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1. INTRODUCTION

The topic of this thesis is magnetic tunnel junctions which have a high potential to be
applied in magnetic field sensor applications. In this introduction first the historical
background of magnetic sensor devices is given, which leads to the magnetic tunnel
junction. After that, three possible implementations of the magnetic tunnel tunnel
junction in an application are discussed, namely the absolute angle sensor, the rota-
tion speed sensor and magnetic random access memory. Then the structure of the
thesis is given.

1.1 Magnetic field sensors

The oldest and best known application of magnetic materials for sensing magnetic
fields is the compass needle. Here a magnetic needle is used which can rotate freely
around an axis. The so-called north pole of the magnetic needle rotates, within the
plane in which the needle can rotate, towards the geographic north pole due to the
magnetic field lines of the earth’s magnetic field.1 In figure 1.1 the direction of the
magnetic field around six magnetic dipoles is plotted at different positions. The
background color indicates the strength of the magnetic field. These six poles can
be thought of as an approximation for a bar magnet and at a large distance for the
earth. A small piece of magnetic material, e.g. a compass needle, placed in the
neighborhood will align parallel to the arrow at that position.

In modern applications of magnetic materials, like field sensors, the same old
principle is used: the magnetization of a magnetic layer orients itself along an exter-
nal magnetic field. Except, the method for reading out the direction of the magneti-
zation is different. For the compass, readout is done by the eye, whereas for modern
application it is done electrically.

In new applications, the fact is exploited that the electron has besides charge also
a spin. This new field of research is therefore sometimes referred to as ‘spinelec-
tronics’ or ‘spintronics’. The first spintronic device was already found in 1857 by
William Thomson, the later Lord Kelvin [10]. He found that the resistance of a mag-
netic material depends on the angle,

�
, between direction of the magnetization and

the current. For most magnetic materials, the resistance measured using a current
along the magnetization direction,

�������
or
�����
	����

, is higher than the resistance
using a current perpendicular to the magnetization,

��������
or
�����������

, as shown
in figure 1.2. This effect is called anisotropic magnetoresistance (AMR). This rela-

1 The geographic north pole is in fact a magnetic south pole. The axis of the magnetic field differs from
the geographic axis around which the earth rotates. This deviation is called magnetic declination [7].
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tive resistance change is called MR ratio, and the maximum value observed at room
temperature is ����� .

More than 100 years later, in 1988, Fert and coworkers [1] and simultaneously
Grünberg and coworkers [2], discovered a larger resistance change upon applying
a magnetic field in multilayers of magnetic layers separated by nonmagnetic metal
layers and called it giant magnetoresistance (GMR) effect. The origin of this effect
is due to spin dependent electron scattering. The total current is the result of two
parallel currents, one due to spin up and one due to spin down electrons. The resis-
tances experienced by these two currents are generally different and depend on the
alignment of the magnetization direction of the ferromagnetic layers. For example
in a Co and Cu multilayer, the scattering probability in the Co layer for electrons
with their spin along the local magnetization direction is low, whereas it is high for
electrons with the spin antiparallel to the local magnetization direction as shown in
figure 1.3(a). When the spacer layer, Cu in this case, is not thicker than a character-
istic length, this results in a total resistance of the multilayer, which depends on the
angle between the magnetizations of the magnetic layers,

�
. The characteristic length

is determined by way the resistance is measured: a current in the plane of multilayer
(CIP) or perpendicular to the plane of the multilayer (CPP) [11].

To illustrate the GMR effect, we now consider a trilayer system consisting of two
magnetic layers separated by a conducting nonmagnetic layer. The direction of the
magnetization of one layer is pinned in one direction and the other, the free layer, is
free to rotate in the direction of the external magnetic field. This system is a so-called
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Fig. 1.1: The direction of the magnetic field induced by the six equal magnetic dipoles placed at
the positions of the six spheres, with their magnetic moment pointed in the + � -direction. The
background color indicates the field strength of the magnetic field, black (white) corresponds
with a low (high) magnitude of the magnetic field.
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Fig. 1.2: An example of the normalized resistance variation of an AMR and GMR device as
a function of the direction of magnetization. In the case of an AMR device,

�
is the angle

between the magnetization and the current direction. For a GMR or tunnel magnetoresistance
device,

�
is the angle between the magnetizations of the pinned layer, M � , and the free layer

M � .

simple exchange bias spin valve. By applying an external magnetic field, the mutual
orientation of the magnetization can be changed from parallel to antiparallel. Now,
a low resistance is obtained if the magnetization of the two layers are parallel,

� � � �

and a high resistance if they are antiparallel,
� � �
	����

, as is indicated in figure 1.2.
The next generation of spintronic devices and the main topic of this thesis are

magnetic tunnel junctions. A magnetic tunnel junction consists of two magnetic lay-
ers separated by an insulator. The insulator is so thin, that electrons have a small
probability to go from one electrode to the other through the barrier. This quan-
tummechanical process is called tunneling and is due to the wave character of the
electron. For a magnetic tunnel junction, the conductivity is found to depend on the
relative orientation of the magnetizations. The origin of this effect is that the tunnel
probability of an electron to tunnel through the barrier depends on the wave length,
or equivalently the energy, of the electron. In ferromagnetic materials the energy of
spin-up and spin-down electrons are different and this leads to a spin dependent
tunnel probability. By reversing the magnetization the energy of spin-up and spin-
down electrons in the reversed layer are interchanged, as is shown schematically in
figure 1.3(b). This leads to a resistance difference between parallel and antiparallel
magnetized layers. Although this effect was already found in 1975 [5], only since
1995 a reproducible fabrication process was developed leading to a larger relative
resistance change [8], MR ratio, up to about 50 % at room temperature. The variation
of the resistance of these devices as a function of the angle between the magneti-
zation directions of the two electrodes, is equal to that of the spin valve device as
shown in figure 1.2, but, as already pointed out, the physical mechanism is totally
different from that of the GMR effect.

Now a simple picture of the mechanisms is given, these effects are applied in
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( a ) ( b )

G i a n t  m a g n e t o r e s i s t a n c e T u n n e l  m a g n e t o r e s i s t a n c e

s p i n  d e p e n d e n t  s c a t t e r i n g s p i n  d e p e n d e n t  t u n n e l i n g

Fig. 1.3: Principles of transport of electrons through a GMR device (a) and tunnel junction
(b). The magnetization direction of magnetic materials are indicated by an arrow. GMR is
based upon spin dependent scattering of electrons in a magnetic material and at interfaces
of magnetic materials and non-magnetic materials. The tunnel junction is based upon spin
dependent tunneling of electron waves through a barrier. The result of both effects is that
the conductivity with the antiparallel aligned magnetizations (upper part) is lower than with
parallel aligned magnetizations (lower part). Note that in figure (a) the lines indicate the
trajectories of the electrons and in figure (b) the electron wave function.

real devices. In the applications for GMR and tunnel junction devices as sensors,
two types can be distinguished. In the first type of application, the magnetic field is
high enough to fully saturate the free layer, the whole magnetization points in the
direction of the applied field. The variation of the resistance with the angle between
the pinned and free magnetization is used to readout the direction. The second type
uses a magnetic layer with magnetic anisotropy, a preferential direction for the mag-
netization, perpendicular to the magnetization direction of the pinned layer. This
means,

� � ����
in figure 1.2. By applying a magnetic field along the pinned magne-

tization, the magnetization is pulled out of its preferential direction towards
� � � �

for positive fields and towards
� � �
	�� �

for negative fields. When the applied field is
large enough the magnetization is parallel or antiparallel to the pinned layer and has
its maximum output. This results in a linear response between the applied magnetic
field and the resistance, which makes this configuration suitable for magnetic field
sensor applications.

An example of the first type of application is an absolute angle sensor [6]. From
figure 1.2 one observes that in principle the component of magnetization M � parallel
to pinned magnetization M � is measured. To measure the absolute direction of the
magnetization, a second device with a pinned magnetization perpendicular to the
pinned magnetization M � , is necessary. The response of the second device is there-
fore 90

�
out phase with respect to the first device plotted in figure 1.2. By reading

both signals the absolute angle can be determined. This type of sensor is used for
example in steering wheels and potentiometers.

An example of the second type of application is rotation-speed sensing [6], which
is used in anti-lock braking systems (ABS). Figure 1.4(a) shows a schematic overview
of such a device. The sensor consists of a soft magnetic, easy to magnetize, gear
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Fig. 1.4: Figure (a) shows a schematic overview of a rotation-speed sensing sensor. This device
consists of a soft magnetic wheel with teeth. A permanent magnet with on top of that a GMR
or tunnel device is placed. This GMR device has a pinned layer pointing downwards and a
free layer with a preferential direction pointing out of the page. Therefore, this sensor is only
sensitive to the component of the magnetic field along the direction of the pinned layer. As
the wheel moves, teeth move over sensor and disturbs the field lines of the permanent magnet
as indicated in figure (b). This results in an output as depicted in figure (c).

wheel of which the speed and position is measured. Near the wheel, a sensor, GMR
or tunnel junction, is placed on top of the north pole of a permanent magnet. The
sensor is only sensitive to the magnetic field along the pinned magnetization of the
sensor which points, in our case, downwards. The free layer has a preferential direc-
tion which is in our case perpendicular to the page. If a tooth approaches the sensor
from above, a field component of the permanent magnet is in-plane with the sensor,
figure 1.4(b1). In this situation, the magnetization of the free layer is antiparallel to
the pinned layer and this results in a high output of the sensor as shown, as shown
in figure 1.4(c) (position (1) of) . As the wheel rotates further the tooth comes to a
position exactly above the sensor. Now the free layer is in its preferential direction
perpendicular to the pinned layer. The output is than halfway its maximum and
minimum value in position (2) of figure 1.4(c). When the tooth moves down, the
magnetic field of the permanent magnet gets a component parallel to the pinned
magnetization which results in a minimum in output, point (3) in figure 1.4(b) and
(c). As the wheel rotates further, the free magnetization returns to its preferential
direction and the output is again halfway the maximum and minimum value as the
sensor is exactly between two teeth, point (4). Now a sinusoidal voltage is obtained
from which the speed and position of the wheel can be determined.

A totally different application of a tunnel junction or a GMR is to apply it in
nonvolatile solid state memories (Magnetic Random Access Memory MRAM). Now
a high easy axis along the pinned magnetization direction is necessary. Parallel and
antiparallel aligned correspond to a binary ’1’ and ’0’ [3, 4, 9].

1.2 This thesis

The quantummechanical nature of tunneling makes it often difficult to understand
the response of a tunnel junction to conditions in which they operate, e.g. bias volt-
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age and temperature. As an introduction to tunnel junctions, chapter 2 describes a
theoretical model which can describe these effects at least qualitatively. This model
is than applied to a tunnel junction with an additional non-magnetic layer at the in-
terface between the barrier and the ferromagnetic layer, to study the influence of this
interface layer on the electronic properties. The results of these calculations can de-
scribe the features found experimentally, like the non-magnetic layer thickness and
bias voltage dependence of the MR ratio.

The remaining chapters deal with the practical aspects of a tunnel junction. Be-
fore a tunnel junction can be applied in a sensor or MRAM a few problems have to be
solved. One problem is the high areal resistance, resistance times the area, of repro-
ducible tunnel junctions with large MR effect. The high resistance introduces a high
spectral noise density. To decrease the resistance, two possible solutions arise. First
one could make the the potential barrier due to insulating layer lower. Up to now
tunnel junctions based on Al2O3 barriers have shown higher MR ratios than barri-
ers based on other materials with a lower barrier height. The second option is to
decrease the insulating layer thickness. However it is very difficult to make an ultra-
thin oxide layer, of a few atomic layers, which has no metallic conducting channels.
Especially if one realizes that the best barriers up to now are made by oxidation of
an ultra-thin Al layer in an O-plasma to Al2O3.

To make a tunnel junction work properly in a sensor or MRAM, poses another, at
least as difficult challenge, namely to control the magnetic switching response of the
magnetic layers. In applications, the magnetization of the free layer should be a well
predictable and reproducible function of the external applied magnetic field after
the fabrication process. This response depends on various fabrication parameters
like the thickness of the layers. How the final response should be depends on the
type of application the tunnel junctions are used in.

The key factor in all these issues is the insulator, which has to be of a high quality.
Various different aspects of the insulator have been investigated experimentally in
the framework of this research. In chapter 3, the spectral noise density measured in
the voltage across the junction is studied. We observe a frequency dependent noise
at low frequencies, 1/f noise, and a frequency independent noise at high frequen-
cies, white noise. Both contributions are measured as a function of the applied bias
current and magnetic field. At high frequencies the white noise is the dominant
noise source and its magnitude is as a function of the applied voltage is described
well in terms of the classical full shotnoise equation for tunnel junctions. This makes
it possible to quantitatively predict the contribution of the junction to the noise of
the device. This forms the basis of the statement made before that the resistance
area product of tunnel junctions should be decreased in order to increase (under
otherwise identical conditions) the signal to noise ratio. Surprisingly, we found an
increase in the 1/f noise in going from a parallel to an antiparallel magnetized state.
The magnitude of the increase also depends on the bias current. This increase and
the current dependence can be explained within the free electron model in which a
fluctuating inner potential is assumed.

The second aspect studied concerning the issue of the resistance, is the oxidation
process of ultra-thin Al layers. To lower the resistance of the insulator, the thickness
of the insulator can be decreased. This can be done by making the Al layer thinner
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and making the plasma oxidation time shorter. In going to thinner Al layers be-
fore oxidation, the oxidation process of Al can change. Therefore a study is done to
characterize the oxidation. We used two technique which give both complementary
information about the the amount of Al and O in oxidized Al layers. The first tech-
nique is a differential ellipsometry technique which uses the difference in refractive
index of Al and Al2O3 to measures the thickness of these materials. The second tech-
nique, Rutherford backscattering (RBS), uses high energetic He

�

ions which impinge
on the sample. A part of these He

�

ions scatter back from the Al and O nuclei and by
detecting the spectrum of backscattered ions the amount of Al and O is determined.
From the result of both techniques on oxidized Al layers, a model is proposed for the
oxidation of thin Al layers.

The last subject addresses a third issue related to the barrier of the tunnel junc-
tion. The magnetic response is studied of tunnel junctions with an Al layer with
increasing O content. The magnetic interactions between the layers changes when
the Al gets oxidized. We found a ferromagnetic coupling across the barrier which
decreases as the oxygen content decreases. In the extreme case of ferromagnetic
coupling, this coupling makes the response of the two magnetic layers look like the
response of a single magnetic layer, with no well separated switch fields for both lay-
ers. Therefore not the full resistance change is observed because a full antiparallel
alignment is not reached.
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2. FREE ELECTRON CALCULATIONS OF THE TUNNEL
MAGNETORESISTANCE EFFECT

A tunnel junction consists of two metal layers separated by a thin insulator. By ap-
plying a voltage over the insulator a current starts to flow by tunneling of electrons
across the classically forbidden region of the insulator. Tunneling is a quantumme-
chanical process in which electrons have a finite probability to cross an insulating
barrier. To understand the tunnel process a model is needed. For the description
of transport of electrons in a tunnel junction various types of models are available,
which vary much in complexity. The models differ in the way the electron states in
the metal electrodes are described. The description of the insulating barrier is poorly
known. Therefore simple model assumptions have been used, like trapezoidal bar-
riers or vacuum gaps.

The most simple method treats the electron potential in the metal and the bar-
rier as flat. In both regions, electrode and barrier, are free electron wave functions
with real and imaginary wave vectors, respectively. These waves are matched at the
interfaces using the appropriate continuity relations [10, 18, 24]. This leads to the
tunnel probability, which is used in calculating the current. In this model no realis-
tic band structures of the electrodes and barrier materials are used, although some
band structure effects can be incorporated by using an effective mass for the electron.
The tunnel process is also assumed to be elastic, so no inelastic interactions between
the electron and the environment is included. In spite of these shortcomings, the
obtained results from this model describe the main trends observed in experiments.
This model has also the advantage that it is clear and easy to use.

A more complex model is the transfer-Hamiltonian model which permits taking
the real band structure of the electron states in the electrode into account. In this
description, both electrodes are in zeroth order isolated systems and the transfer
between both systems is treated as a small perturbation [5]. This technique uses the
local properties of the system and allows the use of these properties e.g. the local
density of electron states.

The tunnel current has been argued to be mainly due to itinerant electrons from
the s-p band. The electrons from a d-band are often considered as too localized to
contribute to the tunneling current. The s-p electrons are s-p-d hybridized causing a
difference in spin-up and spin-down s-p density of states and causing some d-states
to have a larger mobility than unhybridized states. These two effects cause in the
case of ferromagnetic electrodes, a spin polarization of the tunnel current [19], and
hence the MR effect.

Other models use the tight-binding lattice model to describe the transport of elec-
trons in a metal. In this method the electrons hop from one atom to the other atom,
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described by a transfer parameter.
Recently, first principal calculations have been done with full optimization of

the structure of a crystalline Co/Al2O3/Co tunnel junction [14]. This is done with
self-consistent spin-polarized calculations within density-functional theory and the
generalized gradient approximation. With this method the atomic and electronic
structure of the tunnel junction is calculated, which determines the transport prop-
erties of the system.

The theoretical and modeling work done so far has been focussed on relatively
simple systems, with in almost all cases electrodes consisting of a single magnetic
layer. However, recently experiments have been carried out in our group on more
complicated systems, in which at the interface between the oxide barrier and the fer-
romagnetic electrode, a nonmagnetic metal layer is present. These show interesting
results as a function of the thickness of this additional layer.

Because of the clarity and the easy use of the free electron model, we have used
this model to compare its results with the results from experiments. We have ap-
plied the model to standard junctions as well as to the interesting novel structures
mentioned before, with the additional nonmagnetic interface layer.

The first section describes the free electron model we have used to calculate the
current for nonmagnetic and a magnetic tunnel junctions, which is based on the
model reported by Zhang [24]. Then the results of these calculations are compared
with other models and currently available experimental results. The treated aspects
are voltage dependence of the current, tunnel magnetoresistance, temperature effects
and the influence of an additional interface layer.

2.1 Free electron model for nonmagnetic tunnel junctions

In these calculation the electrons are assumed to be free particles, which have no in-
teraction with each other and with the lattice. This allows us to describe the electrons
by one-electron wave functions with a wave vector

��
and energy � :

� ������
�	��
 �� 
 � ������

�	�� � ���� � ���� � ���� � (2.1)

The wave vector has three different components in the �� , �� and �� direction. The
parabolic energy band is filled with electrons to the Fermi level, the conduction band.
The density of states is equal to [7],��� ��� � �

�	�� �	������!�"$# � �&% # �(' (2.2)��� ���*)+� is the the number of electrons with an energy between � and � � )+� .
To include the interactions with the lattice, the mass of the bare electron is re-

placed by an effective mass. An electron has besides an electrical charge also a spin.
In nonmagnetic materials there is no difference in potential energy for spin-up and
spin-down electrons whereas for ferromagnetic materials the energy bands are split.

For the description of the electrons states in a nonmagnetic tunnel junction, a free
electron with a certain energy is considered, moving in an energy potential which
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Fig. 2.1: The potential of a nonmagnetic tunnel junction. An incoming electron wave is par-
tially reflected and partially transmitted through the barrier. Over the barrier a bias voltage

���
is applied. The left and right diagram show the density of states in the left and right electrode.

only depends on � . In the other two directions �� and �� , the tunnel junction is as-
sumed to be infinitely large. The potential energy, � � � � is drawn in figure 2.1. This
potential is divided in three parts: the left electrode, the barrier and the right elec-
trode. The levels of zero potential energy in the left and right electrode correspond
to the bottom of the conduction bands in these electrodes. The barrier potential can
vary as a function of � and is at that position higher than the Fermi level in each of
the electrodes.

In each part of this diagram the time-independent Schrödinger equation can be
written as, ��� ����

�	��� � � � � � �
	�� � � ' � ' � � � �� � � ' � ' � � � (2.3)

To solve this equation, the problem is separated in three independent one-dimen-
sional problems: one for each dimension, with the corresponding energies � � , � �
and � � . This is possible because the potential does only depend on the � coordinate.
The total wave function � is then the product of the one-dimensional solutions, � �� � � � � � , and the total energy � is equal to the sum of the energies, � � � � � � � � � � .

The one-dimensional differential equation for the �� direction has two indepen-
dent solutions. One corresponds to an electron traveling in the positive direction,� �

, and one to an electron traveling to the negative direction,
���

. The solutions for
the �� and �� directions have the forms,���� ������� �
��� � ��� � ' with � � � �� � � ���� �	� ' (2.4)

where � � � or � . This is consistent with the conservation of the component of the
�

vector parallel to the barrier, since the solutions are independent of � .
The solutions in the �� direction depend on the potential � � � � . For a constant po-

tential �! , plane waves
� �� � � � �"����� �
��� � � � � are found with wave vectors

� � which
depend on � � and the potential energy � � � � , � � �$# �	� � � � � �! $� � �� . The wave vec-
tor is real for an electron energy � � higher than the potential energy and imaginary
for an energy smaller than the potential energy.
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A voltage over a rectangular barrier makes the potential of the barrier to be
oblique. The Schrödinger equation in an area with such a potential, � � � � � � � � � ,
has the Airy functions Ai( � ) and Bi( � ) as independent solutions, with the argument� � � ������� � � % # " �
	 ����� � � � [2].

The wave functions of the electron in the three regions are matched in ampli-
tude and derivative at the interfaces between the regions. The matching results in a
system of equations which can be represented in a matrix form [24],

 �� ! � � � %% � � % �� ��� �
left electrode

� � � � % � � � %� � � � �� ��� �
barrier

� " � � � �� ��� �
right electrode

 �� ! (2.5)

���  �� ! ' (2.6)

where the matrix, ��� � � � �� � ��� �"!#� � � ��$#� �&%(''''' � ) � #
'

(2.7)

consists of the two solutions of the Schrödinger equation and their derivatives within
the n-th region at the position � � . Region 1, 2 and 3 are the left electrode, the barrier
and right electrode, respectively. The amplitudes of the right- and leftwards travel-
ing wave in the left electrode are respectively

�
and

�
and for the right electrode

�
and

�
.

From equation 2.5 it is clear that the scattering matrix
�

contains matrices of the
form

��� � � � � % � � � %� � � � � representing a layer between the left and right electrode.
The presence of additional layers in the stack can be taken into account by adding
extra matrices of this type to the equation.

We consider now the transmission probability, * , for an electron that incidents
from the left on a layer structure that is formed by a stack of

�
metallic layers in

the left electrode (
� � �

� �

�
) and + � � �

�
metallic layers in the right electrode

(
� � � � � � � + ). The barrier is placed at

� � � � � . The layers
� � �

and
� � + are the

left and right electrodes and are assumed to extend to infinity in the �� direction. Only
these electrodes can be magnetic in our simulation. The transmission probability is
obtained by dividing the flux of the incoming electrons in the left electrode by the
flux of the outgoing electrons in the right electrode,* �

�-,� % ''''
� � ''''
�
�
�-,� % ''''

�� % % ''''
�
� (2.8)

For a simple tunnel structure with the same, homogeneous electrode materials and
a rectangular barrier with a potential � bar above the potential at the bottom of the
conduction band � c, the tunnel probability is given by,* �

� � �/. � �� . � � � � � �1032 4/5 � � ."6 � � � � �/. � �87:9;035 � � ."6 � ' (2.9)

where
� �=< �	� � � � � � c � � ��+� and

. �>< �	� � � bar

� � � � � ���� .
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Fig. 2.2: The transmission of an electron through a barrier as a function of the energy of the
electron with respect to the bottom of the band. The barrier has a height of 2.5 eV. Below this
value the transmission is approximately exponential and above the barrier it oscillates. Also
the high and thick barrier approximation (2.10) and the transmission obtained from the WKB
model are plotted. The inset shows the exact transmission on a linear scale.

