, 
the magnitude being proportional to this moment. The third term, the transferred field, is 
proportional to the number of nearest neighbour atoms nj (i) and their magnetic moments 
~(j). The contact field at nucleus i canthen be written as [Alp95] 

lBcani =a~( i)+ cL nj(i)~(j), (3.2) 
j 

with a and c the hyperfine coupling constants. Equation 3.2 shows that the polarisation 
depends on the magnetic moments of the neighbouring atoms, making the hyperfine field 
sensitive to its atomie local environment. 

The dipolar hyperfine field 

The dipolar interaction between the nuclear magnetic moment and the magnetic moment 
of the unpaired 3d electrans within the same atom causes the dipolar hyperfine field. The 
magnitude and anisotropy of this field depend on the symmetry of the crystal. For cubic 
crystals this hyperfine field vanishes, but for lower symmetries, like the hexagonal close packed 
(hcp) structure, a small anisotropy in B~f is observed. For magnetically ordered materials 
this contribution is small and may be ignored. 

The orbital field 

The last contribution to the hyperfine field is the orbital field Borb, which arises from the 
orbital angular momenturn of the electrans in the unquenched 3d shell. This field is described 
as being proportional to the expectation value of the angular momentum, L, divided by the 
distance r ( to the nucleus) to the third power, 

B~o ex \ f,) (3.3) 

Compared to the Fermi contact interaction, as the dipolar hyperfine field, this field is small 
and therefore also can be neglected. 
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3.1.2 Dipolar field 

As mentioned in section 3.1.1 the nulceus interacts with the 3d shell of the atom itself. 
Furthermore this nuclear magnetic moment interacts with the magnetic moment of all other 
atoms present in the sample. This is called the dipolar field and can be expressed by 

E . _ llo "' [- mi 3 (mi · fi) fi J 
dtp- 47r 6 ,-.,3 + ,-.,5 ' 

i,if=j rz r2 

(3.4) 

with p,0 the magnetic permeability in vacuum, mi the magnetic moment of atom i and fi 

the relative position of atom i with respect to the considered nucleus. The sum runs over all 
dipole moments except the moment ( mj) of the nucleus under consideration. This dipolar 
field can be split up into two separate fields, an isotropie Lorentz field, EL, which is equal to 
~p,0M8 , where Ms is the saturation electron magnetisation, and an anisotropic part, referred 
to as the demagnetising field, Bdemag· The demagnetising field originates from the surface 
divergence of the magnetisation vector and depends on the shape of the sample. It tends 
to demagnetise the sample, as the name implicates. In the case of an infinite thin plate the 
demagnetising field can be described as 

(3.5) 

with ëz the direction normal to the film plane and e the angle between l'vÏs and fh. This 
means that for a thin film with the magnetisation in-plane Edemag = 0 and to force the 
magnetisation out of plane a field of p,0NI8 is needed. 
In nonellipsoidal bodies, like wires, this field is nonuniform throughout the structure. When 
a sufficiently large magnetic field is applied externally, the sample will become uniformly 
magnetised, despite the nonuniformity of the demagnetising field. The demagnetising field 
can be expressed as the inner product of the tensorial demagnetisation factor N and the 
magnetisation NI: 

-
Edemag = -N · M. (3.6) 

This equation describes a linear relationship between two vector quantities. However, for 
nonellipsoidal bodies this relation in general will not be linear, but the first-order demagnetis
ing field though can always be described in this way. For a wire of length L and diameter 
2a an approach was made by Joseph et al. [JS65] to calculate the demagnetisation factor 
for nonellipsoidal bodies. Applying first-order theory and assuming the length of the wire is 
much long er than the diameter ( L » 2a, L -T oo), this leads to the following result for the 
zz-component of the demagnetisation factor: 

(1) - ~ Nzz (r, 0) - 2. (3.7) 

This implies that in order to force the magnetisation perpendicular to the wire an externally 
applied magnetic field of half the saturation value l'vis is required. This outcome will be used 
later on in this report. 
From the foregoing it is now clear that the effective hyperfine field acting on the nucleus can 
be expressed as the sum of the hyperfine field and the isotropie part of the dipolar field, 

Ehf = E~f +EL. (3.8) 

For Co wires, which will be discussed in chapter 6, besides these two contributions, also the 
demagnetising field has to betaken into account. 
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3.2 Effect of the local environment on the hyperfine field 

As pointed out in the previous section, the hyperfine field depends on the local atomie en
vironment. In the following subsections the influence of crystal structure, strain and foreign 
neighbours on this hyperfine field will be discussed. In section 3.3 a theoretica! spectrum of 
a NMR-measurement of a multilayered sample will be presented tagether with a methad for 
the determination of the interface roughness. 

3.2.1 Crystal structure 

The local structure of a crystal determines the magnitude and orientation of the hyperfine 
field. For Co different cystal structures can be distinguished. First the face-centered-cubic 
(fee) structure has an isotropie hyperfine field with a magnitude of 21.6 T [dGBAdJ94]. 
Secondly a body-centered-cubic (bcc) structure can exist, with a hyperfine field of about 
19.7 T [DJML93]. The aceurenee of the hexagonal-close-packed structure (hcp) is another 
possible structure for Co, having an anisatrapie hyperfine field which is angular dependent 
according to 

(3.9) 

Here 0 is the angle between the c-axis (symmetry axis) of the hcp-structure and the electron 
magnetisation, Bi is the isotropie part of the hyperfine field (;:::;:; 22.6 T) and Ba the anisatrapie 
part (;::;;:; -0.57 T) [FBG+78]. The different crystal structures are illustrated in figure 3.1 
[Kit86]. A more detailed description of the anisotropy field of the hcp-structure can be found 
in [dG93]. 
From equation 3.9 two extreme values appear. When the hyperfine field is along the [0001] 
direction (0=0°) it reaches its minimal value of 21.9 T, called hcpll in this report, and directed 
perpendicular to the [0001] direction (0=90°) it is maximal (22.8 T) and called hcp1_. 

c-axis 

fee bee hep 

Figure 3.1: Some of the crystal structures in which Co can occur. 

3.2.2 Strain 

Strain in a crystal is the compression or expansion of the lattice due to several farces, orig
inating from, for example, impurities in the lattice or the interface between two layers com
posing of different elements, bath resulting in a lattice mismatch. When a material is com
pressedjexpanded, the magnetic marneuts change and also the spin-density of the valenee s 
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electrans at the core, thus distarting the hyperfine field. The relation between the change in 
volume due to stress, .6 V, and the change in hyperfine field for Co was determined as [Alp95] 

(3.10) 

From this equation it is clear that when the lattice is compressed, the hyperfine field increases 
and vice versa. 

3.2.3 Foreign neighbours 

Besides structure and strain, the presence of foreign neighbours in the nearest neighbour shell 
of an atom also will change the hyperfine field. As discussed insection 3.1.1 the most impor
tant contribution to the hyperfine field, the contact field, is sensitive to the local environment. 
The contact field depends on the magnetic moments of neighbouring atoms, so atoms with 
only neighbouring atoms of the same kind will have a different hyperfine field than atoms 
that have some foreign neighbour atoms. These foreign atoms change the hyperfine field first 
because of the above-mentioned different magnetic moment they carry, thus causing a trans
ferred polarisation, and secondly the electrastatic potential, i.e. nuclear charge, is not the 
same. In a multilayer, layers of atoms of a specific kind are alternated by layers of atoms of 
a different kind. So, in general there will be atoms residing in the middle of a layer, therefore 
being surrounded only by atoms of the same kind; these are called the bulk atoms ('host' 
atoms). At the interface atoms are situated which do have one or more foreign neighbour 
atoms. Because the hyperfine field is sensitive to the local atomie environment, as discussed 
in the previous section, atoms at the interface will have a different hyperfine field than atoms 
that are situated in the bulk of the layer. 
Accordingly, the NMR spectrum will show distinct lines, a bulk peak caused by the bulk 
atoms and one ore more peaks which result from atoms with foreign atoms in their nearest 
neighbour shells. Dependent upon the kind of foreign atom in the nearest neighbour shell 
of a host atom, the hyperfine field can shift to higher or lower hyperfine field with respect 
to the bulk value. An overview is given in table 3.1 for the shift of the hyperfine field at 
a Co nucleus when a Co atom is replaced by one of these foreign atoms in their nearest 
neighbour shell.The absolute change of the hyperfine field depends on the number of foreign 
neighbour atoms. A reasanabie approximation is to assume that the change is proportional 
to the number of atoms that are replaced by foreign atoms. For example, when a Co atom 
is replaced by a Cu atom, the hyperfine field will be decreased by 1.6 T; replacing three Co 
atoms by Cu atoms will result in a lowering of the hyperfine field by approximately 4.8 T. 

Table 3.1: Shift of the hyperfine field of Co when a Co atom is replaced by a foreign atom 
in the nearest neighbour shell. 

element shift (T) element shift (T) 
Al -2.2 V -4.0 
Si -1.6 Nb -4.7 
Cu -1.6 Ti -4.0 
Fe +0.9 Cr -3.2 
Ni -0.7 Ru -2.5 

Mn -3.7 Ge -1.6 
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Note that a foreign atom in the next nearest neighbour shell merely gives a line braaderring 
of the bulk line. 
By now, it may be clear that the different lines appearing in a NMR spectrum provide 
information on the local atomie environment. The intensities of the lines indicate the relative 
number of atoms that reside in a specific environment. This information is used to obtain 
valuable information such as the interface roughness, which will be illustrated in the next 
section starting with a hypothetical NMR spectrum. 

3.3 Multilayers and interface roughness 
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Figure 3.2: A theoretica[ NMR spectrum of a Co/Cu multilayer, showing the bulk line which 
consists of a fee structure. On the left of this main line different satellites can 
be distinguished which originate from Co atoms with one ar more Cu nearest 
neighbours. 

Figure 3.2 is an example of a theoretica! NMR spectrum of a Co/Cu multilayer. The bulk 
peak of fee Co is located at a hyperfine field of 21.6 T, arising from Co atoms surrounded only 
by Co atoms. When rnaving to the left of this bulk line, we see the appearance of the so-called 
interface part characterised by different peaks. These peaks originate from Co atoms at the 
interface of two layers, which have one or more Cu atoms as nearest neighbours, also called 
satellite peaks; that is, a Co atom that is surrounded by n Cu atoms is called the nth satellite. 
For the first five or six satellites the distance between adjacent peaks is approximately 1.6 T. 
From such a spectrum information can be obtained about interface topology and roughness 
by analysing the intensities of the bulk and interface parts. A schematic representation of 
two types of interfaces is given in figure 3.3 tagether with their conesponding NMR spectra, 
bath for the situation of fee structured Co. In this configuration Co has 12 atoms as nearest 
neighbours. In figure 3.3(a) a perfectly flat interface is presented when layers are grown in 
the ( 111) direction. In this direction fee Co has 6 nearest neighbours in the layer in which 
it is situated and 3 in bath the layer above and underneath. Thus the NMR spectrum for a 
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perfectly smooth interface will show only two lines, namely the main fee line and the third 
satellite. Consiclering flat interfaces in the (100) direction will result in the main line and the 
fourth satellite, because in the fee structure an atom has 4 nearest neighbours in each layer 
surrounding it. Figure 3.3(b) shows a diffuse interface in which surroundings are possible from 
one upto twelve Cu nearest neighbours. Consequently, in the NMR spectrum all satellites 
are visible. 
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Figure 3.3: Schematic representation of two types of interfaces and their accompanying 
NMR spectra. (a) Perfectly fiat interface with only the main line and the third 
satellite. (b) A diffuse interface with the spectrum displaying all kinds of satel
lites. Bath figures are for the fee structure grown in the {111) direction. 

