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Abstract 

The work presented in this thesis deals with switching ferromagnetic layers from one 
magnetization state to another. Of particular interest is the dynamic process involved 
with this switching mechanism. An analysis of this process can lead for to an 
optimization of the memory elements in MRAM with respect to the speed of the memory 
and the reliability of the switching process. This dynamic switching process is 
investigated both in theory, with computer simulations of the dynamic LLG equation, and 
in practice, by integrating a ferromagnetic layer in a spin-valve device on-chip. 
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1 Introduetion 

In this thesis I have investigated the dynamics of the magnetization reversal in permaHoy 
layers. I.e. what happens if we switch a ferromagnetic element from a positively 
magnetized state to a negative magnetized state. Ferromagnetic thin layers are an 
important engineering material, and are used in diverse applications. A recent application 
of very thin ferromagnetic layers is a resistive element that is based on the giant magneto 
resistance effect (GMR). These GMR-elements have the interesting property that their 
resistance changes with the applied extemal field which makes them ideal candidates for 
read-heads and write heads. A more recent application of these magneto-resistive 
elements is the magnetic random access memory or MRAM. 
In the highly competitive computer market today, a new technology can only survive if it 
has superior performance over existing or competing technologies. MRAM already has 
the advantage of being non-volatile and radiation hard, but to truly succeed as the main 
computer memory it needs an other trump card and that is speed. The fastest currently 
available RAM on the market is DDR-RAM, which stands for double data rate random 
access memory, this has a maximum throughput speed of 233 MHz. The component that 
determines the maximal speed in MRAM is the ferromagnetic switching layer, therefore 
the analysis of the magnetization reversal in the thin ferromagnetic layers is directly 
transiatabie to MRAM speed issues. As I will show in this work, the switching speed of 
these layers is around -1 ns, which would translate into a working frequency of 1 GHz. 
With a decent understanding of the switching behavior, we were able to further improve 
this switching speed to -250 ps, which in an MRAM application would allow speeds of 
up to 4 GHz, which is a 10 fold impravement over DDR-RAM. 
The actual analysis of the elements was done theoretically and experimentally. The 
theoretica! investigation was done with the aid of a ferromagnetic simulator that was 
custom designed at IMEC by a previous student. This simulator is based on the Landau 
Lifshitz Gilbert dynamic equation, which describes the energy minimization dynamics of 
the ferromagnetic system. 
The experimental work was done on a custom designed chip. The chip consists of a spin
valve integrated in a high frequency microwave design. A spin-valve is a three layer 
GMR-element consistent of two magnetic layers and one conducting, non-magnetic, 
spaeer layer. One of the magnetic layers is soft, meaning easy to switch and the other 
layer is a hard layer, meaning that it remains pinned in the same direction up to a relative 
high magnetic field. The MR signal from this spin-valve element gives us the relative 
magnetization of the soft switching layer to the hard layer. We can then measure the 
dynamics of the soft layer, by placing the spin-valve element in a magnetic field. Part of 
the thesis consisted of analyzing and optimizing an existing chip design and designing a 
new chip, as wellas optimize the measurement set-up so that it would be suitable for high 
frequency measurements. 

In the second chapter of this thesis work I will describe the theory of ferromagnetism. 
This is done to give a solid foundation for the understanding of the simulator and the 
simulated results. The theoretic chapter is started with some of the basic facts of 
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magnetism and then moves on to describe ferromagnetism in particular. 
Micromagnetism will then be discussed as a restricted case of ferromagnetism. The 
energy terms contributing to the ferromagnetic system will be discussed and the Landau 
Lifshitz Gilbert equation will be introduced, descrihing the dynamics of the system. 
Then a short section will describe how to simulate a ferromagnetic with the computer 
through the discretization of the Landau Lifshitz Gilbert equation. This discretization 
scheme is the basis for the simulation tooi used in this report. The final section of the 
theory chapter discusses the theory behind GMR-elements and spin-valves in particular. 
In the third chapter the integration of GMR elements on-chip will be discussed, with 
some attention to the applicability to MRAM. This will lead to the introduetion of our 
chip-design, it's analysis and the tools used toprepare the actual samples. 
The fourth chapter discusses the dynamics of the elements. The first part will show the 
simulated data whereas the second part deals with the actual measurements and the 
measurement set-up. Some attention is also given to some parallels between the 
simulated data and the experiments. 
In fifth and final chapter, I will discuss the results and give some recommendations for 
further research on this topic. 
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2 Theory 

Most materials become magnetized when placed in an extemally induced magnetic field. 
This magnetization can be in the direction of the applied magnetic field and disappear 
after the extemal field has been switched off, these type of materials are called 
paramagnets. Other type of materials counteract the extemal field, so their magnetization 
will be in the opposite direction of the extemal field, these materials are called 
diamagnets. 
It has long been known that some type of materials acquire a net magnetization in an 
extemal field that remains even after the extemal field has been switched off. We call 
these materials ferromagnets. They are quite important for our current technology 
because they supply us with a way of storing information. This is because the direction 
of the extemal field is 'stored' in the ferromagnetic materials. This fact forms the basis 
for the technology of tapes (audio or data) and hard disks. As will be seen in this thesis 
there is also a novel application for these ferromagnets based on altemating thin layers of 
these materials, as will be seen these novel structures lend themselves quite good to the 
application of fast, non volatile memory. Or at least in theory. I will try to present to the 
reader some of the difficulties encountered when trying to integrate these materials on 
chip. Before going into more detail about these 'magnetoresistive' elements, I will first 
try to explain in some aspects of magnetism in general and the ferromagnets in particular. 
After these general theories I will discuss micromagnetics, which is an approximation for 
ferromagnets over several interatomie distances. 

2. 1 Theory of magnetism 

To explain the theory of magnetism, I will resolve to the quasi-classica! approach. 
Meaning that a classica! picture is maintained, but that some of the important results of 
quanturn mechanics are superimposed on this picture. For example an atom is considered 
as a positive charge or proton with a negative electron circling it. This picture would 
never hold in a true classica! picture because the electron would continuously radiate and 
the orbit would degenerate. In a true classica! picture such an atom just wouldn't be able 
to exist. In some cases I will extend this picture to a full quanturn mechanica! approach. 

In the 19th century it was discovered that a moving charge created a magnetic field. This 
proved important for the understanding of the origin of magnetism in different kinds of 
materials. An atom is considered as an electron circling around a proton, so this is 
nothing else than a charge in motion. It can thus be deduced that this motion will create a 
magnetic field. This holds true for every atom in the material considered. This picture is 
not enough to explain ferromagnetism but it can explain the origin of diamagnetism. 
Since every atom is a little magnet, these magnets will align themselves anti-parallel to 
an extemal magnetic field and thus counteract the field. The coupling of the electron
orbit to the extemal field thus creates diamagnetism. In the next few paragraphs it will be 
shown that paramagnetism arises from the coupling between the electron-spin and the 
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extemal field and ferromagnets from the coupling of the electron-spin to the spin of the 
neighboring electron. Actually ferromagnets are a little more complex because their 
remnant magnetization exists from a competition between different contributions. I will 
elaborate more about this in the paragraph about ferromagnetism. 

2.1.1 Diamagnetism 

lt bas already been noted that when a diamagnet counteracts the magnetic field in which 
it is placed. This is caused by a decreasing magnetization of the sample with increasing 
extemal field. lt is said that a diamagnet has a negative susceptibility. The susceptibility 
gives the relation between the magnetic field Hext in the sample and the magnetization of 
the sample. 

M=z ·H - 2.1 

X is the susceptibility. In the case of diamagnets and in a restricted case for paramagnets 
X can be viewed as a constant. But for the general case the susceptibility is not a constant 
and even depends on the previous magnetization state in the case of ferromagnets . 

To explain diamagnetics it is sufficient to view the atom is a semi-classical approach. In 
this view the electron is a charged partiele moving around the nucleus in a circular but 
stabie orbit. The electron is a charged partiele and its trajectory will therefore have an 
associated current. If an extemal field is applied the rotational speed of the electron will 
increase, creating an extra current Iinduced, with an associated net magnetic moment. This 
magnetic moment is in the opposite direction as the applied magnetic field, explaining the 
negative susceptibility. For completeness a detailed description of diamagnetism is given 
in Appendix A. 

lt should be noted that this diamagnetic behavior (i.e. the negative susceptibility) is 
present in all materials. For the largest magnetic field 'H' attainable in laboratodes the 
net magnetization acquired through this process is negligible compared with the 
magnetization acquired from the positive susceptibility (see the sections on 
Paramagnetism and ferromagnetism) . The diamagnetic behavior can only be measured 
when the total orbital and spin momenturn of the electron vanishes. I.e. when there is no 
net magnetization per atom. This is what distinguishes diamagnets from paramagnets 
and ferromagnets . Paramagnets do have a net moment per atom, but it averages to zero 
of the bulk of the entire materiaL For ferromagnets the magnetic moment does not 
average to zero over the bulk of the material but instead there are 'domains' in the 
material in which all spins of the atoms are aligned in the same direction. lt is through 
these domains that the ferromagnets can acquire a net magnetization. 
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2.1 .2 Paramagnetism 

The next step towards understanding ferromagnetism leads us to the paramagnets. It has 
already been mentioned that these materials posses a net magnetization per atom. This 
magnetization follows from quanturn mechanics and is equal to: 

m, = g · J18 · S - 2.2 

g is the Landau splitting factor and manifests itself by a splitting of the energy levels of 
the different orbitals in a external magnetic field. J18 is called the Bohr magneton and 

it's value is given by: 

- 2.3 

Paramagnetism is based on the properties of the spins. Since the spin of an electron is a 
quanturn mechanica! property we will treat it as such. The z component of the spin is Sz 
and can only assume 2S + 1 values namely -S, -S+1, .. . , S-1, S. 

The properties of an ensemble of atoms are examined. It is easiest to examine these 
properties with the aid of statistics. The average component of the magnetization along 
the 'z' direction at a certain temperature 'T is given by 

- 2.4 

k 8 is the Boltzman constant. 

E is the energy of the system and is in this case the interaction energy between the dipole 
moment of the atom and the externally induced magnetic field. The energy of interaction 
is - m · H. Using these results the average value for the magnetization is: 

1 s 
(m,) = D n~~/. JlB. n . çn ' - 2.5 

in which we use the short notations : 

- 2.6 
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D is a well known geometrie series and can be evaluated as 

- 2.7 

Differentiating D with respect to Ç and the multiplying by Ç gives 

- 2.8 

Using these two results in the formula for the average value for the magnetization and 
then dividing by g · f.iB leads to 

- 2.9 

This can be further simplified by using relationships for trigonometrie functions (sin, cos, 
cosh, sinh, ... ). 

Using these simplifications and deviding by 'S' 

- 2.10 

Bs(x) is a known mathematica} function called the Brillouin function and is dependent on 
the parameter 'x' and the spin number 's'. The function itself is defined as 

2S + 1 2S + 1 1 x 
B (x)= · coth( ·x)-- · coth(-) 

s 2S 2S 2S 2S 
- 2.11 

To simplify this even further, consider the case of a small argument 'x'. In this case the 
Brillouin function can be approximated by a Taylor expansion around zero. This leads to 
the approximation 

lsteve Stoffels 
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coth(x)=-+-+O(x) 

x 3 
S+1 

Bs(x)=-- · x+O(x3
) 

3S 

- 2.12 

- 2.13 
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This approximation only holds for small values of 'x'_ x is linearly dependent on the 
extemally applied magnetic field 'H', thus it follows that this approximation is valid only 
for relatively small values of the extemal field. Under the conditions imposed by this 
approximation the average value for the magnetization is 

(m ) = ( )2 . S(S + 1) . H 
z gf.ls 3 · k · T 

B 

- 2.14 

From this average value for the magnetization follows that for low fields there is a linear 
dependency between magnetization 'mz' and extemal field 'H'. This result doesn't 
necessarily hold for higher fields. In this region a susceptibility will still be defined but it 
will be field dependent so for higher fields we get z(H). The value for low fields is then 

taken as the limit of this susceptibility and is defined as the initia! susceptibility 

- 2.15 

where, 

C = N · S(S + 1) . ( )2 

3·k gf.ls · 
B 

- 2.16 

lt follows that there is an inverse proportional relationship between the susceptibility and 
the temperature. This was a well-established experimental fact even before the theory 
was developed. The relationship is known as the Curie law. 

Another fact that follows from the above analysis is the existence of a saturation 
magnetization. This can be seen by taking the limit of the Brillouin function 

B5 (±oo) = ±1 . - 2.17 

Intuitively this saturation magnetization is reached when all the spins in the material are 
aligned along the extemal magnetic field. For most paramagnetic materials this 
saturation magnetization can't be reached because we don ' t have the technica! expertise 
to reach such high magnetic fields. 

2.1.3 Ferromagnetism 

Ferromagnetism is also based on the interaction of spins. But this time the spins interact 
with each other. This interaction will tend to align neighboring spins along the same 
direction. This interaction between the spins is a quanturn mechanica! fact and is called 
the exchange interaction. This exchange interaction is expressed as a energy between the 
spins Si and Sj and is proportional to the dot product of them (Si · S j ). 

@teve Stoffels Master Thesis- 2001\ 



Dynamics of ,um-sized elements - 8-

Recalling the energy of interaction with the extemal field, the total energy of interaction 
of the spins will be given by 

E=-LLJij ·Si ·Sj- Lgf18 Si ·H - 2.18 
i I~i 

The spins interact with all the other spins present in the material, but they don't interact 
with themselves that's why the case j =i is excluded from the summation. Jij is the 

exchange integral between the spins Si and S j • The exchange integral is a quanturn 
mechanica! phenomenon that has it roots in the fact that each electron is indistinguishable 
from the next. hl the quanturn realm there will be a continuous 'exchange' of electrens 
between atoms. For fermionic states of the spin this exchange will be antisymmetrie and 
for a bosonic spin exchange it will be symmetrie. lt is known that this exchange force is 
very strong for nearest neighbors but decays quickly over the interatomie distances. 
That's why the exchange integral is often approximated as a constant value J for nearest 
neighbors and 0 for atoms further away in the materiaL 

Since in quanturn mechanics every spin is considered equivalent, a technique can be used 
that is known under the name molecular field approximation or mean field 
approximation. hl this approximation only one spin is considered and every other spin in 
the material is replaced by it' s mean value or quanturn mechanica! expectation value. 
The statistics of this one spin can then be checked. Remembering the fact that every spin 
in the material is equivalent we thus obtain the mean value for the spins. In the molecular 
field approximation this is called the 'untagging' of the spin. 

Consicter for example the spin Si . The energy contribution of this spin can be calculated 

using formula 2.19. 

E; = -2 I 1 ijs i . (s j) -g . J1 B . si . Ei - 2.19 
J 

The factor two on the right hand side sterns from the fact that every spin is counted twice, 
once in it' s contribution with the other spin and once inthereverse interaction. From this 
formula an effective magnetic field at the position of the spin Si can be defined which I 

will denote as H i . 

Ei =-2IIij(sj)-gf18 H - 2.20 
J 

The energy contribution can thus be simplified to 

- 2.21 
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This form looks exactly like the interaction of the spins with an externally applied 
magnetic field, except for a factor g · f.ls . This is the case that was studied for 
paramagnetic materials. These results can be applied to the case of ferromagnetism. The 
expectance value for the spins in the z-direction was a Brillouin function for the case of 
paramagnetism, applied to the case of ferromagnetism the expectance value for a single 
spm IS 

- 2.22 

The spin Si can be untagged now that the expectance value is known. Since the 
expectance values are used the indices i, j can be left out and replaced by the expectance 
value. 

- 2.23 

Using the approximation for the exchange integral discussed earlier in this paragraph 

- 2.24 

with p the nearest neighbors of the atoms in the materials. These nearest neighbors are 
well defined for solids, which have a regular crystallographic lattice. The shape of the 
lattice defines the number p in such materials. 

In the literature some abbreviations are often used to write the equation in a more 
compact way, these are 

= (sz) h = g · f.ls · S · H a(t) = 2 · S
2 

• J . 
f.1 S ' k ·T ' k ·T P 

B B 

- 2.25 

Using this notation 

- 2.26 

· for a ferromagnetic materiaL 
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2.2 Micromagnetism 

So far three different energies contribute to the behavior in magnetic materials. These are 
the energy term from the electron-orbit current, the energy term from the interaction of 
the spins with an external field and the interaction of the spins with each other. These 
energy terms are sufficient to explain some aspects of ferromagnetic materials, but not all 
of them. For example a real ferromagnetic material can have zero magnetization before 
it is magnetized in a magnetic field. This would mean that the magnetization averages to 
zero over the entire samples. But in our model for the ferromagnet the spins tend to align 
themselves in the same direction, which would mean that there would always be a large 
netto magnetization and the application of an external field would just change the 
direction of this field. The answer to this problem is that there exist domains in a 
magnetic material in which all spins have the same direction. As I will discuss in the 
next paragraph these domains originate from a competition between the exchange energy 
in the material and another energy term. 
Another fact known from experiments is that there is an 'easy' axis for the magnetization. 
This means that the magnetization prefers to be aligned along a certain direction of the 
sample. So there is a certain anisotropy for the magnetization in the sample. This 
anisotropy is caused by a contribution of another energy term. 