Figure 2.2 shows an example of this tunnel probability of an electron as a function
of the energy with respect to the bottom of the conduction band. Both electrodes are
assumed to be made of the same material, with the barrier at a potential of 2.5 eV
above the bottom of the conduction band and a thickness of 1.2 nm. Near the bottom
of the conduction band the transmission approaches zero. Upon increasing the en-
ergy the transmission increases approximately exponentially with the energy as long
as � � is not close to � bar. This is due to the exponentially decaying wave function in
the barrier.

For increasing energies above the top of the barrier the electron wave function
in the barrier becomes sinusoidal, with a wave vector depending on the difference
of the electron energy and the potential energy of the barrier. Furthermore, when
an integer times half the wavelength of the electron wave in the barrier is equal to
the width of the barrier a standing wave is present in the barrier and the tunnel
probability becomes one. In our example this is for energies of 0.261, 1.05, 2.36... eV
above the barrier (see inset of figure 2.2). This results in an oscillatory behavior
of the transmission as function of the energy, for an energy higher than the barrier
potential.

For thick and high barriers,
."6 � 1, the transmission 2.8 can be approximated by* �

��� �/. � �� . � � � � � � ����� � � � ."6 � � (2.10)

This line is plotted as a dashed line in figure 2.2. For high barriers,
. � �

, the tunnel
probability is proportional to

� �
, which is proportional to the product of the density
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of states of tunneling electrons of both electrodes, because in the free electron model
the density of states is proportional to

�
(2.2).

Another approximation which is often used, is the Wentzel-Kramers-Brillouin
(WKB) approximation. This approximation is only good for potentials varying slow-
ly on a scale equal to the wavelength of the electron. The tunnel probability is then
given by, * �

� %� � ����� �� � � ''''''
�� ��� �	����� � � � � � � � � ) � ''''''

��
(2.11)

The transmission probability for a square barrier is plotted as a dotted line in figure
2.2.

To obtain a net flow of charge through the barrier a voltage � � over the barrier has
to be applied. The effect of the bias voltage is that the potential of the right electrode
together with the Fermi level at the righthand side of the barrier is lowered by an
energy 	 � � with respect to the left electrode (see Figure 2.1). Due to this difference an
electron current flows from the left electrode to the right for the situation depicted in
figure 2.1, equivalent to an electrical current from the right to the left electrode. This
current density is given by
 � �

� � 	� �	� � " ������ �
��� �
��� �
 � ����� � �  � � � 	 � � ��� * � � � ��� �� � � ) � � ) � � ) � � � (2.12)

The integral is a summation over all electrons in
�

-space times the electron group ve-
locity,

� � � �� � � � � � � � , weighted by the tunnel probability and the appropriate Fermi-
Dirac functions at that energy. The Fermi-Dirac distribution functions,

 � ��� , are
used to incorporate the fact that electrons can only tunnel from a filled state to an
unfilled state. For the two electrodes the same distribution function is used, which
is only correct for very low tunnel probabilities. Otherwise the injection of electrons
from the low potential electrode into the high potential electrode increases the num-
ber of electrons above the Fermi level in this electrode, inducing a non-equilibrium
distribution function. The factor two in front of the integral is due to the degeneracy
of the electron spin in the case of a nonmagnetic system.

For the flow of electrons from the right electrode to the left a similar expression
is obtained. Only the arguments of the Fermi-Dirac functions are exchanged. By
subtracting both current densities the total current is obtained,
 � � 	� �	� � " �� �

� ���� ��� �
��� � �
 � ��� �  � � � 	 � � ��� ) � � ) � ���� * � � � �*)+� � � (2.13)

Here we also made use of the free electron approximation, equation 2.1, with)+�) � � � )+� �) � � � ��+�� � � (2.14)

Using the tunnel probability obtained from (2.8) within the free electron approxima-
tion the current integral can be evaluated numerically.
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Fig. 2.3: The potential of a magnetic tunnel junction for a spin-up and spin-down electron.
The bands for both electrons are splitted by

���
. The left and right diagrams show the density

of states in the left and right electrode for parallel aligned magnetizations. Interchanging the
spin direction of the bands changes the magnetization direction in that electrode.

2.2 Ferromagnetic tunnel junctions

For ferromagnetic electrodes the energy bands and the density of states of the spin-
up and spin-down electrons are exchange-split by an energy defined as

���
(see Fig

2.3). This means that after filling the bands with electrons to the Fermi level, electrons
with a certain spin, the majority electrons, are more abundant than electrons with
the other spin direction, the minority electrons. This effect is responsible for the
magnetic moment of the material and also for the magnetoresistance effect as will be
shown later.

Using two ferromagnetic materials as electrodes in a tunnel junction, the poten-
tial energy � � � � becomes spin dependent. Now we assume that during tunneling
the spin direction of the electron is conserved. Therefore two different spin-channels
are present, one for the spin-up and one for the spin-down electrons, with both their
own potential energy diagram. In the parallel magnetized state the spin-up electrons
tunnel from a majority spin to a majority spin band, whereas the spin-down electron
tunnels from a minority spin to a minority spin band. In the antiparallel magnetized
state, electrons which belong to the majority band of one electrode, belong to the
minority band of the other electrode and visa versa. This gives rise to a change in
conductance when the magnetizations are switched. In the free electron model this
is modeled by a spin-dependent potential and by interchanging the potentials for
each spin direction of the layer, the magnetization of this layer is reversed.

The current through a magnetic tunnel junction is equal to the sum of both spin
currents. For calculating the magnetoresistance ratio, the currents in the antiparallel
and parallel magnetized state are calculated. The magnetoresistance is then given
by �����


	� � 
	

 
 �
� 
	�
� � 
	�� � � � 
	
� � 
	
� �
 


� � 
 
� '
(2.15)
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Fig. 2.4: Tunnel current density at
�

= 0 K as a function of the voltage for different barrier
thicknesses and a constant barrier height with respect to ��� of 2 eV (a) and for different barrier
heights and a constant thickness of 1.2 nm (b). The inner potentials, difference between Fermi
level and bottom of conduction band, used for both electrodes in the calculations are 1.5 eV.
The used thicknesses and barrier heights above the Fermi level are indicated in the figure. The
insets show the same figures for positive voltages on a logarithmic scale.

where

 
�� �
� � � is the current density with parallel (P) or antiparallel (A) aligned mag-

netizations for a spin-up ( � ) or spin-down ( � ) electron. This ratio can have a value
between -1 and � and is often expressed in terms of a percentage. Also another def-
inition is used, where the difference is divided by the parallel current. This gives a
percentage between

�
� and 100 %.

2.3 Basic Features

2.3.1 The tunnel current versus voltage

To observe a tunnel current a voltage has to be applied across the barrier. In this
subsection the current as a function of the voltage and the current variation with the
barrier height and thickness are discussed. Brinkman [3] and Simmons [17] have
used a simplified free electron model to fit the experimental current-voltage charac-
teristics. These models are often used to obtain the barrier height and thickness [21].
The results of the free electron model presented in section 2.1 are now compared
with the results of these models.

The influence on the potential of a positive voltage over the barrier is that the
potential energy of the barrier changes and that, within the definition depicted in
figure 2.1, the potential of the right electrode lowers. This has three effects on the
current. First, the lowering of the potential of the right electrode increases the en-
ergy range of incoming electrons, that contribute to the tunnel current from the left
to the right. Second, the change in slope of the barrier potential alters the tunnel
probability of an electron that comes in from the left electrode. Third, the tunnel cur-
rent from the right to the left decreases very rapidly as the voltage becomes higher
than � �
	 � ��� � 	 . The first effect is clear from equation 2.13, where the difference in
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distribution functions determines the energy interval in which electrons can tunnel.
This energy interval is proportional to the applied bias voltage. This means that in
the low voltage limit, where the tunnel probability does not change much, the tun-
nel current is proportional to the applied voltage. By increasing the voltage further,
also the change in tunnel probability becomes important, leading to an exponentially
increasing tunnel current. The first two regions are visible in figure 2.4, where the
tunnel current is plotted versus the bias voltage for different barrier thicknesses (a)
and for different barrier heights (b). Because the calculations are done at � = 0 K, the
temperature effect is not visible. The effects of the temperature on the tunnel current
will be discussed in subsection 2.3.4.

The insets of figures 2.4 show the same curves but on a logarithmic scale. From
(a) one can see that the tunnel current density also decreases exponentially with the
thickness of the barrier because the difference between the curves is equal on a log-
arithmic scale. By carefully examining figure (b) one can conclude that the decrease
in current density due to an increase in barrier height is less than linear on a loga-
rithmic scale. These effects can be understood from the argument of the exponential
factor in equation 2.10, which is proportional to the thickness times the square root
of the barrier height.

Due to this strong non-linear dependence of the current density on the voltage
and the barrier parameters, it is possible to obtain the barrier parameters simulta-
neously by fitting the measured current-voltage characteristic to the free electron
model. For this purpose Simmons has developed a simplified form of this model.
To derive the tunnel current Simmons uses the WKB approximation to obtain the
tunnel probability. After inserting the tunnel probability, equation 2.11, in equation
2.13, Simmons found a simplified equation for the current density [17],


 � � � � � 	� �	� � � ��"6 � �  �� � 	 � �� ! ������� � � 6�� �	��� �  �� � 	 � �� !�� �
 �� � 	 � �� ! ������� � � 6�� �	�����  �� � 	 � �� ! �
	 ' (2.16)

where �� ��� � 6 �� � � � � � � � �� � ) � is the average barrier height above the Fermi level.

This analytical equation is often used to obtain an approximation for the barrier
height and thickness from a fit to the experimental


 � � � � curve.
So far we have considered junctions with identical electrodes on each side of the

barrier. For a tunnel junction with different electrode materials, the difference in
barrier height at both metal-insulator interfaces makes the barrier oblique, resulting
in an asymmetric current-voltage behavior. To determine the difference in barrier
heights from measurements, in addition to the barrier height and width, Brinkman
derived an analytic expression. In addition to the same approximations as used by
Simmons, an asymmetry parameter

� � � ��� � ����� � ��� ��� �
is introduced to account for

the tilted barrier potential. The tunnel current density is approximated by a Taylor
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Fig. 2.5: Values for the barrier height and width obtained by fitting data sets generated by the
free electron model with the Simmons equation. For the generation of the data sets the barrier
height is changed from 1.6 to 2.6 eV and the barrier width is varied from 1 to 2 nm.

expansion to the third power,
 � � � � � � � � � � � � � �	� 	
� � �� 6 � �� "$# � % � �� �  �	� 	 �� � ��+� 6 �� ! � "� ' % (2.17)

where
� �

is the conductance at zero bias voltage which has the value equal to
�
�

��
�
���  � ��� �� ! ����� � � � 6 < ����� �

� �	� � % m
� �

. The standard S.I. units for the parameters are

used. Also the difference in inner potential, the energy difference between the bot-
tom of the conduction band and the Fermi level, of the left and right electrodes intro-
duces an asymmetry in the current-voltage relation. Due to the absence of the inner
potential in the equation, this difference cannot be taken into account.

Both models are derived for thick and high barriers, that means under the as-
sumption

."6 � �
. By using the WKB approximation the wave vector dependence

of the current density disappears in a one band model [23]. Therefore, the magne-
toresistance effect, which is based on the difference in spin-up and spin-down band
structure, cannot be explained from the Simmons and Brinkman model. For this a
more complete model like the free electron model should be used.

For comparison of the Brinkman and Simmons equation with the free electron
model, data sets of the current density versus the voltage are calculated for different
barrier parameters in a voltage range of -0.5 V to 0.5 V at zero temperature. For
this purpose two identical nonmagnetic electrodes are used with a inner potential
of 1.5 eV. The barrier width is varied between 1 and 2 nm and the barrier height is
changed from 1.6 to 2.6 eV above the Fermi level, which are realistic values for an
aluminumoxide layer. These data sets are fitted with the Simmons and Brinkman
equation using a non-linear least-squares method. The resulting barrier width and
height are plotted in figure 2.5 and 2.6.

In the parameter space examined, the Simmons fit always predicts a too low bar-
rier height. The difference in barrier height varies between 0.08 eV at ( � bar = 1.6 eV,6

=2 nm) to 0.2 eV at( � bar=2.6 eV,
6
=1.4 nm) (see Figure 2.5). The difference changes
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Fig. 2.6: Values for the barrier height and width obtained by fitting data sets generated by the
free electron model with the Brinkman equation. For the generation of the data sets the barrier
height is changed from 1.6 to 2.6 eV and the barrier width is varied from 1 to 2 nm.

slightly with the barrier thickness used in the free electron model.
However, the thickness of the barrier is in good agreement with the model thick-

ness. The differences varies between -0.02 nm to 0.03 nm, depending on the thick-
ness.

If now the Brinkman equation is used to fit the same data set, a slightly different
picture is found (Figure 2.6). The difference between the barrier height taken in the
exact model and the one obtained from the fit varies from 0.3 eV at ( � bar=2.6 eV,6

=2 nm) to 0.03 eV at ( � bar=1.6 eV,
6
=1 nm). The general trend is that for a thin

barrier, the barrier height approaches the model value.
The barrier thickness obtained from the fit can be over- or underestimated by

0.05 nm to -0.1 nm, depending on the thickness itself. For barriers thicker than
1.2 nm, the thickness is overestimated and for thinner barriers the found thickness is
too small. The difference changes only slightly with the barrier height.

From this one can conclude that, for the examined part of the parameter space,
the Simmons model and the Brinkman model give a reasonable indication of the
barrier height with a maximal error of 10 %. The obtained thicknesses correspond
very well to model values; the error is also less than 10 %. The graphs also show
that the values obtained from the Simmons fit seems to be more or less independent
of the used parameters, whereas the barrier heights obtained from the Brinkman fit
seems to depend strongly on the barrier thickness. However, if one tries to obtain
information from an asymmetric


 � ��� curve the Brinkman equation should of course
be used.

The main difference between the free electron model and the analytical equations
is the use of the WKB approximation for the transmission of an electron through the
barrier. As this approximation is only valid for slow variation in the potential with
respect to the electron wavelength, the use of this model for a step-like barrier as in
this case is doubtful. Also the shape of the barrier potential is important as reported
by Zhang [22].
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2.3.2 Tunnel magnetoresistance

For magnetic tunnel junctions one observes that at a certain voltage the current in
the parallel magnetized state differs from current in the antiparallel state. This dif-
ference divided by the current density in the antiparallel magnetized state is defined
as the magnetoresistance ratio (MR). Different models have been developed to un-
derstand this magnetoresistance effect. The earliest and simplest model has been
formulated by Julliere [6] by simply assuming that the current is proportional to the
product of what he called the number of tunneling electrons of both electrodes, as
we will illustrate below. This number of tunneling electrons is nowadays interpreted
as the effective density of electron states in the electrodes. Later Slonczewski used
an approximation of the free electron model to calculated the MR, taking the limit
of infinite barrier thickness, and obtained a similar expression for the MR as Julliere
[18]. More recent, Maclaren [10] and Zhang [24] presented calculations of the MR
of tunnel junctions using the free electron model, with no restriction concerning the
barrier thickness and height. The purpose of this section is to obtain the MR from the
free electron calculations, which is then compared with the results from the Julliere
and Slonczewski model.

Julliere was the first researcher who explained the tunnel magnetoresistance ef-
fect. He treated the current as the sum of two parallel spin currents and assumed
that each of these tunnel currents is proportional to the product of the effective spin
polarized density of states in both electrodes ( + � � �% � � ). The tunnel current density is
then given by 
 � � + �% + �� � + �% + �� ' (2.18)

for the parallel magnetized state and
 
 � + �% + �� � + �% + �� ' (2.19)

for the antiparallel magnetized state. The subscript number refers to the electrode,
1 for the left 2 for the right electrode, and the arrow denotes the spin direction. By
defining a spin polarization

� % � � � � + �% � � � + �% � � � � � + �% � � � + �% � � � for both electrodes,
the MR ratio at zero bias voltage is given by

� �

���
�
� 

 
 �

� � % � ��
�
� % � � � (2.20)

This equation does only depend on the electrode materials and is independent of the
barrier parameters.

Slonczewski used the free electron model and applied it to the case of an infinite
barrier thickness, so that only electrons with

� � � � � � �
can contribute to the

current. By matching the wave functions, he comes to the same equation, within
which the polarization is replaced by an effective polarization,

�
eff
�

. � � � � � � � � � �. � � � � � � � � � � � ' (2.21)

which does depend on the barrier height via
.

.
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Fig. 2.7: The MR as a function of the barrier thickness calculated with different models.
The close symbols are calculated with the free electron model, the open symbols with the
Slonczewski model and the crossed symbols with the Julliere’s model. The barrier height is
changed from 1.6 eV (squares) to 2.6 eV (left triangles). The inner potential of the electrodes is
1.0

�
0.5 eV.

Figure 2.7(a) shows the MR calculated with the three different models, for vary-
ing thickness and barrier heights. The inner potential of the electrodes is 1.0

�
0.5 eV.

The Julliere model is applied using the free electron values for the density of states,

i.e. + � � �% � � � < � � � �� � % � � � �� � � �� � % � � , see equation (2.2). For thin barriers the MR obtained
from the free electron model is much higher than the values from the Slonczewski
and Julliere model. At thicknesses exceeding those shown in the figure the free elec-
tron model approaches the MR values obtained by the Slonczewski model. The rea-
son for this is that in the derivation of this model a infinitely thick barrier is assumed.

2.3.3 MR versus voltage

Already from the first experiments on tunnel junctions it is known that the MR de-
pends on the applied voltage over the tunnel junction [6] but also recent experiments
show that the MR decreases as the bias voltage increases [1, 4, 9, 12, 13]. The bias
voltage where the MR is decreased to half the zero bias voltage value, � % # � , varies
between 0.2 and 0.5 V depending on the junction composition and structure. The
voltage dependence can be symmetric or asymmetric with respect to � � �

V, de-
pending on the materials used for the tunnel junction and the barrier. Even double
peaks are observed for tunnel junctions in which the oxidation time of the barrier is
changed to optimize the barrier [13].

In this section the dependence of the MR as a function of the applied voltage is
studied with the free electron model with the aim to possibly better understand this
behavior. If two identical electrode materials are used the bias voltage dependence is
symmetric. This is modeled by two electrodes with the same exchange splitting and
a square barrier. By using different materials as electrode, the barrier shape changes
due to the difference in work function of the materials. In our model model this
is done by making the square barrier oblique and the electrodes are described by
different inner potentials. The asymmetry of the barrier is defined as the difference
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Fig. 2.8: The MR versus voltage for an asymmetric barrier. The asymmetry is indicated in the
figure in eV. In graph (a) a different asymmetry range is used than in graph (b). The energy
diagrams, similar to graph 2.3, depicted above the graphs show the configurations used in
these calculations.

in potential of the barrier at the right and left side,
� � � �

right

� �
left, at � � � � .

To see the effect of only an asymmetric barrier, the MR is calculated for a series of
barriers which have a different slope in the potential. The barrier height on the left
of the barrier is 2.5 eV and the asymmetry changes from 0 eV, a symmetric barrier,
to -2.0 eV. The electrodes have a inner potential of 0.65

�
0.45 eV for the two different

electron-spins as used in reference [13].
From the results plotted in figure 2.8(a) one can see that the MR depends on the

bias voltage. For the symmetric tunnel junction,
� � � �

, this curve is symmetric
around zero bias voltage. The MR is maximal at zero and decreases with the applied
voltage. For an asymmetric tunnel junction the maximum MR is shifted to negative
bias voltage for a negative asymmetry and to positive bias voltages for a positive
asymmetry (not shown).

Figure 2.8(b) shows the MR in a more extreme (not very realistic) case of asymme-
try. In this case an extra peak at positive voltages is observed, when the asymmetry
is varied from -3.4 to -3.6 eV. Due to this large asymmetry compared to the barrier
used, 2.5 eV, electrons at the Fermi level (at � � = 0 V) tunnel into the conduction band
of the insulator, see the diagram above the graph.

These ’conduction’ electrons can cause standing waves in the barrier leading to
an oscillatory behavior of the MR, as will be explained in the subsection 2.4. The
features observed in this figure depend strongly on the exact value of the asymmetry.
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Fig. 2.9: The temperature dependence of the conductance for three different magnetic tunnel
junctions is shown in figure (a) (

�
Co/Al2O3/Co/NiO, � Co/Al2O3/Ni80Fe20/NiO and �

Co/Al2O3/Ni80Fe20) [16]. The calculated increase in current at 0.01 V for a nonmagnetic
tunnel junction is depicted in figure (b) for different barrier thicknesses.

By changing the asymmetry by 0.2 eV a completely different picture is observed.

2.3.4 Temperature effects

The calculations done so far have been performed for a temperature of � = 0 K.
The influence of the temperature on the tunnel current density is, within the model,
only present in the distribution functions. The tunnel probability does not depend
on the temperature. By increasing the temperature, electrons are excited above the
Fermi level, leaving holes below the Fermi level. As the tunnel probability increases
with the energy of the electron (2.8), the current also increases with increasing tem-
perature. This is in contrast to the situation for an ordinary resistor for which the
conductance decreases with increasing temperature. First the calculated results are
compared with experimental results. After that, other predictions of the free electron
model are shown.

An increase of the conductance with temperature is also seen in experiments [16].
The data is shown in figure 2.9(a). Here a relative increase in conductance of 20 %
is found in going from 77 K to 350 K. Below 77 K the tunnel conductance is almost
constant [12, 16]. The scattering of data at high temperatures is due to degeneration
of the junctions.

Figure 2.9(b) shows the calculated relative increase in current density at 0.01 V,
as a function of temperature for a nonmagnetic tunnel junction with different barrier
thicknesses. The inner potential of the electrodes is -1.5 eV and the barrier height
is 2.6 eV above the Fermi level. The relative increase is normalized to the current
 � � ' � K � at zero temperature,

Rel. increase
�

 � � ' � � � 
 � � ' ��� �
 � � ' ��� � � (2.22)

The figure shows that the relative increase increases with the temperature, as ex-
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Fig. 2.10: Increase of the current density versus voltage for different temperatures. Figure (a)
shows the increase as a function of the bias voltage, Figure (b) as a function of the barrier
width and height above the Fermi level.

plained before. Below 50 K the current only changes by 0.5 % and after that the
current increases more rapidly. The total increase is about 1.5 to 6 % depending on
the thickness of the barrier. The same trend was found experimentally except that
the value of the total increase is a factor of 3 too small.

To explain the difference, the current of a tunnel junction has been thought of in
reference [16] as a parallel current of a spin dependent and a spin independent cur-
rent,

� � � � � � � � � � � % � � 7:9;0 � � � � � �����
. In the spin dependent part, the factor

� �
increases only a few percent, as we have calculated, and the polarization decreases
with

� � �

� � � � � � "$# � � like the surface magnetization [16]. The spin independent
current, caused by hopping of electrons through localized states in the barrier, de-
pends strongly on the temperature and increases like

����� � � %�� " " . This makes that
the MR decreases and the conductance increases with the temperature.