It is very important to know the interface roughness of a multilayer, defined as the relative 
number of Co atoms at the interface compared to the number of bulk atoms. By camparing 
the intensities of interface and bulk parts we can calculate the interface roughness as already 
stated above. This means that we actually need only one spectrum todetermine this quantity. 
But since in practice not the entire spectrum is measured (just the first, most important part 
of the interface spectrum and the main line), this methad is not very reliable. Van Alphen 
worked out a methad to accurately determine the interface roughness [Alp95]. This methad 
is especially well applicable when the satellite peaks are not well resolved, which sametimes 
is the case. Consicier a series of multilayers with a variable Co layer thickness. Normalising 
the NMR spectra on the Co layer thickness and assume that the interface topology and 
roughness is constant, the interfacial parts overlap. In other words, the interface roughness is 
indepedent of the Co layer thickness and in this way the bulk integrals of thc NMR spectra can 
be calculated for different boundaries between the bulk and interface part. In figure 3.4 this 
procedure is depicted. In figure 3.4(a) four theoretica! NMR spectra are presented for varying 
Co layer thicknesses. The interfacial parts are constant and the bulk lines have an intensity 
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Figure 3.4: Determination of the interface roughness when the bulk part is hard to sepa
rate from the interface part. Bulk intensities, obtained for different boundaries 
between bulk and interface, as function of the Co layer thickness, yield the in
terface roughness. The dotted lines in (a) are the different boundaries for which 
the bulk integrals are calculated. The straight lines in (b) are linear fits through 
the calculated bulk intensities. 

ratio equal to the ratio of the Co layer thicknesses. The bulk integrals were calculated for five 
distinct boundary values ( dotted lines) and the resulting intensities are plotted as a function 
of the Co layer thickness for all four spectra in figure 3.4(b). The calculated intensities for 
every boundary value are then fitted with a straight line which crosses the x-axis (Co layer 
thickness). vVhen the boundary is shifted from higher to lower values of the hyperfine field 
in the region where only bulk atoms contribute to the intensity, this will result in a larger 
increase of the bulk integral for thicker Co layers than for Co layers with a smaller thickness. 
Accordingly, the fitted lines for the lower boundary values of the hyperfine field will have a 
larger slope, but they all interseet the x-axis at the same point. If the boundary is lowered 
even more until some of the interface atoms do contribute to the bulk integrals, the fitted lines 
will merely shift to the left ( the slope remaining constant) si nee for all spectra the increase 
of the bulk integral is the same as the interface is assumed to be constant. So in fact an 
extrapolation of the measured points to zero bulk atoms is done and hence the intersection 
with the x-axis of the lines for which only bulk atoms do contribute, will give the correct 
value for the interface roughness. The value of the Co layer thickness found in this way is 
the thickness of the interface region per Co layer, which equals two times the thickness of 
the mixed region per interface. For example, figure 3.4(b) gives us a value of 4 A, thus an 
interface roughness of 2 A ( ~ 1 monolayer). 
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Electrodeposition 

Electrodeposition is a versatile technique that is used by the industry for a very long time 
already in a variety of applications such as coatings and permaltoy thin-film recording heads. 
The process is based on the principle of a substmte, that is placed in an electrolyte containing 
metal ions. Since these ions are positively charged, they can be deposited on the substmte by 
applying a voltage. In this chapter this principle will be briefly described. Ajter an introdue
tion the electrodeposition equipment is dealt with in section 4.2. An example of the process 
will be given in section 4. 3. 

4.1 Introduetion 

Recently, the process of electrodeposition, sametimes referred to as electroplating, has gained 
a growing interest. Especially in the field of very thin layers this technique is now being 
employed with increasing success [SL96, VBDA95, PDF96]. With electrodeposition it is pos
sibie to deposit multilayers from a salution at ambient pressure and temperature which makes 
it a technique very easy to use, in contrast to ultra-high vacuum techniques like sputtering 
and Molecular Beam Epitaxy (MBE). Moreover, it offers new possibilities for growing spe
cial structures like cylinder-shaped wires in the pores of commercially available membranes. 
These wires can be used to study perpendicular transport in multilayers. Compared to ultra
high vacuum techniques an other significant advantage of electrodeposition is that it is a 
relatively simple technique and casts are much lower. 

The major part of this report describes multilayer wires of the general composition n x 
{iA A (metal A) + tB A (metal B)}. Here n is the number of layers and iA and tB are the 
individual layer thicknesses of metals A and B. Two main methods are available in order 
to electrodeposit these multilayers. First of the two methods is the dual-bath method. The 
substrate then has to be transferred from one bath containing metal A to the other containing 
metal B. Layers of pure metals can be deposited in this way. The main disadvantages of the 
dual-bath methad are the possible chance of contamination when the substrate is transferred 
from one bath to the other and the fact that it is time-consuming to make multilayers with 
a large number of repetitions. 
An alternative to t.he dual-bath methad is the single-bath method. In this technique all the 
ions of the metals to be deposited are present in a single electrolyte. The composition of the 
film can be modulated by cantrolling the deposition potential or the deposition current. We 
have used the single-bath methad to grow our multilayers. 
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4.2 Experimental setup 

A cross-section view of the electrodeposition cell which is used to produce the multilayers 
is schematically shown in figure 4.1. At the bottorn an ertalyte holder is placed. In this 
holder the working electrode (a capper plate) is placed on which the substrate can be put. 
On top of this a polypropylene circular cell is mounted. On the bottorn it has a rubber 
0-ring which presses on the substrate to prevent leakages. The cell itself is filled with an 
electrolyte which contains the required metal ions for deposition of the multilayers. Inside 
the electrolyte two electrades are placed, the counter electrode acting as an anode and a 
reference electrode (HgjHg2Cl2). The three electrades are connected toa potentiostat which 
supplies the required potential or current. The potentiostat is connected to a computer 
which controls the deposition process. Deposition parameters are entered here, such as the 
deposition potentials, individuallayer thicknesses and the total number of layers to be grown. 
The multilayers we have grown consist of cabalt (Co) and capper (Cu). Therefore the elec
trolyte used for electrodeposition of the samples must contain Co2+ and Cu2+ ions. In order 
to deposit these ions one has to apply a potential which equals at least the electrochemical 
equilibrium potential. These potentials depend on the metals that are used. With respect 
to a hydragen reference electrode the electrochemical potentials of Co2+ and Cu2+ are -0.28 
V and +0.34 V respectively. The higher electrochemical potential for Cu2+ ions means that 
Cu is more noble than Co. Because we use the single-bath methad the electrolyte contains 
both ions and therefore we can deposit nearly pure layers of Cu since at this potential no 
Co will be deposited. But at the equilibrium potential for Co2+ also Cu2+ atoms will be 
incorporated in the layer which results in an alloy structure of Co and Cu. Some authors 
refer to such layers as Co-Cu/Cu or Co(-Cu)/Cu multilayers, but in this report the notation 
Co/Cu will be used, although the Co layers are alloyed with Cu. To reduce the amount of 
Cu in a Co layer, the concentration of Cu2+ in the electrolyteis kept sufficiently low. The 
electrolyteis made by dissolving powder of 400 g CoS04·?H20 and 2 g CuS04·SH20 in 1 l 
H20. The Co concentration is near to saturation while the Cu concentration is a factor 200 
lower. In addition to these components for growing multilayers 40 g boric acid (H3B03) is 
added to control the pH of the electrolyte near to the substrate. The pH of the electrolyte 
is about 3.5. Besides multilayers also samples have been made of only Co or Cu. For only 

relerenee 
electrode 

counter 
electrode 

Figure 4.1: Cross-section of the electrodeposition cell. The electrades are connected to a 
potentiostat which controts the voltage between counter and working electrode. 
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Co deposition, an electrolyte with the following recipe is used: 400 g/l CoS04·7H20 and 40 
g/l H3BÜ3. In the case of only Cu deposition the recipe is: 200 g/l CuS04 ·5H20 and 50 g 
H2S04. Sulfurie acid is added to obtain a good conductivity of the electrolyte and second to 
reduce the chance of the forming of Cu(OH)2. 
The working electrode at the bottorn ofthe electrodeposition cell acts as cathode and therefore 
supplies the electrans which reduces the Co2+ and Cu2+ ions to the metals according to the 
following reaction: 

Cu2+(aq) + 2e- ---t Cu(s), 

Co2+(aq) + 2e- ---t Co(s). 

(4.la) 

( 4.lb) 

To obtain a closed electrical circuit a counter electrode is used as anode. For the experiments 
two different counter electrades have been used, Co and platinum (Pt). The Co anode was 
used for the deposition of multilayers. At this electrode the following spontaneous processes 
take place: 

Co(s) ---t Co2+(aq) + 2e-, 

Cu2+(aq) + 2e- ---t Cu(s). 

(4.2a) 

( 4.2b) 

Because Cu is the more noble element of the two, Co will give up two electrans and dissolve 
in the electrolyte while Cu absorbs these two electrans and reduces to the metal at the Co 
anode. An additional unwanted effect is that the Cu concentration will be reduced in this 
way and the deposition of the Cu layers will take langer time. The pH will increase slightly 
during the experiments, due to the development of hydragen (2H+(aq) + 2e- ---t H 2 (g)), to 
values between 4 and 5 depending on time, though this will not have a significant effect on 
the multilayered structure. The Pt electrode is used for samples of only Co or Cu. When 
this electrode is used to deposit Co from a Co electrolyte (pH~3.5) the reaction 

( 4.3) 

will take place in the electrolyte which lowers the pH of the electrolyte. The electrolyte 
becomes more acid leading to the development of hydragen below pH values of about 3.0 and 
as a consequence the layered structure might be damaged and current will be 'lost' which 
means that Co and Cu layer thicknesses cannot be determined accurately anymore. For the 
deposition of Cu, however, this has practically no influence sirree the electrolyte with Cu ions 
has a very low pH of about 0.3. 
As reference electrode we have used a saturated calomel electrode (SCE). This electrode is 
placed directly above the substrate at a distance of 28 mm. With the SCE electrode the 
potential is measured close to the substrate in order to minimise the potential losses due to 
the resistance of the electrolyte. Placing the SCE electrode too close to the substrate results 
in a disturbance of the electric field in the region between the electrode and the substrate and 
too far from the substrate the resistance of the electrolyte leads to an incorrect measurement 
of the potential. The potentiostat controls the potential of the working electrode relative to 
the reference electrode. 
The potentials for deposition of Co and Cu with respect to the SCE electrode are different 
from those for a standard hydragen electrode. For Cu deposition this potential is about 
-0.1 V and for Co approximately -0.7 V. Alternate layers of Cu en Co can thus be grown 
by switching between these potentials. A computer program controls these potentials via 
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Figure 4.2: Schematic representation of the substrate, the membrane with tape on the gold 
coated side and attached to a capper plate with silver conductive paint. 

the potentiostat. This program also registrates the current and the charge already used for 
growing each layer. When this charge used corresponds to the charge required for the desired 
layer thickness the potential is switched to the potential for the next layer. 
As substrates we use polycarbonate and ceramic membranes. The first set of membranes 
have a thickness of 6 J.Lm and the density of the pores is 6 x 106 mm - 2 . The thickness of 
ceramic membranes is 60 J.Lm withapare density of 1 x 107 mm-2 . Pare diameters are 80 nm 
for polycarbonate membranes and 20 and 100 nm for ceramic membranes. The substrates 
are sputter coated on one side with gold to a thickness of about 1 J.Lm to obtain a conducting 
base layer. With silver conductive paint on one side the membrane (with tape) is attached 
to a capper plate. With the pores facing upwards this is placed on the working electrode. 
The membrane substrate is depicted schematically in figure 4.2. 

4.3 Process of electrodeposition 

Multilayers are grown at deposition potentials of Ucu = -0.55 V and Uco = -1.05 V. Alter
nate layers of Cu and Co are deposited by switching between these potentials which results 
in a block potential applied to the substrate, as shown in the top panel of figure 4.3. The 
computer program monitors the deposition current as function of time. By integration of the 
current the charge that is supplied to the layers can be calculated. If the charge corresponds 
with the desired layer thickness the program switches to the potential for deposition of the 
next layer. In the bottorn panel of figure 4.3 an example of the growth of a few layers is 
shown. The scale for the Cu deposition current is multiplied by a factor 10. The Co de
position current is larger than the Cu deposition current since the concentration of Co is 
much higher. The time for deposition of a Co layer is much shorter than that for a Cu layer, 
typically 0.5 seconds compared to 30 seconds, and of course these times depend on the de
sired layer thicknesses. A peak with negative current is seen immediately after the deposition 
of the Co layer. This is called the anodic pulse during which some of the just deposited 
Co atoms dissolve again in the electrolyte. Part of the produced electrans will be used to 
reduce the more noble Cu2+ ions at the substrate to Cu and the rest moves via the wiring 
to the anode where other Cu2+ ions absorb these electrons. The anodic pulse lasts only for 
a very short time and the charge passed back is about 1 % of the total charge used during 
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Figure 4.3: The top panel shows the block potentials applied to the substrate and the bottam 
panel shows the current during the deposition of Co and Cu. 

the experiment. This anodic pulse is also the reason for the deviating deposition potentials 
used to grow multilayers. If the deposition potential for Cu is chosen toa low (e.g. -0.1 V), 
the current due to the anodic pulse would dominate the Cu current for a much langer time 
resulting in a larger dissolve of the just deposited Co layer. 
When the first wires emerge at the surface of the membrane the current starts to increase 
because the available area for deposition increases. In general nat all wires will emerge at the 
same time since the pores will nat be identical tbraughout the whole membrane. This means 
that only a few wires will have emerged at the surface at the end of the deposition process 
which is anideal situation for the magnetoresistance measurements (next chapter), because 
it is then easy to contact only a moderate number of wires. 
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Chapter 5 

Co/ Cu multilayer wires in 
polycarbonate membranes 

In this chapter the results will be discussed of the production and characterisation of magnetic 
multilayers grown in the pores of polycarbonate membranes by means of electrodeposition. In 
section 5.2 one multilayer of a series of multilayers will be discussed in more detail with 
regard to the production process and NMR measurements. Beetion 5.3 deals with the NMR 
spectra of the total series of multilayers. Finally magnetoresistance data in CPP geometry 
will be presented in section 5.4. 

