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Abstract

This thesis demonstrates two new device concepts that are based on the
tunneling and giant magnetoresistance effects. The first is a semiconductor-
free asymmetric magnetic double tunnel junction that is shown to work as
a diode, while at the same time exhibiting a record high magnetoresistance.
It is experimentally verified that a diode effect, with a rectification ratio
of at least 100, can be obtained in this type of system, and that a negative
magnetoresistance of nearly 4000% can be measured at low temperature. The
large magnetoresistance is attributed to spin resonant tunneling, where the
parallel and antiparallel orientation of the magnetic moments shifts the energy
levels in the middle electrode, thereby changing their alignment with the
conduction band in the outer electrodes. This resonant tunneling can be
useful when scaling down magnetic random access memory; eliminating the
need to use external diodes or transistors in series with each bit.

The second device concept is a thermally controlled spin-switch; a novel
way to control the free-layer switching and magnetoresistance in spin-valves.
By exchange coupling two ferromagnetic films through a weakly ferromagnetic
Ni-Cu alloy, the coupling is controlled by changes in temperature. At room
temperature, the alloy is weakly ferromagnetic and the two films are exchange
coupled through the alloy. At a temperature higher than the Curie point,
the alloy is paramagnetic and the two strongly ferromagnetic films decouple.
Using this technique, the read out signal from a giant magnetoresistance el-
ement is controlled using both external heating and internal Joule heating.
No degradation of device performance upon thermal cycling is observed. The
change in temperature for a full free-layer reversal is shown to be 35◦C for the
present Ni-Cu alloy. It is predicted that this type of switching theoretically
can lead to high frequency oscillations in current, voltage, and temperature,
where the frequency is controlled by an external inductor or capacitor. This
can prove to be useful for applications such as voltage controlled oscillators in,
for example, frequency synthesizers and function generators. Several ways to
optimize the thermally controlled spin-switch are discussed and conceptually
demonstrated with experiments.
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Sammanfattning

Denna avhandling demonstrerar två nya koncept för integrerade kompo-
nenter som är baserade på effekterna av tunnel- och jättemagnetoresistans.
Det första är en magnetisk asymmetrisk dubbel-tunnelövergång som visas fun-
gera som en diod, samtidigt som den har ett rekordhögt magnetoresistansvär-
de. Det verifieras experimentellt att en diodeffekt, med ett förhållande mellan
framriktning och backriktning på minst 100, kan uppnås i den här typen av
system, samt att ett negativt magnetoresistansvärde på nästan 4000% kan
mätas vid låga temperaturer. Det höga magnetoresistansvärdet härkommer
från spin resonans-tunnling, där skillnaden mellan det parallella och antipa-
rallella tillståndet hos magnetiseringen i elektroderna skiftar energi nivåerna i
mitten elektroden på ett sådant sätt att de helt missar eller helt sammanfaller
med ledningsbanden i de yttre elektroderna. Detta kan vara användbart vid
nedskalningen av magnetiskt RAM-minne där användandet av externa dioder
och transistorer i serie med varje minnes cell, för att förhindra läckströmmar,
skulle kunna elimineras.

Det andra konceptet är en termiskt kontrollerad spin-switch; en helt ny
metod för att kontrollera magnetiseringsrotationen och magnetoresistansvär-
det i spin-ventiler. Genom att separera två starkt magnetiska filmer med
en svagt magnetisk Ni-Cu legering, kan den magnetiska kopplingen mel-
lan de starkare filmerna påverkas genom snabba temperaturändringar. Vid
rumstemperatur är legeringen i mitten svagt magnetisk och de två yttre ferro-
magneterna kommer vara kopplade till varandra. Vid en temperatur som är
högre än Curie punkten, kommer Ni-Cu legeringen vara paramagnetisk och
de två yttre ferromagneterna kommer kunna rotera oberoende av varandra.
Den här tekniken används för att demonstrera hur signalen från ett jättemag-
netoresistans element kan kontrolleras, både genom att värma med en extern
värmare och internt genom att använda ström. Komponenten får genomgå
flera termiska cykler utan att någon mätbar degradering av prestandan sker.
Temperaturändringen som krävs för att åstadkomma en full rotation av mag-
netiseringen visas vara 35◦C för den aktuella Ni-Cu legeringen. Beräkningar
visar att den här metoden för att kontrollera magnetiseringen teoretiskt kan
leda till högfrekventa oscillationer i ström, spänning, och temperatur, där
frekvensen bestäms av en extern spole eller kondensator. Detta kan vara an-
vändbart för applikationer såsom spänningskontrollerade oscillatorer i t.ex.
funktions generatorer och frekvenssyntetiserare. Flera alternativ för att opti-
mera den termiskt kontrollerade spin-switchen diskuteras och demonstreras
experimentellt.
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Chapter 1

Introduction

The most important results of this work have been published and reviewed in inter-
nationally known scientific journals. The published papers can be found appended
at the end of this book together with a description of the contributions made by
the author. This text is aimed towards placing the results of the papers in a wider
context by reviewing the history and current state of the research field, as well as
discussing ways to further improve the published work.