In figure 2.10(a) the relative increase of the current density calculated with the
free electron model is plotted as a function of the voltage. As the temperature in-
creases the current also increases due to the electrons above the Fermi energy. Also
shown is that the voltage has almost no influence on the relative increase. Only a
small additional increase is seen when going from 0 to 1.5 V. This means that the
shape of the barrier does not influence this relative increase. Only if the thermal
broadening of the distribution function would approach the barrier height a con-
siderable extra increase would be seen, due to hot electrons. By applying a voltage
the effective barrier is lowered, which means that the thermal effect on the tunnel
current is larger at higher bias voltages.

The relative increase of the current density due to the increase in temperature
from 0 to 300 K is plotted in 2.10(b) for a bias voltage of 0.01 V. The figure shows that
by increasing the thickness of the barrier the relative increase becomes larger and
an increasing barrier height lowers the thermal current. This can easily be under-
stood by considering the exponential behavior of the tunnel probability (2.11). The
increase in current density due to thermal electrons is for a constant barrier potential
proportional to

6 � � � . This means that for thick and low barriers the extra current
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Fig. 2.11: Data from measurements of the MR as a function of the temperature for
different type of tunnel junctions are shown in figure (a). (

�
Co/Al2O3/Co/NiO, �

Co/Al2O3/Ni80Fe20/NiO and � Co/Al2O3/Ni80Fe20) [16]. The MR values calculated with
the free electron model are shown in figure (b). This is done for 6 different thicknesses.

due to thermal broadening is large.
The influence of the temperature on the MR is shown in figure 2.11. Figure (a)

shows the measured MR for different types of tunnel junctions [16] and (b) the value
obtained from the free electron model. The electrodes have an inner potential of
2.62

�
1.96 corresponding to Fe according to reference [11]. The measured values de-

creases from 22 % at 77 K to approximately half its value at 400 K. The free electron
calculations do not show this large decrease. By closely examining the data a decay
of less than 2 % is found. The reasons for this discrepancy are (1) the temperature de-
pendence of the polarization and (2) the spin-independent part of the conductance,
which is not taken into account in the free electron model [16].

2.4 Additional nonmagnetic interface layer

Recent experiments on ferromagnetic tunnel junctions with a thin nonmagnetic layer
at the interface with the insulator show a fast decaying MR with the thickness of this
extra interface layer [8, 11, 15, 20]. The most intensively studied interface layer is Cu.
For Cu layers between Co electrodes and Al2O3 barrier, the observed decay length
differs between the various research groups, see table 2.1. In one case even a damped
oscillatory behavior has been observed in the MR as the thickness of the nonmagnetic
layer is increased, with negative values for the MR in a certain thickness interval [11].
In this case also the voltage dependence of the MR becomes strongly asymmetric.

in this section the influence of an interface layer on the MR is studied with the
use of the free electron model. The potential energy of an electron for this structure
is plotted in figure 2.12. The additional interface layer is modeled by a well with a
certain spin independent inner potential. The applied voltage only drops over the
barrier layer, and changes the slope of the barrier. The potential energies of the right
electrode and interface layer are shifted by 	 � � with respect to the left electrode.
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Fig. 2.12: The energy potential for a tunnel junction with an extra layer at the interface.

The transmission of the electrons through this layer strongly increases as the elec-
tron’s energy is equal to the energy of a resonant state with a large wave function
amplitude in interface layer. As a function of the thickness

6
, this happens at thick-

ness differences equal to
� 6 � � � � ��� , where

���
is the Fermi wavelength in the well.

This effect is shown in figure 2.13(a) where the transmission as a function of the extra
layer thickness is plotted for both spin directions and for a parallel and antiparallel
aligned magnetization. The same potentials as in reference [11] are used i.e. the mag-
netic layers have an inner potential 2.62

�
1.96 eV and are separated by a 1.5 nm thick

insulator of which the bottom of the conduction band is at 2.5 eV above the Fermi
level. The extra layer has an inner potential of 5.51 eV corresponding to the inner
potential of Au [7]. The electron wavelength in this Au layer is equal to 0.522 nm. In
this case the magnetization of the left layer is fixed whereas the right layer switches,
thereby changing the role of the spin direction in the right electrode. This is also visi-
ble in the transmission, where the transmission of the spin-up electron in the parallel

Author position Cu layer decay length (nm)

Parkin [15] on top insulator 3.0-3.7
Sun and Freitas [20] on top insulator 0.7
LeClair et al. [8] below insulator 0.26

on top insulator 0.7

Tab. 2.1: The decay lengths of the MR for Cu grown on top or below the insulator found in
different research groups.
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Fig. 2.13: Figure (a) shows the transmission for a tunnel junction with an extra Au layer at
the interface as a function of the thickness. The solid symbols indicate antiparallel and open
symbols parallel aligned magnetizations. The square symbols give the transmission for spin-
up electrons and round symbols for spin-down electrons. The MR as function of the layer
thickness is plotted in figure (b). The symbols represent the MR for a Au layer at certain
equidistant thicknesses of the extra layer, indicated in the figure.

oriented magnetizations is almost equal to the transmission of the spin-down elec-
tron in the antiparallel aligned state of the magnetizations.

Figure 2.13(b) shows the calculated MR versus the thickness of the extra layer
for the same tunnel junction. The MR oscillates with a period of 0.26 nm which
corresponds nicely with half of the electron wavelength. Comparing both graphs (a)
and (b) carefully, one sees that where the transmission is high for one of the electrons,
the MR is low. The magnitude of the MR becomes smaller as the thickness of the Au
layer is getting thicker.

It is very important to note that the oscillation period of the MR is not precisely
equal to the interlayer distances of the Au layer. If one now probes the MR at a inte-
ger number of these inter-atomic distances the oscillation has a longer period, this is
called aliasing. At the interlayer thickness corresponding to the interlayer distance
of

� �������
Au (0.2355 nm), the MR first increases in the first three monolayer and af-

ter that the MR becomes less and starts to oscillate with a period of approximately
2.5 nm.

Moodera et al have carried out experiments for such a system, with Au inter-
face layers [11]. As shown in figure 2.14, they found that the MR decreases rapidly
with increasing Au thickness, and becomes slightly negative for

6����
=0.7 nm. Qual-

itatively, these experimental results are beter explained when using
6
=0.27 nm as

shown in figure 2.14 (open circles). This is smaller than the nearest-neighbor dis-
tance of Au (0.288 nm [7]). The calculated voltage dependence of the MR for these
thicknesses is plotted in figure 2.15 for the first 6 monolayers. The MR is symmet-
ric, as a tunnel junction without a nonmagnetic layer is used, and becomes strongly
asymmetric when the layer thickness of the extra layer increases. Also an oscillation
is observed in the bias voltage dependence of the MR. These graphs look similar to
what has been measured by Moodera in [11], see figure 2.15. Only the sign seems to
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Fig. 2.14: The MR for a tunnel junction with an extra Au layer at the interface plotted for
different thicknesses [11].

be reversed as already remarked in [11].
In practice an interface layer is not flat as in our model. Always a variation in

thickness of the layer is present. These fluctuations are due to the stochastic nature
of the growth of these layers. To include the roughness in our model, the assumption
is made that the current flows through parallel tunnel junctions with an interface
layer with a distribution of thicknesses. The thickness is a multiple of monolayer
thicknesses. Each parallel current is multiplied by a weight which depends on the
average layer thickness. For this model one assumes that the area of constant thick-
ness is large enough. Otherwise the parallel component of the

�
vector would not be

conserved upon tunneling.
For the weights a model is made for the deposition of atoms on a cold surface.

The atoms which arrives at the surface stick and do not move. Then the next atom
is deposited. The probability that this atom hits the uncovered part of the surface is
than equal to

� % � �
� � % where � � is the fraction of the n-th layer filled. When a

certain atom drops on another atom it stays there.
The change of the filled fraction of the n-th layer in a flux of

�
monolayers per

second as a function of time is given by) � �) � �
� � � � � � � � % � � (2.23)

The solution of these coupled equations at time
�

is,� � � � � � � � �
�
� ) % 6 � � %� � � � ��� ����� � � 6 � ' ��� � � ' � '������ � � (2.24)

where
6 � � �

, the average deposited thickness. The fraction of the n-th layer which
is not covered by the next layer is,

� � � � � � � � % � 6 �
� �
����� � � 6 � (2.25)

which is equal to the weight of the tunnel current of the n-th layer for the parallel
circuit.
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Fig. 2.15: The MR as a function of the applied bias voltage for a tunnel junction with an
extra Au layer at the interface is plotted in figure (a). The thickness is changed from 0 to 9
monolayers of 0.27 nm. Figure (b) MR as a function of the applied bias voltage for a tunnel
junction with an extra Au layer at the interface [11]. The thicknesses of the Au layers are
indicated in the figure. The inset shows the MR for thin Au layer thicknesses.

Now the spin currents as a function of the thickness of the extra layer,
6

NM, are
calculated for a parallel and antiparallel aligned magnetization. These currents are
multiplied by the weights and summed to obtain the total spin currents through the
structure, 
 
�� � � ��� ) % � � � 
 
�� �

�
� � ' 6 NM

� ��� � � 
 
�� �� � � ' 6 NM
� ��� ��� ' (2.26)

where
�

is the monolayer thickness. From these spin currents the MR is calculated.
The MR as a function of the average deposited layer thickness is plotted in figure

2.16. The graph shows that the oscillation of the MR of a tunnel junction with a rough
interface layer has a larger period than the oscillation of the MR of a tunnel junction
with a smooth layer. The magnitude of the MR oscillation of a tunnel junction with
a rough interface decreases fast with increasing thickness of the deposited interface
layer and approaches a constant value of 3.5 % for thick layers.

The exact shape of the decay depends strongly on the size of the steps chosen
for the monolayer thickness and the period of the oscillation of the MR. For very
small stepsizes a fast decreasing MR is observed with a small oscillation. When the
stepsize is equal to the period of the oscillation of the MR, each layer contributes
positively to the MR, resulting in an oscillation with a large amplitude. When the
stepsize is larger than the period of the MR oscillations, the MR decays fast to an
average value of 3.5 %. This remaining part of the MR is due to the conservation of
the spin in the nonmagnetic layer.

In a real system the spin of the electron can be flipped due to scattering with
magnetic impurities. Also the coherence of the electrons is lost after a certain critical
thickness [22]. In this way the polarization of the electrons is not conserved in the
nonmagnetic layer and decays to zero. The magnetoresistance effect vanishes.
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Fig. 2.16: The MR as a function of the averaged thickness of a tunnel junction with an rough
Au interface layer (a) and Cu interface layer (b). The thickness of the Au monolayers is varied
between 0.05 and 0.3 nm and the thickness of the Cu monolayers is varied between 0.2 and
0.26 nm.

Recent measurements on an interface layer of Cu show a fast decay of the MR
with a decay length of about 0.26 nm for a Cu interface layer grown below the barrier
and 0.7 nm for a Cu layer on top of the barrier [8]. The difference in decay length in
both cases is attributed to the difference in growth of Cu on Co and on Al � O " . Cu on
top of Co grows layer by layer while for Al � O " Cu grows in clusters resulting in a
higher roughness. Due to the roughness the parallel component of the wave vector
is not conserved, making coherent transmission of the electrons nearly impossible,
resulting in a low MR.

Now the free electron model is applied on a tunnel junction with a Cu interface
layer with a Fermi energy of 7 eV [7] and leaving the rest, barrier and magnetic
electrodes, the same as before. Figure 2.16(b) shows the MR of this structure as a
function of the average Cu thickness for different monolayer thicknesses. The exper-
imentally observed fast decay of the MR can now be explained by the introduction of
monolayer steps of 0.24 to 0.26 nm as shown in figure 2.16(b). This thickness slightly
exceeds the monolayer thickness of Cu (0.208 nm). However, as explained before,
the exact decay of the MR depends strongly on the values of the oscillation period
of the MR and the thickness of the monolayer. This can also explain the different
values of the decay length reported in literature, see table 2.1. Due to the difference
in growth conditions and location of the Cu layer the roughness differs, giving rise
to a varying decay length. Due to this subtle influence of the different parameters, it
is difficult to say whether this model describes the system correctly or not.
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3. NOISE IN TUNNEL JUNCTIONS

Before a tunnel junction can be applied as a device, the noise characteristics of this
tunnel junction should be known. Each application demands different specifications.
For example, sensor devices measure the magnetic field in the low frequency range,
below 100 kHz, whereas hard disk heads read a data signal in the 50 MHz-1 GHz
range. Therefore different frequency ranges and hence noise criteria are important
for each application. Not only the frequency but also the sense current and the oper-
ating conditions, e.g. temperature, determine the noise of the device.

In this chapter results of measurements of noise spectra in tunnel junctions at
room temperature are shown. These measurements show that the noise of a tunnel
junction in a frequency range of 10 Hz to 100 kHz depends strongly on the applied
voltage and magnetic field.

First an introduction to the topic noise is given, to introduce certain terms and
the basic features of noise. The theory of noise is then applied to a tunnel junction
and the dependence of the noise on the junction resistance and the voltage across
the junction is studied. From this the optimal material parameters and operating
conditions for a tunnel junction device are determined.

After the theoretical basis is laid, experiments on tunnel junctions are shown. In
section 3.3 the used setup to measure the noise in tunnel junctions is described. Sec-
tion 3.4 describes how the samples on which the measurements are done, are made.
Two different types of junctions are made which differ in area. In this section also
the magnetic field dependence of the junction resistance is described. The observed
noise of large area tunnel junctions is the subject of section 3.5 which is divided in
two parts. The first subsection describes the voltage dependence of both the white
and 1/f noise, and the second subsection shows the magnetic field dependencies.
The observed 1/f noise in the tunnel junction with a small area is the subject of sec-
tion 3.6.

The experiments have revealed an unexpected increase in the 1/f noise in the
antiparallel state with respect to the parallel state. A possible mechanism is proposed
in section 3.6 to describe this observed increase in the 1/f noise in the antiparallel
state.

3.1 Introduction to noise

On every measured electrical signal from a sample small fluctuations are present.
These fluctuations can be categorized in two groups. The first type is intrinsic to the
sample. The second type are disturbances caused by the surroundings, like the 50 Hz
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Fig. 3.1: Figure (a) shows a noise signal in time with on the left hand side the distribution
function of the amplitude of this signal. The correlation function of the same signal is given
in figure (b).

signal from the electricity net. The latter type of noise can be reduced by proper
shielding and grounding. We are interested in the noise intrinsic to the sample.

The noise can be studied by measuring the signal with a oscilloscope. A ran-
domly fluctuating signal as a function of the time is displayed, like in figure 3.1(a).
The signal � � � � has often a Gaussian distribution of the amplitude, centered around
the averaged signal, although also different types of noise are observed, like random
telegraph noise where the distribution of amplitudes shows two Gaussian peaks cen-
tered around two different signal levels. The width of the Gaussian distribution
determines the standard deviation of the signal and thereby the magnitude of the
noise.

To see how the fluctuating part of the voltage,
�� , evolves in time on average, the

correlation function is calculated,

� � � � � ��� 2 �
��� �

�

�

� � # �� � # �
�� �
	 � �� �
	 � � �*) 	 � (3.1)

For
� � �

the variance of the signal is found, which is equal to the square of the
standard deviation. For a larger time difference, the correlation function decays to-
wards zero as can be seen in figure 3.1(b). This can be viewed as if the system forgets
the initial fluctuation after a certain characteristic time. The correlation between two
different signals

�� � � � and �
� � � � , is given by the cross-correlation function,

� �� � � � ��� 2 �
��� �

�

�

� � # �� � # �
�� �
	 ��� � �
	 � � �*) 	 � (3.2)

This integral is only non-zero if the two signals both contain a similar (correlated)
part. If � � �

, equation 3.1 is obtained.
Another way to characterize the noise is by analyzing it in the frequency domain.

By dividing the absolute value of the Fourier transform of the fluctuating part of the
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signal,
�� � � � , by the measuring time � , the power spectral density of the signal is

obtained, � � �  � ��� 2 �
��� �

�

� '''''''
� # ��� � # �

�� � � � ����� � � � � �*) � '''''''
� '

(3.3)

where the integral is the Fourier transform of
�� � � � and has a unit �Vs � . The limit

in this equation expresses the fact that the measuring time should be long enough,
because it determines the lowest frequency in the Fourier spectrum and its frequency
resolution. The highest frequency is determined by the sample frequency of the
signal. The spectral density is only defined for positive frequencies, therefore a factor
2 is included. Note that the unit of the spectral density is �V � � Hz � .

The integrated area under the spectral density curve in a certain frequency range
determines the power ( � � � ) of the fluctuating part in that frequency range. The
total area, from


= 0 Hz to � , is equal to the variance of the signal.

The relation between the power spectral density and the correlation function is
given by the Wiener-Khintchine theorem [9],� � �  � � ��� � � � � ' (3.4)

where
� � � � � is the Fourier transform of the correlation function. In the same way as

equation 3.2, also a cross spectrum can be defined as,� � � �  � � � �� � � � � (3.5)

To see the effect of this cross spectrum, we assume that � and
�

have a correlated
part � and an uncorrelated part � � and � � , � � � � � � and

� � � � � � . The cross
correlation function is then equal to,

� �� � ����� � ����� � � ��� � � � ��� � � � � ����� '
(3.6)

because
��� � � � ����� � � ��� � � � � �

after infinite averaging. After Fourier transform-
ing this signal, the power spectral density function of the correlated part � is found.
We use this powerful cross-correlation technique to measure the noise spectral den-
sity of the voltage across our samples, as will be explained in section 3.3.

In some cases, physical systems with two stable energy levels separated by a
barrier, have an exponentially shaped correlation spectrum [24]

� � � � � ��� � �����  � 
 � 
� % ! � (3.7)

The time constant � % is determined by the energy barrier to cross in going from one
state to the other and the energy difference between the two stable states. At

� � �
the correlation function is equal to the variance

� �
. According to equation 3.4, the

corresponding spectral density is equal to� � �  � � � � � � %� � � � � �% � (3.8)
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Fig. 3.2: An example of the spectral density of a voltage. At low frequencies the noise is
dominated by 1/f noise, whereas at high frequencies white noise exceeds the 1/f noise.

This is a Lorentzian shape spectrum which has, on a double logarithmic scale with
the frequency, a constant value far below � ��� � � % and a slope of -2 far beyond that
point. Integrating this function from 0 to � gives

� �
, the variance of the signal.

In practice, where only a limited frequency range of the total spectrum is mea-
sured, two types of noise can be distinguished from the spectral density function:
frequency independent noise (white noise) and frequency dependent noise, like 1/f
noise. Figure 3.2 shows the spectral density function of the voltage over a sample,
where both noise contributions are clearly visible.

According to the Wiener-Khintchine theorem, a white spectrum is the result of
noise for which the correlation function is a delta function. In practice this means
that the noise voltages taken at subsequent sampling times have no correlation. In
contrast, frequency dependent noise results from one or more, or even a continuous
distribution of characteristic times with a certain range.

In this study the fluctuations in the voltage over a sample are measured at a
fixed bias current

� � . This voltage noise can be transformed to current noise with the
relation, ��� � � � �� � '''' � ) ��� %

� � �
� (3.9)

For an ordinary resistor the partial derivative is equal to the conductance and does
not depend on the applied bias voltage � � . However, a tunnel junction is a nonlinear
element, as explained in chapter 2, and the derivative does depend on the current
and maybe also on the frequency.

3.1.1 Thermal noise

The distribution of the energy of electrons that can contribute to the current has a
width of �

��� � around the Fermi level. The direction of the movement of these
electrons is changed by collisions with for example impurities, phonons and other
electrons, resulting in a random movement at zero voltage (Brownian motion), and
in a certain degree of randomness in their movement at finite voltages. This random
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movement gives rise to fluctuations in the net current in a conducting material. Al-
though the average of these fluctuations is equal to zero, the average of the square
of the fluctuations, which is proportional to the noise (3.1), is not zero. These fluctu-
ations give rise to a spectral density of the current equal to [6, 14],��� � � ��� �

� � (3.10)

The movement of the electrons is only correlated within the time between two colli-
sions. This means that, according to equation 3.8, the noise is white for frequencies
lower than the reciprocal collision time of the electrons. This collision time deter-
mines the conductivity of the material. For example, electrons in Cu have a collision
time at room temperature equal to

�
�

� � �
� � % � s [7]. So, below 40 THz thermal noise is
white. Note that the thermal noise depends only on the resistance and temperature
and not on the applied voltage.

3.1.2 Shot noise

Consider a device in which the electrons cross ballistically the space between two
electrodes, e.g. in a vacuum tube or a tunnel junction. Each electron causes a small
sharp spike in the current with a duration �

�
. These spikes are randomly distributed,

and cause an average value of
�
, and have a spectral density of [17],��� � � 	 � � (3.11)

This expression is valid for frequencies lower than the reciprocal pulse duration [9].
In contrast to the thermal noise, which is also white, the shot noise depends on the
current through the sample.

3.1.3 1/f noise

In the low frequency part of the noise spectrum of many conductors a contribution
is visible which decreases with increasing frequency. In a double logarithmic plot of
the spectral density of the voltage against the frequency, the slope of the spectrum
has a value close to -1, see figure 3.2, over a large number of decades. This type
of noise is called 1/f noise. The origin of this type of noise is not understood. For
ordinary nonmagnetic metals and semiconductors it is believed to be the result of
fluctuations in the number or the mobility of the conduction electrons. Hooge has
found an empirical equation to describe this type of noise [4],� �� � � �+ �� � (3.12)

In this equation is + the number of charge carriers in the sample, � the exponent
which has a value close to 1, and � is the Hooge parameter which is observed to
have a value between

�
� ���
and

�
� � �
for a wide variety of homogeneous metals and

semiconductors at room temperature [9].
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3.2 Noise contributions in magnetic tunnel junctions

3.2.1 White noise in tunnel junctions

The current in a tunnel junction consists in fact of two separate currents, one flow-
ing from the right to the left electrode, described by equation 2.12, and one current
flowing in the opposite direction. The total current is equal to the difference of the
two tunnel currents.

Both currents have shot noise and because the currents are independent of each
other, both contributions can be added [10],��� � � 	 � � � � � � � � (3.13)

From equation 2.12 a relation between the two tunnel currents can be obtained [11,
15, 22, 25], � �

� � �������  	 ���� � ! � (3.14)

This is the result of the Fermi-Dirac function of the two electrodes, which are shifted
by 	 � with respect to each other. At high positive voltages, the total current

�
is

almost equal to
� �

and at zero bias voltage
� � � � �

and the total current is zero.
Using these two relations the noise in the tunnel junction becomes,��� � � 	 � 7:9 � 5  	 �

� ��� � ! � (3.15)

This equation has two limits. For a voltage equal to zero, the noise is equal to the
equation of thermal noise (3.10) with

� � � 2 � � � � � � � � �&� . The noise is caused by the
thermal motion of the electrons tunneling from one side to the other side. At voltages
much higher than

��� � � 	 the noise is equal to the equation for full shot noise (3.11),
because now only one of the two tunnel currents,

� �

or
� �

, participates.
This type of noise is frequency independent and gives the main limitation for the

applicability of the tunnel junction as read heads or MRAM at high frequencies.