5.1 Introduetion 

The discovery of giant magnetoresistance (GMR) in Fe/Cr multilayers [BBF+88] has greatly 
stimulated the interest in magnetic metallic multilayers. Since then magnetic multilayers 
have been investigated mainly on their magnetoresistance (MR) effect in the Current In 
Plane (CIP) geometry because of the relatively large resistances involved making this simple 
to measure. Recently, a new type of multilayers consisting of electrodeposited magnetic and 
nonmagnetic layers in the cylindrical pores of a template polymer membrane, has showed 
a GMR effect [BMDA94, PGD+94, LNSC95]. This multilayered system has the special ad
vantage that it is suitable for magnetoresistance measurements in the Current Perpendicular 
to Plane (CPP) geometry. The CPP geometry is especially interesting since it results in a 
larger magnetoresistance than in the case of the CJP geometry and therefore offers better 
perspectives for certain applications. The main difference between these two geometries, as 
described by the Valetand Fert model [VF93], is that the sealinglengthof the CPP-GMR is 
the relatively long spin ditfusion length (SDL), whereas in the case of CIP-GMR the sealing 
length is the much shorter electron mean free path. Consequence is that no langer multilayers 
with individuallayer thicknesses in the nanometer range or smaller are necessary to measure 
the phenomenon of GMR. 
For the electrodeposited multilayered nanowires discussed in this chapter nuclear track-etched 
polymer membranes1 are used, called polycarbonate membranes from now on. Only one 
kind of polycarbonate membrane is used which has a thickness of 6 J.lm, a pare density of 
6x106 poresjmm2 and a pare size (diameter) equal to 80 mn. Multilayers are fabricated by 
electrodeposi ti on ( chapter 4) from a single electrolyte containing Co2+ and Cu 2+ i ons using 

1The membranes are obtained from Nuclepore Corporation, Pleasanton U.S.A. 
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potentials of -0.55 V for Cu and -1.05 V for Co. Individuallayer thicknesses of roughly 20 A 
for Cu and varying Co layer thicknesses ranging from a few to several tenths of Angstroms 
have been produced. The nanowires thus made contain several hundreds toa few thousand 
bilayers ( Co+Cu). 
A synthesis study of electrodeposited nanowires in these kind of membranes by Schönenberger 
et al. [SdzF+97] revealed that the cross section of the wires is not constant throughout its 
length. The wire diameter, which directly reflects the pore diameter, was observed to be 
considerably larger in the middle than at both ends. In the middle of the membrane the pores 
are wider by up to a factor of 3, also found by Chlebny et al. [CDA93]. So in general the 
pores are not cylindrical with a constant cross section, but they appear to be 'cigar-shaped'. 
Another intrinsic property of these commercially available membranes is that the pores are 
not aligned parallel but have a considerable angular distri bution of ±34°. This means that the 
lengthof the pores, throughout the membrane, is not constant. Hence, during the deposition 
process not all of the pores will be filled at the same time. These effects bring about that 
the individuallayer thicknesses which are desired, will not be achieved. As aresult layers in 
the middle of the pores have a smaller thickness than layers at the ends of the pores and in 
the next section two methods are explained to calculate the true individual layer thickness. 
These calculated layer thicknesses in fact represent an average layer thickness. 

5.2 ( 40 A Co + 23 A Cu) multilayered nanowires 

Before discussing the total series of multilayers grown in polycarbonate membranes, one 
multilayered nanowire sample will be discussed in more detail. This sample consists of a 
multilayer of intended thicknesses of 40 A Cu and 100 A Co, sample number 80Au18a. The 
desired layer thicknesses are not achieved due to several effects, which will be explained later 
on. This and all other samples are produced by means of electrodeposition. A computer 
measures the current as a function of time, which for sample 80Au18a is presented in figure 
5.1. In this figure the current due to Co deposition can be seen much more clearly than the 
current for depositing Cu since the latter is approximately a factor 50 to 100 smaller and 
pulses succeed each other rapidly (Cu rv 5 s and Co < 1 s). When starting, first a Cu layer 
is deposited for 60 seconds to make sure that all of the pores are well enough filled on the 
bottorn where the gold coating is sputtered and to lower the local concentration of the Cu2+ 
ions which might contaminate the Co layers. Alternate Cu and Co layers are deposited until 
the pores are completely filled. Figure 5.1 shows that at the beginning of the multilayer 
growth the current (for Co deposition) increases. A reason for this might be that near the 
bottorn of the pores a higher Co2+ concentration is present at the start of the multilayer 
growth. Diffusion processes due to the very small dimensions of the pores limit the supply 
of ions and in a few minutes time an equilibrium establishes between ions supplied and ions 
deposited. As a consequence the current decreases down to a constant value of about 3 mA. 
At this current the process of growth continues as the layers of Cu and Co alternately deposit, 
filling the pores until the first wires do emerge at the surface of the membrane, which results 
in an increase of the deposition current since the area of deposition for the Cu2+ and Co2+ 
ions becomes larger. In general not all wires will emerge at the same time because of the 
irregularities of the polycarbonate membranes. When switching from the Co potential to the 
Cu poten ti al an anodic pulse is seen (negative current, see inset of figure 5.1), because some 
Co atoms just deposited will dissolve again in the electrolyte. 
The thickness of the layers that are grown, will in general not be the same as the thicknesses 
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Figure 5.1: Electrodeposition of sample 80Au18. The current is drawn as function of time. 
N ear the end where the current increases, the wires start to emerge at the surface 
of the membrane, indicated by the arrow. The inset shows part of the electrode
position process with Co deposition pulses (large current), Cu deposition pulses 
and anodic pulses (negative current). 

that were intended, as mentioned above. First because the pores are somewhat 'cigare
shaped' (section 5.1) which results in thinner layers towards the middle of the membrane. 
Furthermore, Co is not deposited with 100% efficiency because the deposition voltage of Co2+ 
ions (-1.05 V) is very close to the potential of hydragen (:=::::-1.20 V). This means that not the 
full amount of current that is supplied is used for deposition of Co2+ but some current is lost 
due to H2(g) production. In the next chapter this efficiency for Co is calculated to be about 
70%, while for Cu this value is assumed to be 100%. The actuallayer thicknesses can now 
be computed in two ways because, as mentioned above, the computer measures the current 
as function of time, and thus the total charge used for deposition of all the layers, as well as 
the number of deposited layers. First the layer thickness will be calculated using the total 
number of layers grown. This number is taken at the time that the deposition current starts 
to increase, which means that the pores are completely filled. From the data of figure 5.1 it 
follows that 966±15 layers are then deposited. Since the thickness of the membrane equals 
6 t-tm the layer thickness (Cu + Co) is equal to 62.1 A. Accounting for the yields of Co we 
have an intended Co layer thickness of 70 A. For one layer the true thickness of Co is 70/110 
· 62.1±1.0 A = 39.5±1.0 A and hence the Cu layer thickness is equal to 22.6±1.0 A. 
For the secm1d method the ratio between the charge needed to completely fill a membrane 
with a multilayer and the theoretically computed charge has to be determined. The pore size, 
pore density, thickness of the membrane and the elementsof which the multilayer is composed 
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of are known. In this way the total charge can be calculated required to fill the complete 
membrane (this calculation is shown in appendix A). For the considered multilayer of '40' A 
Cu and '100' A Co this calculation is clone as an example which results in a total charge of 
395 mC. Evaluating the measured data a total charge of 879 mC is used for the 966 layers, 
resulting in a ratio of 2.225 between the actually needed and theoretically required charge. 
For the individual layer thicknesses of Co and Cu, correcting for the Co yields, this gives 
a thickness of 40.4 A and 23.1 A respectively, in excellent agreement with the thicknesses 
determined from the total number of deposited layers. 
The NMR spectrum is measured with the following pulse parameters: ~-pulse = 1 f-LS, 1r-pulse 
= 2 f-LS, delay 1 = 8 f-LS, delay 2 = 9.3 f-LS and a long delay of 100 ms. Besides the spin-echo 
also the spin-spin relaxation time T2 is measured, using the CPMG sequence explained in 
chapter 2. For sample 80Au18a this measurement is shown in figure 5.2. It appears that the 
spin-spin relaxation time for the bulk atoms at frequencies around 220 MHz is shorter than 
for atoms at the interface with frequencies lower than about 205 MHz. The most important 
contributions to T2 are the direct dipole-dipole interaction and the Suhl-Nakamura interaction 
[Suh59, Nak58]. Furthermore the interface atoms have foreign neighbours in their nearest 
neighbour shell, that is Cu atoms for our sample, and while these atoms do not resonate at 
the applied frequencies here, Co atoms at the interface will have less probability to interact 
withother resonating atoms in their neighbourhood, resulting in a longer relaxation time T2 

for interface atoms. For lower frequencies the error in T2 is rather large because of two effects. 
First at the interface less atoms are resonating and second the spin-echo intensity decreases 
with frequency according to equation 2.14. Because the noise remains constant, the signal to 
noise ratio decreases substantially, which results in considerable scattering of the measured 
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Figure 5.2: Spin-spin relaxation time measurement of sample 80Au18a. Near to the fre
queney of the bulk fee peak (217 MHz) the spin-spin relaxation time T2 is min
imal. For deereasing frequeneies T2 inereases. 
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T2 points. Since the spin-echo time (pulses plus delay times) used for this experiment is 20.3 
~ts and the spin-spin relaxation time in the bulk is approximately 200 ~s, we have to correct 
the measured NMR spectrum for T2, especially for the bulk peak. The correction then made 
results in a considerable increase of the bulk peak of circa 10%. Correction for the spin-lattice 
relaxation time T1 is not necessary because the long delay of 100 ms is long enough for the 
magnetisation to reeover to its equilibrium. 
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Figure 5.3: Restoring field as function of frequency. 

Performing a frequency scan in zero field brings about that the reflected power has to be 
minimised by adjusting two capacitors (section 2.4). At every frequency a computer program 
tunes the capacitors to obtain a minimum in the reflected power. A spin-echo experiment at 
a certain frequency is done by measuring the intensity of the spin-echo at different values of 
the applied RF power. The distribution of the measured points is Gaussian which follows 
from the distribution of the enhancement factor 77, shape of the coil, domain wall motion, 
directionsof the domains and walls and the distri bution and penetration-depth of E 1 [Mén94]. 
Fitting these data with a Gaussian function results in a RF power value at which the spin
echo intensity is maximaL In general this optimal RF power value will not be the same for 
every frequency. Due to enhancement the nuclei will experience a restoring field Bres which 
is much larger than the applied field B1. The relation between the external RF field E1 and 
the applied RF power (in dBm) can be expressed as 

Bl = 0.92 X 10RFpowerj20, (5.1) 

with E 1 in Oe. The factor 0.92 h~s been computed by performing a NMR experiment on 
a teflon test sample. vVith known pulse times and assuming that the angle of rotation 
is equal to 90°, we can calculate the field B 1 that is required according to equation 2.12. 
When measuring magnetic samples enhancement causes a much stronger field experienced 
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by the nuclei. Taking into account this enhancement and using this in equation 2.12 results 
in rJBl = 1562 Oe ( T = 1 J-LS). Inserting these parameters in equation 2.18 this gives the 
following relation for Bres: 

(5.2) 

with B1 given by equation 5.1; all fields have the dimension of Oe. In figure 5.3 the restoring 
field Bres, computed according to equation 5.2 with the optimal RF power values, is plotted 
as function of frequency. Towards both sicles of the measurement, for higher and lower 
frequencies, appreciably more power has to be applied on account of the very low preserree 
of nuclei that resonate at these frequencies and, accordingly, the error on these points is 
larger. The interface, up to frequencies of about 205 MHz, has a fairly constant restoring 
field of about 3000 Oe. Moving from 205 MHz to 213 MHz the restoring field shows a quite 
large increase to values of about 4000 Oe. This rise of the restoring field is consistent with 
measurements performed by Pannisod [Pan97]. He attributes this increase to the existence 
of grain boundaries at these hyperfine field values. However, in our samples it is nat thought 
to be likely that grain boundaries cause this increase, but it might be due to the softer 
character of the interface. It turns out that for hcp Co with the hyperfine field perpendicular 
to the c-axis (hcp_1) the restoring field is smaller than for fee Co. Since this hcp fraction 
is magnetically softer than fee Co, the anisotropy of hcp _1 is smaller. A smaller anisotropy 
results in a larger enhancement and therefore less power has to be applied for hcp_1. In 
between these two structures lies hcpll with the magnetisation parallel to the c-axis. The 
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Figure 5.4: NMR spectrum of sample 80Au18a. At 211 MHz the bulk fee peak is clearly 
visible. The interface intensity at the lejt of this main line indicates that the 
Co/Cu interfaces are quite rough. A possible third satellite at 182 MHz is seen. 
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anisotropy is larger than for hcpj_ but it still is smaller than for fee Co. Because of these 
differences in restoring field we have to correct for this quantity as well. Since the real 
spin-echo intensity is inversely proportional to the enhancement factor rJ, and 'rJ ex ~1 , the 
true spin-echo intensity is proportional to Bres (equation 2.18). To correct the spectrum for 
enhancement the measured spin-echo intensity has to be multiplied with the restoring field. 
It may be clear from the foregoing that the measured NMR spectra have to be corrected for 
.p, the spin-spin-relaxation time T2 and the restoring field B1, which is clone from now on for 
every measured sample. The NMR spectrum presented in figure 5.4 is measured by means of 
a frequency scan in zero field, with a RF power optimisation and at a temperature of 1.6 K. 
Measurements were carried out by changing the frequency from 235 MHz downto 150 MHz. 
For lower frequencies the spin-echo intensity gets smaller and smaller and therefore becomes 
more difficult to measure. In figure 5.4, the bulk peak from Co atoms in a fee structure is 
clearly visible at a frequency of 217 MHz. At lower frequencies we find Co atoms that are 
situated at the interface. These atoms have a lower hyperfine field because these Co atoms are 
surrounded by one or more Cu atoms. The interface spectrum shows no clear satellite peaks, 
indicating that the interface is rather diffuse. At 182 MHz there is some increase in intensity. 
The frequency difference between the bulk fee peak and this possible satellite line is 35 MHz. 
Investigations by Van Alphen [ACL +96] on the satellite lines of Co/Cu multilayered films 
produced by electrodeposition, revealed an average distance between two successive satellite 
lines of about 1.2 T (~ 12 MHz). This means that the peak at 182 MHz corresponds to a 
third satellite. More information on the interface can be obtained by measuring a series of 
samples with a varying Co layer thickness, thus changing the relative intensity of bulk atoms 
compared to the interface. This will be shown in the next section. 