The first chapter starts with some general background, a description of magnetic
random access memory cells and different means for controlling magnetic switch-
ing. Chapter two discuss resonant tunneling in magnetic double tunnel barriers,
reviewing in some more detail both experimental and theoretical work that has
been done in the past. Chapter three is devoted to thermally controlled switching
in magnetic spin-valves, where different ways to optimize the switching is discussed
and conceptually demonstrated with experiments. In chapter four, experimental
techniques and tools that have been used in order to improve turnaround times are
described.

1.1 Giant Magnetoresistance (GMR)

In the year 1988 two research groups, led by physicists Peter Grünberg and Albert
Fert, independently discovered the effect today known as giant magnetoresistance
(GMR) [1, 2]. Their discovery is by many considered to be the birth of a new field
in science and technology called spintronics; the name stems from the fact that
it is the electron spin that carries information as opposed to the electron charge
(electronics). What they had noticed was that ferromagnetic multilayers (Fe/Cr),
with antiferromagnetic coupling, showed a much larger magnetoresistance than
was previously known. Since the effect of magnetoresistance was already used in
magnetic hard disk drives [3], the discovery was recognized as having great potential
for applications such as magnetic storage.

Three years after the discovery of giant magnetoresistance, Dieny et al. [4]

1



2 CHAPTER 1. INTRODUCTION

demonstrated the concept of a spin-valve, which consists of two ferromagnetic (FM)
films separated by a non-magnetic spacer. The resistance is directly related to the
relative magnetic alignment of the two ferromagnetic films; the in-plane resistance
is high when the magnetizations are antiparallel and low when they are parallel.
This change in resistance with the relative orientation of two FM films is one of the
most important effects in spintronics.

An extensive effort in development followed and in 1994 the first magnetic read
head based on the spin-valve effect was experimentally demonstrated by Tsang et
al. [5]. In the same year, the first commercial product, a magnetic field sensor, was
released [6]. In 1997 IBM released the first commercial hard disk drive using the
GMR effect [7], and soon afterwards, the whole hard drive industry followed. For
their discovery, Grünberg and Fert were awarded the Nobel Prize in physics 2007.

In a basic spin-valve structure, shown in Fig.1.1, the bottom FM is pinned by an
antiferromagnet (AFM)– usually PtMn or IrMn – and the top FM is free to rotate
in an external magnetic field. The type of GMR is often separated into current-

FM

FM

AFM

Figure 1.1: Typical structure of a spin-valve with two FM films separated by a non-
magnetic spacer – usually copper. In this example, the bottom FM is pinned by an
AFM so that the magnetizations of the two FM films can be aligned antiparallel;
applying an external magnetic field will rotate the magnetization of the top free
layer but not the bottom pinned layer.

in-plane (CIP) and current-perpendicular-to-plane (CPP) depending on which di-
rection the current flows in through the stack. Before the discovery of GMR,
the spin-diffusion length, lsf , had been measured to 450 µm in very high-purity
aluminum at a temperature of 4 K [8]. This relatively long distance led to the
assumption that spin-flip scattering could be neglected in GMR multilayers, even
though materials with less purity were used. The early theories, for both CIP- [1,9]
and CPP-GMR [10], thus neglected spin-flip scattering; the spin of an electron stays
fixed throughout the GMR structure. Even when this assumption was made, the
theory describing CIP-GMR became more complex than for CPP, mainly because
of the electron mean free path which plays a major role in CIP-GMR [9]. Later
theories also include the role of spin-flip scattering [11,12].

In the simplest case, the CPP-GMR can be described by a two-current series
resistor model in which currents of electrons with spin-up and spin-down propagate
independently. Here, spin-up and spin-down means that the magnetic moment of
the electron points in the same direction or the opposite direction as the magne-
tization of the FM film. For convenience, lets imagine a totally symmetric GMR
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structure on its side, with a voltage, VA, applied across the stack. A schematic
is shown in Fig. 1.2. Two FM films are separated by a thin normal metal (NM)

FMFM NM

VA

Figure 1.2: Schematic showing a totally symmetric GMR structure on its side,
having a voltage VA applied between its outer ends. Electrons will diffuse from left
to right in the figure. The two ferromagnetic (FM) films are separated by a normal
metal (NM).

and the thickness of the layers are much smaller than the spin-diffusion length; an
electron can advance through the complete stack without encountering any spin-
flipping event. Electrons diffuse from left to right in the figure, feeling a different
resistance depending on if they are polarized spin-up or spin-down. Inside the FM, a
spin-up and spin-down electron will feel the unit-area resistances R↑ and R↓ respec-
tively. The resistance of the NM spacer can be neglected since the electron mean
free path typically is much longer than the thickness of the spacer. Now consider
two spin-channels, one for spin-up, and one for spin-down electrons entering from
the left. In the case when the magnetizations of both FM films are aligned parallel,
a spin-up electron diffusing from left to right will feel a total unit-area resistance
of 2R↑; one resistance for each FM film. Similarly a spin-down electron diffusing
from left to right will feel a unit-area resistance of 2R↓. This is described by the
circuit diagram shown in Fig. 1.3. The large arrows indicate the direction of mag-
netization for the left and right FM films. The total unit-area resistance through
the stack, with parallel alignment of the magnetizations, can now be written as

R↑↑ =
(

1
2R↑

+ 1
2R↓

)−1
. (1.1)

In the case when the magnetizations of both FM films are aligned antiparallel,
a spin-up electron diffusing from left to right will feel a unit-area resistance of R↑
in the first FM film, but on entering the second FM film it becomes a spin-down
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R! R!