2.2.1 Anisotropy 

The calculation of the exchange energy is based on a quanturn mechanical approach in 
which the isotropie Heisenberg Hamiltonian is used. This means that there is no 
preferred direction of interaction between the particles. This in turn leads to a 
magnetization that has no preferred axis along which it tends to align. As can be shown 
such a behavior doesn ' t correspond to the way ferromagnetism acts in real materials. 

Consider a ferromagnetic material (using the model thus far for ferromagnets). The 
direction of the spins in the material defines the magnetic moment f.J-, this is just the total 
magnetization for the material so 

- 2.27 

The energy of interaction is just - Jl · H . This relation can also be written as 

- 2.28 

if e is the angle between the total magnetic moment and the external field. From 
Boltzmann statistics follows that the probability fora certain angle at thermal equilibrium 

fJll cos8 

is proportional to e ksT • The average of this angle for an ensemble of particles is 
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21r 1C I I cos B. e x·cosiJ sin B. dB. drp 

(cos B) = _B_=O-"fP..,...=o _________ _ 

[ cose -~ e''~' I 
21r 1C I I e x-cos iJ sin B ·dB· drp 

IJ=Üf{J=Ü 

L(x) is the Langevin function and is equal to 

1 
L(x)=cothx--

x 

[e x·cosiJ t 

- 11 -

=L(x) - 2.29 

- 2.30 

cos B is just the component parallel to the external field of a unit vector pointing in the 
direction of the magnetization. So we can rewrite 2.29 as 

- 2.31 

This is exactly the behavior of a paramagnet in an external field. So if ferromagnetism 
would be isotropie we wouldn't be able to make a difference between ferromagnetism 
and paramagnetism. ie for this case the magnetization would also be zero for zero applied 
field. In real ferromagnetic materials there is an anisotropy. This anisotropy is caused by 
different contribution. The main one being magnetocrystalline anisotropy, caused by the 
spin-orbit interaction. The orbit of an electron in a solid is linked to the crystallographic 
lattice. The spins will thus tend to align along eertaio crystallographic directions due to 
this interaction. A quantitative analysis of this problem is possible but has poor accuracy, 
that's why most people prefer a phenomenologic description in which a formula is 
derived from observations and the parameters for a eertaio material fitted to the measured 
data. 

The case I will discuss here is the uniaxial anisotropy. Uniaxial means that there is just 
one preferred direction of magnetization. This applies to the materials used for the 
research presented in this document. It is thus not necessary to discuss other kinds of 
anisotropy. The reader should note thought that there exist kinds of anisotropy which 
have more than one preferred axis. lt is customary in magnetism to name the preferred 
direction of magnetization the 'easy axis' and the axis perpendicular to the easy axis is 
called the 'hard axis', because off course it is harder to magnetize. 

Uniaxial anisotropy is found in hexagonal crystals. In these crystals the anisotropy is 
only a function of the angle B between the c-axis and the direction of magnetization. 
The energy density is given by 

- 2.32 
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In all known cases IK21 << IK11, therefore the second term is usually neglected and the 

uniaxial anisotropy can be defined by one parameter K. 

Another often accuring symmetry is that of a cubic lattice. The anisotropy in such 
samples is accordingly dubbed cubic anisotropy, the energy density is given by 

- 2.33 

The parameters K1 and K2 are determined by experiments. 

It also happens often that a sample is poly-crystalline. These structures are made up of 
crystals which all have a different orientation relative to each-other and the anisotropy 
axis will be shifted in each separate crystal. In the model used for the simulation, we 
make the assumption that the anisotropy averages out for poly-crystalline samples. 

2.2.2 Magnatostatie self-energy 

The anisotropy energy and exchange energy can explain some of the important behaviors 
of ferromagnetic material, but they can not explain why spins tend to align themselves in 
domains. To explain this behavior another term has to be added. This is the 
magnetostatic self-energy. Since every atom in the material is in fact in little dipole, it 
will have some magnetic moment associated with it. These magnetic moments interact 
with one another. Each dipole in the material thus interacts with a magnetic field Hdipote. 

created by all the other dipales present in the materiaL The energy of this interaction is 
given by 

IJ--Em =-2 M ·Hdipole ·dr - 2.34 

The integration is over the entire ferromagnetic material under consideration. Maxwell's 
equations have to be used to determine the field produced by the dipoles. The equations 
needed are 

-VxH=O - 2.35 -V·B=O - 2.36 

B = f.lo · (H +YB · M) - 2.37 

Rewriting H as the gradient of a scalar U, H = -VU . Substituting these equations gives 
a differential equation for the scalar U. 

- 2.38 
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Outside the fermmagnet the magnetization is zero so the equation reduces to 

- 2.39 

Boundary conditions are still needed to solve this differential equation. The boundary 

equations follow from the fact that the component H parallel to the surface and the 

component B perpendicular to the surface have to be continuous across the boundary of 
the materiaL This is a requirement imposed by the Maxwell equations. The boundary 
conditions are then 

.... 

uin =u out 
a~n - au!ut = Yn . M. ~ 
àn àn 

n is a unit normal to the surface of the body a point under consideration. 

- 2.40 

- 2.41 

To prove that this energy term is responsible for the subdivision of the magnetization into 
domains we can consicter two cases of an infinite long cylinder. The first case has a 
uniform magnetization in the x-direction, everywhere in the cylinder. The second case 
has a subdivision of two antiparallel domains along the x-direction. 

First the energy of the uniformly magnetized cylinder will be calculated. For a uniformly 
magnetized body 

V · M=O - 2.42 

It is more insightful and easier to calculate in cylindrical coordinates (r, 8, cp) in this case. 
Formula 2.38 will therefore be transformed tothese coordinates. 

- 2.43 

In cylindrical coordinates the normal to the surface of the cylinder is parallel to e P , 

which is a unit vector defining the direction of p . From this follows the normal 
component of the magnetization, which is 

M · n = M s · cos cp - 2.44 

The solution for the differential equation for U is given by 
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M {p 
U= __ s y

8 
COS(/) X R2 

2 -
p 

if p ~R 

if p~R 
- 2.45 

R is the radius of the cylinder under consideration. The intemal magnetostatic field or 
demagnetization field is just the gradient of this scalar value inside the ferromagnetic 
body. The result, in Cartesian coordinates, for this intemal field Hint is 

- M -H dipote = __ s Ys ·ex 
2 

- 2.46 

The energy can be calculated using 2.34. The cylinder was considered to be infinite, the 
energy is therefore written down as the energy per unit length along the z-axis. 

- 2.47 

The second case is that of the cylinder that is subdivided into two antiparallel domains 
along the x-direction. 

{
+ 1 if y > 0 

Mx =Ms X 
-1 if y < 0 

This step function can be broken down into a Fourier expansion. 

M = _±M s Ï sin[(2n + 1)qJ] 
x 7r n=O 2n + 1 

The normal component is given by 

M _ M _ M . _ ~M ~ sin[(2n + 2)qJ] + sin(2nqJ) 
n - p - x COS (/) - S L.J 

7r n=O 2n + 1 
The boundary conditions for this configuration are 

(
auin au out) 8 ! n . sin(2nqJ) 
()p ----a;;- p=R = 7r n=l (2n + 1)(2n - 1) 

lt can be shown that the differential equation is fulfilled by the functions 
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- 2.49 

- 2.50 

- 2.51 
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(~)'" if p ~R 

un(P) =en x 

(=r if p ~R 

- 2.52 

The parameters Cn can be determined by the boundary conditions. The full salution for 
the scalar field U is 

U. = 2y8 RM f sin(2ntp) (p J2

n 

rn tr s n=! (2n + 1)(2n -1) R 
- 2.53 

The spatial derivation of this scalar field gives the field Hdipote 

H . = _ 4y8 M ~ n · sin[(2n -1)tp] (p J2
n-J 

drpole 7r s f;t (2n + 1)(2n -1) R 
- 2.54 

With these the necessary calculations can be made for the magnetostatic energy. I will 
just write down the results of these calculations here 

- 2.55 

A comparison of the energies of the two domaio and single domaio models yields the 
following relation 

E "2 M,Single = _ > 1 - 2.56 
E M ,Two DoTTUJin 4 

For this case it is proven that the multi domaio models has a lower energy state then the 
single domaio model. This is general for magnetostatic energies. This magnetostatic 
energy would subdivide the material in smaller and smaller domains if it were not for the 
exchange coupling among the electrons. 

2.2.3 Modified exchange energy terms tor micromagnaties 

Before going into detail about the dynamie equation, I will first describe a slight 
modification of the energy terms that is more suited for simulation. Namely the atomie 
nature of the crystal will be ignored and instead a continuous material will be considered. 
This is necessary because at atomie distances, quanturn mechanica! effects become 
important implying that quanturn mechanics has to be used to solve the system. This is a 
cumhersome task. For exchange energy this can be solved, but the problems becomes 
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very difficult when the other energy terrns are included. The quanturn mechanica} case of 
exchange energy already has to be solved with some rough approximations and it gets 
worse for the added terrns. So until a better quanturn mechanica} treatment can be found, 
we can approximate the solution by using classica} large volumes. In the classica} view 
veetors replace the spins. This approach has already been adopted in this thesis for the 
case of the ferromagnet. The phenomenological anisotropy and magnetostatic energy, 
derived from the Maxwell equations, already have a 'classical' form, i.e. they act over a 
continuous materiaL The only term that has to be modified is the exchange energy. In 
the forrn derived insection 2.1.3; it acts on neighboring spins in the materiaL 

The exchange energy equals 

ê =-~~ ] .. ·S· ·S· =-JS 2 ~cosm . . 
ex ~~ <J ' J ~ 't'< ,J 

- 2.57 
neigbours 

with (/Ji,j the angle between the spins i and j. For small varying angles, the difference in 
energy between the current state and the state in which all the spins are aligned is given 
by 

dêex = -JS2 L<Pi~j - 2.58 
neigbours 

lt is customary in micromagnetics to redefine the state of total spin alignment as a zero 
reference state. This is legitimate as long as it is done consistently. When the Reference 
State is changed dêex will become the total energy ê ex . 

For small angles I<Pi,j I ~ I;; -; j I, where ; is a unit vector parallel to the local spin 

direction. In the continuous case the discrete values are changed to a smooth varying -variabie over the entire space. The magnetization is defined as a vectorfield M . Now 

m is defined at every point in the material and not just at the lattice points. 

- 2.59 

for the continuous materiaL For this variable, the first-order expansion in a taylor series 
is 

1 
.......... 1 1- .......... 1 m; -mj = (s; · V)m, - 2.60 

with s; the position vector pointing from point i to j. Using these equations in the 
exchange energy and changing the summation to an integration over the ferromagnetic 
material 
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The parameter A is dependent on the crystal under consideration. 

2JS 2 

A=--c 
a 

- 17-

- 2.61 

- 2.62 

a is the distance between nearest neighbors and c = 1,2,4 for simple cubic, bcc and fee 
respectively. Fora HCP (hexagonal close packed) crystal 

A= 4.J2Js2 - 2.63 
a 

For other symmetries formula 2.61 can be taken as a good approximation to the real 
situation. 

2.2.4 Qualitative analysis of domains and domain walls 

With the foregoing energy terms it is possible to paint a picture of how domains and 
domain walls are formed. As was seen the magnetostatic energy prefers a subdivision of 
the magnetic material in smaller 'domains'. The exchange coupling between the spins 
will tend to align neighboring spins parallel to each other. The exchange coupling is 
basically a short ranged force acting on its neighbors. The magnetostatic energy acts 
over the entire body of the material under consideration. The competition between these 
energy terms is responsible for the creation of large domains in which spins are aligned in 
the same direction. 
The exchange energy gets very large if the angle between neighboring spins is large. For 
the infinite long cylinder with two domains, studied in paragraph 2.2.2, this would mean 
that there is a large exchange energy at the interface between the two domains. This is 
because at the interface the spins are aligned anti-parallel to each other. This is not a 
favorable energy situation. In nature such configurations will not occur. Instead the 
spins will vary with small angles from one domain to the next; i.e. a domain wall is 
created. The exchange energy will be much lower since the spins ónly change very small 
angles over interatomie distances. The exchange energy will thus favor thick domain 
walls, namely because thicker domain walls imply smaller angles between the atoms, 
which in tums means a lower exchange energy. 
So far in this qualitative analysis the anisotropy energy hasn't been considered. This 
energy term has a minimum for a certain direction of magnetization and becomes larger if 
the magnetization makes a large angle with the 'preferred' direction of magnetization. 
The sense of the magnetization is not important. So a parallel or anti-parallel state would 
give the same value for the anisotropy energy. When applied to the domain walls, it can 
be seen that to form a domain wall, the magnetization has to turn out of the preferred 
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direction of magnetization. This will induce larger anisotropy energies. Competition 
between anisotropy and exchange energy determines the thickness of the domain walls. 

lt is important to note the difference in range between the magnetostatic energy and the 
exchange energy. lt has already been discussed that the exchange energy is a short
ranged force. lt acts at a distance of one or a few interatomie distances. So although the 
energy density of the exchange coupling is very large. But the total exchange energy is 
integrated over the volume of only a few unit cells. The exchange energy is responsible 
for the microscopie properties of the ferromagnet; i.e. for the structure inside the 
domains. 
Magnetostatic energy is a small force on small scales, but has a large range. The total 
magnetostatic energy is therefore integrated over the entire body of the materiaL For 
large volumes this energy can be even larger than the exchange energy. Therefore this 
energy determines the magnetization distribution over most of the crystal; i.e. it 
determines the form of the domains, orientation, etc ... 

Another important fact is that the shape of the surface determines, at least partly, the 
magnetostatic energy. Even fora surface tending to infinity. This is important because 
there is no physical meaning to the limit of an infinite crystal without a surface. In other 
fields often this limit is taken for very large crystals. 

2.2.5 LLG equation of motion 

The idea bebind micromagnetics is that a physical systems always strives to a state of 
minimal energy. Adding up all the energy terms, related to the ferromagnetic system, 
will give the total energy for the system. Then this total energy is minimized. 

This energy minimization is done by applying a dynarnic equation to the current state of 
the system. The solution to the dynamic equation will then describe a realistic 
'relaxation' of the system towards the ground state (state of minimal energy). The 
dynamic equation is called the Landau Lifshitz Gilbert equation, LLG for short, and 
describes the precession of the spins in a magnetic field plus the relaxation of these spins 
due to dissipation with the surroundings. 

The dynamics of the magnetization is described by the Landau Lifshitz Gilbert equation. 
The derivation of this equation doesn't give any added insight into the structure of the 
domains and walls inside the materiaL I will therefore just mention the result here and 
discuss how it has to be applied to the ferromagnetic system to calculate the evolution of 
the magnetization. 

dM - - ra - (- -) -=-yMxH+-Mx MxH 
dt Ms 

2.64 

where 
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ge 
r=-2-, 

me 

-19-

- 2.65 

is the gyromagnetic ratio, with e the electron charge, me the electron mass and g the 
Landau splitting factor. Ms is the saturation magnetization of the sample and a is the 
damping factor, which determines the rate of energy dissipation in the system. 

The first term on the right hand side describes a precession of the magnetization around 
the effective field H. This precession motion is undampened, i.e. the magnetization 
keeps tuming around the magnetic field. 
The second term is a damping factor because the vector points in the direction of the 
effective field H. This means the magnetization will evolve towards the effective field. 
The rate in which this evolution occurs is determined by the damping factor a. 

The energy terms used thus far do not enter the LLG equation, but instead the effective 
field holcts the important information of the different energies (Ei). lt is therefore 
important that the energies are rewritten as effective fields and their contributions added 
up. The magnetic field (Hi) is just 

- 1 -H; =--- · VAiE. M I 
s 

- 2.66 

And the effective field H is 

H = H Exchange + H Magnetostatic + H ani.rotropy + H external - 2.67 

2.3 Salution of the LLG equation through discretization 

lt is very hard to solve the LLG equation exact and it would take a lot of time to do it all 
by hand. That is why there has been opted to solve these equations numerically with a 
computer. Using a computer means discretizing the dynamic equation. The 
discretization is performed spatially as well as in time. Discretizing spatially means 
sampling the value of the magnetization in the three spatial dimensions. This 
discretization scheme can be done in different ways, for the micromag simulator a regular 
rectangular grid was chosen. The benefit of a rectangular grid is that the coordinates of 
the points are relatively easy to handle as compared to for example a hexagonal grid. 
The LLG equation describes the temporal evolution of the ferromagnet. lt is therefore 
important that we also discritize time as well. 

@teve Stoffels Master Thesis- 2001! 