3.2.2 1/f noise in tunnel junctions

Equation 3.12 expresses that in the case of 1/f noise in ordinary (diffusive) conduc-
tors, the noise power is inversely proportional to the volume (and hence to N). A
larger volume leads to more efficient averaging out of random processes. In con-
trast, in tunnel junctions the noise of the electrons crossing the barrier is measured.
In this case the variable + does not have a meaning because no electrons are allowed
in the barrier. Therefore not the volume but the area provides the appropriate scal-
ing factor. Therefore an expression analogous to equation 3.12 is proposed, like in
reference [16], � �� � ����� � ��� �� (3.16)

The consequence of this equation is that for smaller area junctions an enhancement
of the 1/f noise level is expected.
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3.2.3 Noise due to magnetization direction fluctuations

For an exchange-biased spin-valve sensor, two magnetic layers separated by a non-
magnetic conductor, a model was proposed to describe the 1/f noise as a function of
the applied magnetic field [20]. In this model, the direction of the magnetization of
one layer is fixed by means of exchange-biasing (see section 3.4.3), whereas the other
layer is free to rotate as a single domain. The magnetic behavior of this single domain
is modeled by the Stoner-Wohlfarth model [1, 19]. In the Stoner-Wohlfarth model the
energy is given as function of the magnetization direction. Different contributions
to the energy, like cubic anisotropy, exchange biasing and interlayer exchange cou-
pling can be included. The stable state of the magnetization direction is obtained by
minimizing this energy.

At temperatures higher than 0 K, the magnetization direction of the free layer
fluctuates around its minimum energy direction. These thermal fluctuations are
transformed to resistance fluctuations via the magnetoresistance curve.

The variance of these resistance fluctuations is given by

� �
�
� ��� � � � �� � % '''' � �

) �
� � % � � � � � �� � � % '''' � �

) �
� � % � % ' (3.17)

where
� % is the angle between the magnetization of the free layer and the magnetic

field and �� % the equilibrium value of
� % obtained by minimizing the energy. The

definition of the angles are given in figure 3.3. The variance is equal to the frequency
integrated spectral density function. The frequency behavior of the spectral density
is not described by this model. However, it is known that thermal fluctuations can
lead to a 1/f spectrum if the distribution of relaxation times is distributed over a
large frequency range[3].

The relationship between the angle of the magnetization directions and the resis-
tance is [18],

� � �

�
� �

�
� � � � � 7:9;0 � � % ��� � � � � � � ' (3.18)

with
� � the angle between the magnetization of the fixed layer and the applied mag-

netic field; this angle has a constant value.
For the used tunnel junction the energy term is given by,� � �

�

�
� � % � � % 7:9;0 � � % � � � � � % 032 4 � � % � ��' (3.19)

where
� % is the thickness of layer 1,

�
is the area and

�
is the uniaxial anisotro-

py constant. The uniaxial anisotropy term gives a preferential direction for
� % = 0

(
� % = � � � ) for

��� �
(
� 	 � ). By minimizing the energy for different magnetic fields

one obtains
� % .

Now two systems will be evaluated, namely a system with two magnetic layers
with different coercive fields (

��� �
) and a system with a fixed magnetization along

the field direction and a free layer with a preferential direction perpendicular to the
field (

� 	 � ). In a system with two magnetic layers with different coercive fields, the
angle of the layer with the largest coercive field is fixed to 0 and the angle of the layer
with the lowest coercive field switches from 0 (parallel) to

�
(antiparallel). The switch
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Fig. 3.3: The definitions of the angles of the magnetizations used in equation 3.19.

field is obtained by minimizing equation 3.19 and is given by
� � � � � � � � � � � . The

noise is equal to zero before and after the switch because there the derivative of the
resistance to

�
is zero. However, at the field where the magnetization switches a

peak in the noise can be observed, because then the magnetization rotates from 0 to�
and the derivative is no longer zero. The same holds for the switch at the largest

coercive field where
� % � � and

� � � � � �
.

In the second system (
� 	 � ), the magnetization rotates from

� � � at zero field to
0 at high positive fields. By minimizing equation 3.19, the angle of the magnetization
is found. This angle is given by� % ����� 7 7:9;0  �

� � � �
� ! ' (3.20)

until the magnetization saturates at
� � � � � � � � � � � � . In this region the noise is

given by,

� �
�
� ��� � � � � � � 032 4 � � � % � � � �	�� � � % 032 4 � � � % � � (3.21)

This expression is constant when the fixed layer, as in our case, has a magnetization
direction

� � � � . In saturation, the magnetic noise is zero because the derivative of
the resistance to

� % is zero. This model describes the results of noise measurements
on AMR and GMR sensors [20].

Resuming, within this model no difference in noise in the resistance of a tunnel
junction is found between a parallel and a antiparallel aligned magnetization. Only
a higher noise is observed when the magnetization direction of the free layer is not
equal to

� % � � or
�

, and when the angle of the magnetization of the fixed layer,
� � ,

is not equal to the 0 or
�

.
Another approach was followed in reference [5] for explaining 1/f noise in mag-

netic tunnel junctions due to fluctuations in the magnetization. Here the fluctuation-
dissipation theorem is used, which couples the spectral density to the linear response
of the system to small perturbations [9]. For a magnetic system the external pertur-
bation is the magnetic field, which results in a perturbation of the magnetization.
The response is given by the complex susceptibility � � . The magnetic noise spectral
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density of these fluctuations is then:� � �
� ��� �� �
�  Im

� � � � � (3.22)

The imaginary part of � � describes the dissipation of the energy by the magnetic
system.

With the aid of the Kramers-Kronig relation, which links the dc value of the real
part of the susceptibility to the integral of the imaginary part of the susceptibility
over the frequency [7], the authors of [5] found

� �
�
� �� � � � �  � ) �� ��� � � �

� � � � � �� � '''' ������ � ��� � (3.23)

In this equation
�-�

and
� �

are respectively the change in magnetic moment and
resistance under magnetization reversal of the free layer. In principle equation 3.17
and 3.23 are equivalent.

According to this relation, the magnetic 1/f noise magnitude is proportional to
the derivative of the junction resistance versus magnetic field, when the begin fre-
quency and end frequency of the integration does not depend on the time. This
relation was verified experimentally in micron-scale magnetic tunnel junctions [5].
However, for single Ni80Fe20 films also an extra noise contribution is found [2].

3.2.4 Application notes

In order to apply a tunnel junction as a read head or sensor the signal-to-noise ratio,� + � , of this device has to be determined. In this section the
� + � is calculated with

the aid of the relations derived in the previous subsections to study the effect of the
thickness and area of the junction is on the

� + � as well as the voltage dependence.
For a tunnel junction operated at a bias voltage, � � , the signal voltage is given by,�
	 � � � �

� '''' � ) � � � � � (3.24)

The factor
�

(
��� � ��� � is the part of the dynamic range of the sensor that is actually

used. If the magnetic field is large enough to saturate the magnetic layers of the
sensor, this factor is equal to 1. In measuring small magnetic signals, soft magnetic
materials should be used which saturate at low magnetic fields.

Because the MR ratio decreases as the bias voltage increases, as explained in sec-
tion 2.3.3, here also the dependence of the MR ratio on the voltage is taken into
account. The optimum signal voltage is a compromise between the bias voltage de-
pendence of the MR and equation 3.24.

The noise voltage of the tunnel junction is given by,

� , �

����� � 	 � 7:9 � 5  	 � �� ��� � !  � � �� � ! � ''''' � ) � �
�  �����

��� �
��

���
� � ��

� � ��� ) � ' (3.25)
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where both the white part and the
� �  contribution to the noise spectrum are taken

into account. The spectrum is integrated over a frequency range of
� 

around the
central frequency

  . When
�  �   , the integral over the 1/f noise can be approxi-

mated by

���
� � �

��
���
� � ��

� � ��� ) � � � � �� � 4 �   � �

��  � �

�� % � � � �� �   � (3.26)

In using this approximation an error less than 10 % is made if
�  �   ���

�

�
. Note

that if the bandwidth
� 

is proportional to the central frequency, as is in most prac-
tical cases, this integral and its approximation are constant. For harddisk read heads
typically

�  �   �� � � � .
The tunnel junction is operated in the low voltage range, in general lower than

0.5 V, to avoid dielectric breakdown of the barrier. Now the assumption is made that
in the low voltage range, the voltage dependence of the MR ratio can be described by
a parabola,

� �
�
� ��� � � �

�
� � � � � � �

�
� � � � % # � � � � as shown in figure 2.8. Here � % # � is the

voltage where the MR ratio is decreased to half its zero voltage value
� �
�
� � � . In this

region, the current is assumed to be described approximately by a linear relation,� � �&� � � � � . The resistance
�

depends exponentially on the barrier thickness and
barrier height (see equation (2.10)), and increases reciprocally with the area of the
barrier,

� � �� � � , with �� the resistance area product. The
� �  part of the noise

spectral density function is assumed to be insensitive to the applied magnetic field.
We will return to this assumption in section 3.5 and 3.6.

The signal-to-noise ratio,
� + � in dB, for � � � � % # � is then given by,� + � � � � %

�
� 9��  �
	� , !

� � � %
�
� 9�� ����

�

� � �
�
� � � � � �  � � %� � � �

�
��� � � � !� ������� � 7:9 � 5 �

� � ���	�
 � � �  � �� � 4  % � � �
� �
�% � � �� �
�
!
�
�
�
�
�

� '
(3.27)

with �� � � � � (see equation 3.16). In applications the signal is fed to an amplifier.
The noise introduced by the amplifier is neglected in this model.

The material parameters that explicitly determine the
� + � are the MR ratio, � % # � ,�� and �� . Implicitly, the dynamic range

�
used depends also on the material param-

eters, namely the magnetic permeability and the area of the tunnel junction. The
other parameters determining the

� + � are related to the measurement conditions,
namely the central frequency, bandwidth and bias voltage, or the sensor geometry,
the area. To obtain a good

� + � , the MR should be high and the dynamic range
should be large. The area of the junction should be large in order to obtain a high� + � . This can cause problems when the device gets smaller in order to read small
magnetic bits. Small magnetic bits can also cause smaller signals to be read, leading
to a smaller

�
and thus a smaller

� + � .
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Fig. 3.4: The contour plot of the
�����

of a tunnel junction in dB as a function of the areal re-
sistance of the junction and the central frequency (a). The numbers indicate the magnitude of
the

�����
. The bandwidth is equal to

�����
	�� ����
around the central frequency. The calcula-

tions were done at a voltage of 0.15 V, which is equal to the half of
�

��� � . Figure (b) shows the
contour plot of the

�����
as a function of the applied voltage and the frequency at a constant

resistance of �� ����	�����
m

�

. The magnitude of the
�����

is given by the numbers. The 1/f
noise parameter is taken to be �� ����	�� ��� � m

�

. The junction has an area of
��	! "��	��

m
�

and the
MR=25%. The full dynamic range is used in these calculations ( # =1).

The plots in figure 3.4 show the dependence of the
� + � on junction resistance

(a) and the applied voltage (b) as a function of the frequency using equation 3.27. In
these graphs the contour lines with a constant

� + � are plotted with an increment of 2
dB. For these calculation a band-pass filter is used with a band width proportional to
the central frequency,

�  � �
�

�   . The tunnel junction has an area of 10
�

10 � m
�

and
in figure 3.4(b) an areal resistance of �� � �
� � � � m

�
. At 0.3 V, the MR ratio reaches

half its zero voltage value of 25%. The magnitude of the 1/f noise level is equal to�� � �
� � %
�
� m

�
and is magnetic field independent. This value is chosen such that it

is of the same order as experimentally found (see section 3.6.1). The full dynamic
range of the sensor is used,

� � �
.

The
� + � has a strong frequency dependence, which is due to the noise volt-

age because the signal voltage does not depend on the frequency. Because the band
width changes with the central frequency, the 1/f noise contribution is constant (3.26)
as the central frequency is changed. The noise voltage due to 1/f noise only depends
on the applied voltage. The white noise contribution to the noise voltage now de-
pends on the central frequency, it is small at low frequencies and it increases as the
frequency becomes higher. This contribution also depends on the applied voltage
and junction resistance.

The frequency dependent and independent parts are also visible in the graphs.
At low frequencies the frequency dependence of the

� + � is small and above a certain
frequency the

� + � decreases as the central frequency increases. In graph (a), the in-
fluence of the junction resistance is seen. As the resistance becomes higher the white
part of the noise increases whereas the 1/f noise and the signal voltage remain the
same. Therefore the transition from frequency independent

� + � to the decreasing



44 3. Noise in tunnel junctions� + � occurs at lower frequency as the resistance increases.
Graph (b) depicts the dependence on the

� + � of the bias voltage. The signal
voltage and both noise parts are voltage dependent, the result is a combination of
all contributions. At low frequencies, the

� + � increases very fast at low voltages
and reaches an optimum value at an intermediate voltage, after which it decreases
slowly. The fast increase is due to the zero signal voltage and the non-zero white
part of the noise voltage. By increasing the voltage the signal becomes bigger but
the noise voltage only increases slowly. This continues until a voltage is reached
where the white part becomes negligible compared to the 1/f part, which increases
quadraticaly with the voltage, and an optimum value is found. After that, the

� + �
decreases because the signal voltage decreases.

At higher frequencies the
� + � is strongly frequency dependent because now the

white part plays an important role. The optimum value is now determined by the
signal voltage and the white part of the noise voltage. This results in a higher opti-
mum voltage value of approximately 0.15 V.

From these calculations it is clear that the
� + � depends strongly on the central

frequency and the applied bias voltage. Note also that if the area of the tunnel junc-
tion decreases to 1

�
1 � m

�
, the

� + � decreases by 20 dB. Now the application de-
termines in which region the tunnel junctions are used and from this the optimal
operating conditions can be determined.

3.3 Experimental setup

A schematic overview of the setup to measure noise at room temperature is shown
in figure 3.5. The sample, in this case a tunnel junction, is connected to a battery-
operated current source. The current source drives a constant current, without dis-
turbances from the electricity net, through the sample. The voltage across the junc-
tion is measured twice with separate terminals (six-terminal measurement). The
fluctuating parts of both voltages are amplified by a factor of 1000 by two separate
amplifiers (Brookdeal 5004). After passing these amplified signals through a low
pass filter with a cut-off frequency of 100 kHz, the ac signals are fed to a dynamic
signal analyzer (DSA, type HP 3562A). The DSA calculates the cross spectrum of
these two signals (equation 3.5) in a frequency range between 1 Hz and 100 kHz. By
using this technique only the correlated signal from the sample in the two signals is
measured, while the uncorrelated signals, introduced by the amplifiers and low-pass
filters, average out (see equation 3.6).

A computer reads the cross spectrum and stores the data. Also two orthogonal
pairs of Helmholtz coils are available to apply a magnetic field up to 30 kA/m at the
sample position. The magnitude of this field can be changed with the aid of the com-
puter. Two � -metal shields are used to shield the sample from external noise. With
this setup the noise is measured as a function of the current and applied magnetic
field.

The postprocessing of the data is done afterwards and consists of fitting the spec-
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Fig. 3.5: A schematic overview of the setup to measure noise in tunnel junctions. The current
through the junction is delivered by a current source and the resulting voltage is measured.
These voltage are, after being amplified and filtered, fed to a dynamic signal analyzer which
calculates the cross spectrum of these two voltages. Two orthogonal Helmholtz coils are avail-
able to measure the noise as a function of the field. To suppress noise from the outside the
setup is contained in two

�
-metal boxes. The setup is partially computer controlled.

tra to the equation � � �  � � ��� � � � � � �
�

� �  � � � � � ' (3.28)

with a least-square fitting routine on a double logarithmic scale. The coefficient �
represents the

� �  noise level,
�

corresponds with the white part of the noise and �
is the exponent with a value close to one. The last part of the equation is used to fit
multiple Lorentzian shaped spectra with a magnitude �

�
and cut-off frequency

� � � � .
In general these Lorentzians are not present in the spectrum.

3.4 Samples

For the noise measurements two different types of samples were used. The first type
are the so-called crossed bar junctions made by Moodera [12]. The second type of
samples are microfabricated tunnel junctions made at Philips Research Laboratories.
In this way two different area regions are covered.

3.4.1 Crossed bar junctions

The crossed bar junctions studied in this chapter are made by depositing material
through shadow masks. The electrodes have a typical width of 50 to 200 � m forming
junction areas of 2500 to 40000 � m

�
.

First the magnetic bottom electrode is deposited by means of thermal evaporation
in a molecular beam epitaxy (MBE) system. On top of this electrode a homogeneous
Al layer is sputtered without a shadow mask covering the whole sample. The sam-
ple is then transported in-situ to a plasma oxidation chamber, where the Al layer is
oxidized in an O � plasma to form the insulating Al � O " barrier layer. On top of the
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Fig. 3.6: A photo and a schematic overview of a crossbar tunnel junction. The crossbar tun-
nel junction consists of a long magnetic bottom electrode with six orthogonal top electrodes
separated by an insulator. For an electrical measurement the bottom and top electrode of
the concerning junction are connected to a current source and the voltage is measured at the
opposite parts of the electrodes.

insulator and perpendicular to the bottom electrode, a number of top magnetic elec-
trodes is deposited through a shadow mask (see figure 3.6). At the intersection of
both magnetic layers a tunnel junction is created.

The thickness of each layer can be varied by changing the deposition time. The
electrodes have a thickness ranging from 1 to 100 nm. The unoxidized Al layer has
a thickness of 1 to 2 nm, which corresponds to 1.5-3.0 nm of Al � O " after oxidation
[13].

For electrical measurements a four-terminal measurement is done (see figure 3.6
and 3.7) by connecting a current source at the ends of the bottom and top electrodes.
In this situation the current flows only through the resistances

� � � % , ��� and
� � � % .

The voltage across the junction is measured at the opposite ends of the electrodes.
In this way the resistance of the electrodes,

� � � % , � � � % , � � � � and
� � � � , and the probe

wires do not influence the measurements. Only if the resistance of the barrier is low
compared to the resistance of the electrodes, a non-desired situation arises, in which
an inhomogeneous current distribution is created, leading to enhanced MR effects
[21].

By changing the current through the junction and measuring the voltage over
the junction, the current-voltage characteristic of the junction is measured. For mea-
suring the magnetic field dependence of the junction resistance, the current is kept
constant and the voltage is measured while the magnetic field is swept.

The noise measurements are performed in the same way as the electrical mea-
surements, see figure 3.7. However, the voltage is measured twice with separate
wires on the ends of the electrodes. The measured voltage noise consists of the noise
from

���
,
� � � � and

� � � � . Of these three contributions only the noise from the junction
depends on the current. The thermal noise of the electrode resistances

� � � � and
� � � � ,

which does not depend on the current, is also measured. These additional thermal



3.4. Samples 47

noise contributions can easily be corrected for, by measuring the resistances of these
electrodes .

3.4.2 Microfabricated junctions

The microfabricated tunnel junctions are made by sputter deposition of the desired
stack of layers on a Si substrate with 0.5 � m thermally oxidized SiO2. The microstruc-
turing is depicted in figure 3.8. The layers are covered with photoresist, which is
illuminated through an Al mask on top of this layer. In this way the top electrode
area of the tunnel junction is defined as shown in figure 3.8(a). The non-illuminated
part and the underlying top layer is removed by sputter etching. The etching depth
is controlled by monitoring in-situ the sheet resistance during etching. By the differ-
ence in etching speed and resistivity between the top electrode and the barrier, the
end-point of etching through the top electrode is determined. Then new photoresist
is applied to define the bottom electrode as depicted in figure 3.8(b). The surplus
barrier and bottom layer are removed by sputter etching.

For contacting the bottom and top layer a new photoresist layer is applied on
top of the contacting points. In this case the contact points are at the junction itself
and at parts of the bottom electrode. The contacts to the bottom electrodes have
also an insulating layer, except that the area is more than 25 times larger than the
junction area and its influence on the voltage and noise can therefore be neglected.
The structure is then covered with 200 nm SiO2 3.8(c) and by removing the resist,
the SiO2 layer laying on top of it is removed (lift-off processing) thereby defining the
contact points. The contact points are then connected to a 150 nm Al contact pad and
lead which were also made by lifting off the surplus metal 3.8(d) and (e).

V 1 V 2I

t o p  e l e c t r o d e

b o t t o m  e l e c t r o d e

j u n c t i o n

R t , 1 R t , 2

R b , 1 R b , 2

R j

Fig. 3.7: The electrical circuit representation of a tunnel junction. The top electrode is repre-
sented by

� ��� � and
� ��� � and the bottom electrode by

� � � � and
� � � � . The current,

�
only flows

through
� ��� � ,

���
and

� � � � . The noise is measured over
���

via the electrodes
� ��� � and

� � � � . In
this way the noise of the junction,

���
, and the electrodes,

� ��� � and
� � � � is measured, where

only
���

depends on the current
�

.
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Fig. 3.8: The fabrication process of microfabricated tunnel junctions. Note that the dimensions
are not to scale. Figure (a) shows the stack of layers covered with partially removed photore-
sist which defines the shape of the top electrode. After the uncovered part of the top layer is
removed, another layer of photoresist is deposited with the shape of the bottom electrode (b).
The uncovered bottom electrode is removed and subsequently covered with a new layer of
photoresist at the contact points and a layer of SiO2 (c). The photoresist is removed together
with the SiO2 layer laying on top of it. With this lift-off process, the contacts with the top
electrode and the bottom electrodes are opened. The next step is again a lift-off process step
to define the electrical connections to the junction and bottom electrode, figure (d). A cross
section of the final structure is shown in figure (e).

A schematic overview of the resulting structure is presented in figure 3.9. The
complete set consists of 7 junctions with a track width of 10, 20 (4

�
), 50 and 70 � m,

and a track height of 10 � m. The track width is defined as the length along the long
axis of the U-shaped bottom electrode, the track height as the length perpendicular
to the track width direction.

For electrical measurements, the bottom and top electrodes are connected, via
the Al contact leads, to a current source. The voltage is measured with the use of
the other two contact leads. The connection is made by bonding wires from the
contact pads to pins of a chip package. With this four-terminal measurement setup
the resistance of the leads and wires do not play a role. For noise measurements
two extra wires to the voltage leads are made enabling a six-terminal measurement.
In this way the noise of the junction plus the thermal noise of the voltage leads is
measured, as described in the previous section.

3.4.3 Magnetic behavior

To measure the magnetoresistance of the junction, the magnetizations of the two
layers have to be magnetically engineered in such a way that the magnetization
switches from a parallel to antiparallel alignment at a certain value of the magnetic
field. This is done in two different ways. The first option, applied in crossed bar tun-
nel junctions, uses two different magnetic materials with a different coercive field as
electrodes. The magnetization of the two layers switches at different magnetic fields,
thereby creating a field region where the magnetizations are antiparallel (see figure
3.10). At magnetic fields higher than both coercive fields of the materials, the magne-
tizations become parallel. By sweeping the magnetic field from positive high field to
negative high field and back, both magnetization states are reached. During the field
sweep the resistance is measured and from this measurement the MR is calculated.