R! R!

VA

Figure 1.3: Circuit diagram illustrating the two series resistance model of a spin-
valve having its magnetizations aligned in parallel. R↑ is the resistance felt by
spin-up electrons and R↓ is the resistance felt by spin-down electrons. The large
arrows indicate the direction of magnetization in the FM films.

electron, feeling the larger resistance R↓. Similarly a spin-down electron will feel
a unit-area resistance of R↓ in the first FM film, but on entering the second FM
film it becomes a spin-up electron, feeling the smaller resistance R↑. A circuit
diagram of this is shown in Fig. 1.4. Again, the large arrows indicate the direction
of magnetization for the left and right FM films. The total unit-area resistance

R!

R!R!

R!

VA

Figure 1.4: Circuit diagram illustrating the two series resistance model of a spin-
valve having its magnetizations aligned antiparallel. R↑ is the resistance felt by
spin-up electrons and R↓ is the resistance felt by spin-down electrons. The large
arrows indicate the direction of magnetization in the FM films.

through the stack, with antiparallel alignment of the magnetizations, is given by

R↑↓ =
(

1
R↑ +R↓

+ 1
R↓ +R↑

)−1
. (1.2)
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The measured magnetoresistance (MR) in a magnetic stack is often defined as

MR ≡ R↑↓ −R↑↑
R↑↑

, (1.3)

which, when 1.1 and 1.2 are inserted, gives the following expression for the GMR:

GMR = (R↑ −R↓)2

4R↑R↓
. (1.4)

Following Valet and Fert [11] for the case when the film thicknesses are much
smaller than the spin diffusion lengths, the unit-area resistances are given by

R↑ = ρ↑tF + r↑s = 2ρF
1 + β

tF + 2rs
1 + γ

, (1.5)

and
R↓ = ρ↓tF + r↓s = 2ρF

1− β
tF + 2rs

1− γ
, (1.6)

where ρ↑ and ρ↓ are spin dependent resistivities, r↑s and r↓s are resistances induced
by spin dependent scattering at the NM-FM interfaces, ρF is the resistivity of the
FM films, tF is the thickness of the FM films, rs is a spin independent resistance at
the NM-FM interfaces, and β and γ are so called spin asymmetry coefficients. Any
resistance from the NM spacer is still neglected since it is assumed the thickness
of the spacer is much less than the electron mean free path. When experimentally
extracting basic parameters, the electrodes are often made superconducting to get
a uniform current density [13]. This was done by Lee et al. [14] who also included
the resistivity of the NM spacer and resistances at the superconducting interfaces.
They performed experiments on FM multilayers of cobalt and silver. By first doing
independent experiments to determine the resistivities of cobalt and silver, as well
as the interface resistance between superconducting niobium and cobalt, they could
vary tF and the NM spacer thickness to extract values for β, γ and rs. The results
for cobalt and silver were β = 0.48 ± 0.05, γ = 0.85 ± 0.03 and rs = 0.16 ± 0.04
fΩm2. It is now possible to write up relations for the scattering asymmetry inside
the FM films,

ρ↓
ρ↑

= 1 + β

1− β
≈ 3, (1.7)

and at the cobalt-silver interfaces,

r↓s

r↑s
= 1 + γ

1− γ
≈ 12. (1.8)

The same type of scattering asymmetry is responsible for GMR in the CIP
geometry. However, the thickness of the spacer is now limited by the electron mean
free path; the spacer needs to be thin enough so that a large proportion of the
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current carrying electrons are scattered successively in both FM layers. When the
FM layers are antiparallel, spin-up and spin-down electrons will be scattered equally
in one or the other FM layer and thus feel a relatively high resistance. When the FM
layers are parallel, however, spin-down electrons will be scattered much more than
spin-up electrons in both layers. This results in a much lower overall resistance.

Gĳs et al. have compared CPP and CIP measurements on Fe-Cr and Co-Cu
multilayers [15, 16]. The CIP-GMR is typically smaller than the CPP-GMR for
the same structure; the largest difference is at low temperatures where there is no
scattering due to magnons. At these temperatures, they measured a CPP-GMR
two to four times larger than the corresponding CIP-GMR.

1.2 Tunneling Magnetoresistance (TMR)

In the late 1980s, after the GMR effect had been observed, a paper published more
than a decade previously started to receive renewed attention. In 1975, Julliere
had found that Fe/Ge/Co magnetic tunnel junctions (MTJ) showed a magnetore-
sistance of 14% at 4.2K [17]. Because of the lack of results at room temperature
the discovery had previously received little interest. It took 16 years after Julliere’s
observation before significant tunneling magnetoresistance (TMR) was measured at
room temperature; 2.7% in NiFe/Al - Al2O3/Co by Miyazaki et al. [18]. A lot of ex-
perimental and theoretical work was made in order to increase the TMR value and
in 1995 Miyazaki et al. [19] and Moodera et al. [20] managed to obtain MR values
as high as 18% at room temperature. This was much larger than had been achieved
in GMR spin-valves at the time [21] and so the TMR effect began to attract much
interest. Since then, the TMR values of Al2O3 barriers have steadily increased and
the highest values today are in the range of 70-80% at room temperature [22,23].