Dynamics of ,um-sized elements -20-

The continuous differential equations and integrals are approximates by finite difference 
schemes. I will define the schemes used shortly. For more information on the 
micromagnetic simulator see [NAK98] . The most important term for an efficient 
computation is the magnetostatic self-energy. Attention has been given in the simulator to 
make the calculation of this term as efficient as possible. 

Exchange Field 

The exchange field is derived from the exchange energy and 2.66. 

- 2.68 

-2 
The differential operator that has to be discretized is the Laplacian operator V . This is a 
well known operator, for the micromagnetic simulator the operator is approximated with 
a fourth order polynomial. Asecondorder approximation can also be used, but this can 
lead to instabilities, this is why the fourth order was chosen for the simulator. 

V'2f:::::- f(i + 2, j,k) + 28. f(i + 1, j,k)- 54 . f(i, j,k) + 28. f(i -1, j,k) + f(i- 2, j,k) 
- dx 2 + 

- f(i,j+2 ,k)+28· f(i,j+1,k)-54· f(i,j,k)+28 · f(i,j-1,k)+ f(i,j-2,k) 
~2 + 

- f(i, j,k + 2) + 28. f(i, j,k + 1) -54. f(i, j,k) + 28 . f(i, j,k -1) + f(i, j,k- 2) 

dz2 

Anisotropy Field 

The anisotropy field is given by 

H 
___ 1_dwa 

An - -' 
Ms dm 

- 2.69 

- 2.70 

with wa the energy density of the anisotropy under consideration (see formula 2.32). Only 
standard vector operations are needed to calculate the anisotropy field. Therefore there is 
no need for a finite difference scheme in this case. 
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External Field 

- 2.71 

The extemal field is taken as a definable parameter in the simulation. lt is thus not 
necessary to perform any calculation to get the extemal field. 

Magnetostatic Field 

The magnetostatic field is calculated from the scalar field U, discussed in the paragraph 
about magnetostatics. 

.. 
- .. , J p(r) · (r- r') .. 
H v ( r ) = 

11

; _ ; 

11 

· d r - 2.72 

pis the magnetic charge density, 

- ~---+-

p(r) =V · M (r) - 2.73 

In a discretized scheme, first the magnetic charge density is calculated. This is done by a 
using a finite difference scheme for the divergence operator. The next step is to calculate 
the magnetostatic field. For a rectangular grid this is a convolution process. 

- 2.74 

The convolution is solved in the frequency domain, in which it reduces to a dot product 
of two vectors. Using a FFT will reduce the complexity from O(N 2

) to O(N ·log(N)). 
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2.4 Spin-valves and giant magnetoresistance effect 

With the above theory of micromagnetism, it is possible to characterize switching speeds 
and visualize dynamic domain formation and growth. This can be done with a 
simulation tooi developed on a computer. There are however some important aspects 
trussmg. This is basically because the theory developed doesn't describe electron 
transport properties in the ferromagnetic structure. In a metallic structure the overlapping 
electron wave functions will give rise to a degenerate Fermi gas of electrons. This means 
that there will be some allowed bands of energy for the electrans and some forbidden 
bands, these bands are related to the structure of the electron orbits. The bands are named 
after the respective shells they are related with, for example there is a s-band and d-band, 
which contain electrans from the respective s-shells and d-shells. These bands will have 
certain allowed levels of energy and only electrans close to the Fermi level will be the 
conduction electrons. This all follows from a quanturn mechanica} treatment of 
crystallographic lattices. In ferromagnetic materials there is a splitting of the energy 
bands that is different for spin up and spin down electrons. The splitting of the energy 
bands depends on the magnetization direction of the ferromagnetic layer. 

It is generally assumed that the splitting occurs in the d-band. See figure 2.1. To 
explain giant magnetoresisance, the picture of spin dependent scattering can be used, I 
will explain this simplified model here for the particular case of a spin-valve. 

. . .· . . . ' . . . . . . . . 

.. , 
.. I 

Figure 2.1 Energy banddiagram for 3d metals. The horizontal axis represents the 
density of states and the vertical axis the energy level. [HAR] 

One generally assumes that in these ferromagnetic materials the s-electrons mainly 
conduct the current while spin dependent scattering occurs because of the d-electrons. 
Furthermore only electrans that are close to the fermi level (EF) are scattered. The 
energy levels in a ferromagnetic material are shifted so that only spin down states in the 
d-band are close to the fermi level, which can be seen in Figure 2.1. Spin down states are 
those anti-parallel to the local magnetization of the materiaL Therefore mainly spin
down states are scattered in this highly idealized model. From this it follows that the 
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current can be split in a current for spin-up electroos and spin-down electrons, which both 
have a different resistance in a ferromagnetic materiaL 

lt should also be noted that the number of scattering events that a spin can undergo before 
switching to the other side is limited. This is usually expressed as by defining the spin 
scattering length, which is about 100-1000 nm. 
This treatment so far was only for a single layer, for a multilayer this picture is more 
complicated. For example a spin-valve consists of at least tree layers, namely a non
magnetic layer sandwiched between two ferromagnetic layers. Since the ferromagnetic 
layers are separated by a non-magnetic layer they can both take a separate magnetization 
direction. For parallel configurations spin-up electroos scatter only a bit in both layers, 
whereas spin-down electroos scatter a lot in both layers. For a anti-parallel configuration 
both spin-up and -down electrans will scatter a lot in one layer, bot not in the other layer. 
The total thickness of the spin-valve has to be smaller then the spin scattering length, 
because else the spins would have scattered before they reach the other ferromagnetic 
layer, which would render the GMR effect insignificant. Scattering in the spin-vales for 
different magnetization states is shown schematically in figure 2.2. 

Figure 2.2 Schematic drawing of spin scattering in a spinvalve-multilayer 

Therefore the anti-parallel configuration will have a higher resistance then the parallel 
configuration. The total resistance of the element is given by the contribution of both 
resistances. [K0096] 

1 1 1 
---=-+- - 2.75 
R spinvalve RÎ R J. 

The resistance change can be approximated as function of the angle between the two 
ferromagnetic layers. 
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where 8 is the angle between the layers and ~RGMR is the resistance change between 
parallel and anti-parallel configurations. For sputter-deposited spin-valve multilayers this 
resistance is typically around 8 %. 
For applications a method has to be found to switch the two layers in the spin-valve 
separately. This is necessary if a resistance change is to be measured by applying an 
extemal field. lf the layers would switch at the same time the configuration of the layers 
would remain parallel and therefore no resistance change would occur. 
There are two basic methods to achieve this, the first is to use two materials with 
different coercivities. The coercive field, is the field necessary to switch the element 
from a parallel to anti-parallel configuration or vice versa. 
The second method is to replace on of the ferromagnetic layers with an exchange-biased 
layer. This layer consist of a ferromagnetic layer in contact with an anti-ferromagnetic 
layer. This will create a coupling between the layers and pinthem in one direction. The 
coupling can be described as a unidirectional anisotropy, which can be described by the 
following energy term 

E ExB = 1 ExB o- cos e ExB ) - 2.77 

hxs is the exchange bias energy, BExs is the angle between the exchange bias axis and the 
magnetization of the sample. 

Another recent development for spin-valves is the idea of specular reflection at interfaces 
[EGE97] [EGE99]. In this type of spin-valve the electrens will undergo a specular 
reflection, instead of a diffuse reflection. For a specular reflection the electron will 
follow a path through the spin-valve which mimics a GMR superlattice type of structure. 
It is well known that for such a structure the GMR% can reach well over 80%. To create 
specular spin-valves the roughness of the edge interfaces has to be decreased. This is 
necessary because a rough edge will diffusely scatter the electrens and send them in 
unpredictable ways. This can be done is by oxidizing the outer layers, the rough edge 
will oxidize first and once the oxidation of the bulk material starts the oxidation rate will 
decrease substantially, by then a reasonably flat interface is created. 
By introducing this nano-oxide layers in the spin-valve the ~RGMR increases with about 
2-5%. 

The spin valve structure introduced here gives us a tooi to electrically characterize the 
switching dynamics of ferromagnetic structures by looking at the GMR effect. 
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Figure 2.2 Speenlar spin-valves. Schematical principle and oxidation method. 
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3 Inlegration of spin valve elements for dynamic switching 
measurements 

The goal of this thesis is to analyze the switching behavior of both integrated and 
simulated micron size ferromagnetic structures and determine some of the correlations 
between experiment and simulations. The electrical characterization of the switching 
behaviour will be done by prohing the changes in the GMR signal in spin valves by 
applying fast pulsed magnetic fields. 

The direction of the research is situated in the applicability to MRAM. This means that it 
is interesting to see what the limitations are in speed of a possible MRAM contiguration 
and analyze some of the possible pitfalls. 

Different approaches were used to determine the shortcomings of current designs. The 
design that was first investigated was a design by Liesbet Lagae, Ph.D. student at IMEC 
for use in optica! measurements. I will first discuss some of the basics of this design and 
the problems encountered with the processing and electrical properties of the chips. 

3. 1 MRAM: Magnetic random access memories 

First let's look what MRAM actually is. MRAM stands for magnetic random access 
memory. lt is a novel type of memory that uses magnetic elements to store the bits, this 
is in contrast to the capacitors used in SDRAM today. The bits are stored in magnetic 
multilayer elements. To address or write the bits a SD-Ram type of memory structure is 
used, as shown in figure 3.1. 

wordline 

Figure 3.1 SD-Ram type of structure proposed for MRAM 

The bits are adressed using the word- and bitlines. A current carrying conductor 
generates a magnetic field, therefore the word- and bitline can also act as sourees of 
magnetic field to read or write the elements in the memory architecture. The memory 
elements that can be used to build such a memory are spin-valves or magnetic tunnel 
junctions, with a heavy bias towards tunneljunctions due to their increased MR signa!. 
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The key feature of MRAM are non-volatility, this is because ferromagnetic elements 
store the bits, these elements keep their magnetization even after the power to the 
memory has tumed off. Another feature is radiation hardness, it is known that SD-RAM 
loses its information when it is radiated, this is not the case for MRAM. [BOE99] 
[HB094] [HB099] 

3.2 Spin-valves as memory elements 

Before talking about the integration, I will first discuss how a spin-valve can be used as a 
memory cell. The spin-valve that is used bas two different magnetic materials with a 
sandwiched non-magnetic material between them. One of the magnetic materials is 
easier to switch than the other. The easy switchable layer is called the soft layer and the 
other layer is called the hard layer. The difference in switching field between the layers 
can be achieved in different ways. The first way is to use two different materials with 
different coercivities. 

158.5 ["TT...,...,..,...,..,......,..~O"""T"T'"...,[!~,....,...,CT""M"T"T"' ........... "T"'I 

158.0 
• Ferromagnetic metal Ê 157.5 

..c:: 

• Non ferromagnetic metal e. 157.0 
D:: 

• Ferromagnetic metal 
156.5 

-100 0 100 
H (Oe) 

Figure 3.2 MR-curve of spin-valve with two ferromagnetic layers of different 
coercivity. Resistance versus magnetic field 

Another way is to use a second layer that is coupled with an antiferromagnetic layer. 
Between the two layers there will then be an exchange coupling, which will make the 
layer harder to switch. 

• Ferromagnetic metal 136 

• non ferromagnetic metal Ê 
..c:: 134 

• Ferromagnetic metal 
e. 
D:: 132 

4( • Anti-ferromagnetic 

-200 -100 0 100 200 
H (Oe) 

Figure 3.3 Structure and DC-MR curve forspeenlar exchange biased spin-valves 

In a spin-valve the hard layer will switch at different field then the soft layer. For anti
parallel configuration of the magnetization the spin-valve element will have a 'high' 
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resistance and for a parallel configuration the field will have a lower resistance. The 
typical difference in resistance between the two states is between 6% and 10% after 
patteming and contacting the spin-valve element . 

Por RAM application a way is needed to store the bit. For the trilayer spinvalve with 
different coercivities for the ferromagnetic layer, this is done in the hard layer. Pigure 
3.2 shows that a negative alignment of the hard layer will have a high resistance for a 
positive field and a positive alignment of the hard layer will have a high resistance for 
negative field. So if a pulsed magnetic field is applied and the magneto resistance is 
measured, it will give a pulsed waveform in phase with the applied for a negative 
alignment of the magnetic field and it will give a waveform in anti-phase with the 
magnetic field for a positive alignment. 
Por the specular exchange biased spinvalves the hysteresis of the soft layer is used to 
store the bit, the magnetization state is then determined by the MR% at zero field. lt 
should be clear that for this type of structure the hysteresis should be shifted around the 
origin. 
So in condusion it can be said that the bit for the memory element is stored in the hard
orsoft layer depending on the spin-valve type. The read out is done with the soft layer. 
In my experiments the read out is always done with a varying magnetic field and 
determining the magneto-resistance changes. 

3.3 lntegration on-chip 

As was seen a memory element derived from spin-valves will need a way to generate a 
magnetic field and a read out mechanism, which determines the magneto-resistance. A 
further requirement for a memory-element is that these components can be integrated on
chip. 

The read-out mechanism is straightforward and is relying on ohm's law, 

V=l·R 

There are two options to measure the varying resistance. The first is too apply a constant 
current, the voltage is just the current times the resistance of the wire. So constant 
current times a varying resistance gives a varying resistance as output. The state of the 
memory element can therefore be determined by measuring the output voltage. The 
second metbod is by applying a constant voltage, the resistance is then the constant 
voltage divided by the varying resistance, which gives a varying current as output. The 
two methods are mainly analogues. We have chosen to apply a constant current because 
a spin-valve can bum out above a certain limit of current going through it. So this scheme 
assures that the current through the spin-valve doesn't surpass a certain threshold of 
current. 

The generation for the on-chip magnetic field is a little more complicated, but still relies 
on simple basic principles. Prom electromagnetism it is known that a varying current 
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gives rise toa magnetic field. This is expressed both in the Biot-Savart law and ampere's 
Law. I will state ampere's law here. 

fs. ds = f.lo. / ene/ 

The varying magnetic field can be generated on-chip by a current carrying conductor 
intersecting with the spin-valve. 

Imagine an idealized 1-d conductor. The magnetic field generated around such a 
conductor is in every point around the conductor perpendicular to a circle with as origin 
the conductor. 

Figure 3.4 Magnetic field around a current carrying conductor 

The direction of the magnetic field is dependent on the sense of the current through the 
conductor. From this rough analysis follows that the direction in which the spin-valve 
needs to be switched has to be perpendicular to the conductor generating the magnetic 
field. 

The chip therefore needs two orthogonally crossing conducting lines, one to apply a 
current through the spin-valve, this conductor needs to be in direct contact with the spin
valve. I will call this conductor the 'bit-line'. A second isolated conductor is necessary 
for the generation of the magnetic field and needs to overlap with the spin-valve. This 
conductor will be called the 'wordline' . 
The magnetoresistance of the spin-valve is measured along the easy axis. This easy axis 
is also the preferred direction in which we want to switch the spin-valve. Therefore it 
follows that the wordline and bit-line will be two perpendicular conducting lines crossing 
at the spin-valve. 
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Word Line 

Spin-valve 

Figure 3.5 Basic memory cell geometry 

3.3.1 Spin-valve modifications tor dynamic read-out 

Now that the basics for an integrated M.R. memory cell are laid out, I will discuss a 
modification that was made to the spin-valve to do better dynamic measurements. 
It will become clear in the next few paragraphs and the next chapter that the dynamic 
measurements are very sensitive to stray fields generated both off- and on-chip. It is 
therefore off great importance that the magneto-resistance is as high as possible. For this 
reason we have chosen to integrate exchange biased spin-valves introducing nano-oxide 
layers, which makes specular reflection possible. This type of spin-valve is discussed in 
Chapter 1. There are several advantages to this spin-valve, namely a higher MR%, 
sensitivity to the magnetic field is higher and there is a large plateau between the 
switching field of the soft and hard layer. The disadvantage of this structure is that the 
actual soft later hysteresis is not suited for the memory application that was discussed 
before. But in the light of this thesis the switching dynamics of small ferromagnetic 
structures is the important parameter to investigate and the spin-valves are used as a tooi 
to probe this dynamics through the magnetoresistance effect. The memory function is of 
little interest during the dynamic read-out and it is therefore justified to use the exchange 
biased spin-valves. [SINOO] 

3.3.2 Considerations 

There are some considerations that deserve some attention before actually designing a 
chip. First of all the measurements of the spin-valve are dynamic. The switching speed 
of a ferromagnetic layer, that has a size in the order of the spin-valve, is around 1 ns. To 
get in this region our electrical measurements will have to be in the order of around -1 
GHz. For such high frequencies extreme care has to be taken to the design of the chip. 

The main problem is that an unshielded conductor will act both as an antenna and a 
receiver for radiation. For our design the wordline will carry the varying current, so for 
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high frequencies there will be a substantial amount of radiation emanating from the 
conductor into the surroundings. The unshielded bit-line will act as a receiver for this 
radiation. This is a bad thing since the signal we want to detect has the same frequency 
as the radiation that is picked up. For small signals and large radiation levels, we will not 
be able to detect if the spin-valve is switching or not. 
Since the M.R. signal is a relatively small value it is of great importance that there is not 
too much loss of the signa! during transmission. 