5.3 nx (tea Á Co + tcu Á Cu) multilayer series 

In this section NMR measurements on a series of multilayers will be discussed. The samples 
have an intended Cu layer thicknesses tcu of 40 A and varying Co layer thicknesses tco 
from 20 A to 200 A. The samples will consist of a different total number of layers since 
the membranes used have a constant thickness of 6 pm. Because of the irregularities of the 
membranes and the 70 % efficiency for Co deposition as discussed in the previous section, the 
thicknesses of the layers will nat be the same as set by the electrodeposition program. Same 
experimental electrodeposition parameters for the membranes treated here, are presented in 
table 5.1. 
The signal to noise ratio of samples 80Au22b and 80Au23a with Co layer thicknesses of 23.7 

Table 5.1: Intended individuallayer thicknesses d and actuallayer thicknesses t. The num-
ber of deposited layers for every sample are also given. 

Sample no. # layers 
80Au18a 966 
80Au19a 40 1042 24.3 34.0 
80Au20b 40 60 1083 27.7 29.2 
80Au22b 40 40 1252 33.8 23.7 
80Au23a 40 20 2229 22.3 7.8 
80Au24c 40 120 884 22.1 46.3 
80Au25c 40 200 660 20.3 71.1 
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A and 7.8 A was too low and these measurements are omitted. All experiments have been 
carried out at a temperature of 1.6 K to obtain an intensity as large as possible. Other 
experimental parameters used are: long delay of about 100-150 ms, pulse times of 1 f.lS G
pulse) and 2 f.lS ('rr-pulse) and delay times of 8 f.lS. All measurements are performed in zero 
field. 
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Figure 5.5: Spin-spin relaxation time measurements. Clearly, the bulk atoms around 220 
MHz have a shorter T2 than interface atoms. 

Figure 5.5 shows the spin-spin relaxation measurements for the five samples measured with 
NMR. The measurements all display the same tendency. In the frequency region of 220 MHz 
the spin-spin relaxation time is the shortest with a magnitude of about 200 f1S. In these region 
bulk atoms resonate whose neighbours also resonate. These atoms have high probabilities to 
interact with their environment and spin-spin relaxation times become accordingly shorter. 
For lower frequencies, in the region of the interface, the spin-spin relaxation time increases 
due toa decreased probability of the atoms to interact with their environment. At frequencies 
of about 195 MHz T2 has increased to 500 f1S. For frequencies below 195 MHz scatter in the 
points indicates that the error ofT2 becomes larger. Sample 80Au20b (29.2 A Co/27.7 A Cu) 
differs from the other samples that it has a somewhat largerspin-spin relaxation time, about 
100 ~ts larger than the rest in the frequency range of 200-230 MHz. Since our measurements 
used spin-echo times of approximately 20 f.lS the NMR spectra must be corrected for spin-spin 
relaxation, especially the bulk part. For lower frequencies ( < 190 MHz) it is assumed that 
T2 is rather large compared to the spin-echo time, also because of the large error of these 
points. Spin-lattice relaxation times are not corrected for since the long delay used in our 
experiments ranges from 100 ms to 150 ms, long enough for the magnetisation to reeover 
from a previous Hahn sequence. 
The restoring field as function of frequency is plotted in figure 5.6. As for the spin-spin 
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Figure 5.6: Measurement of the restoring field as function of frequency. 

relaxation time measurement the tendency of the restoring field of the measurements of the 
different samples is nearly the same. Towards the sicles for low and high frequencies the 
restoring field increases. The interface has a restoring field of a roughly constant magnitude 
of approximately 3000 Oe. For all samples the restoring field for the hcp structure is smaller 
than for fee Co due to the softer magnetic character of hcp Co with the magnetisation 
perpendicular to the c-axis of the hcp structure. For most of the samples the maximum 
of the restoring field for fee Co coincides with the fee peak seen in the NMR spectra, but 
only for the ( 40 A Co/23 A Cu) multilayered nanowires discussed in the previous section the 
maximum of the restoring field is shifted compared to the bulk fee peak. Between 200 MHz 
and 210 MHz all measurements show an increase that might be caused, as stated before, by 
the softer character of the interface due to admixture of magnetic and nonmagnetic atoms. 
The restoring field seems to be independent of the Co layer thickness which indicates that 
the Co layers are uncoupled [Pan97] and in general no interlayer coupling has been observed 
in electrodeposited Co/Cu multilayers. 

When correcting the measurements for frequency, spin-spin relaxation and enhancement, 
the NMR spectra of figure 5. 7 are abtairred after normalising them for the tot al Co layer 
thickness. Two main parts for all spectra can be distinguished. The main peak arising from 
bulk Co atoms in a fee structure, which increases with increasing Co layer thickness. The 
peak position of the main fee line is about 218 ± 0.5 MHz for all multilayers, so the main fee 
peak positions are practically independent of the Co layer thickness. To the right a small hcp 
fraction is present at 228 MHz. The peak width of the main fee line increases with decreasing 
Co layer thickness, which suggests that quality of the thinner Co layers becomes worse, i.e. 
more hcp and stacking faults are present. 
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The interface part of the spectrum appears to be diffuse since no clear satellites can be 
observed. A slight increase of the intensity is seen at 182 MHz which might be caused by Co 
with three Cu nearest neighbours. The sample with the thickest Co layers (tea = 71.1 A) 
however, differs from the others because at a frequency of a bout 205 MHz a small increase 
of the signal can be observed. Compared to the main peak at 218 MHz this corresponds to 
the first satellite ( one Cu nearest neighbour) since the dist ance to the main peak is 13 MHz 
(~ 1.3 T) and for electrodeposited samples the distance between successive lines is 1.2 T. The 
rest of the interface intensity shows no satellites and it can be concluded that the interfaces 
of the multilayers in the polycarbonate membranes are quite rough. 
Because of the good overlap of the interface parts of the NMR spectra the method of Van 
Alphen described insection 3.3 is most useful todetermine the interface roughness. Forseven 
boundary values between the bulk and interface part, ranging from 200 upto 224 MHz, the 
bulk integrals have been calculated. These bulk intensities were calculated for every sample 
measured with NMR and plottedas a function of the Co layer thickness (see figure 5.8). In 
these calculations account is taken for the 10% Cu atoms that are deposited during deposition 
of the Co layers, which also contributes to the interface part of the spectrum. This percentage 
is determined from a ceramic membrane filled with Co using a Co/Cu electrolyte (see section 
6.4). The plot in figure 5.8 then gives us directly a value for the interface roughness of 17± 1 
A (per two interfaces), which is 8.5 ± 0.5 A per interface, corresponding to approximately 4 
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Figure 5.7: NMR spectra of Co/Cu multilayers with a variable Co layer thickness. The 
multilayers are grown in polycarbonate membranes with a thickness of 6 p,m 
and one side is gold coated to obtain a conducting layer. All measurements are 
frequency scans in zero field at 1. 6 K. The spectra are corrected for frequency, 
spin-spin relaxation and enhancement and normalised on the Co layer thickness. 
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Figure 5.8: Bulk intensity as function of the Co layer thickness for various boundary val
ues between bulk and interface region. The interface roughness is determined 
according to the methad insection 3.3 and equals 8.5±0.5 A. 

monolayers. This means that the multilayers have very rough interfaces. This also explains 
the fact why it was not possible to measure the samples with Co layer thicknesses of 7.8 A 
and 23.7 A with NMR. In the case of the first sample it is clear that no bulk Co atoms are 
present at all. The latter sample consists of a small part of bulk Co atoms, approximately 6 
A (~ 3 monolayers), but the spin-echo signal was too small fora good measurement. 

5.4 Magnetoresistance measurements 

In addition to the structural properties of the multilayers in a membrane it is very interesting 
to measure the magnetoresistance (MR) effect of these multilayers in the CPP geometry. 
These measurements are carried out by making cantacts on the bottorn ( the gold coated 
si de) of the membrane and the surface of the membrane where the wires emerge from the 
filter. The bottorn is mounted on a small square capper plate. On the surface a narrow metal 
strip with a sharp metal point is attached with silver conductive paint which cantacts a few 
hundreds of emerged wires. To each of the metal strip and the capper plate two wires are 
connected, one for applying the current and one for measuring the voltage (i.e. resistance) 
through the contacted wires (figure 5.9(a)). The capper plate with the membrane is placed 
on a sample holder which is put in a cryostat. The cryostat is located between the coils 
of a magnet and because the sample holder can be rotated in the cryostat it is possible 
to vary the direction of the applied field with respect to the plane of the membrane. The 
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Figure 5.9: (a) schematic illustration of voltage and current leads; (b) magnetoresistance is 
measured in two geometries: current and applied field perpendicular and current 
and applied field parallel to each other. 

magnetoresistance is measured in two configurations, one with the field applied parallel to 
the membrane (i.e. perpendicular to the wires) and one with the field applied perpendicular 
to the membrane (figure 5.9(b)). 

An example of a MR measurement is given in figure 5.10. The applied current is 1 mA and 
the resistance of the contact is 7.2 0. The field applied during the measurement is first set 
to -1.25 Tand subsequently swept from -1.25 T to +1.25 Tand back to -1.25 Tin steps of 
0.01 T. The MR effect in case of the field applied parallel to the plane of the membrane is 
somewhat higher than with the field applied perpendicular to the plane due to the anisotropic 
MR effect (AMR), namely 8.7% and 8.2 %. 

When measuring the magnetoresistance it is important that the resistance of the wires is 
large compared to the contact leads, because we want to measure the true resistance change 
of the wires. When making a contact with silver conductive paint between the surface of the 
sample and the metal contact point, the aim is to make a contact covering a very small area, 
therefore increasing the resistance by limiting the number of contacted wires. Despite the 
method is somewhat coarse, cantacts as small as 0.2 x 0.2 mm2 can be made. In this small 
area still a few hundreds of wires are contacted. Different cantacts have been made in this 
way with resistances between 0.25 and 36 0 and the magnetoresistance effects were measured 
as shown in figure 5.11. At very low contact resistances the magnetoresistance decreases, 
because the resistance of the contact leads becomes large compared to the resistance of the 
wires. The magnetoresistance effect of the point contact with a resistance of 20 0 has a 
much lower value than would be expected. We do not know the exact origin for this, but we 
think that this is caused by an error in the measurement. Concluding from this figure we use 
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Figure 5.10: Measurements of the magnetoresistance of sample 80Au18a with the applied 
field parallel (a) and perpendicular (b) to the plane of the membrane. 

contact resistances of about 5 n or higher for the magnetoresistance measurements. Contact 
leads have a resistance of approximately 0.2 n which is 4% compared toa contact resistance 
of 5 n and therefore these resistances are acceptable for magnetoresistance measurements. 
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Figure 5.11: Magnetoresistance measured at different resistances of the contact. The line 
is a guide to the eye. 

The MR effect of all the multilayers of the total series has been measured. The current 
applied was 1 mA and measurements were dorre at a temperature of 305 K. Every multilayer 
is measured twice, once with the applied magnetic field directed perpendicular to the plane 
of the membrane and once the magnetic field is applied parallel to the plane. These two 
values are averaged to correct for the anisatrapie MR effect. The resulting MR values for the 
multilayer series are presented in figure 5.12(a). From this figure it follows that the MR effect 
first increases and then decreases with increasing Co layer thickness. A maximum GMR effect 
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Figure 5.12: Dependenee of the magneto resistance effect on the Co layer thickness (a); 
the line is a guide to the eye. There is a maximum for a Co layer thickness 
of about 40 A. In (b) the MR effect is presented according to the definition 
of equation 5. 3. The dotted line is plotted according to equation 5. 4 with the 
parameters as shown in the figure. 
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of 9.7% at 305 K was abtairred at a Co layer thickness of about 40 Á. When the thickness of 
the Co layer decreases the MR effect drops quite fast. We think that for Co layer thicknesses 
thinner than 40 Á the layers break up due to the large roughness which is about 17 Á per 
layer as measured by NMR. 
For increasing Co layer thicknesses the MR effect also diminishes to zero as expected from 
theory. This behaviour indicates that spin-dependent interface scattering is dominant for 
the occurring MR effect rather than spin dependent scattering in the bulk magnetic layers 
[Len95]. For very thick Co layers the layer thickness will be larger than the spin-diffusion 
length, the lengthscale characteristic for the CPP geometry. 
Figure 5.12(b) shows the magnetoresistance as function of the Co layer thickness according 
to the definition 

lviRex Rap- Rp, 
Rap 

(5.3) 

where Rp is the resistance of the multilayer with parallel arrangement of the magnetisation 
of adjacent magnetic layers and Rap the resistance in the case of antiparallel arrangement. 
With the model of Valet and Fert [VF93] this MR effect can be expressedas 

Rap - Rp ( f3Pêotco + 21r; ) 
2 

Rap - Pcotco + 21rb + Pcutcu 
(5.4) 

In this equation (3 is the bulk spin asymmetry coefficient, 1 the interfacial spin asymmetry 
coefficient, Pco and Pcu are the resistivities of the magnetic and nonmagnetic layers and r; 
is the interface resistivity. A more detailed description of the model will follow in the next 
chapter. The dotted line in figure 5.12(b) shows the Co layer thickness dependenee of the 
MR effect according to equation 5.4. This curve gives a rough estimate of the parameters 
to show the expected Co thickness dependence. Only for smaller Co layer thicknesses the 
dependenee does nat hold because the layers become thinner and break up which will destray 
the MR effect. The values we have used to obtain the curve are: Pco = 5 x w-7 Dm, 
Pcojcu(= r;) = 5 x 10-16 Dm2

, Pcu = 9 x 10-8 Dm, (3 = 0.1, 1 = 0.7 and tcu = 2 x 10-9 m. 