In 2001 it was predicted that epitaxially grown MTJ’s with crystalline MgO as
a barrier and Fe as electrodes would have MR ratios of more than 1000% [24, 25].
Three years later, two independent groups had measured a MR of around 200%
[26, 27] at room temperature. Today, the highest values for single MTJ’s can be
found in so called pseudo-spin-valves; MTJ spin-valves with few layers that are
annealed to very high temperatures – around 500◦C – and includes Ta diffusion
barriers. They can reach MR values of more than 600% [28].

Even though the working principle of an MTJ is the same as a spin-valve —
both are made up of two separated FM films whose relative orientation dictates
the resistance — the underlaying physics is different. Instead of a difference in
mobility between spin-up and spin-down electrons, as for GMR, the TMR effect
arises directly due to a difference in available states at the Fermi energy, EF . At this
energy, in most FM materials, the electrons belong to both s and d type energy
bands. Because the effective masses of d-electrons are much higher, the current
consists primarily of s-electrons. A simplified sketch of the energy bands for spin-up
and spin-down electrons is shown in Fig. 1.5. The d-band is shifted due to exchange
interactions and thus presents different amounts of available states for spin-up and
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E

s-band

d-band

EF

Density of States

nergy

Figure 1.5: A simplified sketch of the energy bands for spin-up and spin-down
electrons in most FM materials. The d-band is shifted due to exchange interactions
and thus presents different amounts of available states for spin-up and spin-down
electrons at the Fermi energy, EF .

spin-down electrons at the Fermi energy . When an s-electron is scattered, there are
more available d-states to scatter into for a spin-down electron than for a spin-up
electron. This means that the majority of the itinerant s-electrons will be spin-up
electrons. So in addition to having different mobility for spin-up and spin-down
electrons, the current inside a ferromagnet will also be spin-polarized.

The process of tunneling from one FM to another was first described by Julliere
[17]. According to his phenomenological model, the TMR can be described by

TMR = R↑↓ −R↑↑
R↑↑

= 2P1P2

1− P1P2
, (1.9)

where

Pi ≡
D↑i (EF )−D↓i (EF )
D↑i (EF ) +D↓i (EF )

, i = 1, 2, (1.10)

is the polarization in FM layer i, and D↑i (EF ) and D↓i (EF ) are the density of states
for spin-up and spin-down electrons respectively. The expressions were derived
under the assumption that the spin is conserved during tunneling, and that the
tunneling conductance is proportional to the product of the density of states in the
two FM layers. Fig. 1.6 illustrates the tunneling process for spin-up (blue) and
spin-down (red) electrons when the two FM layers, FM 1 and FM 2, are aligned
parallel. Both types of electrons have the same amount of available states on either
side of the MTJ. Similarly, Fig. 1.7 illustrates the tunneling process when the
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E

EF

Density of States

nergy E

Density of States

nergy

MTJFM 1 FM 2

Figure 1.6: Tunneling process for spin-up (blue) and spin-down (red) electrons when
the two FM layers, FM 1 and FM 2, are aligned parallel. Both types of electrons
have the same amount of available states on either side of the MTJ.

FM electrodes are antiparallel. The electrons no longer have the same amount
of available states on either side of the MTJ; majority carriers in FM 1 becomes
minority carriers in FM 2, which translates into a lower tunneling conductance.

Before Julliere did his experiments, and came up with his model, Tedrow and
Meservey extracted the spin polarization for some common FM materials by mea-
suring tunneling through an Al2O3-barrier into superconducting aluminum. For Fe,
Ni and Co, they measured a spin polarization of 44, 11 and 34% respectively [29,30].

The Julliere model has its limits, it assumes that the spin polarization is an
intrinsic property of the FM material, and it doesn’t give any dependence of the
TMR on the height or width of the tunnel barrier. Slonczewksi was the first to
realize that the wave function overlap within the tunnel barrier needed to be taken
into account. By setting up separate wave functions for the FM electrodes and the
barrier, then setting appropriate boundary conditions such that the wave functions
matched across the whole structure, he could derive the tunneling conductance [31].
The most important result was the expression for the spin polarization,

Pi = (k↑i − k
↓
i )

(k↑i + k↓i )
· (κ

2 − k↑i k
↓
i )

(κ2 + k↑i k
↓
i )
, i = 1, 2, (1.11)

where k↑i and k↓i are Fermi wave vectors inside the FM electrodes, proportional to
the density of states at the Fermi surface, and iκ is an imaginary wave vector inside
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Figure 1.7: Tunneling process for spin-up (blue) and spin-down (red) electrons
when the two FM layers, FM 1 and FM 2, are aligned antiparallel. The electrons
no longer have the same amount of available states on either side of the MTJ;
majority carriers in FM 1 becomes minority carriers in FM 2.

the tunnel barrier, ranging from zero (low barrier) to infinity (high barrier). The
first part of the equation, (k↑i −k

↓
i )/(k

↑
i +k↓i ), is the same classical result of Julliere.