Another way to create an antiparallel aligned magnetization is by exchange-
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Fig. 3.9: A photo and a schematic overview of a microfabricated tunnel junction. The magnetic
bottom electrode has a U-shape. On top of this electrode the insulator and the magnetic top
electrode is formed. The top electrode is connected via Al leads. For an electrical measurement
the bottom and top electrode are connected to a current source via the two Al contacts and the
voltage is measured via the two other Al contacts.

biasing one magnetization and leaving the other magnetically free, as applied in the
microfabricated tunnel junctions. By depositing a ferromagnetic material on top of
an antiferromagnetic material, the magnetization direction of the ferromagnetic ma-
terial can be pinned in a certain direction by the exchange-interaction at the interface
of the ferromagnetic and antiferromagnetic material. This exchange-energy can be
overcome by a sufficiently large magnetic field, thereby switching the pinned mag-
netization. The field required to switch the magnetization depends on the thickness
of the antiferromagnetic layer and ferromagnetic layer and on the used magnetic
materials. If the exchange-energy is large enough, the hysteresis loop of the pinned
layer shifts outside the hysteresis loop of the magnetically free layer. This creates a
field range where the magnetizations of both layers have an antiparallel alignment
(see figure 3.10). In this way the same electrode materials can be used.

In applications of the tunnel junction as read head, as for the microfabricated tun-
nel junctions, the sensitive field region of the tunnel junction should be around zero.
One electrode of the junction is therefore exchange-biased in the negative field di-
rection, whereas the magnetization of the other layer rotates reversibly around zero
field. In the case of the microfabricated junctions the direction of exchange-biasing is
perpendicular to the long part of the U-shaped bottom electrode. The magnetization
of the magnetically free top layer has a magnetic anisotropy, a preferential direction,
along the long part of the U-shaped bottom electrode, leaving the magnetizations of
the two layers perpendicular to each other in zero field. By applying an increasing
field perpendicular to this direction, along the exchange-bias direction of the other
layer, the magnetization rotates towards the field direction. The resistance which is
proportional to the cosine between the angle of the two magnetizations, increases,
in this case, linearly with the field strength until saturation is reached. In this way
a magnetic field sensor is created with its sensitive part around zero and with a low
coercive field.
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Fig. 3.10: The top two rows show the magnetization loops for the top and bottom electrode.
The resulting resistance of the junction is shown in the bottom plot. In the left situation two
electrodes with different coercive fields are used, whereas the right part shows the situation
where the bottom electrode is exchange-biased to negative fields.

3.5 Noise measurements on crossed bar tunnel junctions

For most sensors studied a transition from dominating 1/f noise at low frequency to
dominating white noise in the high frequency range is observed in a frequency range
from 1 Hz to 100 kHz. In this section the measurements on crossed bar junctions are
presented. The first subsection discusses the white noise and 1/f noise as a function
of the bias voltage. Section 3.5.2 shows the field dependence of the different noise
contributions.

3.5.1 Noise as a function of the current

For a crossed bar tunnel junction with a Co and a Co50Fe50 electrode and an area
of 50

�
100 � m

�
, the white voltage noise is measured as a function of the applied dc

current. The voltage noise is converted to current noise with the use of the current-
voltage characteristic shown in figure 3.11 and is plotted in figure 3.12. The sample
contained no exchange-biased layer and the difference in coercive field of the Co and
Co50Fe50 layer is used to change the mutual alignment of the magnetizations. During
the measurement no magnetic field was applied, leaving the magnetizations in the
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Fig. 3.11: The current-voltage relation of a 20 Co/Al 3 + 150 s oxidized / 50 Co50Fe50 (nm)
tunnel junction at zero magnetic field.

same stable magnetization state. The white noise is corrected for the extra thermal
noise of the electrodes used to measure the noise as described in section 3.4.1.

At zero current, the white noise spectral density is equal to the thermal noise of
the junction (

�
=8.9

�
0.3 k � ). By increasing the current the noise also increases and

approaches full shot noise at 15 � A. The measurements follow nicely the theoretical
curve (equation 3.15). Apparently the white noise of a magnetic tunnel junction is
described by the same relation as non-magnetic tunnel junctions [10].

This means that at high frequencies the noise spectral density is given by equa-
tion 3.15. It depends on the applied bias voltage and on the current.

The 1/f noise magnitude, here defined as the current noise spectral density at
1 Hz (parameter � in equation 3.28), is extracted from the spectra and plotted log-
arithmically in figure 3.12(b) as a function of the the voltage across the junction.
From this graph the 1/f noise parameter � is calculated to be

�
�

	 � �
� � % " and �� �	
�

 � �
� � %
�
� m

�
(see equation 3.16). For non-magnetic 4.4 Al/1.5 AlN/10 Al (nm)

tunnel junctions grown under similar conditions, where no magnetic contributions
are expected, we measured �� � � � �
� � � � m

�
. Comparing the �� parameters for dif-

ferent crossed bar tunnel junctions, no obvious trend was found and irregular varia-
tions up to two orders of magnitude have been observed. The reason for these large
differences can be explained by the fact that the oxide layer between the electrodes
is not perfect, and varied from sample to sample. Due to trapping and untrapping
of the electrons in states in this oxide layer, an increase of the 1/f noise is expected,
as was found in semiconductor devices [3, 24].

3.5.2 Tunnel noise as a function of the applied field

The variation of the voltage as a function of the applied magnetic field for a 10 Co/14
Al2O3/10 Ni80Fe20 (nm) tunnel junction with an area of 200

�
200 � m

�
is plotted in

figure 3.13 as a solid line. The voltage is measured at a constant current of 11 � A
and results in a MR of 13.5%, which decreases as the current through the junction in-
creases. The voltage across the junction at this current equals approximately

� � � � � 	 .
At this voltage the white noise is not equal to either the thermal noise or full shot



52 3. Noise in tunnel junctions

-15 -10 -5 0 5 10 15
0

1

2

3

4

5

2e

S
I,w

hi
te
 (

10
-2

4 A
2 /H

z)

I (µA)
10 100

10-23

10-22

10-21

10-20

 

 

S
I (

A
2 /H

z)
 (

1 
H

z)

I(µA)(a) (b)
Fig. 3.12: The white noise in the current through a 20 Co/Al 3 + 150 s oxidized / 50 Co50Fe50
(nm) tunnel junction as a function of the current is shown in figure (a). The drawn curve is
equation 3.15. The 1/f noise in the current at 1 Hz as a function of the square of the current is
depicted in figure (b). The drawn line is a fit to the Hooge relation. These measurements were
carried out at room temperature. The barrier has a resistance of 8.9

�
0.3 k

�
.

noise and a 1/f noise contribution to the noise is expected to be visible in at least the
lower part of the frequency range of 1 Hz to 100 kHz.

Now the magnetic field is varied step by step and at each stable field the voltage
noise is measured. During the whole experiment the current is kept constant. From
each spectrum the white and the 1/f noise part can be extracted. The obtained levels
of white noise are plotted in figure 3.13. The top graph shows the measurement done
with decreasing magnetic field and the bottom graph those with increasing field.
Although the current through the junction is constant, the white noise is not. The
white voltage noise spectral density increases about (17

�
6) % in going from parallel

to antiparallel aligned magnetizations. This is due to the voltage change over the
junction as the magnetization is switched from a parallel to an antiparallel aligned
state, as can be seen from equation 3.9 and 3.15. Using these equations the increase
in white noise of the antiparallel magnetized state with respect to the parallel state
can be written as, � � � 
� � � � � � � �� � � �
 ��� � 
� � �� � � �� ��� � � � � �
 7:9 � 5 � � � � � �

	�
 � �� �� 7:9 � 5 � � � � � �
	�
 � � ' (3.29)

where the last approximation is valid because the measurements were done at a con-
stant current in the low-voltage limit where the

�
- � curve is linear. Using � 
 =45 mV

and � � =40 mV from figure 3.13, we find
� � � 
 � � � � � � 1.17, which is consistent with

the observed increase in the magnitude of the noise spectral density.
From the same spectra as used for the two white noise measurements, the 1/f

noise magnitude can be extracted. The 1/f noise parameter �� for this junction is
approximately �� � � � �
� � � � m

�
, which is 2 orders of magnitude higher than the

value found for the Co/Al2O3/Co50Fe50 junction discussed in the previous subsec-
tion. Figure 3.14 shows the 1/f noise parameter � as a function of the applied mag-
netic field. The figure is divided in two parts with in the top graph the increasing
field sweep and in the bottom graph the decreasing field sweep. In this way the
hysteresis can clearly be seen in the voltage and the noise. This graph shows that



3.6. 1/f noise in microfabricated tunnel junctions 53

80

90

100

110

120

40

45

40

45

-20 -10 0 10 20
80

90

100

110 sweep direction

H (Oe)

S
V

,w
hi

te
 (

10
-1

8  V
2 /H

z)
sweep direction

 

 

 V
 (m

V
)

Fig. 3.13: The white noise at I=11
�

A as a function of the applied magnetic field is plotted
with open circles, with the left hand scale. The solid line gives the voltage over the junction at
the same current as a function of the magnetic field. The top graph shows the measurements
with a field decreasing from saturation in the positive direction to saturation in the negative
direction. The bottom graph reflects a sweep in the opposite direction.

the 1/f noise spectral density is constant when the magnetizations are parallel. As
the antiparallel magnetized state is reached, the 1/f noise spectral density becomes
much higher than in the parallel state. One should note that the effect of the voltage
on

� � due to the voltage change over the junction as the magnetization reverses, is
already corrected for by giving � instead of

� � .
Expression 3.17 cannot describe the observed increase of the noise in the antipar-

allel magnetized state, because in the parallel and antiparallel state the contribution
of magnetization direction fluctuations to the noise is zero. It could be that due to the
difference in domain structure in the electrodes the junction has some regions where
the magnetization direction is not equal to 0 or

�
. This causes current channels with

a resistance derivative which is not equal to zero, which can have a higher noise as
explained in section 3.2.3. To overcome this possible problem with domains in the
sample, measurements on small area junctions with single domain structures have
been done, which will be described in the next section.

3.6 1/f noise in microfabricated tunnel junctions

The microfabricated tunnel junctions consist of a bottom electrode which has the
layer structure 3.5 Ta/2.5 Ni80Fe20/ 8 Ir19Mn81 /4 Ni80Fe20 / 1.5 Co (nm). The Ta
layer is used to get a a [111] texture in the Ni80Fe20 layer, leading to a [111] tex-
tured Ir19Mn81 layer. The Ir19Mn81 layer is an antiferromagnetic material used to
exchange-bias the second Ni80Fe20 layer. The [111] texture was necessary to optimize
the exchange-biasing field. The Co layer at the interface is used to increase the po-
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Fig. 3.14: The 1/f noise parameter
�

as a function of the applied magnetic field. The top
graph shows the measurements with a field decreasing from saturation in the positive direc-
tion to saturation in the negative direction. The bottom graph reflects a sweep in the opposite
direction.

larization of the tunneling electrons beyond the value that would be obtained for
Ni80Fe20. The barrier is made by sputtering a 0.85 nm thick Al layer which is oxi-
dized subsequently in a plasma for 8 sec. This was enough to fully oxidize the Al
layer. The top electrode is composed of a 6.5 nm Ni80Fe20 layer with a 1.5 nm Co
layer at the interface. This is also used to increase the polarization. The data shown
in this section is obtained from a junction with an area of 20

�
9 � m

�
. The resistance

at zero bias voltage is 32 � .
Figure 3.15 shows the MR as a function of the current. Only the parts of the mea-

surements preformed with decreasing field are shown. Coming from a high negative
field the resistance is constant, both magnetization directions are parallel aligned.
After passing zero field the magnetically free layer rotates towards the direction of
the applied magnetic field. This results in an antiparallel aligned magnetization lead-
ing to a high resistance. After passing the exchange-bias field also the pinned layer
rotates towards the field direction and aligns with the magnetization of the free layer
leading to a low resistance. The tunnel junctions have a MR of 19 % at low currents
which decreases as the bias current gets higher, as shown in the right part of figure
3.15.

Unexpectedly, also a shift of the exchange-bias field is visible. This field decreases
as the magnitude of the current increases. It does not depend on the sign of the
current so it is not caused by a magnetic field due to the current. The shift is also
reversible: after a high current measurement the shift is the same as before. The
cause of the shift is probably due to heating of the antiferromagnet leading to a lower
exchange bias field [23].

In the microfabricated tunnel junctions the white noise of the electrodes (
� � � � and
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Fig. 3.15: The field dependence of the magnetoresistance is plotted in the left panel for currents
between 1 and 16.5 mA. The resulting bias current dependence of the MR is depicted in the
right panel.

� � � � in figure 3.7) is much higher than the white noise of the junction. Therefore the
white noise of the tunnel junction can not be accurately separated from the total
white noise.

3.6.1 1/f noise as a function of the current and field

The noise spectral density is now measured as a function of the applied magnetic
field for a constant current of 1 mA. From these spectra the 1/f noise and the white
noise spectral density are extracted. The 1/f noise parameter � is plotted in figure
3.16. At high negative fields, where both magnetizations are parallel aligned, the 1/f
noise is constant. When the free layer switches the 1/f noise increases by a factor of
10 to 100. This can be attributed to the rotation of the free layer out of the parallel
alignment. In this region the noise increases, as predicted by equation 3.17. After
this sharp increase the 1/f noise decreases to a value which is still a factor of 4 higher
than the noise in the parallel aligned configuration. At the exchange-bias field the
1/f noise increases again because of the rotation of the pinned magnetization. This
peak is wider because of the wide field range in which this magnetization reverses.
With the setup it was not possible to fully saturate the sample at positive fields.

The 1/f noise parameter for this microfabricated tunnel junction is �� � �
�

	 �
�
� � %

�
� m

�
at large negative fields. This is almost equal to the one found for the

crossed bar tunnel junction measured in section 3.5.1 and higher than the crossed
bar tunnel junction measured in section 3.5.2.

The graph also shows the 1/f noise parameter measured at a higher current,
10 mA. The shape of the curve is the same as for the measurement at 1 mA except
for the noise level being lower in the state of antiparallel aligned magnetizations.
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Fig. 3.16: Figure (a) shows the noise parameter

�
as a function of the applied field for a current

of 1 and 10 mA. Figure (b) shows the 1/f noise parameter in the parallel (p) and antiparallel
(ap) magnetized state, measured at the field at which

�
is minimal. The relative increase of

the noise parameter in the antiparallel state with respect to the parallel state is plotted in the
inset.

Also the peak caused by the rotation of the exchange-biased layer is shifted to lower
fields, similar to the magnetoresistance curve.

Figure 3.16(b) shows the minimum values of the 1/f noise in the antiparallel and
parallel magnetized state as a function of the current. The noise parameter of the
parallel state is nearly constant, except at high currents the noise increases slightly.
However, the 1/f noise in the antiparallel state becomes smaller as the current in-
creases. The relative increase in the noise level in the antiparallel magnetized state
with respect to the parallel magnetized state is plotted in the inset of figure 3.16(b).
This graph shows that the relative increase at 1 mA is 400 % and this relative increase
decays towards 60 % for 16 mA.

The constant value of the noise in the parallel state suggests that the extra noise in
the antiparallel state is not due to Ohmic heating. Only the measurement at 16 mA
reveals a higher 1/f noise than that observed for lower currents. This is also sup-
ported by the observation that the largest extra noise is observed at a low currents.
The magnetic contribution to the noise is minimized because the value of the noise
at the field corresponding to the minimum value of the noise is taken. At these fields
the sensor has a small sensitivity to fluctuations in the magnetization direction of the
free layer because the average directions of the two magnetizations are antiparallel.
Only if the magnetization of the sample breaks up in small domains, with differ-
ent magnetization directions, an additional contribution is expected. In that case
one expects from equation 3.23 that the variance of the resistance is proportional to) � � ) � if the current only probes the magnetization fluctuations (and does not in-
fluence them). Assuming then that the magnetic contribution to � , � � � �

�
� � , is

proportional to
� �� , one expects that

� � 	 � � � � � 
 � � � � 
 � . Figure 3.17 shows this
difference in � as a function of the measured MR. The graph shows an increasing
increase in � , but this increase in � is not proportional to the MR. Another possible
mechanism which might explain the results involves the assumption of fluctuations
in the polarization. This is further explored in the next section.
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3.6.2 Noise due to polarization, inner potential or barrier parameter fluctuations.

The spin-dependent tunnel current depends within the Julliere model, described in
section 2.3.2, on the the effective polarization,

�
, of the electrodes. In this section

the effect of fluctuations in the polarization on the conductance noise is investigated
for both the parallel and antiparallel magnetized state. We expect that polarization
fluctuations can be caused by small changes of the positions of the atoms at the
electrode-barrier interface. Because the measured noise consists of a magnetic and a
nonmagnetic part, the difference in noise between parallel and antiparallel aligned
magnetizations gives only information of a magnetic origin. However, the calcu-
lated � has only a magnetic origin. Therefore, the ratio

� � 	 � � � � � � � , calculated in
this section, gives an upper limit for this ratio obtained from experiments, because
� � � �

�
���
� � �

� 	 � � .
Using the Julliere model, the magnitude of the noise due to fluctuations in the

polarization can be calculated as follows. The noise in the conductance due to polar-
ization fluctuations of a tunnel junction with two identical electrodes is,��� �  � �� � ! � � � � (3.30)

This equation is similar to equation 3.9. Within the Julliere model the polarization
is the same for the parallel (p) and antiparallel (a) magnetized state. If one now
assumes that the noise in the polarization is also the same in the parallel and an-
tiparallel state, a difference in noise for the parallel and antiparallel state can only be
due to a difference in the

� � � � � � � � .According to Julliere’s model the conductance in the parallel and antiparallel
state can be rewritten as, � � � �

�
� � � � � � ' (3.31)� 	 � �

�
� � � � � � � (3.32)
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Fig. 3.18: Schematic model for the calculation of effects of fluctuations in the inner potential of
the electrodes, barrier height and thickness. The inner potentials are � � � ��� ��� � � ��� � ��� ���
	 � � .

This means that the current noise is equal in both states. However the 1/f noise
parameter � for the two states is not equal because of,

� �
� �� � � ���� � � � �� � � � � (3.33)

The relative increase in the noise parameter is then given by

� 	 � � �
� �

�
� �� � � � 	� � 	 �  �

�
� ��� ! � � � � (3.34)

Let us now consider the situation for the tunnel junction measured in section
3.6.1. The MR observed at low current is 19 %. Equation 3.33 gives for this MR
a relative increase of � equal to 52 %. The bias current dependence of the relative
increase is due to bias current dependence of the MR. By decreasing the bias current
to 17 mA, the MR decreases to 8.8 %, see figure 3.15, which would lead to an increase
of � equal to 20 %. The absolute value of this extra noise is much less than the
observed increase. Therefore this model does not explain the observed difference in
� . However, the decrease in additional noise in going from 1 to 17 mA is predicted
correctly.

A much larger increase in � is found when instead of Julliere’s model, the free
electron model is used. Now not the polarization but the exchange splitting

�
of

the electrodes is assumed to fluctuate. The fluctuations are described by an equally
large but opposite change in inner potentials for both spins. The case in which the
majority band is lowered and the minority band is raised by the same small energy
� � is shown in figure 3.18, which at constant current density gives rise to a voltage
change

� � . In this way the derivative � � � � � � ��� at a constant current is calculated.
The relationship between the noise in the inner potential, � � and the noise in the
voltage is given by, � � �  � �� � � ! � � ��� � (3.35)
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Fig. 3.19: The relative increase of the 1/f noise parameter in going from a parallel magnetized
to an antiparallel magnetized state as a function of the bias current. The inset shows the bias
voltage dependence of the MR with the same parameters. Figure (b) shows the difference in

�
as a function of the MR using the same data as in graph (a). Not the MR full range is covered
because of the small bias voltage dependence of the MR.

The 1/f noise parameter is

� �
�� �  � �� � � ! � � ��� � (3.36)

Assuming that the noise in the parallel and the antiparallel magnetized state is the
same, one obtains for the relative increase in �

� 	 � � �
� �

�

�
�

� � �� ��� ''' 	� �� ��� ''' �
� �� 	
�
�

� � �
� '

(3.37)

where the subscripts � and � stand for antiparallel and parallel aligned magnetiza-
tion. It is important to note that the maximum possible increase of � does not depend
on the spectral density

� ��� of the inner potential fluctuations.
Figure 3.19 shows as an example the relative change of the noise parameter � and

the MR as a function of the bias current, obtained from a calculation with the free
electron model described in section 2.1. In these calculations we used two electrodes
with an inner potential of

�
�

� � � �
�

� � eV, a barrier height of 1.5 eV above the Fermi
level, and a width of 1.0 nm (see figure 3.18 for definitions). These values are chosen
such that the current and MR are approximately equal to the experimental values
discussed in section 3.6.1. The junction area is 9

�
20 � m

�
. At zero current the relative

increase of the noise parameter � is largest, namely 400 % and by increasing the
current to 20 mA it decreases towards 250 %. The magnitude of the increase of the
1/f noise has approximately the same magnitude as found in our experiments, and
the model predicts a decrease of

� � 	 � � � � � � � with increasing the current, as observed
experimentally. This correlates with a decrease with increasing current of the MR, as
shown in figure 3.19(b). The variation of

� � 	 � � � � � � � with the MR is very close to
that observed experimentally (figure 3.17). However, the magnitude of

� � 	 � � � � � � �
at higher currents exceeds the experimentally observed values. This might be due to
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Fig. 3.20: The relative increase of the 1/f noise parameter in going from a parallel magnetized
to an antiparallel magnetized state as a function of the bias current for fluctuations in the
barrier thickness (a) and barrier height (b). The inset in both graphs shows the bias voltage
dependence of the MR with the same parameters.

the higher value of the MR obtained from the calculations, compared to the values
observed in the experiments.

To study the influence of the noise due to fluctuations in the barrier parameters
as proposed in reference [8], similar calculations can be done. Instead of the � � in
equation 3.36 the thickness

6
or barrier height

�
should be used, see figure 3.18.

Figure 3.20(a) shows the increase in noise caused by fluctuations in the barrier thick-
ness. The same parameters as for the previous calculations are used. This results
in a negative percentage, which means that the 1/f noise in the antiparallel state is
smaller than in parallel state. Furthermore the difference in noise becomes bigger as
the current increases. This is in contradiction with the observations.

For the same junction with barrier height fluctuations, a positive percentage is
obtained. The resulting value, however, is a factor 100 too small compared to values
found in the experiment. It also becomes negative as the current increases above
13 mA.

We conclude that the description of the observed increase of � going from the par-
allel state to the antiparallel state in terms of fluctuations in the polarization treated
within the Julliere model yields a too low value. Instead, a more detailed calculation
using the free electron model with realistic values yields a much better qualitative
agreement. Also the dependence of the relative increase of � on the bias current is
described well within the free electron model. Fluctuations in the barrier parameters
have a much smaller effect on

� � 	 � � � � � � � than fluctuations in the inner potential
and are expected to show a qualitatively different current dependence. Fluctuations
in the barrier parameters therefore cannot explain the observed huge increase of the
1/f noise when switching from a parallel to an antiparallel aligned magnetization
state.
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4. BARRIER CHARACTERIZATION

The ultra-thin insulating barrier between the two ferromagnetic layers and the its
interfaces determine to a large extent the quality of the tunnel junction [13]. In this
study the insulating barrier is made by depositing a thin Al layer ( � 1 nm), which
is subsequently oxidized in an oxygen plasma. Little is known about the kinetics
of oxidizing an ultra-thin Al layer. Nowadays, more studies are done on this topic
[3, 4, 8, 12, 15]. In these studies the Al thickness is kept constant and the oxida-
tion time of the Al layers is varied. With various techniques like electrical transport
measurements (ac and dc), X-ray photoelectron spectroscopy, transmission electron
microscopy and Rutherford backscattering (RBS), the characteristics of these barri-
ers are measured. From these measurements Kuiper et al. [8] proposed a four step
oxidation process. In the first period after introduction of the O, the Al starts to ox-
idize thermally at the Al surface. During the second stage O diffuses to the Al/Co
interface via the grain boundaries and oxidizes the grain boundaries. The thickness
of the layer increases at this stage. The metallic interior of the Al grains starts to
oxidize in the third stage until all Al is oxidized. During this period the thickness of
the oxide layer remains constant. After that the ferromagnetic layer below the bar-
rier starts to oxidize. The inhomogeneous distribution of O in a plasma oxidized Al
layer is also found with RBS measurements where an asymmetric oxygen peak was
observed [14]. A surplus of O was found at the interface with respect to the rest of
the layer. By annealing the sample, the peak becomes more symmetric indicating a
more homogeneous distribution of O.