Piraux et al. [PDF96] have found values for polycarbonate membranes of: Pco = 18 x w-s 
Dm, Pco;cu = 3 x 10-16 Dm2 , Pcu = 3.1 x 10-8 Dm, (3 = 0.36 and 1 = 0.85. Our parameters 
used for simulation do agree reasonably well with these abtairred by Piraux et al. Only the 
bulk scattering parameter (3 deviates slightly. But sirree this is only a rough estimate no 
significant conclusions can be drawn from the curve. 
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Chapter 6 

Co wires and Co/ Cu multilayers 
ceramic membranes 

• 
lll 

In this chapter the results will be discussed of the characterisation of electrodeposited Co wires 
and Co/Cu multilayers in ceramic membranes. In section 6.2 Co wires are discussed with 
respect to NMR and magnetisation measurements. The efficiency of the deposition of Co 
is calculated in section 6.3. The next section shows the NMR spectrum of a Co-Cu alloyed 
nanowire membrane from which the amount of Co incorporated Cu is computed. The total 
NMR results of the series of multilayers grown in ceramic membranes are discussed insection 
6.5. The last section deals with the magnetoresistance in the CPP geometry. First the model 
of Valet and Fert is described and next spin-asymmetry parameters have been derived from 
an analysis of MR measurements on two series of multilayers using this model. 

6.1 Introduetion 

The polycarbonate membranes discussed in the previous chapter have the disadvantage that 
the pores do not have a constant diameter throughout their length. Therefore the layer 
thicknesses will not meet the expectations. Towards the middle of the pores layer thicknesses 
are smaller than at the ends because the cross-section in the middle is larger (see previous 
chapter). To overcome these problems another type of membranes is used, the so-called 
ceramic membranes. In these membranes pores of self-ordered nanochannel material are 
formed by anodisation of Al in an acid solution [BMC+96, MYSA97, DHR+98]. The great 
advantage of the pores in these ceramic membranes over pores in polycarbonate membranes is 
that they are completely parallel and perfectly perpendicular to the surface of the membrane. 
Moreover, the pore diameter is constant [SdZF+97] throughout their entire length (see section 
6.2). A briefdescription of the anodisation process will now be given. 
As a starting material high purity (99.99 %) Al foils are first annealed and then electro
chemically polished. This Al foil is mounted on an anode substrate and placed in an acid 
solution, for which sulfurie acid, phosphoric acid and oxalic acid are the most commonly used 
acids. By applying a potential between the anode and the cathode, which is also placed in 
the acid solution, the anodisation process begins. This process is schematically depicted in 
figure 6.1. Because the surface of the Al foil in general is not smooth the electric field will 
at some places be larger. Pores grow perpendicular to the surface with an equilibrium of 
field-enharreed oxide dissalution at the oxide-electrolyte interface and the oxide growth at 
the metal-oxide interface. Because the aluminum is attached to the anode this results in the 
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acid salution po re 

Ê 

Al 

Figure 6.1: Schematic illustration of anodisation of Al. The lejt picture shows the electric 
field gradient in the aluminum oxide layer between the acid and the Al. Pare 
growth starts at points where the gradient is large. The right picture shows a 
pare in formation. Al3+ ions travel through the barrier layer to the acid and 
0 2- i ons go the opposite way to farm Al2 03. 

formation of Al3+. At the interface between the oxide and the aluminum, part of these Al3+ 
ions are dissolved through the Al203 layer in the electrolyte and the rest reacts with the 0 2-
ions which travel the reverse path resulting in the formation of Al203 according to 

(6.1) 

At the electrolyte-oxide interface aluminum oxide is dissolved which results in the forming of 
the pare. The Al-O bands break up which results in the following reaction products: 

2H+ + 0 2- ---. H20, 

Az3+ + 6H20 ---. Al (H20)~+ 

(6.2a) 

(6.2b) 

The self-sustaining nature of pare growth can be understood by a larger current density at 
the bottorn of the pores because the increased oxide dissalution here results in a lower barrier 
thickness [ OW70]. The po re diameter, distance between the pores and the barrier thickness 
depend on the anodising voltage [JMG98]. 
The so-called Co and Cu nanowires discussed in this chapter are produced in commercially 
available1 ceramic membranes with a thickness of 60 f-lill, a pare density of 1 x 107 mm-2 

and pare diameters of 20 and 100 nm. Co/Cu multilayers are produced in membranes with 
a pare diameter of 20 nm. 

6.2 Co wires 

Befare attempting to produce multilayers in ceramic membranes, Co wires are grown. These 
wires can have very large aspect ratios (length divided by diameter) of up toa few thousand. 
The Co wires have been investigated on their structural and magnetic properties by means 
of NMR and with a Superconducting QUanturn Interference Device (SQUID) for magnetisa
tion measurements. Valuable information on the magnetic behaviour of these wires can be 
obtained through the anisotropy of the hyperfine field. Co wires are grown in membranes 

1The ceramic membranes are obtained from Whatman International Ltd., Maidstone England. 
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(a) 100 nm wires 

(b) 20 nm wires 

Figure 6.2: Cross-section SEM images of 100 nm wires (a) and 20 nm wires (b) zn an 
anodic alumina membrane. 
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with pore diameters of 100 nm and 20 nm. In figure 6.2 cross-section Scanning Electron 
Microscopy (SEM) images are shown of Co wires in these two types of membranes. Mag
nifications of the pietmes are 2300 for the 100 nm wires and 1600 for the 20 nm wires. To 
obtain these images the membranes are braken which probably explains that some of the 
wires are distorted. The bright white stripe at the beginning of the wires is the gold that is 
sputter-deposited on one side of the membrane. In both the 100 nm and 20 nm membranes 
(see figure 6.2) wires with lengths of appraximately 40 pm are grown. This results in an 
aspect ratio of about 2000 for the Co wires. Note that the picture of the 100 nm membrane is 
slanted. Fram these pietmes it becomes clear that the wires are very straight and that their 
length is nearly the same within a few micrometers, which also indicates a constant growth 
rate. Furthermore the wires in the 100 nm membrane appear to be much closer to each other 
which certainly is expected for pores with a larger diameter. 
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Figure 6.3: Frequency scan in zero field of a 100 nm membrane with Co wires. At 211.3 
MHz the fee peak is clearly present. To the right hand side of this peak the hcp 
textures and stacking faults are located. 

In figure 6.3 a zero-field NMR spectrum of the 100 nm Co wires is shown. This and all other 
spectra are measured at 4.2 K and corrected for enhancement of the spin-echo signal. A 
clear peak at 217.3 MHZ can be distinguished in the NMR spectrum which corresponds to 
fee Co. This peak contributes to about 40 % of the total spectrum. To the right of this fee 
peak a mixture of hcp Co and stacking faults is observed. Two extreme values of hcp Co 
are indicated: hcp

11 
with the resonance frequency parallel to the c-axis at 220 MHz and hcp_1 

with the resonance frequency perpendicular to the c-axis at 228 MHz. The last one seems to 
be rather braad. In between these frequencies all kinds of orientations with respect to the 
c-axis of hcp Co are situated tagether with stacking faults. To the left hand side of the main 
fee peak the intensity does not immediately drop to zero. An explanation for this might be 
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Figure 6.4: NMR spectrum of Co wires as function of the field applied at a frequency of 200 
MHz. An overal shift of 0.3 T is observed compared to the zero-field spectrum. 

the fact that Co atoms at the interface with Al2Ü3 give rise to an interface intensity. 
Because the wires are very close to one another, di stances between the wires are a bout 300 
nm, it is expected that these wires will interact through the dipole-dipole interaction. These 
wire-wire interactions produce a field which we will call the surrounding field Esurr· Taking 
into account this field the resonance condition (equation 2.13) for this contiguration of wires 
becomes 

2n'J = !(Ehf- Eappl + Edemag + Esurr), (6.3) 

with Ehf the hyperfine field, Eappl the applied field, and Edemag the demagnetising field of 
the wires. For Co [JS65] the demagnetising field perpendicular to the wire axis is equal 
to !NI8 (~0.9 T, equation 3.7) when a long wire is considered; here Ms is the saturation 
magnetisation. To gain more insight in these wire-wire interactions and their magnitude, 
NMR spectra are recorded at a constant frequency by varying the external field, which gives 
the surrounding field Esurr according to equation 6.3. Figure 6.4 shows the NMR spectrum 
of the 100 nm wires as function of the applied field perpendicular to the wires (parallel to 
the plane of the membrane) at a frequency of 200 MHz. The applied field was always strong 
enough to saturate the magnetisation. The shape of the spectrum shows the fee peak at an 
applied field of 2.0 T which corresponds (with f = 200 MHz) to a hyperfine field of 21.9 T. 
With respect to the fee peak of the zero-field spectrum at a frequency of 217.3 MHz, which 
corresponds toa hyperfine field of 21.6 T, the field spectrum is shifted about 0.3 T. Therefore 
the peaks corresponding to the hcp textures hcpll and hcp_1_ are seen at fields of 2.3 T and 
3.1 T. Because in a frequency measurement in zero field no demagnetising field is present any 
line shifts with respect to the zero-field spectrum are equal to Edemag + Esurr· This means 
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that the observed shift of 0.3 T results in a surrounding field of Esurr = -0.6 T since the 
demagnetising field for this field orientation is 0.9 T. Furthermore, between the hcp textures 
hcpll and hcp.l stacking faults are present, alllocated at the right hand side of the fee peak. 

In total three measurements of these 100 nm Co wires are performed with an applied field, all 
presented in figure 6.5. Three directions of the field have been used, the field perpendicular 
to the wires ( discussed above), the field parallel to the wires and the field applied with an 
angle of 45° with respect to the wires. The areas of the spectra are normalised on 1. It 
appears that for smaller angles between the field applied and the wires the total spectrum 
shifts to larger fields. With respect to the zero-field spectrum the shift is about 0.6 T for 
the field directed under 45° to the wires. In case of the field applied parallel to the wires the 
shift is approximately 1.3 T, which is considerably higher than with the field perpendicular 
to the wires. Because with the field parallel no demagnetising field is present ( Edemag = 0 
T) this results in Esurr = 1.3 T. As a consequence the easy axis of magnetisation will be 
directed perpendicular to the wire axes rather than parallel which was expected consiclering 
the demagnetising field of the wires. This indicates strong evidence for the fact that wire-wire 
interactions play an important role for these 100 nm wires. Moreover, such relatively thick 
wires which are situated close to each other resembie to some extent a normal film plane 
which has the magnetisation in-plane. Besides the shift of the total spectra the shape of the 
spectra does not remain the same. All the spectra show the fee peak with to the right hand 
side the different hcp structures and stacking faults. The shape and magnitude of the fee 
peak remains roughly constant for all measurements since this fraction is isotropic, whereas 
the intensities of the lines to the right change. Turning the angle of the applied field from 
perpendicular to parallel to the wire axes results in a diminishing intensity at the position 
of hcp

11
, which directly evidences that the structure of hcp Co is mainly with the easy axis 

perpendicular to the wires. The same effect was also observed for electrodeposited Co wires 
in polycarbonate membranes by Ounadjela et al. [OFL +97] and by Piraux et al. [PDF+97]. 

Not only Co wires in membranes with pores of 100 nm are produced, but also Co wires 
in 20 nm membranes of which the NMR spectra are recorded at 4.2 K. These spectra are 
presented in figure 6.6. The x-axis of figure 6.6(b) is plotted in such a way that it scales with 
the frequency axis of 6.6(a) via equation 6.3 with Edemag + Esurr = 0. So any line shifts 
observed, are equal to Edemag + Esurr· The field spectra of figure 6.6(b) are normalised on 1. 
It directly appears that the behaviour of these wires is more isotropie than for the 100 nm 
wires. In the zero-field spectrum of figure 6.6(a) the fee peak at 217.3 MHz can be clearly 
distinguished. At the right hand side hcpll is situated at 220 MHz and hcp.l at 228 MHz 
and stacking faults are also present. To the left some intensity arises from the interface of 
the Co with the aluminum oxide. The field spectra show an overal shift of about 0.75 T for 
the field applied perpendicular to the wires and 0.40 T for the field parallel to the wires, 
indicating a slight preferenee for an easy axis parallel to the wires. This leads to values of 
Esurr = -0.15 T and Esurr = 0.40 T respectively. As for the 100 nm Co wires, when the 
field is applied parallel to the wire axes a dip in the spectrum occurs at the position of hcpll, 
suggesting a preferential direction of the hcp easy axis perpendicular to the wire axes. Line 
shifts mentioned before, however, indicate a more isotropie behaviour of the magnetisation 
or even a slight preferenee for a parallel magnetisation, so magnetisation measurements will 
have to make clear the exact behaviour. 