The solution to these problems is to use a coaxial structure for the conductors. In a 
coaxial structure a ground conductor surrounds the signal conductor. In this type of 
transmission-line the temporal varianee is confined to the signal-path. Along the other 
axis there will be a electrostatic and magnetostatic field, i.e. there will be a electric and 
magnetic field along the other axes which decay rapidly with an increasing distance from 
the conductor. To minimize transmission losses the impedance between the conductor 
and the ground has to be matched to 50 n. This would solve the problems stated in the 
beginning of this section. 
An implementation of this type of structure is the coaxial cable used for television and 
measurement equipment in laboratories. But a cable is a 3-dimensional structure. Due to 
limitations by the processing, there are only two dimensions available for conductors on 
chips. Different layers can be stacked, but the layers themselves are just 2-dimensional 
images projected on a plane. 
lt is still possible to make a coaxial structure on-chip with the imposed processing 
limitations. The coaxial structure can be designed in two different ways. The first way is 
to use a so-called strip-line. The strip-Iine consists of different layers of stacked 
conductors separated by insulators. The impedances are matched to 50 n. 

s 

Figure 3.6 Schematical representation of the strip-line geometry 

The other structure is called the coplanar waveguide structure (CPW). As the name 
implies, the conductors are located in the same plane, separated by a dielectric like Si02 

or Si3Ni4. Again by choosing the separation between the layers the impedance can be 
matched to 50Q. 
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s 

Figure 3.7 Schematical representation of the coplanar waveguide geometry 

For each different layer or for every different material a new processing step is required. 
The strip-line geometry would therefore require five different processing steps and the 
coplanar wave-guide would require only two processing steps. 
In the designs made at IMEC we have chosen to implement the coplanar waveguide 
structure because of its simplicity in processing and the ability to measure those types of 
structures with sensitive equipment available at IMEC. 

To impedance of the CPW bas to be matebed to 50 Ohm. This is done by using following 
design formulas: 

w = {tanh( 1r77o _ ln(2) ]}

2 

d 8Z41 2 
- 3.1 

Zw is the impedance for the structure, w the width of the conductor and d the distance 
between the conductor and the ground plane. 1Jo is a material dependent on the materials 
used for the conductor. In this way we came to dimensions of w = 20 f.Jm, d = 14 J.lm. 

An added advantage of this structure is that through the nature of the intersection between 
write and sense line there will be no inductive coupling. Inductive coupling is the 
coupling of two isolated circuits through a magnetic field. lt is important in this type of 
structure that there is no inductive coupling, because the magnetic field is actually used to 
switch the spin-valve. The total magnetic flux from one circuit to another is zero for 
perpendicular crossing conductors. 

As will be seen later there is significant capacitive coupling in the system. Electric fields 
are the cause for the capacitive couplings in the system. I will discuss this coupling more 
in detail in the next few paragraphs. 

3.4 Chipdesign 

The next step towards the actual measurements is the design of a chip. This is done in a 
computer aided design program. A photo-mask is then made from this design, which can 
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be used for the processing of the samples. I will first discuss the design I started working 
on, which is the design by Liesbet Lagae. I will highlight some of its problems using a 
theoretica! circuit model and the comparison with an experimental S-parameter analysis. 
Then 1'11 come to my own design. 

MD::II 

Figure 3.8 CAD Drawing of the original mask design 

The long curved line that is seen in this design is the bit-line, the horizontal straight line 
is the wordline. The basic width of the lines is around 50 f..Lm, they become smaller in the 
vicinity of the spin-valves, and there their width is around 20 f..Lm for the bit-line and 16 
f..Lm for the wordline. The wordline totally overlaps the spin-valve. This overlap is done 
to reduce the effect of the fringing fields caused by the edges of the wordline. The 
curved structure is incorporated into the design to accommodate the dual probes for the 
measurements, I will discuss these probes in more detail in the section about the 
experimental setup. The curve does not serve any other purpose beyond making the 
structure compatible with the dual probes. 

I will now discuss briefly the different layers and in which order they are processed. The 
mask can be processed either with the spin-valves at the top of the design or with the 
spin-valves at the bottom. (Last or first processing step) I have always processed them at 
the bottom, this was done because it offers the spin-valve a relatively flat surface on 
which they can rest. It has been proven that a rough surface reduces the 
magnetoresistance of the spin-valves. [WOUOO] [SEOOO] 
The first layer is therefore the spin-valve layer. This mask has one spin-valve per cell. 
The aspect ratio of the spin-valve is varied over the sample, but this fact was not used in 
the initial experiments. 
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The second layer is a metallization layer which makes contact with the spin-valve, this is 
a part of the total bit-line. After the spin-valve contact the bit-line is grounded. 
The third layer is a layer needed to make via's in the oxide layer. These via's are holes in 
the oxide, necessary for the contact of the bit-line to the ground and for the contact of the 
two partsof the bit-lines. There arealso holes to contact the needies of the measurement 
setup to the word- and the bit-line, but they are only necessary in the reverse order off 
processing. 
The last layer is another metallization layer for the wordline, the ground and the 
remainder of the bit-line. 

3.4.1 Analysis of the chip-design 

A theoretica! analysis of this chip-design has been done with a simulation packet for the 
design of microwave transmission systems. The system was modeled with an equivalent 
scheme, consistent of lumped components. 

............ -
·~----, ~~~~~~~~--~~~~--------~-------r----~r---~ ·~--~~~ ··(.PiN· 

.cFI/I/3 

. Subst,.•CPV)JSub1 !' 
W=20.0 um 

·G,;,15.oU!n .. . 
·L*1350.0 uin · · 

Figure 3.9 Equivalent model for the chip-design 

c .. + . 
C4 · 
C=t1.3ff . 

The values for the lumped circuit elements were derived from simple model, which take 
into account the different parameters of the materials used. The resistance can be 
calculated if the thickness and the type of oxide is known. The resistance scales with the 
thickness of the oxide layer. The capacitances are derived from the model for a parallel 
plate capacitor with a dielectric in between. The following formula is used to calculate 
the capacitance of a parallel plate capacitor 

A 
Cparallel = ê, · êo · d 
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ê, is the relative permittivity of the dielectric is compared to the permittivity of vacuum. 
t:o is the permittivity of vacuum. A is the surface of the plates and d is the distance 
between them. 

The dielectric in this case was a 200 nm Si02 layer. The surface of the plates is taken as 
the overlap between the wordline and spin-vale/bit-line. The area of overlap between the 
wordline and the spin-valve is 60 ·10-12 m2

, which gives a capacitance of 
Cspinvalve = 11,3/F. The overlap between the wordline and the edges of the bit-line is 

26 · 10-12 m 2
, giving a capacitance of Cbir-line = 4,6JF. There is also a part in the design 

where the ground overlaps with the bit-line, there will be a capacitance to the ground at 
that point. The overlap with the ground is 1,3 · 1o-9 m2 and the capacitance is 
Cground = 230,1/F. Finally the curve also has two pieces which overlap, each with a 

surface area of 2 . 1o-9 m2 and a capacitance of c curve = 354 fF . 

To validate the correctness of this model I have done an S-parameter measurement with a 
network-analyzer and of the chip and compared it with a theoretically evaluated S
parameter graph evaluated by the model. The setup for doing such measurements is 
discussed in the next chapter, for now I will just compare the two graphs with each other. 
I will first explain what an S-parameter measurement is exactly. In such a measurement 
there are two points chosen in the system. These two points are called the 'ports'. From 
these ports a sinusoidal signa! is sent through and the reflected signa! is measured at the 
port, which is sending, and a transmitted signa! is measured at the other port. This gives 
us 4 S parameters, namely S11 , S12, S21 and S22 . These are respectively reflectivity at port 
1, transmission from port one to two, transmission from port two to one and reflection at 
port 2. The sinusoidal signa! is then swept over a certain frequency range, which gives us 
as a measurement a frequency scan of the transmission and reflectivity parameters. For 
the characterization of the spin-valve chip design the two ports are taken to be the start of 
the word- and bit-line. This is done because the most important parameter in the 
measurements is to have a good isolation between the two intersecting conductors. 
A comparison of the two graphs leads us to the condusion that the theoretica! model 
indeed captures the general form of the S-parameter curves that are measured. There is 
some finer detailed that is missed, but these are mainly some of the higher order effects at 
high frequencies. Since we do not measure at such high frequencies the model can be 
taken as a good first order approximation for the chip-design. 
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Figure 3.10 Comparison between theory and simulated structure. Left actual S
parameter measurement, right simulated data 

With this model it is possible to make some predictions of the electrical characteristics of 
the chip. Simulations show that for this oxide layer the resistive coupling is in the order 
of around 10 f.JV, the signals that we need to measure are around 1-10 m V in amplitude, as 
I will show later in the section about the actual experiments. The resistive coupling is 
independent of frequency, so for higher frequencies the coupling will still be 10 JiV. 
From this we can already conclude that resistive coupling will not interfere with the 
dynamic measurements we intend to do. 
The capacitive coupling is relatively low for frequencies <-1 Mhz. But the capacitive 
coupling scales with frequency, this means that the coupled signa! will become higher 
with increasing wordline signal. lf we take as a limit for the signallnoise ratio (SNR) a 
factor of 1110, the limit for the measurement is around 100 Mhz. This is of course an 
idealized situation, with the signals taken to be sinusoids. In a real measurement we have 
to taken into account that pulses are used which beside the fundamental frequency also 
contain higher frequency overtones. 

The condusion that follows from this chapter is that the measurement is limited by the 
capacitive coupling between the word- and the bit-line. Either the measurement set-up or 
the chip-design will have to be adapted, if there is to be any hope of doing a measurement 
in the switching range of the spin-valve. 
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3.4.2 Description of practical problems 

Beside the problems discussed in the previous section there are some other practical 
problems with the implementation of this chip design. These problems have more to do 
with the processing of the structure than with the measurements. These problems will be 
discussed in this section. 

A first problem that was encountered during processing was a low resistance measured 
between the wordline and the bit-line. 

-< --c 
Cl) ... ... 
::I 
0 

40x1 0-6 
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0 
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Figure 3.11 VI-Characteristic between word- and bitline 

The I-V -Characteristic in figure 3.8 clearly shows that the VI curve is not purely a 
resistance, there are some non-linearity's near the origin. For a voltage of 1 V the 
resistance between word- and bitline is - 50 kQ. For such a resistance value the shunt 
current would be much to high to detect the spin-valve signal. 

There can be several causes for such a low resistance, the first one being a bad oxide 
layer. This could for example happen in a very thin layer of oxide with a lot of structure 
in it. In that case some very thin holes could form which would act as a conduit for the 
current between the two conductors. After several tests, including surface roughness tests 
and electrical measurements this option was excluded. Another cause could be leakage 
current through the substrate. 
The samples that showed these problems were all processed on a silicon wafer. Silicon is 
semi-conductor and can conduct current with a resistance of several kQ. Another 
property of semi-conductors is that the absorption of photons allows for the creation of 
electron-hole pairs, the electron hole-pairs which don 't recombine imrnediately will be 
able to contribute to the current through the semi-conductor.. In practice this means that 
a semi-conductor will have a higher conductivity in a bright light soureethen it will have 
in the dark. These measurements were done and this property was indeed verified. 
Another argument for substrate currents, is the non-linearity of the VI-curve around the 
origin. This is an indication that a shottky-barrier is formed at the metal-semiconductor 
interface. I.e. the fermi levels of the semi-conductor will mach the fermi-level of the 
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metal, this will create a depletion layer in the semi-conductor. It is this effect that is 
responsible for the non-linearities seen in the curve. 

40x1 o·6 

-0.5 0.0 0.5 1.0 1.5 2.0 
Voltage (V) 

Figure 3.12 IV -curves for a sample processed on Si with different light intensities 

It could therefore be concluded that the low resistance values were actually caused by 
substrate currents. This problem is caused by the holes in the oxide that where designed 
for reversing the processing order for optica} access. In the reverse order they serve as 
conduits to contact the probe needles, but in the processing order used in this thesis they 
make a contact for all the conductors to the substrate. So it can be concluded that the 
reverse ordervia's are not only unnecessary but can even cause isolation problems for the 
processing of the samples. 

The next problem has already been thoroughly discussed in the previous section, namely 
capacitive couplings. These are caused by the overlap between the bit-line and the 
wordline or the ground. 

Another problem is that the conductors used have a non-negligible resistance. This 
means that if we measure the varianee in the resistance we measure the magneto
resistance in series with the conductor resistance. This added resistance is called the 
contact-resistance. For series resistor the total resistance is given by 

R iotal = R spinvalve + R contact - 3.2 

The total resistance is thus just the sum of the spin-valve resistance and the contact 
resistance. lf we measure the varianee in magneto-resistance for such a system 
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Rspinv,antip is the resistance for the anti-parallel contiguration and Rspinv,parallel is the 
resistance for the parallel configuration. lt can be seen that for a high contact resistance 
the value for .t1R will be substantially reduced as compared to the .t1R value for the spin
valve alone. lt is therefore of importance that the contact resistance is kept as low as 
possible. For a plane conductor on-chip the resistance can be calculated from the square 
resistance RsQ. The total resistance is then the number of squares that can fit in the 

surface times the square resistance. For example for a rectangle the number of square 
that fit in it would be the longest side divided by the shortest side. 

Rtotal = R SQ ·#Squares - 3.4 

On the schematic representation of the mask (figure 3.8), it can be seen that the bit-line is 
a long, narrow line, this means that there will fit a lot of squares inside of it and thus will 
have a relatively large contact resistance. The material used for the conductors is gold, 
which has a square resistance of 4,4 .Q/square. The total resistance of the bit-line can 
now be calculated and is 

RB/TUNE = 60Q 

The resistance for the spin-valves is around 100 .Q. And the typical magneto-resistance 
of the exchange-biased spin-valves is around 10%. This contact-resistance will 
therefore reduce the measured M.R. with 3.75%. 

The last problem I will discuss here is a practical limitation. The samples need markers 
to perfectly align each layer with the next. This alignment is done by hand with a special 
device. The markers consisted of small crosses to align the mask on the microscope and 
two sets of large crosses to align the sample macroscopically (i.e. when placing the mask 
in the set-up). When using this design in practice it was discovered that the markers 
present on the mask were not sufficient to do an easy alignment. For example it 
happened that the whole mask was shifted up one cell because of a misalignment. 

3.4.3 lmproved Chip-design 

All these problems lead us to conclude that a new chip-design was needed. The various 
problems were dealt with in different ways. Figure 3. shows a CAD-drawing of the new 
chip-design. The CAD drawing was done in Cadence which is a standard CAD program 
for mask layout and circuit simulation. 
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Figure 3.13 CAD Drawing of the new chipdesign 

The basic layout is still a coplanar wave-guide structure. I will talk about the different 
improvements made in this section. The first impravement is a reduction in length of the 
bit-line, this should reduce the total resistance of the bit-line and therefore improve the 
total MR%. The width of the large part of the bit-line is now 100 Jlm insteadof 50 J.Lm, 
this width is sustained as long as possible to reduce the contact resistance even further. 

The total number of square inside the bit-line is now reduced, leading to a resistance of 
-15 .Q. From this follows that the difference in MR is 1,3 %, which is substantially lower 
than in the previous design. 

The total surface of the mask has also been substantially reduced. The total cell size is 
now 2 mm by 1.7 mm. It can also beseen that insteadof 1 spin-valve per cell, there are 
now 3 spin-valves per memory cell. The spin-valves in the cell are always kept the same, 
which will allow for the gathering of some statistica! information later on. 

The alignment of the mask has been made easier by working in three hierarchical 
alignment levels. The mask consist of a matrix of cells, in the half of the matrix there is a 
200 J.Lm spacing between the cells, this creates a macroscopie cross on the design, which 
can be used to place the mask with the eye. The macroscopie cross is accompanied with 
a figure that is also visible with the naked eye, this figure is used to determine the 
direction in which the mask needs to be placed on the sample. These marks form the first 
level in the hierarchical structure. 
The corner of each cell is outlined. When the cells are combined these outlines form a set 
of crosses, which can be used to easily shift and rotate the sample in the right place. 
Fine tuning the position of the sample is done by a third level of crosses, these are 
relatively small compared with the others and are located at the bottorn of every other 
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cell. Because of their size any remaining mismatch in the alignment cao easily be spotted 
and corrected. 

The problem of the substrate current was easily solved by making one fourth on the mask 
such that it cao only be processed with the spin-valves at the bottom. This effectively 
eliminates the need for the contact holes, these holes are responsible for the substrate 
current, this was discussed lengthy in previous section. 