In this chapter this oxidation process is studied by determining the amount of
metallic Al and Al2O3 with two different techniques, differential ellipsometry and
Rutherford back scattering. This chapter describes these methods and their results
in studying the oxidation process of Al layers.

The first method we used, differential ellipsometry, is a local optical technique
which uses the fact that Al and Al2O3 have a huge difference in refractive index. By
using an oxidized wedge-shaped Al layer, a sample is created which has a continu-
ously changing Al thickness, grown and oxidized under the same conditions. The
local sensitivity of this technique is exploited by scanning over the wedge. Now only
the changes in the wedge give rise to a change of signal. Further this technique is
now used to study the oxidation of Al in-situ during oxidation [7].

The second technique uses Rutherford Back Scattering (RBS) of He
�

ions to mea-
sure the O and Al content in the sample. This gives more quantitative and com-
plementary information about the oxidation process than the ellipsometry measure-
ments.
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element
�� .

Al 1.304 7.479
Al2O3 1.77 0
Si 3.906 0.022
SiO2 1.5 0
Ta 1.83 1.99
Co 2.21 4

Tab. 4.1: Refractive index , � ��������	� , for different materials for photons with an energy of
2 eV [10].

4.1 Differential ellipsometry measurements on oxidized
wedge-shaped Al layers

The huge difference in refractive index between Al and Al2O3, see table 4.1, makes
it possible to determine the thickness of these layers optically. For this purpose we
developed an ellipsometry-like method. This setup is described in the next section,
followed by the results of measurements on wedge-shaped Al layers oxidized in an
O-plasma for a certain time. By scanning over the wedge, only the differences in
refractive index and thickness are measured.

4.1.1 Measurement technique

The setup is depicted in figure 4.1. First an 
 -polarized beam (polarization perpen-
dicular to the plane of incidence) from a He-Ne laser (

� �
632.8 nm) is modulated

by a photo elastic modulator (PEM) between righthanded circular polarized light
and lefthanded circular polarized light at a frequency (F) of 50 kHz. The modulated
beam is focused on the sample to a spot diameter smaller than 100 � m where it is
reflected. The angle of incidence of the beam with respect to the surface normal is
in our case equal to 45

�
. The sample can be translated in two orthogonal in-plane

directions by stepper motors enabling a measurement as a function of the position
on the sample.

Due to the difference in the reflection coefficient of the sample for 
 - and � -
polarized light the polarization state of the reflected beam changes. The polarization
direction of a � -polarized beam is parallel to the plane of incidence and perpendicu-
lar to propagation direction. With a polarizer the change in rotation and ellipticity of
the reflected beam becomes apparent as two ac signals in the intensity of the beam,� � � ��� � � � � �� � � % � 7:9;0 � �	� � � � � % � � � � � 7:9;0 � �	� � � � � � � � � (4.1)

The change in ellipticity is transferred to a signal with frequency
� �

and the extra
rotation is visible as a signal with frequency

� �
. The ac signals have also a phase

shift due to the difference in optical path length for 
 and � polarized light. In this
study we are only interested in the magnitudes � % � and � � � . The dc signal, � �� , is
the zero frequency intensity component of the reflected beam.

As shown in table 4.1 the refractive indexes of Al and Al2O3 differ. To see how
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Fig. 4.1: Schematic overview of the setup used to measure the difference in reflection coef-
ficients. A local coordinate system for the polarization direction is defined with �

�
along the� -polarization and � � along the propagation direction of the light. A second coordinate system,

����� , gives the local directions in the sample.

this influences the
� �

and
� �

signal a simulation program is written. With this
program also quantitative information about the layer thicknesses can be obtained.
The program uses the Maxwell equations to calculate the electromagnetic wave in
a layered structure. For this model a matrix formulation is used, which links the
amplitudes of the electric field of the wave in each layer.

The model assumes a parallel electromagnetic wave which enters the sample,
consisting of a stack of layers with different refractive indexes and thicknesses. The
angle of incidence in a layer � is �

�
with the normal. At each interface, a part of the

beam enters the next layer and a part is reflected, as depicted in figure 4.2(a) and (b).
Also the back reflection at the next interfaces is taken into account.

The wave vector
��

of the electromagnetic wave is decomposed in a component
parallel to the interface,

� � and a component perpendicular to the interface,
� � . For

each component the continuity conditions for the electromagnetic field are applied.
From these conditions it follows that the � -component of the wave vector in both
layers is equal before and after reflection and the � -component is given by [17],� � � � �=< ��� � 
 �� � 
 � � � � �� � � � � � 
 ��

�

 7:9;0 � � � � ' (4.2)

where
�� �

is the wave vector in vacuum. A result of this equation is the Snellius
refraction law.

The electric part of the wave is split in two wave equations for 
 and � polarized
light, ���� � � �
	 � �� ����� � � � �� � � �� � � ��� ����� � � �� � � �� ��� ����� � � � � � �	�� ' (4.3)

where
�	�� denotes the polarization direction of the beam,

	 � 
 or � . For each part, 

and � , the amplitudes are calculated separately.
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Fig. 4.2: Reflection and transmission of a light beam which enters a medium with an index of
refraction � � � � from a medium with an index � � is shown in figure (a). Figure (b) shows the
amplitudes of the electric part of the wave in a multilayer with different refractive indexes.

In the matrix formulation the amplitudes of the incoming wave � � and outgoing
wave � � in one medium are transformed to the waves in the other medium via a
transfer matrix

�
[17],

 � �
�
� �
� ! �  � % % � % �� � % � � � !  � �%� �% ! � (4.4)

This is shown schematically in figure 4.2(b).
The matrix is the product of two different matrices. One contains information

about the reflectance of light at an interface due to the difference in refractive in-
dex. The other describes the propagation of light through the medium. In a mul-
tilayer stack each interface is represented by a transmission matrix and each layer
by a propagation matrix. The transmission matrix,

� �
, links the amplitudes of the

electromagnetic waves at the interface of layer � and � � � , and is given by,� � � �

� �� � � �� � � ! � (4.5)

In this equation,
� �

and � � are the Fresnel transmission and reflection coefficient at
an interface � between two materials with an index of refraction

� �
and

� �
� % . For


 -polarized light these coefficient are

� � � � � � � � � � � � � %� � � � � � � � � � % ' (4.6)

� � � � � � � �� � � � � � � � � � % � (4.7)

Here
� � is the � -component of the wave vector. A � -polarized electromagnetic wave

has the coefficients,

� � � � �� � � � � � %
�

� ��
� % � � � �� �� � � � � � % � � ��
� % � � � � ' (4.8)
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� � � � � � � �
� % � � � �� ��

� % � � � � � � �� � � � � � % � (4.9)

For the propagation of the light through a medium with an index of refraction
� �

,
the following matrix is used,

� � �  ����� � � � � � � � 6 � � �
� ����� � � � � � � 6 � � ! ' (4.10)

with
6 �

the thickness of layer � .
A multilayer with

�
layers has a transmission matrix, which is the product of all

matrices of the layers and interfaces,� � � � � % � % � � � � ����� � � � % � � � % � (4.11)

Layer 0 is the start medium, in our case air, and
�

the last layer, in our case the
substrate. The layers 0 and

�
are assumed to extend to infinity.

The reflectance coefficient for a
	
-polarized beam (

	 � 
 or � ) at the top surface is
defined as (see equation 4.4),

� � �
� � �� � �� �� �

� % ''''' � �
� � # )

�
�

� � %� % % ' (4.12)

which is in general a complex number. Here, the fact is used that the semi-infinite
layer

�
has no back reflected wave, � �� � � � � . With these equations the reflection

coefficients for an 
 - and � -polarized beam can be calculated.
Now the reflection coefficients are known, the resulting intensity,

� �
and

� �
com-

ponents of the signal at the output of the detector can be calculated. This is done by
using the Jones formalism to describe the effect of the optical components in our
system on the amplitude and the polarization of the light. In this formalism the
polarization of the light is represented by a complex vector. The elements in this
column vector are the complex amplitudes of the electrical field in the � and � direc-
tion (or 
 - and � -direction). In this way linearly polarized light is represented by the
vector �


light
� �

�
 7:9;0 � � �032 4 � � � ! � (4.13)

The Jones vector contains the complete information about the electric field amplitude
and phase. To obtain the real electric field we must perform the operation�� � Re

� �
 ����� � � � � � � � (4.14)

In our setup 
 -polarized incoming light is used, which means
� ���

. This beam
incidents on a PEM. A PEM can be used to retard the phase of the 
 -component with
respect to the � -component by a phase difference

�
. The Jones matrix for the PEM is

then given by,
�

PEM,0
�  ����� � � � � �

� � ! � (4.15)
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In our experiments, the phase difference oscillates in time with a frequency
�

and
an amplitude

�
�

(
� � �

� 7:9;0 � �	� � � � ). In addition, the PEM is rotated over 45 degrees
to get a modulation of the beam between left- and right handed circularly polarized
light. For a rotation simple rotation matrices are used,

� � � � �  7:9;0 � � � 032 4 � � �� 032 4 � � � 7:9;0 � � � ! � (4.16)

The total effect of transmission through the PEM is then described by the equation
�

PEM,45
� � � ��� � � � � � % �

PEM,0
� ��� � � � .

Next, the light is reflected at the sample. Here the reflection coefficients from
equation 4.12, for 
 - and � -polarized light, determine the Jones matrix:

�
sample

�  � � �
� � � ! � (4.17)

The reflected beam passes a polarizer through which only light passes with a
polarization angle

�
with respect to the 
 -direction. The Jones representation for the

polarizer is,
�

polarizer
�  7:9;0 � � � 032 4 � � �� � ! � (4.18)

The Jones vector of the detected light is calculated by multiplying all matrices
and letting this product operate on the Jones vector for the incoming beam,�
 � � �

�
� � �

polarizer
�

sample
� � ��� � � � � � % �

PEM,0
� ��� � � � �
 � � ����� � � � � � (4.19)

The total intensity at the detector is equal to the norm of the Jones vector,
�
��� � �

�
� � �
 � � �

�
�
.

Due to the use of a PEM with an oscillating phase difference
�
, the expression for the

intensity contains terms proportional to 7:9;0 � � � 032 4 � �	� � � � � and 032 4 � � � 032 4 � �	� � � � � . For
these terms the following expansions will be used [1],032 4 � � � 032 4 � �	� � � � � � � ��

	 ) � 
 ��	 � % � �
�
� 032 4 � �	� � � � � � � � � � (4.20)7:9;0 � � � 032 4 � �	� � � � � � 
 � � � � � � � ��

	 ) % 
 ��	 � �
�
� 7:9;0 � �	� � � � � � � � ' (4.21)

where

 �

are the n-th order Bessel functions of the first kind.
With a lock-in technique oscillations with the frequencies

� �
and

� �
have been

measured. The amplitudes of these oscillations are� % � � �
� 
 % � �

�
� � Re

� � � � Im � � � � � Im
� � � � Re

� � � � � 7:9;0 � � � 032 4 � � � ' (4.22)� � � � �
�
�

�

 � � � � � � 
 � � 
 � � 
 � � 
 � � � 
 � � 
 � � 
 � � 
 � � 7:9;0 � � � � � � (4.23)

Also the dc intensity depends on the
�

and the reflection coefficients, but has no
simple mathematical form.
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Fig. 4.3: Calculated
� # and

� # signals as a function of the position on the wedge, as depicted
in the inset. The system used for the calculations is a homogeneously oxidized Al wedge on
top of a Si substrate with a SiO2 layer.

At the thin part of the wedge the angle of the analyzer,
�

, is rotated until the sig-
nal with the frequency

� �
is equal to zero. Any change in refraction index or layer

thickness during a scan over a wedge-shaped sample, gives rise to a change in � % �
and � � � . To calibrate the calculations with the experiment, the analyzer is rotated
over 10

�
and the amplitudes of � % � and � � � are determined. Then the signal am-

plitudes, equation 4.22 and 4.23, are calculated with the model using a Si substrate
with a SiO2 layer and the same angle of the analyzer. By comparing these calculated
amplitudes with the experimentally obtained signals, the value of the factor �

�
is de-

termined. After that the analyzer is rotated back until � � � � � and the measurement
can start.

This mathematic model for the signals is used to simulate the results of an ex-
periment on an ideal model system that can be viewed as a first approximation to
a homogeneously oxidized Al wedge on a Si substrate with a SiO2 layer, and is de-
picted in the inset of figure 4.3. At the start of the wedge all the Al is oxidized and
an Al2O3 wedge is taken with a thickness of 0 to 2 nm depending on the position on
the wedge. Half way the wedge a metallic Al wedge starts and reaches a thickness
of 2 nm at the end of the wedge. In this part of the wedge, the thickness of the Al2O3
layer has a constant thickness of 2 nm. The refractive indexes of the layers are given
in table 4.1. In this way the influence of Al2O3 on the

� �
and

� �
signals appears in

the first part of the wedge and the influence of Al covered with Al2O3 on the signals
appears in the second part of the wedge.

The
� �

and
� �

signals calculated for this model system are shown in figure 4.3.
In the first part of the wedge, where only Al2O3 is present, the

� �
signal increases in

magnitude linearly with the Al2O3 wedge thickness, whereas the
� �

signal is equal
to zero. As the Al wedge starts, the slope of the

� �
signal increases and now also the� �

signal decreases as the Al layer increases. This means that the
� �

signal in this
thickness range, depends linearly on both the Al and Al2O3 thickness and the

� �
signal is, in this range, only approximately proportional to the Al thickness. These
linear approximations are possible because the thicknesses of the layers are small
compared to the wavelength of the light in the medium. In thicker layers interference
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Fig. 4.4: Calculated
� # (a) and

� # (b) signals as a function of the position on the wedge for
two different SiO2 thicknesses. The same model system as in figure 4.3 is used.

effects and absorption effects are visible.
By measuring both signals simultaneously as the laser spot scans over an oxi-

dized Al wedge, the thicknesses of the Al and Al2O3 can, in principle, be calculated.
However, from calculations shown in figure 4.4(a) and (b) we found that the results
depend strongly on the exact thickness of the SiO2 layer on top of the Si substrate. In
going from 2 nm to 20 nm, the

� �
signal gets an offset due to the extra material and

the
� �

signal gets a bigger amplitude. Also the exact values of the refractive indexes
of the layers are important. These can be different for thin layers as compared to
values for bulk. This introduces an uncertainty in the value of the layer thicknesses
obtained from measurements. However, these signals can give valuable information
about the oxidation process as we will see later.

4.1.2 Measurements on Al wedges with different oxidation times

The wedge-shaped samples on which the measurements are done, are made in a
UHV sputter system by slowly withdrawing a shutter at a constant speed, through
the flux of material during deposition. In this way Al wedges with a slope of 0.3 to
0.4 nm/mm are made. These wedges are subsequently oxidized for a certain time.
Also a wedge is made by oxidation in an O � atmosphere for 10 s without a plasma.
The top picture of figure 4.5 gives a simplified picture of the cross section of a sample.
On the thick side of the sample a part with a constant Al thickness is deposited on
which a marker is made with Ta. This marker is used to define the end of the wedge.
Because the optical properties of Ta are different from Al and Al2O3 (table 4.1) the
marker is visible in the � % � , � � � and the total dc intensity. To avoid contamination
of the Al wedge by Ta, the marker is placed 1 mm after the end of the Al wedge. In
the 1 mm region the Al layer thickness is constant.

Now the laser spot, with a diameter less than 100 � m, is scanned over the total
sample area and during this scan the amplitude of the reflected dc intensity, the

� �
and the

� �
component of the signal, are recorded by the computer system. These

three amplitudes are averaged over 10 scans measured at different start positions on
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Fig. 4.5: The top picture gives a schematic cross section of a 0-4 nm thick Al wedge oxidized
for 100 s in an O � plasma. The graphs below show the results of a scan over the sample in a
plot with constant intensity contours and the average over constant thickness as a line graph
as a function of the position on the wedge. The measured signals are (a) dc intensity of the
reflected beam, (b)

� # signal and (c)
� # signal.

the wedge. Figure 4.5 (a-c) shows these amplitudes for an Al-wedge with a thickness
of 0-4 nm oxidized for 100 seconds in an O � plasma. On top of each averaged graph a
contour plot is shown depicting how the signal changes over the area of the sample.
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The dc intensity ( � �� ) of the reflected beam (a) changes slightly over the wedge.
This is due to the difference in index of refraction of the Al and Al2O3. However, the
change is too small to get extra information from these results, as is also visible in the
contour plot, where the reflected intensity changes non-uniformly over the wedge.
Also the Ta marker at the end of the wedge and the edge of the sample at the start
of the wedge are visible. The

� �
signal, which is sensitive to both the Al and Al2O3

thickness, shows two different slopes in the graph. In the thick region where both Al
and Al2O3 are expected, the graph has a larger slope than in the region where only
Al2O3 is expected. At the Ta marker the magnitude of the

� �
signal is too large to fit

to this scale. At the constant part before this marker the
� �

signal is also constant.
The big drop in 1F intensity at the start of the wedge is due to the edge of the sample.
The

� �
signal, which is only sensitive to the metallic Al, changes only in the thick

part of the wedge. At the Ta marker and at the start of the wedge the signals are out
of scale. The

� �
signal is constant for 1 mm after the Ta marker.

Qualitatively, both the
� �

and
� �

signals are similar to the results plotted in
figure 4.3. However, the position where the change in slope occurs, is different for
the

� �
and

� �
signals, as is indicated in figure 4.5. This means that there are three

regions on the wedge. In region one only the absolute value of
� �

signal increases
in amplitude and the

� �
signal is zero. In the second region the

� �
signal starts

to increase and the
� �

signal keeps on changing with the same slope. At the start
of the last region the slope of the

� �
signal changes. This kind of behavior of the

signals cannot be explained by a simple planar growth of Al2O3 on Al as explained
above. In that case, the layer thickness of the Al and Al2O3 would vary as shown
schematically in figure 4.6(a) and (b). The

� �
and

� �
signals for this system change

slope at the same Al thickness and shifts to thicker Al for longer oxidation times.
With the aid of the simulation program the thickness of both the Al and Al2O3

layers can be determined, assuming a perfect layer structure. Figure 4.6 (c) shows the
calculated Al thickness and (d) the calculated Al2O3 thickness. The determination of
the Al thickness requires only the

� �
signal. Therefore this thickness can easily be

calculated. However the exact value depends strongly on the index of refraction
and thickness of the SiO2 layer on the Si substrate. The calculated Al2O3 thickness
depends on both signals and the index of refraction of Al and Al2O3. Therefore the
thickness of the Al layer is more reliable than the Al2O3 thickness. For the calculation
the indexes of refraction given in table 4.1 are used.

The obtained Al thickness is zero below a deposited Al layer thickness of about
1.5 nm and starts to increase linearly from that point on. From our simple model
of a layered growth of Al2O3 on Al, we expect that the onset of metallic Al differs
per oxidation time and the slope remains the same. Surprisingly, the measurements
show that the onset of metallic Al does not depend on the oxidation time or method
and remains constant at about 1.5 nm. On the other hand, the slope of the measured
Al thickness with respect to the deposited Al thickness does depend on the oxidation
time. As expected, less Al is left over as oxidation time increases from 100 to 200 s.
However, thermal oxidation in a O � atmosphere oxidizes more Al than a plasma
according to these measurements. This is contradictory to what was found earlier
[8].

Note that the sensitivity for Al is less than one Al monolayer ( � 0.286 nm [6]).
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Fig. 4.6: For layered growth of Al2O3 on Al, one expects a thickness of metallic Al as function
of the deposited Al thickness as plotted in figure (a) and an Al2O3 thickness as plotted in
figure (b). In these schematic figures the oxidation fronts after 100 s and 200 s are assumed
to have arrived at the bottom of the Al layer for

� � �
=1.5 and 2.5 nm, respectively. The Al

layer thickness calculated from the ellipsometry measurements with the model, as a function
of the deposited Al thickness, is shown in figure (c). Figure (d) shows the Al2O3 thickness
as a function of the deposited Al thickness. This is done for an oxidation time of 100 s (open
squares), 200 s (open circles) and thermally oxidized in an O � environment (open triangles).

The onset of metallic Al was confirmed by X-ray Photoelectron Spectroscopy (XPS)
measurements [9].

The Al2O3 thickness increases linearly from the start of the wedge, where only
Al2O3 is formed. At the onset of the presence of metallic Al, the Al2O3 thickness
seems to become constant, but further on the wedge it increases again. This is related
to the three regions on the wedge where the slope of the

� �
and

� �
changes as seen

in figure 4.5. As already mentioned before, the calculated amount of Al2O3 depends
very strongly on the refractive index of all layers and the SiO2 layer thickness. This
makes the Al2O3 thickness very unreliable. This is exemplified by the fact that the
amount of Al2O3 measured for samples obtained after an oxidation time of 100 s
exceeds that obtained for samples with an oxidation time of 200 s.

However, for the local detection of metallic Al this technique, using only the
� �

signal, is very sensitive. Therefore, the technique is now used to study the oxidation
process in-situ to determine the oxidation speed [7]. From the wedge measurements,
we conclude that for both Al wedges oxidized for 100 s and 200 s, layers thinner
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than 1.5 nm are fully oxidized and for thicker samples, metallic Al is left over. The
absolute values of the thicknesses of the layers obtained using the simulations are not
very reliable, because (1) the values are strongly sensitive to the refractive indexes
assumed, and (2) the model of a planar oxidation front is questionable.

4.2 RBS measurements on oxidized Al layers

Although the local optical technique is very sensitive to metallic Al, it only gives a
qualitative picture of the Al layer thickness. For a quantitative measurement Ruther-
ford Back Scattering (RBS) measurements of He

�

on Al and O have been done. This
gives extra complementary information about the Al and O areal density. In the next
subsection the basics of RBS are explained to make the results, presented afterwards,
more clear.

4.2.1 RBS measurement technique

If a crystal, the sample, is bombarded with a high energy ion beam of He
�

ions
(typically 2 MeV), most of the He ions pass this sample. However , as was found by
Rutherford in 1911, a fraction of these ions are scattered backwards due to collisions
on the nuclei of the atoms in the crystal. In the case of scattering at a single isolated
nucleus, the energy of these reflected He

�

ions depends on the mass of the nucleus
it collides on, and the angle at which the ions are detected. The ratio between the
energy before and after collision is given by the kinematic factor [2]. In the energy
spectrum of the backscattered ions, peaks occur at certain energies, which are related
to the mass of the nuclei of the sample. The smaller the mass of the nucleus the
smaller the energy of the recoiled particles.