Now the magnetisation of the wires will be discussed. Using a SQUID magnetisation loops of 
the 100 nm and 20 nm Co wires are obtained at temperatures of 300 K and 10 K. Figure 6. 7 
shows the magnetisation measurements when the field is applied perpendicular (solid lines) 
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Figure 6.5: Field scans of the 100 nm Co wires in three directions: field applied perpendic
ular, parallel and under an angle of 45°. 

and parallel ( dotted lines) to the wire axes. It appears that the 100 nm wires are saturated 
more easily perpendicular to the wire axes than parallel to the wires, whereas the 20 nm 
wires are saturated for the field perpendicular and parallel to the wires at approximately the 
same value, indicating an isotropie behaviour. So magnetisation measurements for 100 nm 
wires are in agreement with results from NMR while for the 20 nm wires it appears that the 
magnetisation has no preferential direction. Saturation fields for the 100 nm wires at 300 
K are about 1.60 T and 0.45 T for the field parallel and perpendicular to the wires when 
saturation is taken at the field with a moment of 95 % of the saturation moment. At 10 
K we find 1.60 T and 0.70 T, respectively. For 20 nm wires values are obtained of about 
0.90 T and 0.85 T at 300 K and 1.20 Tand 1.10 T at 10K. These values are in reasanabie 
agreement with the line shifts in the NMR spectra. The differences that are observed result 
from the crystalline anisotropy of hcp Co which gives rise to an easy axis perpendicular to 
the wires. For lower temperatures saturation is reached at slightly higher values because 
crystalline anisotropy increases with decreasing temperature. The shifts of the NMR spectra 
are caused by the dipale-dipale interactions between the wires and the demagnetisation of 
the individual wires. Therefore the behaviour of the magnetisation can be attributed to a 
competition between these two effects. When the distance between the wires is relatively 
large, demagnetising fields in the wires cause the easy axis of magnetisation to be directed 
along the wire axes. When distauces between wires decrease, dipale-dipale interactions ("' ~) 
become important and start to compete with the demagnetising fields. For our 100 nm wires 
this leads to a preferential direction of the magnetisation perpendicular to the wire axes. A 
simple model [SDB+98] confirms that dipale-dipale interactions can lead to a preferential 
direction of magnetisation perpendicular to the wire axes. 
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Figure 6.6: NMR spectra of 20 nm Co wires. (a) Spin-echo intensity as function of fre
quency in zero field. (b) Spin-echo intensity as function of the field applied 
perpendicular (solid dots) and parallel (open triangles) to the wire axes. 
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Figure 6.7: Magnetisation loops of 100 nm (a,b) and 20 nm (c,d) Co wires with the field 
applied parallel ( dotted lines) and perpendicular (solid lines) to the wire axes at 
300 K and 10K. 

In conclusion, we have grown Co nanowires in the pores of anodic alumina membranes with 
diameters of 20 and 100 nm by means of electrodeposition. Characterisation of these wires 
with NMR and magnetisation measurements revealed a strong preferenee of an easy axis of 
magnetisation perpendicular to the wires for the 100 nm membrane whereas the Co wires 
in the 20 nm membranes showed a more isotropie behaviour of the magnetisation. It is also 
shown that the preferential direction of magnetisation is caused by a competition between 
clemagnetising fields and dipole-dipole interactions. 

6.3 Efficiency of Co deposition 

In total nine membranes are filled for the determination of the efficiency of Co deposition, 
four membranes are filled with Cu and five with Co. All membranes have a pare diameter of 
20 nm and the area of deposition has a diameter of 12.2 ± 0.1 mm. The charged used during 
the total deposition process is recorded and from these values the yields of Co cleposition is 
determined. The charge used for Co and Cu filled membranes are given in table 6.1. In the 
calculation it is assumed that Cu is deposited with 100 % efficiency. 
From these values wedetermine an average of 30.8 ± 1.2 C for Cu deposition and 46.7 ± 1.0 C 
for Co cleposition. Since the mass densities of Cu and Co are not equal these average charges 
can not be compared directly. According to the calculation in appendix A charges requirecl 
for filling a membrane are 190 C for Cu and 200 C for Co when assuming the membrane to 
be one enormous pare of diameter 12.2 mm and height 60 J..Lm. Correction for these charges 
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Table 6.1: Charge used for filling membranes with Co and Cu. The right column shows the 
anode which is used for deposition. 

sample number contents charge (C) anode 
20Ce02 Cu 28.9 Pt 
20Ce12 Cu 27.0 Pt 
20Ce20 Cu 36.5 Pt 
20Ce30 Cu 30.3 Pt 
20Ce13 Co 44.3 Pt 
20Ce14 Co 41.8 Pt 
20Ce21 Co 46.7 Pt 
20Ce33 Co 47.3 Co 
20Ce35 Co 53.6 Co 

results for the deposition of Co a yield of (70 ± 12) %. This means that only 70 % of the 
charge supplied is used for the deposition of Co and 30 % is lost due to the formation of 
hydrogen. When determining the layer thickness of Co, for the multilayers produced in the 
polycarbonate membranes as wellas the ceramic membranes, we have taken into account this 
efficiency. 

6.4 Co-Cu alloyed nanowire membrane 

When producing a Co/Cu multilayer, nearly pure layers of Cu can be grown whereas layers of 
Co will always be alloyed with Cu. These Cu atoms contribute to the interface intensity and 
hence the bulk peak will be smaller than expected. The aim is now to incorporate as less Cu 
as possible into the Co layers. Therefore, the electrolyte has a very low concentration of Cu2+ 
ions compared to Co2+ ions (2g/l CuS04 · 5H20 and 400 g/1 CoS04 · 7H20). Todetermine 
the amount of Cu that is deposited at the deposition potential of Co, a membrane was filled 
with Co from a Co/Cu electrolyte. The NMR spectrum, shown in figure 6.8, is measured at 
4.2 Kandis corrected for jz, the spin-spin relaxation time T2 and the restoring field B 1 . The 
figure reveals a considerable amount of interface intensity indicating a quite large quantity 
of Cu present in the Co. The bulk peak at 220 MHz is fitted with a Gaussian function which 
corresponds to 88.8 % of the total spectrum. This means that 11.2 % of bulk Co has Cu 
neighbours because one Cu atom leads to 11 Co atoms with one Cu neighbour. Because of 
the gradual transition from the interface to the bulk part of a NMR spectrum, we have not 
corrected the NMR spectra directly for the Cu incorporated in the Co, but correction is done 
for the bulk integrals when determining the interface roughness with the methad described 
in section 3.3. 

6.5 nx (tea Á Co + 40 Á Cu) multilayer series 

Now the results of the NMR measurements of the series of multilayers in ceramic membranes 
will be discussed. Because these membranes have a thickness of 60 pm, it would take very 
much time to deposit a multilayer in the fulllength of the pores. Therefore we have first filled 
the pores with 40 tJm of Cu. Next the multilayer is deposited with a length of 10 ~lm and 
the pores are then filled with Cu again until the first wires emerge at the surface. The series 
of multilayers have an intended constant Cu layer thickness of 40 A and a varying Co layer 

56 



Chapter 6 

-
:J 
CU ->. 

."!::::: 
en 
c 
Q) -c 
0 
.c 
() 
Q) 

I 

c 
Cl. 

Cf) 

6.5 nx (tea A Co + 40 A Cu) multilayer series 

4.0 r-----------------------------, 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 
150 

T = 4.2 K 

Total area= 53.19 a.u. 
Bulk peak = 47.21 a.u. 
Interface = 5.98 a.u. (~11.2%) 

160 170 180 190 200 

Frequency (MHz) 

210 220 230 240 

Figure 6.8: NMR spectrum of a membrane filled with Co from a Co/Cu electrolyte. 

thickness between 60 and 300 A. Since the pores of ceramic membranes are very straight, the 
layer thickness for Cu is 40 A (100 % efficiency for Cu deposition), while the layer thickness 
for Co must be corrected for the 70 % efficiency as calculated in section 6.3. This results 
in the layer thicknesses as presented in table 6.2. So the actual layer thicknesses are in the 
range of 42 to 210 A. 
The NMR spectra recorded for the total series of multilayers are obtained at a temperature of 
4.2 K, with pulse times of 1 and 2 f-lS, delay times of 8 and 9.4 f-lS and a long delay of 100 ms. 
The long delay for sample 20Ce19 is much langer, namely 250 ms. All these measurements 
are performed in zero field. 
In figure 6.9(a) the spin-spin relaxation time as function of frequency is shown. The bulk 
atoms which are situated in the frequency region of about 215 to 230 MHz have the shortest 
spin-spin relaxation time with values around 200 f-lS, equal to the polycarbonate membranes. 
To lo-wer frequencies atoms at the interface show a gradual increase of T2 to about 500 f-lS at 

Table 6.2: Intended individual layer thicknesses d and actual layer thicknesses t for multi
layers {10 f-tm) in ceramic membranes. The number of deposited layers for every 
sample are also given. 

Sample no. dcu(A) dco(A) # layers tcu(A) tco(A) 
20Ce07 40 80 833 40 210 
20Ce19 40 300 294 40 112 
20Ce27 40 60 1000 40 84 
20Ce29 40 160 500 40 56 
20Ce34 40 120 625 40 42 
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Figure 6.9: (a) Spin-spin relaxation time measurements. (b) Restoring field as function of 
frequency. 
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190 MHz. The multilayers with the thickest and thinnest Co layer deviate from this behaviour 
of the interface. For the thinnest Co layer thickness (tea = 42 Á) T2 increases steadily from 
200 ps at 215 MHz to about 375 ps at 190 MHz. In the frequency range of 150 to 190 MHz 
the measured points show some scatter, and here the spin-spin relaxation time is in the order 
of 400 to 500 ps. The remairring four multilayers show a considerably larger scattering of T2 

at the interface. But sirree the spin-spin relaxation time at the interface part is usually large 
compared to the spin-echo time it has no influence on the NMR spectrum. The spin-echo 
times which are used are 20.3 ps and therefore the spectra for this series of multilayers have 
to be corrected for T2. The spectra do not have to be corrected for the long delay sirree the 
long delays used are 100 to 120 ms. 
Measurements of the restoring field are shown in figure 6.9(b). It immediately appears that 
the restoring field for these multilayers shows the same behaviour as the series of multilay
ers in polycarbonate membranes. From 200 to 217 MHz (fee peak) there is an increase in 
restoring field, probably caused by to the softer character of the interface due to admixture 
of magnetic and nonmagnetic atoms. The fee structure has a larger restoring field than the 
hcp structure with the magnetisation perpendicular to the c-axis (;::::; 2300 Oe) because of the 
larger anisotropy of fee Co. The interface part merely shows some oscillations between 150 
and 200 MHz with values mainly between 2000 and 3200 Oe. At the position where a third 
satellite might be expected a decrease for all multilayers is seen between 182 and 176 MHz 
from about 3000 Oe down to 2200 Oe. 
The recorded NMR spectra are given in figure 6.10. The inset shows the interface parts of the 
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Figure 6.10: NMR spectra of Co/Cu multilayers in ceramic membranes recorded at 4.2 K. 
The spectra are normalised on the Co layer thickness and corrected for fre
quency, spin-spin relaxation and restoring field. 
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spectra in detail. The spectra are corrected for p, spin-spin relaxation time T2 and restoring 
field B 1 and they are normalised on the Co layer thickness. The bulk part of the spectra 
shows a resonance line at a frequency of 218.0 ± 0.3 MHz which is caused by Co in the fee 
structure. This position is independent of the Co layer thickness whereas the intensity of the 
peak increases with increasing Co layer thickness. To the right of the main fee peak a small 
fraction of hcp Co can be distinguished. The width of the peaks increases with decreasing 
Co layer thickness, indicating a larger contribution from hcp Co and stacking faults. 
The interface part shows a clear resonance line at 182 ± 1 MHz which corresponds to the third 
satelite and a resonance line at 194 ± 1 MHz indicates the preserree of the second satellite. 
The multilayer with the thickest Co layer, tea = 210 A, has a peak at 206 ± 1 MHz which 
arises from Co atoms with only one Cu neighbour. Additional resonance lines, although not 
well resolved except for tea = 210 A, can be distinguished at frequencies of 173 ± 1 MHz 
and 161 ± 1 MHz. The difference with the third satellite is about 9 ± 2 MHz so it is not 
very clear whether these lines are the fourth and fifth satellites or if they might be attributed 
to Cu neighbours of Co atoms in the hcp structure. The spectrum of the multilayer having 
tea = 210 A differs from the others because it has a first satellite and the second, third and 
probable fourth satellites are roughly two times larger compared with the rest of the series. 
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Figure 6.11: Determination of the interface roughness according to section 3. 3. For ceramic 
membranes the interface roughness is 13.0 ± 1.0 A per layer. 