The previous problems were only minor inconveniences in the design, the main reason 
for designing a new chip was the cross-coupling at higher frequencies. As was already 
seen in the theoretica! analysis, this performance degradation is caused by parasitic 
capacitances between the word- and the bit-line. Therefore there has been more thought 
put into the reduction of these capacitances. There are several ideas put into the mask 
that could lead to a reduction of the capacitance value. 
The first is to reduce the wordline width. A smaller wordline width has several 
advantages, namely less overlap between the two conductors, which means a smaller 
parasitic capacitance. Another advantage is that the same current through a smaller 
conductor creates a larger magnetic field around the conductor. Therefore a smaller 
current cao be used to create the same magnetic field as before, and since the coupling 
scales with the amplitude of the current this would meao the coupled signal would be 
lower. The disadvantage of this method is that the wordline does oot fully cover the spin
valve, this could means that the spin-valve will oot switch completely leading to a 
reduction in the measured magnetoresistance. 
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Figure 3.14 Attenuation from word- to bitline versus frequency. For different wordline 
width. 
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1t can be seen that reducing the wordline width can indeed have a substantial effect on the 
transmitted signal from wordline to bitline. For a 5 J1m wordline width, the reduction is a 
high as 20 dB at 1 Ghz, when compared to a 20 J1m wordline. 

A second approach is to reduce the overlap between the word- and bit-line by reducing 
the surface area of the bit-line in the vicinity of the spin-valve. This is done by increasing 
the angle in which the bit-line varies from it's own width to the spin-valve width. 

Figure 3.15 Comparison of the changes made to the bitline contacts 

This approach can only reduce the two end capacitances in the model, the capacitance to 
the spin-valve is still unchanged, we can therefore predict that this approach will only 
have a slight result on the coupled signal. But because the variation to the spin-valve is 
much smoother, there should be less reflection at the interface, creating a slightly higher 
output signal. 
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Figure 3.16 Attenuation from word- to bitline against frequency. Bit-lines are varied. 
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Figure 3.9 indeed shows the predicted behavior. The capacitive coupling reduces when 
the bitline overlap decreases, but only slightly. At 1 Ghz the attenuation changes by a 
value of -3 dB from the biggest to the smallest bit-line overlap. The change is not as 
high as the varianee for the wordline, but a -3 dB chance still means a the coupled signal 
is halved. 

lt should be clear by now that reducing the surface overlap between the conductors is the 
easiest way to improve the SNR and reduce the capacitive couplings at higher 
frequencies. 

There arealso a lot of parameters varied in the chip-design, namely the spin-valve aspect 
ratio, form and size. Also the bit-line contact angle was varied as was the wordline width 
and the shield size. In Appendix A I will give an overview of all the parameters varied. 

3.5 Processing steps 

The chip-design now bas been thoroughly discussed. The next step towards a working 
chip is processing. Processing means the combination of the different layers to a working 
chip. I will discuss bere the different steps that have to be done and the difference in 
processing for the different layers. I will discuss the layers in the order that I have always 
processed them. 

Processing starts from a blank substrate or, as it is also called, a wafer. As substrate we 
have used both GaAs and Silicon. During experiments it became clear that the Silicon, as 
used in our laboratory, was unsuited for high frequency measurements, this is why all the 
measurements presented in this thesis are done on wafers made of GaAs. 

The first step in the processing run is the deposition of a spin-valve on the wafer. This is 
done in a physical vapor deposition set-up (PVD), more specific the PVD process used is 
sputtering. In a sputtering set-up a target is bombarded with particles from an ionized 
gas, these particles impact on the substrate surface where they free some of the substrate 
atoms. These atoms form a vapor and migrate to all directions, the atoms that come in 
contact with the wafer they will start to form a thin layer of the substrate materiaL With 
this techniques it is possible to control to growth of very thin layers. The spin-valves 
used require a combination of different layers. lt is explained in the previous chapter 
which kinds of materials have to be used to make a spin-valve. I will quote bere the 
exact combination of layers used for the spin-valves in this thesis. 

Ta (2 nm) I NiFe (2 nm) I CoFe (1.5 nm) I Cu (2 nm) I Nano Oxide Layer I CoFe (1 nm) I 
Mnlr (10 nm) I Ta (2 nm) 

The spin-valve material, that was deposited, bas to be pattemed to make a working chip. 
This patteming is done with a photolithography step. Photolithography is the process in 
which a sample is covered with a chemica! substance, called resist. The bonds between 
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the molecules in this substance change when exposed to light. The sample is then 
covered with the mask made from the chip-design in the CAD program and exposed to 
hard ultra-violet radiation. After this exposure a development step follows, analogous to 
the development of a photo. In this step the resist that was exposed to the radiation, i.e. 
covered by the pattem of the mask, is wasbed off. It should be noted that the inverse step 
also exists. Meaning that there is a type of resist for which the bonds of the exposed part 
become weaker. Therefore only the unexposed part remains after development. The 
resist used for this type of lithography is called image-reversal resist. 
There are basically two steps that can be done with photolithography, an etching process 
or a lift-off process. For the etching step it is required that first the material for the layer 
is deposited on the chip. The parts that have to remain on chip are then covered with 
resist and the sample is put in an etching device, which etches away the unprotected parts 
of the chip. After the etching step the resist is removed with acetone and the sample is 
cleaned afterwards in isopropyl alcohol. 

Resist Development Etching Cleaning 

Figure 3.17 Photolithography steps required for etching 

The other metbod often used in photolithography is lift-off. With lift-off the resist is 
placed first on the sample. After the development the material for the layer is deposited 
on top of the resist. The sample is then placed in an ultra-sonic bath filled with acetone. 
The acetone is a solvent for the resist, thus that part which had still resist on it will be 
wasbed away, together with the material that was deposited on top of it. Afterwards the 
sample is cleaned again in isopropyl alcohol (lP A). 

,, 
Resist Development Deposition Lift-off 

Figure 3.18 Photolithography steps required for lift-off 

Table 1 Mask-type needed for different photolithography methods 

Mask-Type needed Etching Lift-off 
Positive Resist Light Field Dark-Field 
Image Reversal Dark-Field Light Field 
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A dark-field mask in table 1 means a mask in which the structures that are to be kept are 
left open. In a normal or light field mask the structures are covered. The etching steps, 
needed for this chip, require positive resist and the Iift-off steps image reversal, it follows 
that each layer in the mask is positive. This is not true for the oxide layer since the 
structures we havedrawnon the mask are actually the holes in the oxide layer, therefore 
the oxide layer is a dark-field on our mask. 

The spin-valves are patterned using an ion milling etch step. It should be clear which 
photolithography steps are needed from the above treatment. 

Next the spin-valves need to be contacted by the bit-line. The bit-line contacts are 
patterned with a Iift-off step. These contacts consist of three layers namely, 10 nm TiW I 
150 nm Au I 10 nm TiW. The conductor used for the bit-line contacts is the gold layer, 
the TiW layers are used to assure a good bond between the gold layer and the 
substrateloxide layer. 

Next an isolation layer is needed between the spin-valve and the wordline. The two 
possibilities that were tried were Si02 and ShNi4. ShNi4 has the highest resistance of the 
two isolators, but also has a higher permitivity, which leads to a higher parasitic 
capacitance between the wordline and bit-line. It was already seen that the limiting factor 
where not the resistances, but the capacitances, it is therefore that we have chosen to use 
Si02 for most of the samples. I will present a quick comparison between the two oxides 
in the experiments though. The holes in the oxide are dry-etched with CF4. It should be 
noted that CF4 not only etches the oxide or nitride but also TiW, a slight overetch will 
therefore expose the gold layer that was previously covered by TiW. 

The last layer required is for the ground, wordline and the upper layer of the bit-line. 
These are again conductors and again gold is used as conductive material. It is 
unnecessary to have TiW on top this time, because since it is the last step there won't be 
any material on top to bond to. The layer is this 10 nm TiW, 250 nm Au. The gold layer 
is thicker this time to ensure a good conductivity of the ground. The patterning is again 
done with a lift-off step. 

Figure 3.19 From left to right. Patterned spin-valve. Bitline Contacts. Passivation 
+ Top-Contacts 
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3.5.1 Practical processing problems 

The framewerk is now set to begin the experiments and the analysis of the chip. Before 
going to this step I want to point out some practical problems that were encountered 
during processing. This is in my opinion important because if one is ignorant of these 
problems, a lot of time can be lost figuring out what is wrong. 

One of the main problems encountered has already been discussed earlier, namely the 
resistive coupling between word- and bitline. lt has already been discussed that substrate 
currents caused this coupling and there is no need to repeat the analysis of the problem 
he re. 
Another problem was a bad contact from the upper bit-line level to the lower. This 
problem was easily identified to be the holes in the oxide layer. These holes were not 
properly etched and the two partsof the bit-line did notcontact each other. The cause for 
this was a bad controllability timing for the wet etching of the holes with HF. lt is 
therefore that we switched to dry etching with CF4. The switchover effectively 
eliminated the problem. 

After or between processing steps the sample sometimes needs to be cut up into different 
parts to apply for example varying oxide thicknesses. This is done by scratching the 
surface with a sharp needle, which introduces a defect in the crystal. The sample will 
break along this line, if a small force is applied to the back of the defect. After the 
sample is broken it is rinsed in Acetone and lP A. The following two picture show the 
break-line of the sample and the other edge of the surface. lt should be clear that even 
after rinsing the sample a lot of material still remains on the sample. This is unacceptable 
for the processing of small structure close to the edge, like for example spin-valves. The 
defect would seriously distort the shape of the spin-valve or even destroy it. lt can be 
concluded that a better rinsing step is needed, suggested is a treatment of a few minutes 
in an ultra-sonic acetone bath. 

Figure 3.2 Dirty edge on the left. Edge cleaned in ultra-sonic bath on the right. 

A last problem that was encountered had to do with annealing the sample. After this 
annealing step the once smooth conducting layers could be full of bubbles. A study was 
done of this phenomenon and as it seemed these bubbles were formed because the oxide 
layer would loose it' s bond with the substrate. The following picture shows this structure 
as seen through a microscope on a 10 times magnification factor. The picture below that 
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shows what happens when a probe needie is places on the sample. lt should be clear that 
the bond is completely lost and the needie just scratches the material off the surf ace. 

Figure 3.3 Bond problems experienced on the samples. The yellow surface is the 
gold layer. 

Six samples were prepared to test the cause of this problem. Three on a silicon substrate 
and three on a GaAs substrate. A oxide layer foliowed by a gold layer was deposited on 
each of them. The parameter that varied was the oxide type. For the both substrates Si02 
deposited at 150° C and 250° C was tested, as was Si3Ni4 deposited at 250° C. 

Table 2 Bonding problems on different samples. 

Bond Problems? Si02 (150° C) Si02 (250° C) Si3Ni4 (250° C) 
Silicon No No No 
GaAs Yes No No 

Table 2 shows that these bonding problems are only caused on a GaAs wafer with Si02 
deposited at 150° C. This is done because at 250° C the easy axis off the spin-valve can 
be changed. Therefore a deposition of an isolator at 250° C would require an annealing 
step each time. But as is seen now the lower temperature deposition on GaAs totally 
eliminates the change to do any annealing after the sample is ready, which would mean 
that any mistakes in the alignment of the easy-axis can't be corrected afterwards_ lt is 
therefore that it was decided to switch to Si02 deposited at 250° C. 
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4 Analysis of the Dynamics of integrated MR elements 

4. 1 Introduetion 

Now that the chip has been analyzed, it is time to start the study of the dynamics of the 
magneto-resistive element. I will start with a theoretica! analysis of the elements. This is 
done with the micromagnetic simulator, which was discussed in chapter 1. Since the 
important layer for switching in the spin-valve is a ferromagnetic layer, I will start with 
the analysis of a ferromagnetic layer. The layer is chosen to be permaHoy (NiFe). This 
is the soft layer of the spin-valve and therefore the important layer in the dynamic read
out behavior. 

4.2 Simulations of the dynamic behavior of a ferromagnetic layer 

The dynamics of the layer has been theoretically investigated on a rectangular permaHoy 
element of 1 Jlm by 4 Jlm. This sample has been used as a reference, some parameters 
were varied and the influence studied on the dynamic switching behavior. It should be 
clear from the theory that the important parameters depend on the different energy 
contributions. The relevant parameters can be split up into material parameters, (i.e. the 
damping factor of the material, the anisotropy or induced anisotropy axis and the 
exchange constant of the material), the geometry of the sample and the extemal field. I 
will discuss each of these points in a separate section. 

4.2.1 Standard simuiatien and some general observations 

Before starting the entire set of simulations we have defined a 'standard' structure. This 
means a basic structure from which we start with a given set of parameters. Some 
parameters of the standard structure are then varied, and the influence of these parameters 
can then be checked against the orginal simulation. In this first section I will define this 
standard structure, give the chosen parameters and show the simulation. I will also give 
some general observations made during the simulations, explaining these should make it 
easier to interpret the data later on. 

x 

y 

Figure 4.1 Magnetization in the x-direction over the sample. 
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Figure 4.1 shows the structure of theelementand it's magnetization in remanence. The 
x- and y-axis are defined on the sample. So the y coordinate increases when we go from 
the top of the sample to the bottorn and the x coordinate increases from the left to the 
right. The magnetization vector components are plotted on three different graphs, one for 
each possible direction of magnetization (x, y and z). The x-direction of magnetization is 
shown bere because this contains the most useful information for us, we are namely 
interested in the switching behavior from the positive to the negative x-direction. The 
color is normalized so that the highest value of magnetization is white and the lowest 
value ( or most negative value) bas a black co lor. The intermediate values of 
magnetization are the shades of gray. For this picture the maximum magnetization value 
is entirely in the x-direction and the lowest value is zero at the boundaries. Therefore 
white is total magnetization in the x-direction and black is zero magnetization in the x
direction. 

Figure 4.2 Vector plot of magnetization in the xy-plane (Upper left corner of the 
standard cell) 

Another type of output picture from the simulation is a vector plot of the magnetization in 
the xy-plane. This is shown in Figure 4.2. The magnetization is now represented by little 
arrows pointing in direction of the magnetization. Shorter arrows mean that the 
magnetization is turned out-of-plane, i.e. in the z-direction. This is a more intuitive view 
of the magnetization because it immediately shows the information for the x- and y
direction. lt is also shows the absolute value of the magnetization, whereas the black & 
white plots only show relative values. These vector-plots take up a lot of space though, 
so I will only resort tothem were necessary. 

The material simulated was permalloy, this was done because the soft layer of the spin
valve used for the experiments is also a permalloy layer. The size of the standard 
element is 2 J.1m (x-direction), by 0.5 f.1Jn in the y-direction and a thickness of 20 nm. lt 
was discretized over a regular rectangular grid of 128 by 32 points in the x-y plane and 1 
point in the z-direction. The anisotropy axis of the sample is chosen along the x
direction, but we have chosen the anisotropy constant to be zero K = 0 . This is 
motivated by the fact that the permalloy layer that is sputtered in the group is 
polycrystalline, therefore the anisotropy 'averages' out over the entire sample. Because 
of this averaging and since the anisotropy value is already small to start with it is a 
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reasonable approximation to chose it zero. The exchange constant is chosen to be 

11 / 7 rad A= 1.3 -10- J m, the gyromagnetic ratio y = 1.76 ·10 -·oe and the damping 
s 

constant (alfa parameter) a= 0.3. The initia! magnetization of the sample is completely 
in the positive x-direction. The sample is first allowed to reach an equilibrium 
magnetization state by applying zero extemal field during the first 5 ns of the simulation. 
After 5 ns the magnetic field switches immediately (i.e. step pulse) to the negative x
direction, with a pulse amplitude of 50.000 Alm. 
I will usually present this data as a plot of the total magnetization in the x-direction 
versus time. This gives an intuitive view of the total switching behavior and is also 
correlates to the output of the experiments (which gives the relative magnetization of the 
soft layer versus the hard layer), so comparing the two graphs is straightforward. 
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Figure 4.3 Total magnetization in the x-direction versus time. Two magnetization 
states are shown during the respective phase of switching. 

Figure 4.3 shows the result of such a simulation for the standard cell. lt can be seen that 
after 5 ns the element starts to switch to the negative magnetization state, the switching 
process takes -2 ns. With total switching time we mean the time from total equilibrium 
in the positive direction to equilibrium in the negative direction. lt is seen that the 
switching behavior slows down around -6 ns. Before discussing this in more detail, I 
will first explain some general observations, which make the switching process more 
intuitive to understand. 

The first observation is that the domain growth in the elements nucleates from 'stress' 
points. With this I mean points in which the local magnetization already makes an angle 
with the x-axis. Stress points are usually corners of theelementor certain imperfections. 
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Figure 4.4 Upper left corner of a rectangular element. Left equilibrium before 
switchin. • Right A few timesteps after the field pulse 

In Figure 4.44 the rotation is shown just after the field pulse, it is seen that the rotation 
and domain growths start from the 'stressed' corners in the equilibrium magnetization 
before switching. Another important fact is that the rotation direction is determined by 
the initial direction of the stressed magnetization volume elements. If the magnetization 
veetors in the corner make a negative angle with the x-axis then the rotation will go 
clock-wise, in the case of a positive corner the magnetization will turn counter-clockwise. 
This can be explained by the fact that the energy always is as low as possible, now if the 
elements turn in the other way they would have to gain energy first by doing work against 
the external field, which would be unfavorable. 