The second part, (κ2 − k↑i k
↓
i )/(κ2 + k↑i k

↓
i ), is an interface factor ranging from -1

to 1 depending on the barrier height; for high barriers, the result is the same as
for Julliere, but for low barriers, the polarization is different and can even change
sign. The second part arises because the penetration of a wave function, from the
electrode into the barrier, depends on k↑i and k↓i . The polarization thus depends
on the barrier and cannot be considered as just an intrinsic property of the FM
electrodes.

1.3 MRAM and Diodes

The discovery of GMR and the invention of the spin-valve device led Tang et al.
to propose a spin-valve based random access memory (MRAM) [32]. Each MRAM
cell consists of a spin-valve which, unlike conventional RAM technologies, is based
on the magnetic state of a thin FM free layer. The state of each cell, or bit, can
be read by measuring the resistance of the cell; high when the magnetizations are
antiparallel and low when they are parallel. MRAM was believed to replace all
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other types of memory by offering high speed, high density and nonvolatility at
the same time. MRAM devices have since been demonstrated with both GMR and
TMR elements [33–35]. Today, MRAM is available as a commercial product but
still needs further improvement to become the all-round memory technology first
envisioned.

In the ideal MRAM structure, each bit is made up of only one MTJ, accessed
by top and bottom electrodes. A schematic of an MTJ array having this basic
structure is shown in Fig. 1.8. If this could be realized, the cell size could be made

MTJ

Figure 1.8: Schematic showing an MRAM array with each bit made up of an MTJ
element. Individual MTJ elements can be accessed at the electrode intersections.

very small, limited mainly by the thermal instability of the FM free-layer and the
need for an increased write field; issues that have, at least partially, been solved
already [36–39]. However, current shortcuts in the MRAM array prevents accessing
only one bit at a time, see Fig. 1.9 (a). One solution for this problem is to use
proper voltage biasing to define unique current paths [40, 41]. The drawbacks of
this solution are an increased access time and a more complex circuit design.

Another way to prevent the current shortcuts is to add a diode in series with
each MTJ element [42]. A sketch of this is shown in Fig. 1.9 (b); the diodes are
marked in red. This way it is possible to access the MTJ by simply measuring
on the two lines that intersect at the wanted cell. In practice, this can be done
by grounding one bottom electrode while all other bottom electrodes are biased at
the same point as one of the top electrodes. Then, only one cell will be forward-
biased and the current flowing through it can be detected. In order for an MRAM
scheme of this type to operate at high speed, the diode must be able to carry a
relatively high forward current, so that the voltage drop across it, when forward-
biased, is less than that across the MTJ. The magnitude of this current is in turn
limited by the MTJ; the TMR drops with an increase in applied voltage, and a too
high voltage might damage the tunnel junction [43]. Furthermore, the diode should
have a high rectification ratio in order to limit current shortcuts in large arrays [44].
Unfortunately, to fulfill these criteria, thin film diodes that can be grown on metal
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Figure 1.9: Schematic showing an MRAM array with each bit made up of an MTJ
stack only (a) and (b) with an MTJ stack in series with a diode. Red lines shows
the current paths.

electrodes needs to be of a certain size, and this in turn limits the cell size.

(a) Reading (b) Writing

OFFON

Figure 1.10: Write and read scheme for an MRAM cell using a transistor to prevent
current shortcuts. Read-out (a) is done by turning on the transistor so that a small
current can flow through the MTJ, allowing the resistance to be measured. When
writing to the memory (b), the transistor is turned off. Currents flowing through
the electrodes can now switch the MTJ by the two orthogonal magnetic fields acting
on the stack.

Today, the preferred solution for preventing current shortcuts is to use a tran-
sistor in each cell [35]. The write and read scheme for this technique is shown in
Fig. 1.10. Read-out is done by turning on the transistor so that a small current can
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flow through the MTJ, allowing the resistance to be measured. When writing, the
transistor is turned off so that currents flowing through the electrodes can switch
the MTJ element by the two orthogonal magnetic fields created. With this solution,
the cell size is roughly doubled because of the extra connections to the transistor.

A possible new solution for the problem with current shortcuts in MRAM is
demonstrated in papers I and II. A specially designed double MTJ structure show
potential for being used both as a diode and as a memory cell. Furthermore,
the measured TMR is enhanced due to resonant tunneling. This would effectively
remove the need for an extra diode or transistor since the diode effect is intrinsic
to the double MTJ element.

1.4 Different Types of Switching

To measure GMR or TMR, the relative orientation of adjacent FM films must be
altered between parallel and antiparallel. This was first done by making use of
the strong antiferromagnetic coupling between FM films that arise when the non-
magnetic spacer is very thin [1,2]. However, very strong fields were needed to alter
the orientation which isn’t suitable for many applications. The preferred method
nowadays is to use an antiferromagnet to exchange bias a reference-layer. Another
method, used in so called pseudo-spin-valves [28], is to grow the FM films with
different thicknesses. By then patterning the sample into a single-domain particle,
the films will have different switching fields due to the difference in thickness.

This section describes some of the different techniques used to switch the mag-
netic free-layer in a GMR or TMR element. The use of these techniques becomes
more important as the size of devices and memory cells shrink, mainly because the
thermal noise and the required switching fields increase.