In determining the interface roughness according to the methad described in section 3.3 
the multilayer with tea = 210 A is not taken into account in the fit because the interface 
part, where much intensity arises from the bulk part (see section 6.4), of the spectrum 
is not uniform with the other multilayers as stated above. The bulk integrals for seven 
boundary values and the fits through these points are presented in figure 6.11. From this 
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figure it immediately follows that the interface roughness is 13.0 ± 1.0 A per layer which is 
6.5 ± 0.5 A per interface, approximately 3 monolayers. Although this value is smaller than 
for polycarbonate membranes ( ~ 8.5 A), it still implies that the interfaces are rather rough. 

6.6 Magnetoresistance with the current perpendicular to the 
multilayer planes 

This section deals with magnetoresistance measurements in the CPP geometry on multilayers 
in ceramic membranes. As noted in the introduetion of chapter 5 an important feature of the 
CPP geometry is that the charaderistic length scale is the relatively long spin-diffusion length 
(SDL) and magnetoresistance effects are usually larger than in the CIP geometry. Different 
models have been proposed to describe the CPP-MR [ZL91, Joh91, Bau92] but in this report 
we use the model of Valet and Fert (VF model) [VF93]. This model describes in a relatively 
simple way the most general case of CPP-MR in a multilayer. First the VF model will be 
described and in section 6.6.2 the results of MR measurements on two series of multilayers 
are presented and the VF model is used to determine some interesting parameters, such as 
the bulk and interface spin-asymmetry coefficients (section 6.6.1). 

6.6.1 Valet and Fert model 

The VF model starts with the Boltzmann equation, taking into account bath bulk and inter
face spin-dependent scattering. In the limit where the SDL is much larger than the electron 
mean free path, the Boltzmann equation reduces to a macroscopie model. In the bulk ferro
magnetic layers the difference in the resistivities of the spin i and spin 1 can be expressed 
with the bulk spin-dependent scattering coefficient /3: 

Prm = 2p'F [1 - ( +) /3] . (6.4) 

In this equation PF = ppj(1- /32
) with PF the experimentally measurable resistivity of the 

ferromagnetic layer. For nonmagnetic spaeer layers Pr(l) = 2p'N with P'N = PN; in these 
layers j3 = 0. A similar equation can be formulated for the interface resistance between the 
magnetic and nonmagnetic layers: 

rrw = 2rt; [1 - ( +) 'Y] ' (6.5) 

where 'Y denotes the interfacial spin-dependent scattering coefficient. For the resistance R 
of the multilayer which is composed of Ivf bilayers in the parallel (P) and antiparallel (AP) 
configurations the final result is 

R(P,AP) = M (ro + 2rr;;,AP)) ' (6.6) 

with 

(6.7) 
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The spin-coupled interface parts are given by 

(P) 
rsi 

(AP) 
rsi 

Chapter 6 

(6.8a) 

(6.8b) 

Here tp and tN are the thicknesses of the magnetic and nonmagnetic layers and z~? and Z~~) 
are the spin-diffusion lengths in these layers. In the limit where the layer thicknesses are 

much smaller than the spin-diffusion length lsf (tF « l~~) and tN « l~~)), the resistance of 
a multilayer can be displayed in a two current resistor scheme, as is done in figure 6.12 for 
the AP and P configuration. In this limit the resistance of the multilayer can be calculated 
according to this resistor scheme and equations 6.6-6.8b which results in the following simple 
relations: 

which leads to 

1 
R(P) 

~ ( 1 + 
lvf 2p*p (1- {3) tp + 2p'fvtN + 4r;; (1 - 1) 

2p*p (1 + /3) tp + 2~'fvtN + 4r;; (1 + 1)) 

R(P) = R(AP) _ {f3p*p [tpj (tF + tN )] L + 2"(rblvf}
2 

R(AP) , 

(6.9a) 

(6.9b) 

(6.10) 

if the total thickness of the multilayer is defined as L = lvf (tF + tN ). From this equation we 
eventually obtain 

(6.11) 

The right hand side is made up of contributions arising from bulk and interface spin-dependent 

scattering. In figure 6.13 the plot is shown of J (R(AP)- R(P)) R(AP) as function of the 

number of bilayers lvf for a fixed total multilayer thickness L with equal thicknesses of the 
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Figure 6.12: Resistor scheme for CPP-GMR in the limit of tF, tN « lsf for the general 
case of bath bulk and interface spin-dependent scattering. (a) is for an anti
ferromagnetic alignment and (b) for a ferromagnetic alignment. (A) and (C) 
are the magnetic layers and (B) the nonmagnetic spaeer layer. 

magnet ie and nonmagnetic layers ( t F = t N = t). From this plot the spin asymmetry param
eters can be easily deduced; the slope is characteristic for the interface asymmetry parameter 
1 while from the intercept with the vertical axis the bulk asymmetry parameter f3 is obtained. 
Deviations from the linear behaviour occur when thicknesses of the layers are in the order of 
the spin-diffusion length ( dashed line in figure 6.13). 
In the next section we did not use equation 6.13 but is seems to be more convenient to 
express the magnetoresistance in the following simple way that is equivalent to those used by 
the MSU group [PLH+93]: 

(~)-1/2 R(AP) 

p*ptF + 2r'b p'NtN 

{3p*ptF + 2rr'b + {3p*ptF + 2rr'b 
(6.12) 

This equation shows a linear relation between the magnetoresistance effect and the thickness 
of the nonmagnetic spaeer layer when the thickness of the magnet.ic layer is constant. By 
measuring the magnetoresistance effects of two series of multilayers, bath with a constant 
(different) magnetic layer thickness t F and a varying nonmagnet ie layer thickness t N, the 
resistivities and spin asymmetry parameters can be calculated. 
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Figure 6.13: J (R(AP)- R(P)) R(AP) as function of the total number of bilayers lvf for a 

fixed total thickness L. Magnetic and nonmagnetic layer thicknesses are equal, 
t F = t N = t = L I (2/v!). The solid line is the variation expected from equation 
6.13 for the limit t « lsf. Wh en M < L I lsf deviations from this linearity 
occur. 

6.6.2 Results 

Two series of multilayers are grown with varying Cu layer thicknesses between 40 and 200 A 
and a constant Co layer thickness of 56 and 210 A. Magnetoresistance effects are measured at 
temperatures of 300 and 10 K with the field applied both parallel and perpendicular to the 
wire axes and a current of 1 mA. Typical measurements are shown in figure 6.14 for sample 
20Ce07 with tea= 56 A and tcu = 40 A, according to the definition 

lv!R =Rap~ Rp x 100%. (6.13) 

Resulting MR effects at 300 K are 9.1 % and 8.6 % for fields perpendicular and parallel to 
the wire axes, where the difference originates from the AMR effect. At 10 K values of 18.6 
% and 17.4 % are obtained. 
The total results of the MR measurements are given in figure 6.15 according to equation 
6.13. The values of the MR effect decrease with an increase of the Cu layer thickness for both 
series. Magnetoresistance values at 10 K are approximately a factor 2 to 4 higher than at 300 
K. As the figure shows, at Cu layer thicknesses of 200 A the MR effect is almost completely 
vanished. 
In order to determine the spin-asymmetry parameters, the magnetoresistance effect is calcu
lated according to equation 5.3. These values are plotted in figure 6.16 as function of the 
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Figure 6.14: Magnetoresistance measurements of sample 20Ce07 (tea= 56 A, teu = 40 A) 
with fields parallel and perpendicular to the wire axes at 300 K (a,b) and 10 
K (c,d). 

Cu layer thickness for 300 and 10 K. The sets for tea = 56 A and tea = 210 A are fitted 
with a linear function, which is true for layer thicknesses smaller than the SDL. The MR 
values of the multilayers with teu = 200 A are omitted because the error on these points 
becomes quite large since the inverse of the magnetoresistance is plotted. For these Cu layer 
thicknesses almost no MR effect is left. As can be seen, the remaining measurements follow 
a linear relation as predicted by the VF model ( equation 6.12). For f3 < 'Y the straight lines 
which correspond to different values of tea are expected to pass through a single point with 
coordinates teu = [2 ("!- /3) rb] / f3Pcu and /3-1

. On the contrary, for f3 > "( the straight 
lines would not cross at a positive value of teu- Therefore our observations are characteristic 
for f3 < "(, which means that interface spin-dependent scattering (SDS) is dominant over 
bulk spin-dependent scattering. From the point of intersection we can directly determine 
f3 = 0.18 ± 0.03 from the measurements at 300 K. Measurements at 10 K result in nearly 
the same value, although much more inaccurate because the error of the linear fits is quite 
large. Some experimental data for f3 and 'Y are presented in table 6.3 for measurements 
in the CPP geometry. The differences arise from the fact that the measurements are not 
all the same. Some are performed on MBE grown Co/Cu multilayers on grooved substrates 
[OGR+96], others aredoneon electrodeposited Co/Cu nanowires [VBDA95, PDF96, BDA97] 
or onsputtered samples with superconducting cnrrent and voltage leads [SBH+93]. However, 
the general observation is that interface spin-dependent scattering is larger than bulk spin
dependent scattering in the Co/Cu system. Our measurements seem to be consistent with 
these general observations and the value for f3 is in reasonable agreement with the literature 
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Figure 6.15: Magnetoresistance effect as function of the Cu layer thickness for the two series 
with tea = 56 A and tea = 210 A at 300 K and 10 K. The lines are guides to 
the eye. 

val u es. 
The bulk Cu resistivity is determined from a measurement of the temperature dependenee 
of the resistance of Cu wires which are separately grown. The ratio of resistances at 300 and 
10K is equal to Reu(10K)/Reu(300K) = 0.34±0.01. On the other hand, the difference in 
resistivity is Pcu (300 K)- Pcu(10 K) = 1.7 x 10-8 Om [Bas82] which yields for the resistivities: 

Pcu(300K) 

Pcu(10 K) 

(2.6 ± 0.1) x 10-8 Om, 

(0.9 ± 0.1) x 10-8 Om. 

Then, by identifying the equations of the straight lines in figure 6.16(a) for tea= 56 A and 
tea = 210 A with equation 6.12 this results in 

Pca 4.4 x 10-8 Om, 

f3 0.18. 

The value for f3 corresponds to what is already found from figure 6.16. With the definition for 
Pca it is found that the macroscopie resistance Pea is equal to 4.26 x 10-8 Om. In literature 
resistivities are found of 20 x 10-8 Om [VBDA95] and 16 x 10-8 Om [PDF96], both for Co/Cu 
nanowires in polycarbonate membranes. These are approximately a factor four higher than 
what we have found. At this point there is a serious problem when we try to model our 
experiment al data with the VF model. The remaining parameters, "( and r'b, could not be 
determined, because further calculations lead to negative values, although for the observed 
behaviour 1' > f3 is expected. 
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Table 6.3: The parameters /3 and 'Y which are determined from various magnetoresistance 
measurements in the CPP geometry. 

ref. T (K) /3 'Y 
[SBH+93] 4.2 0.47 ± 0.14 0.72 ± 0.06 
[OGR+96] 4.2 0.17 ± 0.03 0.45 ± 0.09 
[OGR+96] 300 0.12 0.32 
[VBDA95] 4.2 0.50 ± 0.10 0.76 ± 0.05 
[VBDA95] 300 0.44 ± 0.06 0.40 ± 0.10 
[PDF96] 77 0.36 0.85 
[BDA97] 20 0.25-0.30 0.55 
[BDA97] 300 0.25-0.30 0.4 

One remark can be made at this point. The multilayers of 10 J.Lm are grown into pores of 60 
pm length which means that 50 J.Lm of the wires are Cu. So we actually have a multilayer 
with a certain resistance Rmz in series with a Cu wire with resistance Rcu-wire· One wire in 
the membrane thus has a resistance of Rmz + Rcu-wire and the true MR effect is caused of 
course only by the resistance of the multilayer. In the numerator of equation 5.3 the series 
resistance Rcu-wire is cancelled because Rp ( = Rp(multilayer) + Rcu-wire) is subtracted from 
Rap ( = Rap(multilayer) + Rcu-wire), whereas in the denominator the contri bution from the 50 
t-tm Cu is not cancelled which thus means that an extra resistance (Rcu-wire) is added up 
to Rap· The measured MR effects will thus be smaller than expected. Moreover, for thicker 
layers the number of total layers decreases and therefore the resistance of the multilayer 
decreases. Consequently the effect of the Cu part becomes larger and herree this also will 
lead to a decrease of the MR effect. Because the values of the MR effect are smaller than 
expected the slope of the MR effect as function of the Cu layer thickness is larger and sirree 
this slope is crucial in the determination of the parameters according to equation 6.12 the 
desired parameters can not be deduced correctly. Besides, if the slope changes one might 
question also the derived values for /3 and Pco because now the lines will interseet at another 
point. The same kind of measurements in polycarbonate membranes performed by Piraux et 
al. [PDF96] resulted in a much smaller slope and MR effects of still a few percent up to Cu 
layer thicknesses of 100 nm. The parameters they deduced were given in section 5.4. 
A quantitative approximation, however, can not be made because a calculation of the resis
tance of a single wire is difficult with unknown interface resistances and therefore the exact 
influence of the series Cu resistance is not clear. An attempt was made to study the influence 
of a multilayer with a double length (i.e. 20 J.Lm) on the MR effect. In this way the influence 
of the resistance of the Cu part can de reduced. This measurement failed probably because 
of the fact that the produced multilayer does not meet the intentions of 40 A Cu and 56 A 
Co. Measured MR effects were about 4-5 % while percentages of about 8-9 % are expected. 
In order to be able to deduce the spin asymmetry parameters and resistivities correct for the 
ceramic membranes we can conclude from the above discussion that thinner membranes are 
needed, with a thickness of at most about 10 J.Lm. Thicker membranes will simply cause the 
deposition time to be too long as mentioned earlier in this chapter. 
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Figure 6.16: MR values as function of the Cu layer thickness according to equation 6.12 at 
300 and 10 K to determine the spin-asymmetry parameters. The solid lines 
are linear fits. 
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Conclusions 

In this report multilayers have been discussed which are deposited into the pores of two 
types of membranes. First a series of multilayers with a varying Co layer thickness is grown 
in polycarbonate membranes. The next step was to fabricate multilayers into the pores of 
ceramic membranes because these pores are perfectly straight. After experiments in which 
membranes were filled with only Co or Cu, we have been able to successfully deposit Co/Cu 
multilayers in ceramic membranes. Three series are grown in these membranes, one in which 
the Co layer thickness is varied and two with varying Cu layer thicknesses and a different Co 
layer thickness. Characterisation of these multilayers is done by NMR and magnetoresistance 
measurements. 