Another important observation is that two domains that meet, and which are turning in an 
incompatible way (for example one domain is turning clockwise and the other is turning 
anti-clockwise), will create a high-energy wall that slows down the rotation. This is 
because one domain forces the wall to turn clockwise, while the other domain is forcing 
the wall toturn anti-clockwise, this slows down the rotation considerably. I will term this 
fact 'incompatible domain rotation'. 
Another important fact, related to incompatible domain rotation, is the creation of 
vortices. These vortices are created when incompatible domains meet in such a way that 
at their interface they create a high-energy vortex. This is usually the case when four 
domains meet that each have a magnetization that is tilted 90 degrees from the next 
domain. An example of this is shown in figure 4.5. 
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Figure 4.5 Example of a vortex created through incompatible domaio rotation 

With these facts it is now easier to understand the results in figure 4.3. The initial 
magnetization reversal is caused by the growth of the end-dornains towards the center of 
the sample, once the rotating domains meet at the center the reversal is slowed down 
because of incompatible domain rotation. ( each of the corners has a different rotation at 
start) This explains the slowdown seen at around 6 ns. The magnetization states during 
the different phases of switching areshownon the graph in figure 4.3. 

4.2.2 lnfluence of material parameters on the standard switching process 

4.2.2.1 Alfa Parameter 

The speed of the relaxation towards equilibrium is defined by the damping factor. The 
damping factor, which is the a parameter in the LLG equation, can be thought of 
analogous toa viscous fluid. A high aparameter is equivalenttoa high viscosity, i.e. the 
relaxation towards equilibrium will be slow, but a lot of energy is absorbed during the 
relaxation. Think of this as a iron bead dropped in a bucket of a highly viscous material, 
the bead will loose a lot of speed during its deseend and be at rest when it touches the 
bottom, meaning that it has lost all of its initial kinetic energy. In a fluid with a low 
viscousity the bead will still hounee up, meaning that the fluid absorbed not all of the 
kinetic energy. The same goes for a ferromagnetic system, if the a parameter is high 
enough the system will have lost all of its energy when reaching the equilibrium state, 
this is called an overdamped system, the case where the system has not lost all of its 
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energy at equilibrium is called on underdampened system, for this case the magnetization 
will oscillate around its equilibrium state before coming to rest, i.e. losing all of its 
remaining energy. The case in which the system loses just enough energy to reach 
equilibrium is called the critica! damping, it should be clear that this state is preferred 
because it will have the highest switching speed. In a real material it is not known how to 
'engineer' the a parameter to optimize the switching speed, but in the simulator this can 
be done quite easily. 

A pulsein the x-direction results in no oscillatory behavior. This is due toa relative slow 
magnetization reversal. This result in figure 4.6 a shows that the alfa parameter has 
almost no influence when incompatible domain rotation is occurring. Also very low alfa 
values (a= 0.01) creates an instability in the element. The system is so nervous that the 
magnetization becomes randomized by any slight perturbation e.g. a numerical one. 
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Figure 4.6 Magnetization in the x-direction versus time for different alfa 
parameters. Left simulation (a) pulsein the x-direction. Right simulation (b) 
pulsein the y-direction. 

Simulation 4.6 b shows the result for a pulse in the y-direction. The pulse is given at 0.5 
ns, the pulse amplitude is 50.000 Alm. This introduces coherent rotation in the direction 
of the pulse. For this simulation an oscillatory effect with oversboot is seen for the lower 
a value as is expected. What happens is a coherent rotation around the effective field that 
has a large y component, foliowed by a relaxation towards the y direction. There is a 
campromise between fast switching and small oscillations, this should be the critica! 
damping value of alfa. 

4.2.2.2 Anisotropy 

It has already been seen that anisotropy defines a 'preferred' direction along which the 
magnetization will tend to align. This direction is defined by the anisotropy axis and the 
strength of the interaction is defined by the anisotropy value. It is interesting to see how 
a sample reactstoa change in the anisotropy or it's axis. 
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Figure 4. 7 Magnetization in x direction versus time for different orientations of 
the anisotropy axis 

Figure 4.7 is a simulation of different orientations of the anisotropy axis. 8 is the angle of 
the anisotropy axis with the x-axis. So an angle of zero means that the anisotropy axis is 

parallel to the x direction. The value for the anisotropy is K = 500 
1

3 
• Which is the 

m 
anisotropy fora crystalline slap of permalloy. The element is rectangular with a size of 2 
Jlm by 0.5 Jlm. The extemal field is a step response, which switches from 0 Alm to 
50.000 Alm at 5 ns. The direction of the extemal field is in the negative x-direction. The 
results show that a slight tilting of the anisotropy axis reduces the switching time 
considerably. The largest values for the switching times are obtained for a anisotropy 
that is directed along the x-direction or the y-direction of the rectangle. 
This is because a tilted angle will create an asymmetry in the rotation. Consicter first a 
symmetrical rotation, in this situation there are as much spins rotating along the +y side 
as along the -y side. Where those two 'incompatible' domains meet a high-energy wall 
is created that rotates very slowly. Fora assymetric rotation these high-energy walls will 
be avoided or pushed towards the side of the sample where they lose a lot of their energy, 
therefore the rotation will move faster for the 'assymetric' case. 
In practice such an assymetric rotation could be created by inducing an anisotropy axis 
e.g. by annealing or depositing in a magnetic field. 
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Figure 4.8 Left assymetric switching case - Right symmetrie switching case. 
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4.2.;3 lnfluence of geometry 

The influence of geometry is of importance for the magnetostatic energy, it has already 
been seen that the magnetostatic energy is a long ranged force and that the energy 
contributions depend on the shape of the edges, even for very large samples. Therefore 
the study of the sample geometry will be a study of the magnetostatic energy. For 
relatively large samples the magnetostatic energy will have the largest total contribution. 
lt will be seen that this term can indeed have a substantial effect on the switching 
behavior. 

4.2.3.1 Size 

A first aspect that was studied is the influence of the size of the sample. The standard 
aspect ratio that is investigated is one by four. This is then rescaled and the influence of 
size on the switching behavior is investigated. 
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Figure 4.9 Magnetization in the x-direction versus time for different sample sizes. 

A first observation from figure 4.9 is that the elements become harder when sealing 
down. 1t is seen that the smaller elements hardly switch or after a very long time of 
pseudo stability. This is caused by the decreased magnetostatic energy of the entire 
sample. This means that the exchange energy has a larger relative influence on the 
sample and tends to align the spins in the same direction. A pulse in the opposite 
direction has to work against this exchange energy and cannot rely on the canted spins 
caused by the demagnetization field on which it could have put some torque. 
For the larger samples the switching speed is more or less the same, apart from some 
differences in the overall switching behavior, e.g. more or less domains being created 
during reversal. 
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4.2.3.2 Aspect Ratio 

A second important geometrical parameter is the aspect ratio of the sample. The aspect 
ratio is the ratio of the length of the rectangular element to the height of the element. 
This will change the relation of the magneto-static energy in the x and the y direction. 
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Figure 4.10 Total magnetization in the x-direction versus time 

Figure 4.10 is plot of the magnetization in the x direction. During the first 5 ns, the 
extemal field is zero, after 5 ns an extemal field of -50000 Alm is applied (i.e. a field of 
50.000 Alm in the negative x-direction). 

The results indicate that a sample with a large aspect ratio will switch at a slower rate. 
This can be explained by noting that for such a sample the shape anisotropy or the 
magnetostatic energy pins the magnetization harder to the x-direction, so a larger field 
will be required to switch the element. As will be seen later the switching time scales 
with field amplitude, therefore an element that is harder to switch will have a longer 
switching time for the same field amplitude then a softer element. 

Another result that is clear from the graph is that a smaller aspect ratio will have a lower 
total magnetization in the x-direction in the remanent state Gust before the pulse is 
applied) . This is due to a smaller shape anisotropy in the x-direction, and therefore the 
elements will tend to have domains with magnetization along the y-direction. In the 
extreme case, ciosure domains are formed in the remanent state. 

4.2.3.3 Sample Thickness 

So far only the x-direction and y-directions have been varied, but the sample also has a 
thickness (the z-direction). So far this thickness was 20 nm, the magnetostatic energy in 
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the z-direction will therefore be negligible. It is therefore interesting to do a simulation 
where the thickness is varied, i.e. where magnetostatic energy is added in the z-direction. 

Figure 4.10 shows the result of this simulation for 5 different thicknesses. It is apparent 
from this graph that there is a difference in switching behavior for the sample with 
thickness of 80 nm and those with a higher thickness. This is caused by a different initia! 
condition of the magnetization, for the thicker samples the rectangle tends to have a 
multidomain type of domain structure whereas the thinner sample just has some end
dornains that are formed in the corners. These domain structures are shown in figure 
4.12. In the thicker samples the energy landscape has more local minima such that the 
simulation can give different local minima domain configurations as a result. 
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Figure 4.11 Magnetization in the x-direction versus time for different sample 
thicknesses 

This different domain structure explains the difference in switching behavior. Some of 
the domains in the multidomain structure are already rotated out of plane, when the 
switching pulse occurs at 5 ns these two large domains switch vary rapidly, hence the fast 
initia! magnetization reversal when the switching pulse is applied. For the thin sample 
the reversal starts from the edges in different domains that counteract each other, which 
slows down the switching speed of the element. Another observation from the graph is 
that the magnetization before switching becomes lower for higher thicknesses, which is 
an indication that the multidomain state become more pronounced at a higher thickness. 
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Figure 4.12 Upper - domain structure for 80 nm thickness I Lower - Domain 
structure for 320 nm thickness 

4.2.3.4 Shape 

Also a comparison bas been made between different shapes and imperfect rectangles. 
This was done to get an impression of which shapes best to use or to avoid when one 
wants to optimize in terms of switching speed. 

' ---~ ----;~ _( __ ) 
Figure 4.13 Simulated shapes - Ellipse - Tapered edge - Rounded Edge - Triangle 

The first three shapes are derived from the standard rectangular element by keeping the 
area constant and only changing the exact shape. They show some varianee in their 
switching behavior, the best performance is achieved by the tapered element. The 
slowdown in switching speed with the rounded edge element is caused by symmetrie 
switching from the four corners, this creates a stabie center domain that is hard to drive 
out. 
The triangle (with a double area) bas the worst performance of all tested elements. This 
is because of a stabie vortex that is very hard to drive out. 
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Figure 4.13 Magnetization versus time for different shapes 

4.2.3.5 Defects 

-59-

lt has already been seen that magnetization reversal starts from the edges. This is what 
we call the stress points, because the spins are already stressed in these positions and 
tumed away from the positive x-direction. lt is therefore plausible that introducing extra 
stress points could increase the switching speed. These extra stress points are added by 
introducing some controlled defects into the structure. 

Figure 4.14 Different defects introduced into the structure 

Figure 4.14 shows which defects were simulated. lt was indeed observed that switching 
also occurred from these controlled imperfections. The results for the total magnetization 
are shown in figure 4.15. Due to the imperfections, the central domaio has disappeared 
which limited the switching speed for a normal rectangular element. But the switching 
speed is still in the order of -2 ns. This is due to incompatible domain rotation, where the 
domains from the edges and the domains from the imperfections are tuming in other 
direction creating high energy walls that rotate relative slow. There is not much 
difference between the switching behavior of the different imperfections. Only the edge 
defect simulation shows a slightly different behavior, which is due to vortices at the low
angle corners. 
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Figure 4.15 Magnetization versus time for the different simulated defects 

4.2.3.6 Coherent switching through shape anisotropy 

So far we have seen that mainly incompatible domain rotation and vortices are 
responsible for the relative low switching speed of the elements. To ensure a high 
switching speed the magnetization in each volume element would have to turn in the 
same direction, i.e. the preferred reversal mode is through coherent rotation. The 
question that arises now is: 'Is there a shape of structure for which coherent rotation 
occurs in a sample' . It is indeed possible to define such a structure, as I will show in this 
section. 

Figure 4.16 Structures suited for coherent switching. Left coherent sample. Right 
coherent 2 sample. The difference between the two is the angle of the horizontal 
edge with the x-direction. 

Figure 4.16 shows the structures that were used to induce a coherent rotation. The 
motivation for these types of structures comes from the simulation of the defects. There 
it was seen that introducing defects introduces stress at the edges from which nucleation 
occurs. The direction of the edge determines the initia! angle of the magnetization and 
therefore the direction in which reversal will occur. Now for this structure we chose to 
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tilt the horizontal angles parallel to each other and cut-off the edges at the ends. When 
this is done the initia! magnetization will be tilted along the same direction along the 
edges of the sample. Once the reversal pulse is applied the magnetization will turn in the 
same direction along the edges, inducing a close to coherent rotation. 

Figure 4.17 Upper left corner of the sample showing the equilibrium magnetization 
before switching 

The simulation results are shown in figure 4.18. An increase in switching speed is clearly 
observed for these samples. This indicates that coherent switching is indeed going on. 
The coherent switching behavior was indeed confirmed by checking the vector plots after 
the simulation. A comparison between the switching speed of coherent and coherent 2 
shows that the angle of the horizontal edges with the x-axis also has some influence on 
the switching speed, which could indicate that there is an optimum angle for which the 
switching time is shortest 
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Figure 4.18 Magnetization in the x-direction versus time. Coherent rotation 
samples compared with the standard case 
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4.2.4 lnfluence of external field 

4.2.4.1 Amplitude 

The amplitude of the external field is the parameter that can be adjusted most easily in 
real experiments. This is an important parameter to investigate, because it determines the 
amount of external energy that is 'pumped' into the ferromagnetic system. 
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Figure 4.19 Magnetization in x-direction versus time for different external field 
amplitudes 

lt can be seen that for higher amplitudes the initial switching rate is faster then for lower 
amplitudes. The four corners act as nucleation sites. There is some slowdown at the end 
though, but this is due to symmetrie nucleation at the four corners which creates a high 
energy center domain wall while switching and which is very difficult to drive out of the 
structure. 

For amplitudes below 30.000 Alm the switching rate has a dual behavior, an initial very 
slow decay, followed by a sudden increase. The slow decay is due to the shift from a 4 
corner nucleation to an end-domain nucleation configuration. This contiguration makes 
the element easier to switch since there is less incompatible domain rotation at the ends. 

Figure 4.20 Left - 4 corner nucleation (high field amplitudes )I Right - End domain 
nucleation (low field amplitudes) 

4.2.4.2 Rise time 

For this simulation we again use the standard structure but the external field pulse was 
changed from a square-pulse toa pulse, which varies linearly from 0 Alm to 50.000 Alm. 
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The time over which this happens is varied from 1 ns to 5 ns. The pulse is applied in the 
negative x-direction and the initial magnetization of the permaHoy element is in the 
positive x-direction. The external field starts to switch after 5 ns. The results of this 
simulation are shown in the picture below. 
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Figure 4.21 Magnetization in the x direction versus time for different rise 
times. 

A first general condusion is that the speed of reversal is directly proportional with the 
risetime of the pulse. 

Th ere are a couple of additional features that I try to explain now. 
The results of the previous paragraph show that there is a slow reversal mechanism for a 
relative low pulse and a faster reversal mechanism for higher field pulses. Translating 
this previous condusion to a ramped pulse would suggest that a fast magnetization 
reversal only starts after the external field has reached a certain threshold value, i.e. the 
magnetization reversal has a certain offset which increases with slower rise times. 
From the 5 ns pulse we can get an estimation of this level for the 2 by 0.5 f1m element. 
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Figure 4.22 Magnetization and external pulse versus time 

Figure 4.22 gives an estimation of the field amplitude necessary to switch over to the 
faster switching regime. The amplitude needed is about 30.000 Alm. 

4.2.4.3 Pulse Angle 

The pulse angle has also been varied. This is an important parameter because the torque 
can 'force' the spins in the material to undergo a coherent rotation. This means all the 
spins will turn in the same direction. This will eliminate vortices and incompatible 
domain rotations, which are the main causes for the slow down in switching speed. It can 
indeed beseen that the switching time has decreased from -lns to -240 ps. 
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Figure 4.23 Mx versus time for different angles of the external field 

Figure 4.23 shows the result of the simulation, 8 is the angle between the extemal field 
and the x-axis. The amplitude of the field pulse was -50.000 Alm. The element is a 2 by 
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0.5 f.1Jn rectangular element that is initially magnetized along the positive x-direction. 
The fieldpulseis applied after 5 ns. 

That coherent switching is indeed going on can be seen from the simulation results, a 
vector plot of the magnetization during switching, shows that all the veetors rotated along 
the same direction namely they all tumed the shortest angle from their initial 
magnetization to the extemally applied field. 