Toggle Switching
When writing to an MRAM memory, the current flow through two crossing elec-
trodes is used to create a magnetic field that switches the free-layer of an MTJ
element. Fig. 1.8 shows the basic structure of an MRAM memory. To switch only
the MTJ element at the cross-point of two electrodes, and no other, the stability
curve of the free-layer can be used to ones advantage. The stability curve, which
can be derived from the Stoner-Wohlfart theory [45], is given by

H2/3
x +H2/3

y = H
2/3
k , (1.12)

where Hx and Hy are the applied fields in the x and y direction, and Hk is an
effective anisotropy field. The resulting curve for an effective anisotropy field of 100
Oe is shown in Fig. 1.11. The curve represents a boundary between the stable and
unstable state of the free-layer. Outside of the boundary, it becomes energetically
favorable for the free-layer to switch, while within the boundary, the free-layer
returns to its original (stable) state after the field has been removed. For example,
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Figure 1.11: Stability curve for a free-layer in the single domain state having an
effective anisotropy field of 100 Oe.

lets assume that the free-layer is magnetized in the negative x direction. Now, if
a field of 60 Oe is applied in only the x or y direction, no switching occurs, while
if a field with the same magnitude is applied at 45 degrees to the x axis, the free-
layer will switch; this is exactly what happens in an MRAM array, only the MTJ
element at the cross-point is exposed to a field at an angle such that it switches.
During this write procedure, all other MTJ elements along the electrodes are being
exposed to either an x or y field, and are thus closer to the stability boundary than
otherwise; they are in a so called half-select state. As the manufacturing techniques
have advanced, the size of the memory cell has been reduces to the point at which
these half-selected bits might be switched by thermal agitations.

In order to make the free-layer thermally stable, even for small sized particles,
a technique called toggle- or spin-flop switching is used [35, 36]. This is done by
replacing the single free-layer with two layers separated by a non-magnetic spacer.
Due to dipole-dipole interactions, the two FM films couple antiparallel to each
other. Only the bottom layer is in contact with the MTJ and so the resistance only
depends on the relative orientation of this layer and the reference layer. To switch
the free-layer, the field now needs to be rotated in a rectangular pattern; that is,
apply Hy, then Hy + Hx, remove Hy and finally remove Hx. This procedure is
illustrated by steps (1)–(4) in Fig. 1.12, where the red and blue arrows represent
the magnetizations of the two free-layers. The easy axis (EA) of the two films is
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Figure 1.12: Procedure for toggle switching. The red and blue arrows show the
magnetization directions for the two free-layers. (1)–(4) illustrate the steps taken
to switch the layers. Hsf is the spin-flop point, which needs to be rounded during
the field sweep to switch the free-layer. The easy axis (EA) is indicated by a black
arrow. The saturation boundary is marked green and the stability curve, when
doing rectangular field rotations, is marked with blue.

at 45 degrees to the x axis. Hsf is the spin-flop point, which needs to be rounded
during the field sweep to switch the free-layer; if it is not rounded, the layers return
to their original orientation. The green line is the saturation boundary, which, if
passed during the field sweep, means the two free-layers have been parallel to each
other. After they have been parallel, it is impossible to know the orientation of
the bottom free-layer without measuring the resistance of the MTJ. The stability
curve when rotating the field in a rectangular pattern can now be described by the
blue line. By comparing with Fig. 1.11, it is clear that the problem with thermal
agitations of half-selected bits is gone when doing toggle switching. In fact, the free-
layer becomes even more resistant to thermal agitations when half-selected [36].

Spin-Transfer-Torque
In 1996, Slonczewski and Berger [46, 47] independently predicted that a polarized
current flowing through a ferromagnetic film will give rise to a spin transfer phe-
nomena where the current, due to the conservation of angular momentum, exerts
a torque on the magnetization of the thin film. It was predicted that at a certain
current density, this spin-transfer-torque would become strong enough to switch
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the magnetization of a free-layer in a current perpendicular to the plane spin-valve.
Two years after the theoretical predictions, Tsoi et al. [48] observed excitations

in a Co/Cu multilayer when current was injected through a point-contact. Soon
afterwards, full free-layer reversal in spin-valves could be demonstrated [49–51].
Since then, reversal has also been demonstrated in MTJ’s [52,53], which is believed
to have an impact on MRAM technology since individual bits can be switched by
a local current instead of non-local fields generated by two nearby electrodes.

I > IC

e!

!"

e!

I > IC!"

(a)

(b)

Figure 1.13: Sketch illustrating how a free-layer (the thinner ferromagnet) switches
depending on the direction of electron flow. In (a), the magnetizations are aligned
parallel and the electron flow is from the top to the bottom. In (b), the magnetiza-
tions are aligned antiparallel and the electron flow is from the bottom to the top.
Switching occurs when the current exceeds some critical current IC .