NMR results of the series with a varying Co layer thickness in both types of membranes 
show that the bulk Co grows mainly in a fee structure and a small fraction of hcp Co and 
stacking faults is present. The interface part of the polycarbonate membranes turns out to 
be diffuse, the satellite lines are not resolved here, but in the case of the multilayers in the 
ceramic membranes the second and third satellites are clearly present and even a fourth and 
fifth might be distinguished. The presence of at least four satellite lines already indicates that 
the interface is probably not very smooth. Determination of the interface roughness gives 
values of 8.5 A and 6.5 A per interface for polycarbonate and ceramic membranes, which 
confirms that the interface is quite rough for both multilayer series. NMR measurements on 
a Co sample from a Co/Cu electrolyte resulted in an impurity amount of 11 %, which means 
that 11 % of the bulk Co has Cu neighbours. These Co atoms contribute to the interface 
intensity, therefore lowering the bulk intensity. 

Giant magnetoresistance values of 10 % are found for polycarbonate membranes at 300 K 
for tea = 40 A and teu = 23 A. For ceramic membranes values of 8 % and 18 % at 300 and 
10 K are obtained for tea = 56 A and teu = 40 A. Magnetoresistance measurements on two 
series of multilayers resulted in a bulk asymmetry parameter of (3 = 0.18 and resistivities of 
Cu and Co of 2.6 x 10-8 Om and 4.4 x 10-9 Om. The interfacial asymmetry parameter 1' and 
the interface resistance r;; could not be calculated. This can be attributed to the fact that 
the multilayers in the membranes are in series with a Cu part which reduces the MR effect. 
Calculations according to the VF model then result in incorrect values, and even negative 
on es. 

The Co wires which are produced in the 20 nm and 100 nm ceramic membranes have been 
investigated with NMR and magnetisation measurements. Line shifts in the NMR spectra 
with the field applied perpendicular and parallel to the wires of the Co wires in the 100 
nm membranes revealed that the hcp easy axis is directed mainly perpendicular to the wire 
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axes. Magnetisation measurements fully confirmed these observations because the sample 
was more easily saturated with the field applied perpendicular to the wires than parallel to 
the wires. On the other hand, the Co wires in the 20 nm membranes behave more isotropic. 
NMR measurements as well as magnetisation measurements show that the magnetisation 
has no preferential direction. It was seen that the magnetisation behaviour is caused by a 
competition between the demagnetising fields and dipole-dipole interactions. Sirree the 100 
nm wires have a larger moment, dipole-dipole interactions are more important here than for 
the 20 nm wires which results in the preferential direction of magnetisation perpendicular to 
the wires. For the 20 nm wires these interactions become less dominant and demagnetisation 
becomes more significant. 
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Appendix A 

Calculation of the required charge 
for filling a membrane 

To calculate the total required charge, in the case of anideal situation, for growing a multilayer 
with a Cu layer thickness tcu and a Co layer thickness tea, we make use of the following 
parameters and constants: 

pore size 
pore density 
thickness of membrane 
diameter of deposition area 
density of Co 
density of Cu 
atomie weight of Co 
atomie weight of Cu 
A vogadro's number 
Faraday constant 

dpore 

Ppore 

hmem 

dsample 

Pc a 

Pc u 

Ac a 

Ac u 

NA 
F 

=80nm 
= 6 ·106 mm-2 

= 6 ·10-3 mm 
= 9.95mm 
= 8.67 · 103 kg m-3 

= 8.96 · 103 kg m-3 

= 58.93u 
= 63.55u 
= 6.0221367 x 1023 moz-1 

= 96485.309 c moz-1 

The first three parameters, pare size, pare density and thickness of the membrane, are specific 
for a polycarbonate membrane. Charge calculations for ceramic membranes have, of course, 
taken use of parameters specific for these kind of membranes. 
First we start by calculating the total volume of the pores present in the deposition area of 
the membrane. The volume of a single pare with diameter dpore is equal to 

1 2 
"V;JOre = 4 7r dpore · hmem, (A.1) 

with hmem the height of the pore. The deposition area Asample = -1-nd;ample contains npore 

pores: 

1 2 
npore = Ppore · Asample = 4ndsamplePpore · (A.2) 

Tagether these porcs then have a total volume of 

1 2 2 2 
Vtat = npore · Vpare = 16 · n · dsample · dpore · Prore · hmem· (A.3) 
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Calculation of the required charge for filling a membrane Appendix A 

For layer thicknesses tc0 and tcu the volume occupied by Co and Cu respectively is 

V co 
tco 

·Vlot (A.4a) = 
tco + tcu 

Vcu 
te u 

·Vlot· (A.4b) = 
tco + tcu 

Using mx = p ·V (mx is the mass of element x) and Nx = mx/Ax with Nx the number of 
atoms of element x and Ax the atomie weight of this element we obtain for the amount of 
Co and Cu in mol 

[Co] Nco Pco · Vco 
NA NA· Aco 

[Cu] Ncu Pcu · Vcu --
NA NA· Acu 

The total required charge for deposition of respectively Co and Cu becomes: 

Qco 

Qcu 

2· [Co]·F 

2 ·[Cu]· F. 

(A.5a) 

(A.5b) 

(A.6a) 

(A.6b) 

The factor 2 arises from the fact that the deposition of a Co2+ or Cu2+ atom requires 2 
electrons. Taking the sum of equations A.6a and A.6b and rearranging factors, results in the 
tot al charge (in Coulomb) needed to fill the pores in the membrane with the multilayer: 

Qtot = Qco + Qcu = 2 · F ·([Co]+ [Cu]) = 

7r
2 

· d;ample · d~ore · Ppore · hmem . ( Pco . tco + Pcu . tcu ) .(A.?) 
8 ·NA Aco tco + tcu Acu tco + tcu 

Inserting the values, given on the previous page, in this equation yields the following expres
sion for our specific membrane: 

1 
Qtot = (3.99 · 10-1 

· tco + 3.82 · 10-1 
· tcu) , 

tco + tcu 
(A.8) 

where tco and tcu have the dimension of nm and Qtot is in Coulomb. If we consider sample 
80Au18 which is treated in chapter 5, we have tco = 10 nm and tcu = 4 nm. Equation 
A.8 then gives a total charge of 395 mC that is required for filling the membrane with this 
multilayer. 
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Appendix B 

List of samples 

Table B.l: Multilayers in polycarbonate membranes with a pare diameter of 80 nm. 

sample number date contents used in this report 
80Au18a 25-09-1997 966x(4o.o A Co+ 22.9 A Cu) yes 
80Au19a 26-09-1997 1042x(34.0 A Co+ 24.3 A Cu) yes 
80Au20b 24-09-1997 1083x(29.2 A Co+ 27.7 A Cu) yes 
80Au22b 09-10-1997 1252x(23.7 A Co+ 33.8 A Cu) yes 
80Au23a 17-10-1997 2229x(7.8 A Co+ 22.3 A Cu) yes 
80Au24c 21-10-1997 884x(46.3 A Co+ 22.1 A Cu) yes 
80Au25c 24-10-1997 660x (71.1 A Co+ 20.3 A Cu) yes 
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List of samples Appendix B 

List of samples produced in ceramic membranes with pore diameters of 100 nm and 20 nm. 

Table B.2: Deposition in ceramic membranes with a pare diameter of 100 nm. 

sample number date contents used in this report 
100Ce01 06-11-1997 Co growth no 
100Ce02 11-11-1997 Co growth no 
100Ce03 14-11-1997 Co growth no 
100Ce04 14-11-1997 Co growth yes 
100Ce05 19-11-1997 Co growth no 
100Ce06 25-11-1997 Co growth no 
100Ce07 25-11-1997 Co growth no 

100Ce08a 01-12-1997 xxx(100 nm Cu+ 200 nm Co) no 
100Ce08b 02-12-1997 xxx(100 nm Cu+ 200 nm Co) no 
100Ce09 09-12-1997 xxx(lOO nm Cu+ 500 nm Co) no 
100Ce10 10-12-1997 Co growth no 
100Ce11 05-01-1998 Cu growth no 
100Ce12 05-01-1998 Cu growth no 
100Ce13 06-01-1998 5 J-Lm Cu + 100 nm Co + 500 nm Cu no 
100Ce14 06-01-1998 Cu growth no 
100Ce15 27-01-1998 5 J-Lm Cu + 200 nm Co + 500 nm Cu no 
100Ce16 27-01-1998 5 J-Lm Cu + 500 nm Co + 500 nm Cu no 
100Ce17 28-01-1998 Co growth no 
100Ce18 30-01-1998 5 J-Lm Cu + 200 nm Co + 500 nm Cu no 
100Ce19 30-01-1998 5 J-Lm Cu + 500 nm Co + 500 nm Cu no 
100Ce20 24-02-1998 5 {tm Cu + 500 nm Co + 500 nm Cu no 
100Ce21 05-03-1998 Co growth, 40 J-Lm no 
100Ce22 13-03-1998 Co growth, 40 J.-Lm no 
100Ce23 20-03-1998 Co growth, 40 {tm no 
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Table B.3: Deposition in ceramic membranes with a pore diameter of 20 nm.Multilayers 
produced in ceramic membranes, which have a thickness of 60 J.tm, are grown in 
the following way: first a Cu wire of 40 J.Lm is grown from a concentrated Cu 
electrolyte after which the multilayer is grown with an intended total thickness 
of 10 pm and at last the membrane is filled with again Cu from a Cu electrolyte 
until the wires emerge at the surface (approximately 10 ~-.tm). 

sample number date contents used in this report 
20Ce01 02-12-1998 Co growth, ±40 J.Lm yes 
20Ce02 09-01-1998 Cu growth, full yes 
20Ce03 13-01-1998 Cu growth, 25 pm yes 
20Ce04 14-01-1998 Cu growth, 2 x 25 pm yes 
20Ce05 22-01-1998 837x(40 A Cu +56 A Co) no 
20Ce06 03-02-1998 556x(100 A Cu +56 A Co) no 
20Ce07 04-02-1998 835x(40 A Cu +56 A Co) yes 
20Ce08 06-02-1998 556x(100 A Cu +56 A Co) no 
20Ce09 10-02-1998 555x (100 A Cu +56 A Co) no 
20Ce10 11-02-1998 173x(500 A Cu +56 A Co) no 
20Ce11 18-02-1998 303x (250 A Cu +56 A Co) no 
20Ce12 20-02-1998 Cu growth, full yes 
20Ce13 20-02-1998 Co growth, full yes 
20Ce14 20-02-1998 Co growth, full yes 
20Ce15 24-02-1998 835x(40 A Cu +56 A Co) no 
20Ce16 27-02-1998 555x(100 A Cu +56 A Co) yes 
20Ce17 03-03-1998 715x (60 A Cu +56 A Co) yes 
20Ce18 05-03-1998 337x(200 A Cu +56 A Co) yes 
20Ce19 11-03-1998 294x(40 A Cu +210 A Co) yes 
20Ce20 13-03-1998 Cu growth, full yes 
20Ce21 13-03-1998 Co growth, full yes 
20Ce22 18-03-1998 435x(150 A Cu +56 A Co) yes 
20Ce23 18-03-1998 250x (100 A Cu +210 A Co) yes 
20Ce24 19-03-1998 222x (150 A Cu +210 A Co) yes 
20Ce25 23-03-1998 278x(60 A Cu +210 A Co) no 
20Ce26 23-03-1998 200x(200 A Cu +210 A Co) yes 
20Ce27 26-03-1998 1000x(40 A Cu +42 A Co) yes 
20Ce28 26-03-1998 278x(60 A Cu +210 A Co) yes 
20Ce29 30-03-1998 500x(40 A Cu +112 A Co) yes 
20Ce30 03-04-1998 Cu growth, full yes 
20Ce31 06-04-1998 Co growth, full (Co/Cu electrolyte) yes 
20Ce32 09-04-1998 1670x(40 A Cu +56 A Co) no 
20Ce33 14-04-1998 Co growth, full yes 
20Ce34 14-04-1998 625x(40 A Cu +84 A Co) yes 
20Ce35 15-04-1998 Co growth, full yes 
20Ce36 29-04-1998 1670x(40 A Cu +56 A Co) no 
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