Figure 4.25 Vectorplot of XY -plane magnetization 

4.2.4.4 Real circuit switching 

A related experiment to applying the field under an angle in a real integrated circuit is 
using the word- and bitline for giving sequentia} orthogonal pulses. In this simulation we 
have given a pre-pulsein the y-direction, directly foliowed by a pulsein the x-direction. 
This should also induce a coherent rotation, since the pre-pulse rotates all the spins in the 
negative y-direction (for an extemal field in that direction off course). The x-pulse then 
rotates the spins further in the negative x-direction. 
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Figure 4.26 Magnetization versus time for different preputse amplitudes 
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The pre-pulse is given in the positive y-direction, this was done for several different 
amplitudes. The pre-pulse starts at 4 ns and stops at 5 ns. The actual switching pulseis 
given in the negative x-direction, the amplitude of the switching pulse is 30.000 Alm. 
This lower value was chosen to highlight the difference in switching time for the different 
pre-pulses. Figure 4.26 shows the results of this simulation and leads us to several 
conclusions. First a decrease in switching time is indeed observed, a look at the graphical 
simulation data shows that this is indeed caused by coherent rotation. Several remarks 
have to be made though. First of all the decrease in switching time is not significant 
below a certain pre-pulse threshold, this becomes clear when looking at the pre-pulse 
amplitude of 10.000 Nm. There is almost no speed-up for this case compared to the 
standard case. Secondly the increased switching process (30.000, 50.000 Alm) shows a 
dual behavior, there is a part which switches very fast, in the order of 100 ps, after witch 
the switching of the element slows down. This is caused by a very fast initial rotation of 
the center domains, however once these are switched there are some edge domains left, 
which are very hard to switch, causing the slow down in switching-time. 

4.2.4.5 Frequency 

Sometimes a spin-valve will have to work in a fast varying magnetic field, it would 
therefore be interesting to see how the response is of such an element in a harmonie field. 
This was simulated using an extemal field in the x-direction that switched between 
+50.000 Alm and -50.000 Alm, i.e. we applied a square pulse extemal field with several 
different frequencies . It is expected that for high frequencies the elements don't switch 
entirely. Results are shown here for simulation done at 100 MHz and 1 Ghz. 
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Figure 4.27 Magnetization in the x-direction versus time. Left 1 GHz external 
field, right 100 Mhz external field. 

The simulation at a frequency of 1 Ghz clearly shows that the magnetization doesn' t 
switch to the negative x-direction. As can be seen from the 100 MHz simulation, this 
behavior can be expected, the total switching time namely, is around 2.2 ns, translating in 
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a maximum frequency of -450 Mhz. The switching for the 1 GHz simulation is not very 
stable, meaning that the maximum and minimum for the magnetization changes per 
period. This would mean that incomplete switching in a real measurement could cause 
extra noise due to these continually shifting peaks. 
Another condusion from this simulation follows if we compare the 100 Mhz simulation 
in figure 4.9 to the standard case (i.e. instead of an extemal field of 50.000 Alm during 
the first 5 ns, the standard case has a field of 0 Alm). The standard case has a switching 
time of -1 ns, whereas bere we have a switching time of -2 ns. This is an indication that 
the initia! conditions determine the switching behavior and can have a substantial result 
on the total switching time. 

One additional remark: The frequency response doesn't characterize the whole switching 
process, because this is a highly nonlinear system. 

4.2.4.6 Precessional switching 

A recent suggestion to increase switching speed is to use precessional switching. This 
idea has its roots in the treatment of a single spin, or an ensemble of quasi non-interacting 
spins. lf an extemal field is applied the spin will start a precession motion around the 
extemal field field. (See figure 4.28) 

Figure 4.28 Precessional motion of a spin around the external field 

It has already been seen in chapter 2 that due the spin will lose its energy in interactions 
and start to align itself with the extemal field, this is described by the damping term a. It 
is this damping that has been used so far to switch an element from one magnetization 
state to another. The idea of precessional switching is that a short field pulse is applied 
perpendicular to the direction in which the switching bas to happen. In the ideal non
interacting case this would mean that the spin would have changed an angle Bprecessional 

that is defined by the length 'rpuise of the field pulse. The spin will have switch to the 
other direction if 'rpulse is timed so that Bprecessional = 1t rad, and this switching will happen 
in a very short time. The idea of precessional switching is to use the same kind of field 
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pulse to switch the entire magnetization of a thin layer in the same way. As I will show 
in this section this idea cannot be generalized to a finite element which contains a lot of 
spins. The precessional motion is namely dependent on the local magnetic field, which 
will change over the entire sample, therefore the spins will not change coherently in 
every point of the structure and the total magnetization is a volume element is the average 
of all these spins. Precessional switching can occur locally but not for the average 
magnetization of the sample, at least not in the case being considered here. 
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Figure 4.29 Magnetization in the x-direction versus time, for a pulse in the y
direction. 

The simulation was done using a field a 50.000 Alm in the y-direction. The total 
magnetization in the x-direction is then plotted against the time. lf precessional 
switching would be occuring, the magnetization would show an oscillatory behavior, 
from the negative magnetization state to the positive. This is not the case, the 
magnetization evolves smoothly to zero in the x-direction, indicating that only switching 
through damping is occuring. [WA YO 1] 

4.2.5 lntegration of Cells into a matrix 

A last set of simulations that was done was the integration of the elements into a matrix, 
which is important for later applications to MRAM. To achieve a high-density memory, 
the magnetic elements will have to be placed very close together. lt is therefore 
conceivable that the elements will have some influence on each other due to 
magnetostatic interactions. In this paragraph I will give a short overview of the effect on 
the switching behavior when all the elements are switched at the same time. 

The simulation was done for a 3 by 3 matrix. With the standard sized elements of 2x0.5 

J.lm. 
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Figure 4.30 Equilibrium magnetization of the integrated elements, before switching. 
The separation between the cells was 125 nm in the x-direction and 125 nm in the y
direction. 

Figure 4.30 shows exactly how the cells were integrated into a matrix. It also shows the 
equilibrium magnetization. It can be seen that due to the proximity effect, the initial 
conditions of switching are different, instead of 4 corner domain, there are now 2 end 
domains per cell. The spacing between the elements was varied, and even the ratio 
between the x and y separation was varied. A field pulse was applied at 5 ns in the 
negative x-direction with a amplitude of 50.000 Alm. 
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Figure 4.31 Total magnetization of all the layers versus time for different 
separation distances. 

The output data of the simulation in figure 4.31 shows that the magnetization reversal is 
the same for all the different separation distances. This is an indication that proximity 
has an influence on the initial magnetization, but not on the switching speed. At least for 
these elements and in the range of separations that was simulated. 

A more in depth analysis of this problem is required. For example, the proximity effect 
could be investigated on the coherent switching samples. Also the size of the cells will 
be much smaller and this can also effect the proximity effect. It rnight also be interesting 
to see what happens if a single elements switches, while the others remain in their 
original magnetization state. 

lsteve Stoffels Master Thesis- 20011 



Dynamics of ,um-sized elements -70 -

4.2.6 Conclusion 

The results from the simulations show that the switching behavior can be controlled in 
various ways by tweaking the parameters of the sample. Observations lead us to 
conclude that switching starts from 'corners' or other high stress points and that an 
incompatible rotation of domains leads to an increased switching time. Another 
important condusion is the fact that a coherent rotation of large parts of the sample leads 
to an increased switching time. 
lt should be noted that the validity of the LLG equation is not guaranteed, but there are 
strong suggestions from recent literature that the LLG equation is in fact a decent 
approximation to the real switching behavior. 
Nevertheless it is still important to verify the simulated data to actual experiments, even 
if it is just to put the theory on a more solid foundation . The experiments are discussed in 
the next paragraph and were possible some analogies with the simulations will be given. 

4.3 Electrical measurements 

The goal of the electdeal measurements is to characterize the switching behaviour of a 
soft ferromagnetic structure experimentally. [SHEOO] 
The switching behavior of a permalloy layer is examined experimentally by using it as 
the soft layer in an integrated spin-valve. The second ferromagnetic layer of the spin
valve is an exchanged biased layer (see paragraph 2.4). Therefore the second layer will 
be pinned in a direction that is defined during deposition or annealing. A magnetic field 
is then applied that is high enough to switch the soft layer, but lower then the exchange 
bias field, such that the hard layer will not be switched. This switching field is around 
4000 Alm for the soft layer and 16.000 Alm for the hard layer. By measuring the 
resistance change of the spin-valve in this magnetic field, we get an experimental 
measure for the magnetization of the permalloy layer, during the switching process. The 
chip-design used forthese measurements was already discussed in the chapter 3. There it 
was seen that the magnetic field used for switching the element is generated on-chip. 

4.3.1 Maasurement set-up 
The necessary set-up to do the measurements is shown here. 
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Oscilloscope Current Souree 

Figure 4.32 Schematic representation of the experimental set-up. 

The varying magnetic field on-chip is generated by a pulse going through the wordline. 
The transmitted part of the pulse is measured on a oscilloscope. The transmitted pulse is 
also used to trigger the scope, so the MR will show up on the screen. To be able to view 
the high frequency content of the pulses, we have used a 2 GHz scope, namely the HP 
54720D digital sampling oscilloscope. Three different pulse generators have been used 
for this purpose, each with a different specification. 

Specificatien Repitition Freq. Rise Time Power/Max. Current 
A vtech Pulser 20kHz 350ps lA 
HP8110A 150MHz 2 ns +1- 200mA 
Rhode&Schwarz 6,4GHz N/A (Sinusoids) 18dBm 

These pulse generators were used with two different experiments in mind. The first is to 
investigate the switching behavier in a fast varying harmonie field, which continuously 
switches the soft layer between two states, namely parallel to the hard layer or anti
parallel to the hard layer. Initially the HP8110A was used for this purpose. Afterwards 
we switches to the Rhode&Schwarz function generator to reach frequencies above 150 
Mhz. This function generator can generate sine waves up to 6,4 Ghz, but as we shall see 
the delivered power isn't enough especially at high frequencies. For the second 
experiment a pulse was applied with a very short rise time, which pumps a lot of 
magnetic energy into the spin-valve at a very short time. The response of the permalloy 
layer to this pulse gives an indication of the switching time of the layer. These 
experiments were done with the A vtech pulser. 
The second part of the set-up is the current source, which is used to apply a constant dc
current over the spin-valve. The current is coupled to the spin-valve through the bit-line 
and is used to measure the resistance change of the spin-valve. The resistance change 
will show up as a modulation of the voltage on the screen of the oscilloscope. The 
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current souree used was a simple duracell proeen 4,5 Volt battery. The current from the 
battery is determined by a varying resistance. The choice for a chemica} battery was 
made because of the low noise output of these types of voltageleurrent sources. The 
original Keitley current souree had been shown to give a lot of noise at higher 
frequencies. 
The signal going into the oscilloscope is a sum of the dc-current offset and the varying 
spin-valve signal. The varying signal can be split however from the de-offset by a bias
tee (See figure 4.32). A bias T consists of a LC circuit, with three inputs/outputs. The 
input over the inductance, L, filters any high frequency signal from going in or out and is 
therefore connected to the battery. This shields high frequency noise from flowing 
through the scope and also keeps the MR signal from flowing to the battery circuit. The 
output over the capacitance, C, is connected to the scope, this is done because a 
capacitance filters the low frequencies from a signal, but not the high ones. This will 
block the dc-current from going to the scope, so that the spin-valve signal is shifted 
around 0 mV. The third output/input has no filtering and will therefore allow the MR 
signal to pass freely to the scope and the dc-current to the bit-line. 

The conneetion of the extemal measurement set-up to the word- and bit-line on-chip is 
done in a high-frequency probe station. Measuring small signals at high frequencies is an 
extremely difficult task and any improdenee can lead to unpredictable results. 

The use of this high frequency probe station and the needies has shown to be 
indispensable for measuring at higher frequencies then 1 Mhz! 

Figure 4.33 Left overview of HF -probestation I Right Closeup of the probes 

The high frequency probe station consists of three major components. The first is the 
sample holder, which is just a circular plane, on which the sample has to be placed. In 
the holder there are holes which can create a vacuum under the sample so that it remains 
fixed to its position. The second component are the high frequent probe needles, these 
are nothing else then sharp needies that are placed on the conductors of the chip. Each 
probe uses three needies parallel to each other, the two outer needies both carry a ground 
signal whereas the center needie carries the actual signal. This is done to create a coaxial 
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structure for the needles. A single needie would act as an antenna, which would radiate 
away a lot of energy that can be picked up by parts of the circuit; this would be unsuitable 
for high frequency measurements. 

Figure 4.34 View through a microscope of the HF probes contacting the structures 
on-chip 

The third important component of the HF probe station is the microscope, through this 
microscope the user can see a close-up of the structure so he is able to place the probes on 
the correct position. Figure 4. shows a view of the chip-design through this microscope. 
The horizontal conducting line is the wordline and the vertical conductors are the bit
lines. The coaxial probes can clearly .be seen at the left, right and bottorn edge of the 
screen. 

4.3.2 Results 

4.3.2.1 MR in response to pulse signal & coupling 

The first measurement done is to measure the MR response, when a very short pulse is 
applied. The electric pul se through the wordline is generated by the A vtech pulser. The 
current through the spin-valve is 8 mA. 
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Figure 4.35 Spin-Valve, Coupled signal & Field pulse versus time 

Figure 4.35 shows the result of the measurement. The amplitude of the field pulse is -7 
V. Which gives a 16 mV spin-valve signal. The coupled signal can also be measured by 
putting the amplitude of the DC bias current souree to zero. This coupled signal is also 
plotted, it can be seen that only the flanks of the wordline signal couple to the bit-line, 
which is due to the capacitive coupling between the word- and bit-line. There is no 
visible resistive coupling as the DC level is zero. 
To get the true spin-valve signal, two measurements are done, the first is a measurement 
of the coupling. This measurement is saved in the scope-memory. Then the MR-signal 
is measured and the coupled signal is subtracted from this signal, giving us the real MR
response. 

4.3.2.2 Magnetic field amplitude 

Now that we know how the MR signal behaves in response to a pulse, we can look at 
what happens if the pulse amplitude is varied. According to the simulations, decreasing 
the amplitude of the extemal magnetic field also decreases the switching time. 
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Figure 4.36 MR Signal in response to different wordline pulse amplitudes 
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Figure 4.36, indeed shows this behavior. lt should be noted that the amplitude of the MR 
signal is normalized in order to do a better comparison of the switching time. The 
switching behavior shown here is not exact as in the simulation probably because the 
parameters between the two are not matched. Therefore a more thorough simulation 
would be required which matches the exact parameters from the experiment to the 
'virtual' element. 

Another experiment that was performed was to plot the rise time of the MR response 
versus the amplitude of the pulses through the wordline. 

Figure 4.37 shows that the rise time is an exponential function of field pulse amplitude. 
From this plot we can derive the amplitude needed to achieve a certain switching speed. 
Plotting such graphs for different structures could give an intuitive and easy comparison 
between different shapes of structures. 
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Figure 4.37 MR Rise Time versus wordline pulse amplitude 

4.3.2.3 Rise time 

A second experiment that was done was to vary the rise time of the field pulse, and 
measure the MR response. As expected the MR rise time is directly proportional to the 
pulse rise time. The result of this experiment agrees also with what was simulated in 
paragraph 4.2.4.2. The MR, which is equivalent to the total magnetization of the 
permaHoy layer, goes up slowly at start, meaning that the field is not high enough to 
switch. When the field pulse becomes higher then 2.5 V the spin-valve changes to a 
faster switching mode. 
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Figure 4.38 Spin-valve & Pulse signal versus time - Left High amplitude I Right 
Low amplitude 

The pul se is generated by the HP811 OA 150 Mhz pul se generator. Rise time of the 
pulses is 15 ns and the repetition rate is 10 kHz. Figure 4.37 clearly shows the dual 
behavior of the rise time for the case of the high pulse. Lowering the threshold amplitude 
of the pulse to 2.5 V shows that the switching time is decreased considerably. The high 
noise rate in the second graph is caused by stochastic switching, which means that the 
switching is slightly different each time. 

4.3.2.4 External field frequency- Square Pulses 

It is also interesting to see how the spin-valve performs in a fast varying magnetic field. 
This is easy to achieve with either the HP8110A or the Rode & Schwartz. The first test 
was done with the HP8110A. The output waves are square waves with an adjustable rise 
time, duty cycle and amplitude. For this test the rise time was set at 2 ns, this is the 
minimum value and will allow us to reach the highest frequency of the pulser. The duty 
cycle defines the time ratio for which the pul se is high and low. Duty cycle was set at 
50%, meaning that the high amplitude is sustained as long as the low amplitude. 
The current through the bit-line was set at 8 mA, by adjusting the variabie delay attached 
to the duracell battery. 
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Figure 4.39 MR & Poise Signal versus Time for different pulse frequencies. 