The first experiments showing full free-layer reversal were carried out by mea-
suring CPP-GMR using two ferromagnet films with different thicknesses, patterned
into structures small enough to be in the single domain state. In such a state, the
thicker layer has a larger coercivity due to shape anisotropy, and thus works as a ref-
erence layer. The current becomes polarized as it flows through the structure, and
if the current density is high enough, the magnetization of the thin film switches.
This critical current density depends on the applied field, but usually is in the order
of 106–108 A/cm2 [49–53]. Fig. 1.13 shows how the reversal process depends on the
current direction. In (a), the magnetizations are aligned parallel and the electron
flow is from the top to the bottom. The electron current becomes polarized in the
thinner layer and will stay polarized as it flows through the copper spacer; the mean
free path and spin diffusion length in copper is much larger than the thickness of
the spacer. At the surface between the non-magnetic spacer and the thicker fer-
romagnet, there is spin dependent scattering, which means that minority electrons
can be back scattered. When this happens, the back scattered electrons passes the
spacer and enters the thinner layer, whereupon a transfer of momentum can take
place. Since the spin transfer torque, in this case, is originating from minority elec-
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trons, the thinner layer will switch and become antiparallel to the thicker layer if
the current density is larger than some critical value, IC . In (b), the magnetizations
are aligned antiparallel and the electron flow is from the bottom to the top. In this
case, the electron flow becomes polarized as it enters the thicker ferromagnet, and
since it stays polarized upon passing through the spacer, the thinner layer will now
feel a torque originating from majority carriers (in reference to the thicker layer).
If the current density is larger than some critical value, IC , the thinner layer will
switch. This simplified description illustrates how a free-layer can be switched only
by changing the direction of the current flow.

Thermally Assisted Switching
In thermally assisted MRAM, the “free-layer” and reference-layer of an MTJ stack
are both exchange biased by antiferromagnets. The antiferromagnet exchange bias-
ing the “free-layer” has a lower blocking temperature than the one exchange biasing
the reference-layer. The procedure for switching the free-layer is illustrated in Fig.
1.14. At room temperature (a), the free-layer is blocked by AFM 1 and cannot

Free-Layer

Reference-Layer

AFM 1

AFM 2

Temp.

Tb1

Tb2

Time

(a) (b) (c)

Figure 1.14: Illustration of the write procedure in thermally assisted MRAM. (a)
Two antiferromagnets, AFM 1 and AFM 2 are exchange biasing the free- and
reference-layer. (b) When the temperature is raised above the blocking temperature
of AMF 1, Tb1, but below that of AFM 2, Tb2, the free-layer can be switched. (c)
When back at room temperature, the free-layer is again exchange biased.

switch. Current is then driven through the stack until the temperature increases
to above the blocking temperature of AFM 1, (b), but below that of AFM 2; that
is Tb1 < T < Tb2. At this temperature, the free-layer is no longer exchange biased
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and can be switched by an applied field. When the current is later removed, (c), the
temperature goes down to below Tb1 at which point the free-layer again becomes
exchange biased by AFM 1. This type of switching addresses the problem of kBT
being larger than the activation energy for very small bits (below 100 nm) [54].

The different blocking temperatures can be achieved in two ways; either from
the same type of antiferromagnet with different thickness, or from using two dif-
ferent types of antiferromagnets. This type of writing has been demonstrated by
Prejbeanu et al. [38].

A completely new way to thermally switch the free-layer is demonstrated in
papers III and IV. In contrast to the method above, the orientation of the free-
layer depends on temperature such that it switches back to its original orientation
when cooled. In papers V and VI it is shown that this type of switching theoretically
can lead to high frequency oscillations in current, voltage, and temperature, where
the frequency is controlled by an external inductor or capacitor.





Chapter 2

Resonant Tunneling in Magnetic
Double Tunnel Junctions

In this chapter, the effect of resonant tunneling in magnetic double tunnel barriers is
explained, what has been done in the past is reviewed, and experimental difficulties
are discussed. Resonant tunneling was first measured in systems made up of non-
magnetic semiconductor materials, which will be the starting point. After the basic
concept has been explained, the more recent work on all metallic magnetic double
tunnel junctions are reviewed.

2.1 Double Tunnel Junctions

In a double tunnel junction, two tunnel junctions are separated by a metallic spacer.
If the metallic region in between the two barriers is thin enough, it will act as a
quantum well. This means that a particle tunneling into the middle must belong
to discrete energy levels; the thinner the spacer, the fewer available levels. The
tunneling behavior of such a system is known to exhibit resonance. The first to ever
measure resonant tunneling were Chang et al. who, in 1974, measured resonance
peaks in the conduction through GaAlAs / GaAs / GaAlAs double tunnel barriers
[55]. The resonance was very week and could only be seen at low temperatures. Ten
years later, the deposition and fabrication techniques had improved to the point at
which significant resonance at room temperature could be measured [56].

For a simple explanation of why resonance peaks in the conductivity occur, lets
assume the middle spacer of a semiconductor double tunnel junction is so thin that
it only contains one energy level. A sketch of the system at three different voltages
is shown in Fig. 2.1. The voltage is applied across the outer electrodes such that the
left electrode is at a higher voltage than the right. The y-axis corresponds to energy,
so a drop in voltage across the left barrier would mean that the middle spacer moves
down in the figure. Similarly, a drop in voltage across the second barrier, would
mean that the right electrode moves down. In (a), there is no voltage applied across

19
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Figure 2.1: Sketch showing a semiconductor double tunnel junction at three differ-
ent voltages. Energy increases along the y-axis. In (a), there is no voltage applied
across the stack, and consequently no current-flow. In (b), a voltage is applied such
that electrons from the conduction band in the left electrode (CB 1) can tunnel
into the single energy level (E1) of the spacer. In (c), E1 is below CB 1, and the
applied voltage, VA, has become larger than the threshold voltage, VT , at which
point no conduction can take place.
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the stack, and consequently no current-flow. In (b), a voltage is applied such that
electrons from the conduction band in the left electrode (CB 1) can tunnel into the
single energy level (E1) of the spacer. If E1 had been larger to begin with, a voltage
equal to the gap between E1 and the top of CB 1 would have had to be applied
before any conduction would take place. Note that only electrons with energy E1
in CB 1 can tunnel through. In (c), E1 is below CB 1; the voltage has become
too large for any current to flow. This means that in a conductivity measurement,
a single peak would appear as E1 passes by CB 1; the structure acts as a filter,
letting through only electrons with energy E1.