Due to the interaction of the He
�

ions with the electrons around the nuclei in the
solid and due to grazing collisions with nuclei, the ions loose energy when they tra-
verse the material before and after the collision. This energy loss is proportional to
the path length through the material. The result is that scattering at the top surface
leads to an energy loss that is determined by the mass of the nuclei only, but scatter-
ing at deeper lying atoms leads to a larger energy loss. This effect is shown in figure
4.7(a,b), where the energy spectra for a single M-N compound and a M/N/M tri-
layer are shown. The mass of M is chosen to be higher than N. In the case of a single
layer, two peaks are visible in an energy range up to � , and � � , where � � 	 � ,
due to the difference in mass. The thickness of the layer determines the width of the
two peaks as shown in figure 4.7(a). By enlarging the angle at which the particles
are detected the peaks also broaden, because of the longer path the He

�

ions have to
go before reaching the detector. This can be used to measure very thin layers which
otherwise cannot be resolved within the detector resolution.

In the trilayer the peak due to scattering in the bottom layer, M � , can shift to a
lower energy due to energy loss in the on top lying layers. This is shown in figure
4.7 (b). The same holds for the position of the energy peak of ions scattered in the N
layer, which is shifted due to energy loss in the top M � layer.

The energy loss of the ions moving through the material is due to many individ-
ual collisions. Due to the statistical fluctuations in the number of collisions experi-
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Fig. 4.7: Schematic energy spectra of backscattered ions. Figure (a) shows the spectrum for an
M-N alloy sample. The N and M peaks are at different energies and the width of the peak is
determined by the thickness of the layer. The spectrum for a M � /N/M � trilayer is depicted in
figure (b). Now two M peaks are visible of which one is shifted due to energy loss in the two
other layers. The N peak is now also shifted.

enced, particles with the same energy do not have precisely the same energy after
passing the sample. This results in a broadening of the peaks in the spectrum, which
is called energy straggling. This limits the thickness resolution obtained with RBS.

By integrating over each peak the number of scattered ions at a certain nucleus,�
, in a certain layer, is obtained. This number,

� �
, is equal to,� � � � � � � + � � � ' (4.24)

where
� �

is the average differential cross section for scattering on a nucleus
�
, � is the

solid opening angle of the detector,
�

is the ion current, + � is the density of nuclei
�

and
�

is the layer thickness. All parameters except the thickness, or better the areal
density + �

, are known from literature, or by calibration of the system. The value
of the areal density of each nucleus

�
is further refined by the use of a computer

simulation program. In this simulation program all effects described in this section
are taken into account.

4.2.2 Sample description

For the RBS measurements two different types of samples containing Al2O3 layers
have been prepared by UHV sputter deposition. The first type has only one Al2O3
layer between two layers of Co or Cu. To separate the Al and O peak of the Al2O3
layer from the Si and O peak of the substrate, a thick layer of Ta is first deposited on
the substrate. Figure 4.8(a) shows the RBS spectrum of a Si/SiO2 /Ta 50/Co 35/Al
2.5 + 220 s oxidizing/Cu 35 (nm) sample. The Cu layer is used to prevent the sample
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Fig. 4.8: Two RBS spectra for He

�

ions with an energy of 2 MeV for a single (a) and a double
oxide layer (b). The number behind the element indicates the layer number counted from the
top as indicated above the graphs.

from further oxidation. The detector angle is 70
�

with respect to the normal of the
sample. In this way the depth resolution is enhanced. The spectrum consist of two
broad peaks at low energies due to the Si and O in the thick SiO2 substrate and large
peaks near 1.8 MeV due to the Co, Cu and Ta layers. Because the mass of these
atoms is higher than that of Al, O and Si atoms, these peaks are at higher energies
than the Al, O and Si peaks. The Al and O peaks from the oxide layer are visible at
1.35 MeV and 1.02 MeV, respectively. Unfortunately, the O peak is superimposed on
the Si substrate peak, thereby decreasing the accuracy of the determination of the O
content in the oxide layer.

To obtain more information during one RBS measurement a second type of sam-
ple, with two oxide layers, is used, of which the O content is measured for both
layers. The thickness of the individual layers is chosen such that the Al and O peaks
from both layers can be measured separately. Figure 4.8(b) shows the spectrum of a
sample consisting of Si /SiO2/Ta(2) 50/Co(3) 30/Al(2) 4.5 + 200 s oxidizing/Co(2)
40/Al(1) 2.9 + 200 s oxidizing/Co(1) 40/Ta(1) 3 (nm). The top Ta layer is used to
protect the sample from oxidation. The same measurement geometry is used as for
the previous sample type. The spectrum looks similar to the spectrum with one ox-
ide layer, but the Co peak is much higher due to the higher Co content, and an extra
Ta peak due to the cover layer is visible. Now also two Al and O peaks from the
two oxide layers are present in the spectrum. These are separated from each other
because of the thick Co spacer between the oxides. The third O peak is due to the
oxidation of the cover Ta layer caused by the exposure of the sample to air.

From these spectra both the Al and O content can be determined. Now a series
with constant oxidation times of 200 s and varying Al thicknesses is made to compare
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Fig. 4.9: The thickness of the Al layer obtained from RBS versus the deposited Al layer thick-
ness is plotted in (a). The line indicates the 1:1 ratio. Figure (b) shows the amount of O of
the oxidized layer measured with RBS as a function of the deposited Al thickness. The 200 s
oxidized series are indicated by closed squares and the 100 s oxidized series by open circles.

them with the optical measurements of the previous section. Also two samples with
different Al thicknesses with an oxidation time of 100 s are made. The results of RBS
measurements on these samples are given in the next section.

4.2.3 Results of RBS measurements on oxidized Al layers

The Al deposition rate is calibrated with X-ray diffraction by using thick Al layers
(10-20 nm). With RBS the thickness of thin Al layers can be measured. To see whether
the thickness of thin samples (below 2 nm) is equal to the nominal thickness, the
Al thickness obtained from RBS measurements is plotted versus the deposited Al
thickness in figure 4.9(a). This graph shows that the nominally deposited amount of
Al is equal within the experimental error to the amount of Al measured by RBS.

As shown in figure 4.8, the O peak in the RBS spectra is on top of the Si back-
ground. Therefore, the uncertainty in the determination of the O amount is bigger
than for Al. This O content in the Al layers oxidized for 100 and 200 s is plotted in
figure 4.9(b). The amount of O has an average value of

� � �
� �
�

at/m
�

for each sample
oxidized for 200 s for thin samples. This result is consistent with results from other
groups [5]. One data point, at an Al thickness of 3.2 nm, has a higher O content. The
reason for this is unknown. Surprisingly, the Al samples with an oxidation time of
100 s have an O amount which is equal to or even more than the samples oxidized
for 200 s.

The ratio of Al and O for the same series is plotted in figure 4.10. For thick Al
layers, the ratio is bigger than for stoichiometric Al2O3 and by decreasing the Al
thickness the ratio approaches the stoichiometric value of 2:3. Also here the sam-
ple with 3.2 nm Al does not follow the trend. The stoichiometric value is reached
when decreasing the Al thickness down to approximately 1.2

�
0.5 nm. Therefore

for samples thinner than 1.2
�

0.5 nm, the Al layers are fully oxidized in 200 s. This
is confirmed by the ellipsometry measurements, where metallic Al is found at Al
layers thicker than 1.5 nm.

From RBS one cannot draw any conclusions about the chemical structure of the
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Fig. 4.10: The ratio of Al atoms with respect to O atoms as a function of the Al thickness. The
horizontal line corresponds to stoichiometric Al2O3.

atoms. This means that it gives no information whether stoichiometric Al2O3 is
formed and where the O is located, in the Al or Co.

4.2.4 Oxidation process

Both the optical and the RBS studies show that at an oxidation time of 200 s an Al
thickness of approximately 1.5 nm is oxidized, in the used plasma oxidation system.
The simple model of a two layer system used to explain the ellipsometry data is
too simple and cannot explain the three different regions found in the experiment.
From RBS one can conclude that below

�
�
�
=2.5 to 3.0 nm, the total amount of O in the

sample is constant for a fixed oxidation time and does not depend on the Al thick-
ness. However, for large Al thicknesses the measured O content was in some cases
significantly larger. This could indicate that the O is not laterally homogeneously
distributed over the Al layer and that for large thicknesses the final O content de-
pends on aspects of the sample microstructure that are, so far, not well controlled.

A better description of the oxidation process is that the Al is not deposited as a
nicely increasing wedge but as a layer with grains with an average lateral size,

� 6 �
,

which depends on the layer thickness, t, like
� 6 � � �

�
�

�

[11]. During oxidation first the
grain boundaries that are disordered and have a lower density are oxidized and after
that the crystalline interior of grains are oxidized, similar to the model described in
reference [8]. Thus for thin layers smaller grains are present which oxidize very
rapidly. This is the first region in figure 4.11. As the thickness increases the metallic
Al grains are left over which contribute to the

� �
signal. This is the second region

in figure 4.11. How these small metallic Al grains affect the index of refraction is
unknown, especially when the layers are only a few monolayers thick. Maybe this
can be modeled by an extra layer with an weighted refractive index. This refractive
index also changes as the Al thickness, and thus the grain size, changes [16] . In the
third region, the oxidation via the grain boundaries is not completed and a closed
metallic Al layer is present as depicted in figure 4.11. In this way three different
regions are predicted, as shown in the

� �
and

� �
signals in graph 4.5 and in the

calculated thicknesses of Al and Al2O3.
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Fig. 4.11: A more realistic picture of an oxidized Al wedge. The grain boundaries (vertical
lines) oxidize faster to Al2O3 (light gray) than the crystalline interior of the grains (dark gray).
The size of the grains depends on the thickness of the layer. In this way three different regions
are found. In region (I) all the Al is oxidized, whereas in region (II) small Al areas are present.
In the last region a closed Al layer is present. The vertical lines in the graph indicate the
grain boundaries of the unoxidized Al. These grain boundaries may not be detectable in the
amorphous Al2O3 layer.
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5. FERROMAGNETIC COUPLING ACROSS Al2O3 LAYERS

The maximum MR effect of a tunnel junction is obtained when the magnetizations
of both magnetic electrode layers are changed from a fully antiparallel aligned to
a fully parallel aligned state [10]. The angle between the magnetization directions
is influenced by the magnetic coupling between the magnetic electrodes across the
ultra-thin insulating layer. For ferromagnetic coupling the parallel orientation of
the magnetization is favored whereas for antiferromagnetic coupling an antiparal-
lel orientation is more favorable, as shown in figure 5.1. From a technical point of
view, this is one of the most prominent issues in engineering the magnetic response
of these tunnel junction devices. From previous measurements done on � m-sized
magnetic junctions it is suggested that the coupling between the electrode layers
originates from dipolar coupling due to the finite size or due to correlated rough-
ness (’orange peel coupling’) [4] or from the quantummechanical interaction of spin
polarized electron states at both sides of the barrier layer [3]. These states contribute
also to the magnetoresistance effect [10].

In previous studies the electrical properties of a tunnel junction series with an Al
layer with variable oxidation time were investigated [11] and the results are shown
in figure 5.2(a) and (b). From these measurements it followed that the resistance
increases, in the subsequent stages, exponentially with the oxidation time. Samples
with an Al thickness of 1.2 nm showed at 150 s a change in slope of the exponential
increase of the resistance. Before this time the Al layer is oxidized and afterwards
the Co bottom electrode starts to oxidize.

In this chapter, we will investigate the coupling of the same large area junctions

0 H

M

0 H

M

( a ) ( b )
Fig. 5.1: Magnetization loops for a system with two magnetic layers with different coercive
fields. The dashed line shows the magnetization loop without coupling between the layers.
The magnetization loop with weak antiferromagnetic coupling (a) and with weak ferromag-
netic coupling (b) is shown as a solid line.
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Fig. 5.2: The resistance in the parallel orientation of a Co/Al2O3/Ni80Fe20 tunnel junction as
a function of the oxidation time of the 1.2 nm Al barrier measured at 10 and 300 K (a). Figure
(b) shows the magnetoresistance as a function of the oxidation time at 10 and 300 K. For more
details see reference [11].

(200
�

200 � m
�
). Dipolar coupling due to finite element size becomes negligible for

these dimensions. In this way the intrinsic magnetic interaction between the mag-
netic electrodes and the orange peel coupling can be studied as a function of the
oxidation time. During oxidation, the barrier changes from metallic Al to Al2O3,
which can influence the magnetic behavior.

By use of a local probe for the magnetization, namely MOKE (magneto-optical
Kerr effect), we will be able to investigate the magnetic hysteresis loops of the elec-
trode layers and of the coupled electrode layers at the junction area separately. We
have varied the plasma oxidation time of the Al layer to study the effect on the mag-
netic coupling across the oxide layer.

Figure 5.3 shows as an example both the local magnetization and the resistance
of a tunnel junction studied in this chapter as a function of the applied magnetic
field. When the magnetization changes from the parallel state to the antiparallel
state the resistance changes by 11 %. The difference in coercive fields of the Ni80Fe20
and Co electrode is used to obtain a region with antiparallel aligned magnetizations,
as explained in section 3.4.3. The small differences in magnetic response in both
measurements are due to fact that the magnetization is probed locally, the laser spot
diameter is 70 � m, whereas the electrical measurements average over the total area
(200

�
200 � m

�
) of the tunnel junction. Especially at the edges of the electrodes a

different magnetic behavior is expected.

5.1 Sample preparation

The tunnel junctions are in-situ prepared by thermal evaporation through metallic
shadow masks in the group of Moodera [6]. First two parallel 8 nm thick strips of Co
are deposited on a glass substrate with a 1 nm Si adhesion layer in a magnetic field
along the strip as depicted in figure 5.4 (a). These Co bottom electrodes and the rest
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Fig. 5.3: The top graph shows the results of a MOKE measurement on a Co/Al2O3/Ni80Fe20
tunnel junction with an oxidation time of 150 s, the lower graph shows the corresponding
magnetoresistance curve. The arrows indicate the direction of the magnetization of the elec-
trode layers.

of the substrate are subsequently covered by an Al layer. To reduce roughness, these
layers are deposited at 77 K. Next, the Al layer is oxidized by a dc-glow-discharge
in an O � pressure of 9-10

�
10
� " Pa. On top of this oxide layer and one of the Co

electrodes three 8 nm thick strips of Ni80Fe20 are grown at room temperature, per-
pendicular to the Co electrodes, as shown in figure 5.4 (b). Then the whole sample,
including the Ni80Fe20 layers, is further oxidized, after which three more Ni80Fe20
electrodes are deposited. The effect of the oxidation of the Ni80Fe20 electrodes on the
magnetization is discussed later. This is repeated two more times leading to a series
of junctions with four different oxidation times but with the same layer thicknesses,
as shown in figure 5.4 (c). All samples are covered with an Al layer, which oxidizes
thermally in air, and protects the sample against further oxidation. A magnetic easy
axis is induced in both magnetic electrode layers by applying a magnetic field along
the bottom electrode during deposition.

The tunnel junctions used for magnetic measurements have been fabricated by
oxidizing an Al layer with a thickness of 1.2 or 1.4 nm. Each layer thickness is oxi-
dized in two runs (run 1: 30, 150, 280 and 490 s and run 2: 60, 120, 210 and 360 s).
The electrodes have a width of 200 � m, creating a junction area of 200

�
200 � m

�
. In

previous measurements on exactly the same set of junctions, an optimum oxidation
time of about 150 seconds is found [11]. For oxidation times shorter than 150 s some
Al is left over and at longer oxidation times the presence of Co in the barrier is visible
from the temperature dependence of the resistance and magnetoresistance as shown
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in figure 5.2. In addition the formation of antiferromagnetic CoO has been suggested
[11] from the observed increase in the coercive field after 150 s at low temperatures
and the strong temperature dependence of the resistance.

A disadvantage of the used preparation method is that not only the Al layer is
oxidized but also a part of the magnetic electrode layers. The part of the Co layer
which is not covered by the Ni80Fe20 cross electrodes (black part of the bottom elec-
trode in figure 5.4(c)) has been exposed to oxygen during the maximum oxidation
time of that run (490 or 360 s). This means that this part of the Co electrode is very
likely oxidized. The same holds for the Ni80Fe20 top electrodes which are deposited
first. These electrodes are partially oxidized after the deposition of these layers, as
explained before. The oxidation time for the Ni80Fe20 top electrodes is equal to the
maximum oxidation time of that run minus the barrier oxidation time of the corre-
sponding junction.

5.2 Experimental setup

The magnetic hysteresis loop of the electrode layers is investigated by Magneto-
Optical Kerr Effect (MOKE) measurements. The experimental setup consists of a
He-Ne laser with polarized light (

�
=632.8 nm), which is focused on the sample with

a spot diameter of 70 � m at the sample position, as depicted in figure 5.5. The sam-
ple can be moved in two orthogonal in-plane directions with respect to the laser
spot. This is done with the aid of two computer controlled stepper motors with a
resolution of 0.5 � m. The resulting rotation of the polarization of the reflected laser
beam, called Kerr rotation, is measured by modulating the polarization state of the
incident laser light with a photo-elastic-modulator. A Lock-In amplifier is used to
measure the amplitude of the signal at two times the modulation frequency, from
which the Kerr rotation is obtained [8]. Under the conditions used, the Kerr-rotation
is a measure of the magnetization of the irradiated sample area which is in this case
well confined within the junction area. By measuring the Kerr-rotation as a function
of the applied magnetic field a hysteresis loop of the magnetization is obtained. The
magnetization loops of both electrodes can be measured separately by moving the
sample to the desired location.

( c )( b )( a )

Fig. 5.4: Preparation of the samples with different oxidation times. In figure (a) two bot-
tom electrodes are deposited and covered with Al. After oxidizing the Al layer the three top
electrodes are deposited. This is repeated 3 times until the structure depicted in figure (c) is
obtained with four different oxidation times.
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Fig. 5.5: Schematic overview of the setup to measure the Kerr effect as a function of the applied
magnetic field.

5.3 MOKE measurements on tunnel junctions with varying
oxidation time

First, the penetration depth of the laser beam in Ni80Fe20 is determined, to see wheth-
er the light penetrates deep enough to probe both the Ni80Fe20 top and Co bot-
tom electrode. To clarify this, we have done MOKE measurements on a sputtered
5 Ta/10 Co/1.5 Al/Ni80Fe20 (nm) trilayer, where the top layer of Ni80Fe20 has been
grown as a wedge with a thickness between 0 and 49.5 nm. Although this sample
is grown at conditions different from the junctions, we observe a maximum probe
depth of 28

�
1 nm for a Ni80Fe20 top layer, as shown in figure 5.6. This is much larger

than the Ni80Fe20 thickness used with the tunnel junctions. This demonstrates that
both the top and the bottom electrode contribute to the MOKE signal.

Figure 5.7 shows an overview of MOKE measurements obtained on two tunnel
junctions with an oxidation time of 60 s and 120 s. The field is along the easy axis
of the two magnetic layers. The central part shows an image of the tunnel struc-
tures, obtained by measuring the intensity of the reflected light as a function of the
position on the sample. All the positions where the measurements are performed
are indicated by circles. The first graph in each row shows the magnetization loop
of the Ni80Fe20 top electrode and the second graph the Co bottom electrode. For
both the 60 and 120 s oxidized Al layer, the soft Ni80Fe20 electrode switches at a field
of 0.12 kA/m and has a Kerr rotation of 12 mdeg, whereas the hard Co layer has
a coercive field of 1.2 kA/m and a maximum Kerr rotation of 25 mdeg. This and
measurements on the other electrode layers show that the magnetic response of the
separate electrodes does not depend on the oxidation time. The difference in the Kerr
rotation for Co and Ni80Fe20 is due to the difference in magneto-optical properties.

The magnetic response of the electrodes at the junction shows a hysteresis loop
that differs markedly from that for the two separate electrodes, as can be seen in
the last graph in the row. For the 120 s junction two switch fields of the electrodes
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Fig. 5.6: Kerr rotation due to a Co bottom layer for a 10 nm Co/ 1.5 nm Al/Ni80Fe20 0-49.5 nm
sample.

are seen, at fields which differ from the coercive fields of the separate electrodes de-
picted in the left two graphs. For the 60 seconds oxidized junction, the two electrodes
switch simultaneously at a field of 0.8 kA/m, which is in between the switch fields
of the two electrodes.

The magnetization loops of the junctions for various oxidation times show a sys-
tematic variation of the switch fields of the layers, see figure 5.8. At oxidation times
higher than 200-250 seconds the switch fields of both electrodes almost coincide
with the switch fields of the separate electrodes, indicated by the dashed lines in
the graph. This means that only a very small coupling is present across the barrier.
For junctions with a lower oxidation time ferromagnetic coupling becomes impor-
tant, as the switch field of the Ni80Fe20 electrode increases, whereas the field at which
the Co electrode reverses decreases, like in figure 5.1. The switch field of both the
Ni80Fe20 and the Co electrode approaches a value of 0.8 kA/m. The switch fields of
the top and bottom electrodes obtained from these measurements are plotted ver-
sus the oxidation time in figure 5.9. In this graph a gradual approach of the switch
fields of the electrodes towards the switch field of the separate layers is seen as the
oxidation increases.

We now model the magnetic response of the tunnel junction by assuming that
both electrode layers 1 and 2 are in a single domain state with a magnetization� % � � and a thickness

� % � � . The direction of this magnetization is given by the angles� % � � with respect to the direction of the applied magnetic field and have an uniaxial
anisotropy along the applied field direction. The total energy per unit area, � , of this
system is described by an expression similar to the one given in section 3.2.3 [13]� � �

�

�
� � � % � % 7:9;0 � � % � � � � � � 7:9;0 � � � ��� � 
 7:9;0 � � % � � � � � � anisotropy

� � % ' � � � ' (5.1)

with



the coupling constant. For positive values of



ferromagnetic coupling is
obtained and for negative values the coupling is antiferromagnetic. The anisotropy
energy terms are combined in the energy term � anisotropy and may be due to several
contributions.

The field at which the magnetization switches is calculated by minimizing the
energy as in section 3.2.3 [13], assuming uniaxial anisotropy of the electrode layers
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Fig. 5.7: The overview of the tunnel junction in the middle part is made by measuring the
intensity of the reflected laser beam. The low reflecting substrate gives a darker color than
the high reflecting electrode. The top three graphs show, from the left to the right, the MOKE
measurement of the Ni80Fe20 top electrode, the Co bottom electrode, and the junction with
a 1.2 nm Al layer oxidized for 60 seconds. The lower three graphs show the same measure-
ments, except these were done on a junction with a 1.2 nm barrier oxidized for 120 seconds.
The x and y scales are the same for all graphs.

with the easy axis parallel to the field. In this way a relation between the coupling
constant



and the difference in switch fields in the coupled and decoupled state is

obtained [12, 13], 
 � � � � � X
�

s,X
���

c,X

�
�

d,X � (5.2)
 � � � � � Y
�

s, Y
���

d,Y

�
�

c,Y � (5.3)

where
�

c is the coupled and
�

d the decoupled switch field (

 � �

) of layer
�

or�
and

�
and

���
the thickness and the saturation magnetization of layer

�
or
�

,
respectively. The subscripts

�
and

�
refer to the layer with a low coercive field

(Ni80Fe20), and with a high coercive field (Co), respectively. If the model provides a
correct description of the system,


 � 
 � � 
 � .
The coupling strength is calculated and plotted in figure 5.10 versus the oxida-

tion time using the Co and Ni80Fe20 data and equation 5.2 and 5.3. A monotonic
decay of the coupling strength is seen. The coupling determined from the Co switch
fields seems to decay faster than the data based on the Ni80Fe20 switch field. This
may be due to slight oxidation of the Co electrode to CoO, reducing the thickness of
the Co layer. The large scatter in the Co data is due to the larger saturation magne-
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Fig. 5.8: The series MOKE of measurements done on the junctions with an Al layer thickness
of 1.2 nm for different oxidation times, indicated by the time in the top left corner of the graph.
The dashed lines reflect the switch field of the Co (1.25 kA/m) and Ni80Fe20 electrode (0.12
kA/m).

tization, which results in a smaller difference in the switch fields and hence a larger
uncertainty in



.