The results show that the MR-signal is still clearly measurable at 160 MHz. The signal 
has decreased a bit in magnitude, this is caused by incomplete switching. A related 
phenomenon is the apparent shift in phase between the applied pulse and the MR 
response. This shift in phase is caused by the fact that the magnetization of the permaHoy 
layer lags slightly behind, so when the response hits the maximum value the element 
won't be completely switched. Even for a decreasing field the magnetization will still 
increase because the total magnetization is still lower then the equilibrium magnetization 
for that field. lt is only when the equilibrium magnetization is lower then the actual 
magnetization that the field will decrease again. This is how the overshoot is formed is 
formed in the pulse response in the MR-response leading to an apparent phase shift. The 
5 MHz simulation doesnotshow this behavior, because the switching still occurs at 2 ns, 
which is almost immediate on that timescale. To remedy this problem, the magnetization 
has to be switched faster, the easiest way to do this is to increase the extemal field 
amplitude. 

Time (s) 

Figure 4.40 MR & Poise Signal versus time at 160 MHz with increased pulse 
amplitude 

The pulse amplitude was increased for the graph plotted in figure 4.40. It is clear that the 
pulse and MR response are now in phase, due to the increased switching speed. Only the 
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1.5 ~ 

> 
1.0 
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upper boundary was increased, so only the rising flank has a decreased switching time. 
This was done to prevent clipping inside the oscilloscope and because the pulse generator 
does not deliver enough power to switch both flanks at the highest possible speed. lt 
should be noted that this curve was measured on another cell, therefore the height of the 
MR signa! holds no correlation with that of figure 4.39. lt was noted however during the 
experiment that the total MR signa! indeed increased when ramping up the amplitude, 
meaning that the previous state was incompletely switched. 
Another interesting fact that can be derived from these type of plots is the hysteresis of 
the permaHoy layer, this can be seen by the plateaus at the top and the bottom, the 
overshoot when switching back gives us an idea of the field necessary to switch back. 
The difference in field for the positive and negative directions gives us the hysteresis. 

A simulation was also done to verify this pseudo-phase-shifting property. The simulation 
was done on the standard rectangular element, in a sinusoidal varying magnetic field, 
with an amplitude of 50.000 Alm. 
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Figure 4.41 Simulation of the magnetization in the x-direction versus time. 

Figure 4.41 indeed shows that the magnetization of the layer lags behind the applied field 
pulse. Which is further proof for the claim that incomplete switching leads to a phase 
shift between applied field and magnetization response. 

The 5 MHz simulation (figure 4.39) also shows that the steady state voltage decreases, 
this is not some funky effect of the permaHoy layer, but is caused by the bias-T in the set
up. The bias-T has a capacitor through which it is connected to the oscilloscope, but 
when a steady voltage is set over the capacitor, it will slowly but surely discharge, it is 
this effect that decreases the voltage of the response. 
So in condusion we can say that the switching of the permaHoy layer posses no problems 
at the maximum frequency of the HP811 OA pul se generator. 
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4.3.2.5 External field frequency- Sinusoidal Pulses 

To reach even higher frequencies in the simulation we decided to switch to 
Rhode&Schwarz 6,4 GHz function generator. The function generator can only handle 
sinusoidal output signal, but up to very high frequencies. The maximum power output is 
+16 dBm. The relation between dBm and Wis: 

P(dB) = 10log(P(mW)), 
1mW 

therefore the maximum power output is -40 mW. The only resitance in the circuit is the 
50 .Q resistor in the scope, if off course we assume losless tranmission lines. The 

maximum voltage is then given by I max = ..J PI R = 28mA. This is not enough to switch 

the permaHoy layer, which at a wordline current of -80 mA. To solve this problem a 
second bias-T was used. This time to offset the pulses with a constant DC current. The 
output is the bias-T connector which has no filtering, here the HF-input and LF-input will 
be added up. The low frequency (LF) input is the inductor input, because it will aHow 
the offset current to pass through, but will block the HF pulses from coming in. The high 
frequency (HF) input is connected to the capacitor, the capacitor will let the HF
components pass through but blocks out the DC-offset current, which could also be 
harmful to the pulsgenerator. 

The permaHoy layer still has to switch back. From a DC-MR curve we can indeed see 
that the permaHoy layer switches back before the external field reaches zero. The shift in 
the hysteresis curve is due to the coupling between the hard exchange biased layer and 
the soft permaHoy layer. 
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Figure 4.42 MR & Pulse signal versus time for different sinusoirlal pulses 

The results in figure 4.42 show the MR-signal at 500 MHz and the quasistatic case of 1 
MHz. The signal is quasistatic at 1 MHz, because the magnetization of the permaHoy 
layer foHows the externaHy applied field. In the quasistatic case the MR signal is around 
12 mV. This signalis seriously degraded at 500 MHz, where only 3 mV of the original 
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signa! remains. This degradation is due to the incomplete switching of the layers, i.e. the 
magnetization reversal is slower then the extemal field. The remedy would be to increase 
the extemal field, but this is already at the threshold. Therefore a better pulse generator is 
needed that can deliver high frequency fields of around 4 GHz, with high enough power 
(pulses of around 8- 10 V). 

4.3.2.6 Varying the wordline width 

During the design of the chip the width of the wordline was varied, this was done to 
minimize capacitive couplings between the word- and bitline. In this section I will show 
the results of this on the MR signa!. 
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Figure 4.43 Spin-valve signal versus time for different wordline widths. 

The experiments were doneon a 16x4 f.1m spin-valve. The current through the spin-vale 
was set at -8 mA, with the duracell battery. The Avtech pulser was used, set at an 
amplitude -9V and a pulse lengthof 3.5 ns. 
The results show that the MR clearly decreases with smaller width of the wordline. This 
is caused by the fact that the magnetic field is not homogenous of the entire sample, since 
the sides are not covered they will experience a fringing field. For a 5 f.1m reduction the 
decrease is relative small and could be caused by inhomogeneous deposition across the 
sample, but the effect is quite substantial when the wordline width is halved. It is 
therefore advisable to construct the chip so that the wordline almost completely overlaps 
the spin-valve. 
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4.3.2. 7 Resizing of the elements 

The dynamic MR signal has also been checked for different sizes of elements. 
Experiments and simulations (paragraph 4.2.3.1) show that the switching speed should be 
relative insensitive to resizing. What does happen is that the elements become harder 
when scaled down. 
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Figure 4.44 MR signal versus time for different spin-vale sizes 

The switching behavier is more or less equivalent for all different sizes. The smaller 
elements show a smaller MR-signal. This is not necessarily because they become harder 
but can be caused by their small size. The smaller elements have a lower resistance. The 
series resistance with the transmission line will therefore decrease the total GMR% 
leading to a reduced MR signal on the scope. A measurement of the resistance of the 
elements indicated that the smaller elements indeed have a lower value. 

4.3.3 Conclusion 

The hard problem of doing the high speed measurements has always been the detection of 
the small MR signal on top of the coupling signal, noise, etc... Therefore a lot of time 
has been put into analyzing the potential problems and making the measurement set-up 
work. This goal was met in the end due to some key optimizations like an improved 
spin-valve, suitable cabling and measurement equipment which has no intemal coupling. 
Some parameters were varied during the experiments and the most important parameter 
up until now to increase switching speed is the field pulse amplitude. 
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4.4 Comparison between simulations and experiments 

The comparisons between simulations and experiments are an important fact, because it 
will allow us to validate the results of the simulator with actual experiments. Once the 
limits are known of the simulator it can be used as a powerful tooi to design & test new 
elements without having to process a new sample each time to measure it. 
The MR- measurements shown in the experimentalpart of the thesis did not succeed until 
a very late stage of this thesis. Therefore a thorough comparison between both 
simulation and experiments was impossible. Some initia! parameters and experiments 
were compared though and show at least to some degree an agreement on some of 
switching behaviors. For example: an increase in switching time is observed in both 
experiment and simulation when the extemal field is ramped up. The measured pseudo
phase-shifting property of incompletely switched elements was readily verified with a 
simulation. And sizing of the elements seems to have only small effect when the 
reference size is big enough. 
There are also some ambiguities between the simulations and the measurement data, 
namely the measured switching time is slightly faster (!) then the simulated switching for 
the same order of extemal field amplitude. This would seem to suggest that an 
optimization of the parameters in the simulation is required, for example the a parameter 
can be varied and lowering it can have an effect on the switching speed of the elements. 

In condusion it can be said that with this thesis the framework has been set to do a 
thorough analysis of the LLG simulator and real integrated spin-valves. Some initia! tests 
show promising results that the simulator can predict the magnetization state of the soft 
spin-valve layer toa relative high accuracy. 
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5 Conclusions and recommendations 

A lot of conclusions can be drawn from both simulation data and experimental 
measurements. I will try to list the most important of these conclusions here. 

First for the simulations: 

• Switching occurs from stressed points likeedges or defects (4.2.1, 4.2.3.5) 
• Incompatible domain rotation slows down magnetization reversal (4.2.1, 4.2.3.4) 
• The fastest magnetization reversal can be reached through coherent rotation. To 

achieve coherent rotation several different schemes were proposed, namely an 
external field applied under an angle, prepulsing in the y-direction, tilting the 
anisotropy angle a bit and choosing a suitable shape (4.2.2.2, 4.2.3.6, 4.2.4.3, 4.2.4.4). 

• Integration of elements into a matrix has only a slight influence on the switching 
behavior for separation di stances about half the cell size. ( 4.2.5) 

• Increasing the extemal field decreases the switching time needed to switch the 
element ( 4.2.4.1) 

Conclusions drawn from the experiments: 

• Switching speeds can vary between -5 ns to about 400-500 ps depending on the 
extemal field amplitude. ( 4.3.2.2) 

• The embedded spin-valve was demonstrated to work at 160 MHz with no degradation 
in signal and to a speed of 500 MHz with serious degradation in signal. This limit is 
not imposed by the spin-valve itself but rather by 1. The frequency of the pulser in the 
case of the HP811 OA and 2. The power output of the pulser in the case of the 
Rhode&Schwarz. (4.3.2.4, 4.3.2.5) 

• An apparent phase shift in the MR signal in response to the external field is measured, 
it was shown that this shift was due to incomplete switching of the soft spin-valve 
layer. (4.3.2.4) 

Some comparisons were also made between the simulated data and the measurements. 
For example the influence of the amplitude was in accordance for both cases, the 
experimental measurement of pseudo-phase-shifting was verified by a simulation and 
finally resizing the elements gives a more or less analogous result for both. The effect of 
these parameters had an equivalent result in both, it should be noted though that no actual 
graph overlay was done of the simulated data and the measurement data. 

Some recommendations for further research include the following. 

• A detailed comparison of both experiments and simulations, a more thorough 
examination is needed of the validate the simulated data. Also an identification could 
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be made of the parameters in the simulation that are most important to get a 'realistic' 
simulation. 

• Another suggestion is to try to imitate the spin-valve structure in the simulation by 
working with seperated multilayers. lf these tests show a positive result then the 
material parameters could be tweaked to get an optima} result between the two, 
further tests can then show if these parameters hold through when for example the 
shape is varied. The spin-valve model could then be used to predict the DC MR
curve for the simulated element. It can also be used to identify the differences 
between the switching of a free layer and that of layer integrated in a spin-valve 
structure. 

• Expand the simulator so that it can read measurement data from the scope. In this 
way the word-line pulse can be translated into a magnetic field inside the simulator, 
in this way an exact accordance is reached between simulated data en measured data. 

• Simulations show that applying the anisotropy axis under an angle can induce 
coherent rotation. It might therefore be interesting the construct spin-valves for 
which the soft-layer has a different anisotropy axis as the hard-layer. 

• It was impossible to check all the parameters on the chip in the time that was left for 
the measurements. Therefore there are ample opportunities to measure some of the 
other spin-valve structures on the chip. One experiment of particular interest would 
be to plot the rise time versus pulse amplitude for different shapes of samples and see 
if there is a difference. (see for example figure 4.37) 

The experimental methods presented in this chapter only give a picture for the total 
magnetization of the sample at a given time step, optica} measurements can give a full 
picture of the magnetization for a given time step and do not suffer from the coupling 
effects described in this thesis. This is also a research topic persued at IMEC. 
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6 Technology Assessment 

In this chapter a short technology assessment will be made. I.e. how does this research 
tie in with a real application or technology. It should be clear from this thesis that this 
research applies readily to MRAM. The memory elements in the MRAM memory 
architecture are ferromagnetic layers. The ultimate speed that is achievable by MRAM is 
determined by the switching time of these ferromagnetic layers. It is also important that 
the switching of the elements happens in a repeatable way, i.e. reliable switching is 
needed. This research gives some insights into the switching behavior and to the 
parameters which have the most influence in this process. Therefore it could be used to 
optimize the speed and reliability of current MRAM designs, with micrometer sized 
ferromagnetic elements. 
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APPENDIX A- THEORV OF DIAMAGNETISM 

An electron circling around a positively charged nucleus is exposed to two different 
forces. The first is the coulomb attraction from the nucleus and the other is the repulsive 
centrifugal force. In equilibrium these two forces will be equal in strength to each other. 
The centrifugal force is derived from the second law of Newton applied to a mass in a 
circular trajectory: 

Fcentrifugat = me • m~ · r 

me is the mass of the electron, m is the frequency with which the electron is orbiting the 

nucleus and r is the radius of the orbit from the electron. 

The Coulomb force is the force that two charged objects exert on each other. This force 
is given by: 

q1, q2 are the two charges under consideration and ris the distance between the charges. 
For the simplified atom case the charges are e, which is the elementary charge of the 
electron. And for the nucleus the charge is Ziel. Z is an integer number since we know 

that the nucleus consists of protons, which have the exact opposite charge of the electrons 
surrounding them. In this case the nucleus would consist of Z protons. The inner layout 
of the nucleus isn't considered, the nucleus is in this case just modeled as a point charge 
with the above-mentioned value for its charge. The coulomb force in this case reduces 
to: 

In the equilibrium state, 
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From this follows the frequency of the electron orbit: 

{1)0 = 
41l'ê · r 3 

• m 0 e 

In the presence of a magnetic field there is another force that we have to take into 
consideration, namely the Lorentz force. This force acts on every moving charge. In this 
case on the electron orbiting the nucleus. The Lorentz force is given by: 

(eJ ~ ~ 
F Lorentz = ;; ' VX H 

In equilibrium: 

Fcentrifugal F coulomb + F Lorentz 

1 Z·e 2 eOJr · H 
--·--+---
41l'êo r

1 
c 

m · m1 
· r e 

The solution to this problem is that: 

Thus the frequency of the electron orbit shifts by the value at which is called the Larmor 
frequency. This creates an extra current: 

Now we can calculate the magnetic moment induced by the extemal field. The magnetic 
moment for a current loop is just the current in the loop multiplied by the area of the 
loop: 

To get the total magnetic moment in one mole of material (M) we have to multiply by the 
A vogadro constant (N), which is just a number that says how many atoms there are in one 
mole of materiaL The susceptibility of the material can then be derived by the relation: 

oM e
1 ·N 2 2 x=-=- ·(x + y) 

()H 4m.c1 

This result is the same as the quanturn mechanica} approach. 
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It should be noted that this diamagnetic behavier (i.e. the negative susceptibility) is 
present in all materials. For the largest magnetic field 'H' attainable in laboratories the 
net magnetization acquired through this process is negligible compared with the 
magnetization acquired from the positive susceptibility (see the sections on 
Paramagnetism and ferromagnetism). The diamagnetic behavier can only be measured 
when the total orbital and spin momenturn of the electron vanishes. I.e. when there is no 
net magnetization per atom. This is what distinguishes diamagnets from paramagnets 
and ferromagnets. Paramagnets do have a net moment per atom, but it averages to zero 
of the bulk of the entire materiaL For fermmagnets the magnetic moment does not 
average to zero over the bulk of the material but instead there are 'domains' in the 
material in which all spins of the atoms are aligned in the same direction. It is through 
these domains that the fermmagnets can acquire a net magnetization. 
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APPENDIX B - CHIP PARAMETERS 

Not all parameters shown in this section were varied during the experiments, but it gives 
an overview of which experiments are still possible with the current chip design. All 
sizes in all tables are noted in f.Jm. 

A first measurement cell has a varianee of the size of the spin-valve cell . 

I Size I 8x32 I 6x24 I 5x20 I 4x16 I 3x12 I 2x8 llx4 I 0.5x2 

There is also a testcell which has a 8 by 5 matrix of spin-valve elements, for which the 
length and the width is changed. 

Lngth/Wdth 
9x4 9x7 9x9 9x16 9x21 
8x4 8x7 8x9 8x16 8x21 
7x4 7x7 7x9 7x16 7x21 
6x4 6x7 6x9 6x16 6x21 
5x4 5x7 5x9 5x16 5x21 
4x4 4x7 4x9 4x16 4x21 
3x4 3x7 3x9 3x16 3x21 
2x4 2x7 2x9 2x16 2x21 

The width of the wordline was also varied 

I Wordline liS Iw Is Is 
The last table shows the bit-line variance, the numerical value in the table gives the 
distant over which the bit-line changes from the broadest width to the smallest 

I Bitline 
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