The measurements were done for samples with a 1.2 and 1.4 nm thick Al layer,
indicated by closed and open symbols in figure 5.10, respectively. The decay of the
coupling strength as a function of the oxidation time for these two Al layers was
found not to differ significantly. This is rather surprising because, as we see later, the
coupling is expected to depend exponentially on the layer thickness when all other
factors remain the same.

5.4 Models for coupling across a insulating layer

The ferromagnetic coupling across a thin insulator can have different origins. The
first possibility is magnetic pinhole coupling. Due to e.g. the roughness of the bot-
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electrode (open circles) and junction (closed circles) and the Ni80Fe20 layer on the electrode
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error bar denotes the uncertainty in the switch fields.

tom Co electrode or the open grain-like structure of Al2O3, the Co electrode can be
directly exchange-coupled to the Ni80Fe20 layer (a magnetic pinhole)[13]. This ob-
viously results in ferromagnetic coupling between the two magnetic layers. During
oxidation, the protrusions of the Co layer to the Ni80Fe20 layer are oxidized to CoO.
Due to the formation of these CoO pinholes the direct ferromagnetic coupling dimin-
ishes as the oxidation time increases. No experimental data or model calculations are
available to address the coupling due to a possible pinhole as a function of the oxi-
dation time, which makes it difficult to judge the possible importance of CoO type
pinholes.

The second possibility is ferromagnetic coupling across the spacer layer of dipo-
lar origin, due to magnetostatic coupling between the two layers resulting from
roughness of the layers. This effect is known as ”orange peel coupling” [7]. The
coupling is ferromagnetic if the corrugations of both interfaces are positively cor-
related (in the case of a perfect positive correlation the barrier thickness does not
depend on the lateral position). The relation between the coupling strength



and

the spacer layer thickness
6

is for a two-dimensional sinusoidal interface waviness
is given by [7, 9]: 


magnetostatic
�
� �	� � � �

� �

� � % � � ����� � � �	� � � 6
� % � (5.4)

In this relation,
�

is the wavelength and
�

the amplitude of the interface waviness
oscillation and

� �
the magnetization of the two magnetic layers (

� � �
or
�
).

To get an estimate of the magnitude of the coupling, we used the data from STM
measurements on samples prepared with the same system [5]. The authors of ref-
erence [5] found an interface waviness with an amplitude of 0.5 nm and a period
of 6 nm. The thickness of the barrier is taken to be 2 nm, as obtained from a fit
of the Simmons equation to the current-voltage curve for the junction oxidized for
150 s [11]. For a system with Co and Ni80Fe20 electrodes (

���
� Ni80Fe20 =835 kA/m and
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Fig. 5.10: The coupling strength for the Co electrode (square) and Ni80Fe20 electrode (circles)
obtained by taking the difference in switch field on the junction and on the electrode. This
was done for two different Al layer thicknesses before oxidation, 1.2 nm (closed symbols) and
1.4 nm (open symbols). The solid line is a fit using an exponential decay. The error bar denotes
the error due to the uncertainty in the thickness and switch field.

� �
� Co=1446 kA/m at room temperature [1, 2]), a coupling of 46 � J/m

�
is found. This

is a factor of 10 different from the values of



presented in figure 5.10. By chang-
ing the amplitude and wavelength to 0.3 nm and 4 nm respectively, a much better
agreement is found, namely 5.6 � J/m

�
. These values are still realistic, because the

structure of an oxidized Al layer strongly depends on the grain size and thickness of
the unoxidized Al layer.

The oxidation time dependence can be explained in two different ways. First,
during oxidation of an Al layer, the thickness of the oxide layer increases. From the
resistance measurements done on the same sample one found that the resistance in-
creases exponentially with the oxidation time for oxidation times shorter than 150 s,
as shown in figure 5.2. After 150 s, the resistance strongly depends on the temper-
ature. At 300 K the resistance is constant whereas at 10 K the resistance increases
exponentially with a smaller slope than for oxidation times shorter than 150 s. From
the tunnel theory, it is known that the resistance of a tunnel junction increases ex-
ponentially with the thickness of the barrier (see chapter 2) when the rest of the
parameters remains constant. This means that for Al layers with an oxidation time
shorter than 150 s the thickness of the oxide layer is proportional to the oxidation
time. For longer oxidation times, the oxide layer thickness is constant and the Co
bottom electrode starts to oxidize. From fits of the current-voltage curves with the
Simmons equation (equation 2.16) one also found a linear increase in thickness with
the oxidation time. This implies that before 150 s, the coupling decreases due to an
increasing oxide layer thickness and for longer oxidation times the coupling should
remain constant. However, we found that the coupling still decreases after 150 s.

This can be explained by a second effect of oxidation on the coupling. In chapter 4
we saw that the oxidation process does not lead to a planar oxidation front. A model
is proposed in which first the grain boundaries are oxidized and after that the grain
interiors are oxidized. The Al layer grown on Co, which is fairly flat before oxidation,
becomes more rough as the oxidation process starts. The amplitude and wavelength
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of the waviness of the interfaces can change but also the correlation between the
top and bottom interface can become different. This can lead to a decrease in the
magnetostatic coupling which depends on the oxidation time.

A third type of coupling has been described by Slonczewski [10] and has been
related to spin polarized tunneling current due to electrons that are crossing the bar-
rier. As explained in chapter 2, even at zero bias voltage electrons tunnel from one
electrode to the other, forming electron states which are combinations of the solu-
tions of the Schrödinger equation in the electrode and barrier region. The energy
of these states depends on the energy of spin polarized states in the electrodes from
which they are composed. Hence the total energy depends on the alignment of the
magnetizations of the electrodes. This coupling can be either antiferro- or ferro-
magnetic, depending on the

� �
-wavevectors of the spin up and spin down electrons

in the ferromagnetic electrodes. The relation between the coupling and the barrier
thickness is given by the equation,



Slonczewski

�
�

�
� � 6 � . " � . � � � � � � � � � � � � � � � � � � � � � �� . � � � �� � � � . � � � �� � � ����� � � � ."6 � ' (5.5)

The pre-exponential factor depends on the
� �

-wavevector for spin up (
� � ) and spin

down (
� � ) in the ferromagnetic electrodes, on the imaginary

�
-vector for electrons at

the Fermi level in the barrier
. � � �	� �

� � �� � � % # � , and on the barrier height
�

�
above

the Fermi level. The coupling is derived for a thick barrier (
� ."6 	 � ). The coupling

strength decays more than exponentially with the thickness of the barrier.
The dependence of this coupling on the oxidation time is due to the increasing

oxide thickness, as explained before. One extra complication in applying this model
to our results is that in our situation the Al is replaced by Al2O3. This means that at
short oxidation times there is some paramagnetic Al left between the barrier and the
ferromagnet. The influence of this Al part on the coupling is unknown.

This model is applied to a tunnel junction with an insulating barrier of 2 nm
thick and a barrier height of 2 eV above the Fermi level. The ferromagnetic layers
have a

� � =10.9 nm
� % and

� � =4.2 nm
� % , as in reference [10]. The obtained value for
 � � ��� �� ��� � � � ��� � �
� � % % � J/m

�
. These values are a factor of

�
� % % too large compared
to the values found experimentally. This is primarily due to the exponential factor
(
� ."6 � � 

).
In conclusion, ferromagnetic coupling was found in Co/Al-O/Ni80Fe20 tunnel

junctions. The magnitude of this coupling decays monotonically with the oxidation
time of the Al layer. By comparing the values of



found for orange peel coupling

and for Slonczewski coupling, orange peel coupling is concluded to be the dominant
form of coupling. By oxidizing the Al layer the thickness of the barrier increases
and the waviness of the interface can change in amplitude and wavelength. Both
these effect can lead to a decrease in coupling strength over the Al2O3 barrier with
increasing oxidation time. Further, we found that the coupling is not significantly
different for Al layers of 1.2 and 1.4 nm thickness before oxidation.



92 5. Ferromagnetic coupling across Al2O3 layers

Bibliography

[1] R. Bozorth. Ferromagnetism. D. van Nostrand Company, Inc., Princeton, 1959.

[2] C. Kittel. Introduction to Solid State Physics. John Wiley & Sons Inc., New York, 6
edition, 1986.

[3] S. Kumagai, T. Yaoi, and T. Miyazaki. “Spin tunneling magnetoresistance in
NiFe/Al � O " /Co junctions with reduced dimensions formed using photolithog-
raphy”. J. Magn. Magn. Mater., 166:71–74, 1997.

[4] Y. Lu, R. Altman, A. Marley, S. Rishton, P. Trouilloud, G. Xiao, W. Gallagher, and
S. Parkin. “Shape-anisotropic-controlled magnetoresistive response of magnetic
tunnel junctions”. Appl. Phys. Lett., 70(19):2610–2612, 1997.

[5] J. S. Moodera, E. F. Gallagher, K. Robinson, and J. Nowak. “Optimum tunnel
barrier in ferromagnetic-insulator-ferromagnetic tunneling structures”. Appl.
Phys. Lett., 70(22):3050–3052, 1997.

[6] J. S. Moodera, L. R. Kinder, T. Wong, and R. Merservey. “Large magnetoresis-
tance at room temperature in ferromagnetic thin film tunnel junctions”. Phys.
Rev. Lett., 74(16):3273–3276, 1995.
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ABSTRACT

Magnetic tunnel junctions consists of two magnetic metallic layers separated by an
insulating layer with a thickness of the order of 1 nm. By applying a bias voltage
over the insulator at the two magnetic electrodes, a current starts to flow due to finite
probability for an electron to tunnel through the insulator. The electrical resistance
caused by such a tunnel junction depends on the relative orientations of the mag-
netizations in the electrodes. For parallel aligned magnetizations the resistance is
low and with antiparallel aligned magnetizations the resistance is high. The relative
resistance change is called magnetoresistance (MR).

Calculations

To describe this quantummechanical tunnel process various theories are available,
which each differ in the way the electrons in the electrodes are treated. We used a free
electron model to describe the electrons in the electrodes. The insulator is modeled
by a square barrier potential which is higher than the Fermi level in the electrodes.
By applying a bias voltage over the insulator, the barrier changes shape. The prob-
ability for an electron to cross the barrier is calculated by solving the Schrödinger
equation for this simplified potential landscape. Ferromagnetic electrodes are de-
scribed by exchange splitting the inner potentials of the electrodes for spin-up and
spin-down electrons. The results of this model are compared with experimental data
found in literature and were found to be at least qualitatively correct.

By adding an additional nonmagnetic layer at the interface of the electrode and
the barrier, so-called quantum well states are observed in the calculated current and
MR. The signature of these quantum well states is apparent by oscillations in the
tunnel probability, current, and MR as a function of the thickness of the nonmagnetic
interface layer and the bias voltage. These oscillations are also observed experimen-
tally for a layer of Au at the interface. The measured current and MR correspond
nicely with calculated values. However, measurements on samples with layers of
Cu at the interface show an exponentially decreasing MR without oscillations. This
can be explained within this model by a rough interface layer.

Noise

The noise spectral density of the voltage over a tunnel junction at a constant current
consists of two main contributions, white noise at high frequencies and 1/f noise at
low frequencies. The white noise is caused by the statistical movement of the elec-
trons tunneling from one electrode to the other. The magnitude of the white noise
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spectral density depends on the bias voltage. At zero bias voltage ( 	 � � � � � ) it
is equal to the thermal noise of the junction and at high voltage ( 	 � � � � � ) the
white noise is equal to shot noise. This relation is experimentally verified for dif-
ferent tunnel junctions. The bias voltage dependence of the 1/f noise is found to be
quadratic, like the Hooge relation. Although, this empirical relation was found for
homogeneous samples but it also applies to tunnel junction devices.

An increase in both noise contributions is found when the magnetizations are
switched from a parallel to an antiparallel alignment. The increase in the white noise
can be explained by the increase of the bias voltage over the barrier. However, the
observed 200-400 % increase in 1/f noise is larger than one would expect from an
increase in the bias voltage. Surprisingly, this increase of the 1/f noise decreases by
increasing the bias current.

An explanation for the increase in 1/f noise is that the inner potentials of the
electrodes fluctuate due to fluctuating atomic positions at the interface. By using the
free electron model the influence of these fluctuations on the bias voltage is calcu-
lated and found to be of the same order of magnitude, 400 %. Also the bias current
dependence of the 1/f noise increase is predicted by this model. Fluctuations in the
barrier thickness and barrier height give a magnitude- and current dependence that
does not match the experimental data.

Barrier characterization

The insulator of a tunnel junction is made by oxidizing Al in an O plasma. The
amount of O and Al in the insulator is determined with two different techniques. The
first is a newly developed differential ellipsometry technique in which the difference
in refractive index of Al and Al2O3 is used. By scanning a focused laser beam over an
oxidized wedge-shaped Al sample, the amount of Al an Al2O3 can be determined as
a function of the unoxidized Al layer thickness. The second technique is Rutherford
Back Scattering (RBS) where the amount of Al and O is determined by measuring
He

�

ions which scatter on the Al and O in the barrier. This gives a quantitative
amount of Al and O in the barrier. RBS measurements are done on samples with
different Al thicknesses and a fixed time for oxidation.

The results of these experiments cannot be explained by the simple picture of an
expanding Al2O3 layer on top of an Al layer, which decreases. Therefore the idea
is put forward, that Al oxidizes first at the grain boundaries, where the Al is disor-
dered, and at a later stage the crystalline grain interiors are oxidized. Because the
grain size depends on the Al layer thickness before oxidation, the oxidation process
depends also on the Al thickness.

Coupling across an insulator

The magnetic properties of a tunnel junction also change as the time for oxidation
of the Al layer increases. With the aid of the Magneto Optical Kerr Effect (MOKE),
magnetization measurements are performed on a series of tunnel junctions prepared
with increasing oxidation time. Comparing these results with magnetization mea-
surements on the electrode, we found a ferromagnetic coupling over the barrier, of
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which the strength decreases as the oxidation time of the Al layer increases. Three
different origins are suggested. In the first case, the coupling is caused by rough-
ness of the barrier of which the magnitude decreases as the thickness of the barrier
increases due to the oxidation of Al to Al2O3. The second model assumes that spin-
polarized tunneling electrons exert a torque on the magnetization, even at zero bias
voltage. As the oxidation time increases the barrier thickness increases thereby di-
minishing the tunnel probability and also the coupling. The third source of coupling
is by direct coupling via magnetic pinholes in the barrier. By oxidizing the magnetic
pinholes, the coupling becomes less. By using realistic values for the parameters in
the models we concluded that the coupling is due to roughness in the barrier, al-
though pinhole coupling, for which no mathematical model is available, cannot be
excluded.
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SAMENVATTING

Magnetische tunnel junctions bestaan uit twee magnetische lagen gescheiden door
een isolerende laag met een dikte van de orde van 1 nm. Door een spanning over de
isolator aan te leggen op de magnetische elektrodes, gaat er een elektronenstroom
lopen door de geringe kans van het elektron om door deze potentiaal barrière heen
te tunnelen. De elektrische weerstand van deze barrière hangt af van de relatieve ori-
entatie van de magnetisaties. Voor parallel georiënteerde magnetisaties is de weer-
stand laag, terwijl voor tegengesteld gerichte magnetisaties de weerstand hoog is.
De relatieve weerstandsverandering wordt magnetoweerstand genoemd (MR).

Berekeningen

Voor het beschrijven van dit kwantummechanisch tunnelproces zijn verschillende
theorieën voorhanden. Wij gebruiken een vrij elektron model voor de beschrijving
van de elektronen in de elektroden. De isolator wordt beschreven door een recht-
hoekig gevormde potentiaal met een energie hoger dan het Fermi niveau. Door
een spanning over de barrière aan te leggen verandert de vorm van de barrière.
De kans dat een elektron door deze barrière heen tunnelt, wordt berekend met de
Schrödinger vergelijking voor deze vereenvoudigde barrière potentiaal. Ferromag-
netische elektroden worden beschreven door een opgesplitste inwendige potentiaal
voor spin-up en spin-down elektronen. De resultaten van dit model zijn vergele-
ken met experimentele gegevens uit de literatuur en bleken op z’n minst kwalitatief
correct.

Door een additionele niet-magnetische laag toe te voegen aan het scheidingsvlak
van de barrière met de ferromagnetische laag, worden zogeheten kwantumputtoe-
standen in deze laag waargenomen in de berekende stroom en MR. Aanwijzingen
voor deze toestanden zijn gevonden door oscillaties in de tunnelwaarschijnlijkheid,
stroom en MR als functie van de spanning en dikte van de laag. Deze oscillaties zijn
ook in experimenten aan preparaten met een extra laagje Au gevonden. Metingen
aan additionele lagen van Cu laten echter een exponentieel verval zonder oscilla-
ties zien. Deze kunnen binnen dit model worden verklaard door ruwheid van de
niet-magnetische laag.

Ruis

De spectrale dichtheid van de ruis in de spanning over een tunnel junction met een
constante stroom bestaat uit twee verschillende bijdragen, een witte, frequentieon-
afhankelijke ruis bij hoge frequenties en een 1/f ruisbijdrage voor lage frequenties.
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De witte ruis bijdrage wordt veroorzaakt door de statistische beweging van elek-
tronen die van de ene naar de andere elektrode tunnelen. Deze bijdrage hangt van
de spanning af. Bij lage spanning ( 	 � � � � � ) is deze gelijk aan thermische ruis
van de junction en bij hoge spanningen ( 	 � � � � � ) is de witte ruis gelijk aan ha-
gelruis. Deze relatie is experimenteel bevestigd voor verschillende tunnel junctions.
De gevonden spanningsafhankelijkheid van de 1/f ruis is kwadratisch, zoals in de
Hooge relatie. Hoewel deze empirische relatie voor homogene samples is gevonden,
beschrijft deze ook de 1/f ruis in tunnel junctions.

Als de magnetisaties schakelen van een gelijk gerichte naar een tegengesteld ge-
richte magnetisatie toestand is er een toename in beide ruisbijdragen gevonden. De
toename in de witte ruis is te verklaren door de spanningsstijging over de barrière,
terwijl de 200-400 % toename in de 1/f ruis veel groter is dan wat verwacht wordt
ten gevolge van de spanningsstijging. Tevens is het verrassend dat de toename in de
1/f ruis afneemt als de stroom door de tunnel junction toeneemt.

De toename in 1/f ruis kan verklaard worden door fluctuaties in de inwendige
potentiaal aan te nemen. Deze fluctuaties worden veroorzaakt door fluctuaties in
de positie van atomen aan het scheidingsvlak tussen de barrière en electrode. Met
behulp van het vrije elektron model zijn er berekeningen gedaan om de spannings-
fluctuaties tengevolge van inwendige potentiaal fluctuaties uit te rekenen. Deze be-
rekeningen geven een relatieve toename gelijk aan die experimenteel gevonden is,
400 %. Ook de stroomafhankelijkheid van de toename is gevonden met behulp van
dit model. Fluctuaties in de barrière dikte en hoogte geven een verkeerde grootte en
stroomafhankelijkheid in de toename.

Barrière karakterisatie

De isolator van een tunnel junction wordt gemaakt door een dunne laag Al to oxide-
ren in een O plasma. De hoeveelheid van de verkregen Al en O is gemeten met twee
verschillende technieken. De eerste methode is een nieuw ontworpen differentiële
ellipsometrie techniek, waar gebruik wordt gemaakt van het verschil in brekings-
index van Al en Al2O3. Door een gefocuseerde laserbundel over een geoxideerde
wigvormig gegroeide Al laag te scannen, kan de hoeveelheid Al en Al2O3 geme-
ten worden als functie van de niet-geoxideerde Al laagdikte. De tweede techniek is
Rutherford backscattering (RBS) waarbij de hoeveelheid Al en O inde barrière ge-
meten wordt door de aan deze kernen verstrooide deeltjes te detecteren. Dit geeft
kwantitatieve informatie over de hoeveelheid Al en O in de barrière. De RBS metin-
gen zijn gedaan aan Al lagen met een verschillende dikten en een constante oxida-
tietijd.

De resultaten van deze experimenten kunnen niet verklaard worden door een
planaire groei van een Al2O3 laag bovenop een Al laag. Daarom is een model gesug-
gereerd waarin het Al eerst via de wanordelijke korrelgrenzen oxideert, waarna pas
de kristallijne binnenkant van de korrels oxideert. Omdat de korrelgroottes afhan-
gen van de dikte van de ongeöxideerde Al laag, hangt het oxidatieproces ook van de
Al laagdikte af.
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koppeling over een isolator

De magnetische eigenschappen van tunnel junctions veranderen ook als de oxida-
tietijd van de Al laag toeneemt. Met behulp van het Magneto Optische Kerr Effect
(MOKE) zijn de magnetisatie lussen gemeten van een serie tunnel junctions met een
Al laag die gegroeid is met toenemende oxidatietijd. Als deze metingen vergeleken
worden met metingen op de aparte electrodes is er een ferromagnetische koppeling
zichtbaar. De grootte van deze koppeling neemt af als de oxidtietijd van de Al laag
toeneemt. Drie mogelijke oorzaken voor deze koppeling zijn gesuggereerd. In het
eerste model wordt de koppeling veroorzaakt door ruwheid van de barrière en de
grootte van de koppeling neemt af als de barrièredikte groter wordt door oxidatie
van Al naar Al2O3. In het tweede model wordt de veronderstelling gemaakt dat
de koppeling wordt veroorzaakt door spin gepolariseerde elektronentoestanden die
een koppel op de magnetisatie uitoefenen, zelf als er geen spanning aangelegd is.
Als de oxidatietijd toeneemt, neemt de barrièredikte toe en waardoor de tunnelkans
vermindert. Dit vermindert ook weer de koppeling over de barrière. De derde bron
van koppeling is door middel van magnetische pinholes in de barrière. Als de mag-
netische pinholes oxideren wordt deze koppeling kleiner.

Door realistische waarden te gebruiken voor de verschillende parameters in de
modellen, concluderen we dat koppeling door ruwheid de dominante vorm is, hoe-
wel pinhole koppeling, waarvoor geen mathematisch model beschikbaar is, niet uit-
gesloten kan worden.
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digen van samples op M.I.T., Hans van Zon, Murray Gillies, Ton Kuiper en Wouter
Oepts voor het maken van tunnel juncties op het Philips Natuurkundig Laborato-
rium en Patrick LeClair voor de samples gemaakt bij ons in de groep.

Tijdens mijn metingen ben ik geassisteerd door vele studenten; Richard Canters,
Raimond Franssen, Jens Grundmann, Maarten van Kampen, Corné Kant, Karel Lan-
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