In 1973, Tsu and Esaki [57] derived an expression for the current through a
finite chain of tunnel barriers,

J = em∗kBT

2π2h̄3

∫ ∞
0

T (E)ln
(

1 + exp[(EF − E)/kBT ]
1 + exp[(EF − E − eV )/kBT ]

)
dE, (2.1)

where e is the elementary charge, m∗ is the effective mass of the electron, kB is
the Boltzmann constant, T is the temperature, T (E) is the transmission coefficient
and EF is the Fermi energy.

2.2 Magnetic Double Tunnel Junction

In a magnetic double tunnel junction, at least two of the three metallic regions
are magnetic. The first theoretical work describing such a system, also taking into
account the different spin-channels, was made by Zhang et al. [58] who based their
treatment on the work done by Slonczewski [31]. The notations used by them is
shown in Fig. 2.2, where energy increases along the y-axis, U is the barrier height,
Va is the applied voltage, and b, c, d and L are the width of the left barrier, middle
metal electrode, right barrier and their sum respectively. Regions 1, 3 and 5 are
ferromagnetic, while region 2 and 4 are insulators.

Basing the treatment on the free-electron model of conduction electrons, Zhang
et al. derived the transmission coefficient for a magnetic double tunnel junction,

Tσ(E) = k5,σ

k1,σ

∣∣∣∣ 1
S11

tot

∣∣∣∣2 , σ = ±1 (2.2)

where S11
tot is the left upper-most element of Stot defined by

Stot = k5,σ

k1,σ

(
ik1,σ

m∗1
λ02m∗2

ik1,σ − m∗1
λ02m∗2

)(
Ai[ρ2,σ(x = 0)] Bi[ρ2,σ(x = 0)]
Ai´[ρ2,σ(x = 0)] Bi´[ρ2,σ(x = 0)]

)
·

·ST(x) ·
(

Ai[ρ4,σ(x = b+ c+ d)] Bi[ρ4,σ(x = b+ c+ d)]
Ai´[ρ4,σ(x = b+ c+ d)] Bi´[ρ4,σ(x = b+ c+ d)]

)−1
·

·

(
ik5,σ

m∗1
λ04m∗4

ik5,σ − m∗1
λ04m∗4

)−1(
e−ik5,σ(b+c+d) 0

0 eik5,σ(b+c+d)

)−1

, (2.3)
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Figure 2.2: Notations used by Zhang et al. [58] for calculating the transmission
through a spin-dependent double tunnel barrier biased by a voltage Va. Regions 1,
3, and 5 are conductors, regions 2 and 4 are insulators.

where,
ST(x) = S−1[ρ2,σ(x = b)] ·T[k3, c] · S[ρ4,σ(x = b+ c)], (2.4)

S[ρj,σ(x)] =
(

Ai[ρj,σ(x)] Bi[ρj,σ(x)]
Ai´[ρj,σ(x)] Bi´[ρj,σ(x)]

)
, (2.5)

T(kj , x) =

 cos(kjx) − m∗j
kjm∗(j+1)λ(j+1)

sin(kjx)
kjm

∗
(j−1)λ(j−1)

m∗
j

sin(kjx)
λ(j−1)m

∗
(j−1)

λ(j+1)m
∗
(j+1)

,

 , (2.6)

ρj,σ(x) = x

λ0j
+ β0j,σ , (2.7)

λ0j = −

[
(L− c)h̄2

2m∗jeVa

]1/3

, (2.8)

β0j,σ =

{ (L−c)(E−U)
eVaλ0j

j = 2,
(L−c)[E−U−eVac/(L−c)]

eVaλ0j
j = 4.

(2.9)

Here, Ai[ρ(x)] and Bi[ρ(x)] are the Airy function and its complement, and the
electron momentum along the x-axis in region 1, 3 and 5 is given by

k1,σ =
√

2m∗1(E + h0σ)/h̄, (2.10)

k3,σ =
√

2m∗3(E + eVab/(L− c) + h0σ)/h̄, (2.11)
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and
k5,σ =

√
2m∗5(E + eVa + h0σ)/h̄, (2.12)

where mj is the effective mass of the electron in region j, E is the energy, h0 is the
magnitude of the molecular field within each FM region, and σ = ±1 corresponds
to spin-up or spin-down.

Spacer Thickness

If we consider tunneling from an FM material with h0 = 0.15 eV and m∗ ≈ me

through insulating barriers with m∗ = 0.28 ·me and U = 1.32 eV [58–60], we can
plot the transmission coefficient using equation 2.2. Fig. 2.3 shows a plot of the
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Figure 2.3: Transmission versus energy for spin-up electrons in a double MTJ with
a middle spacer having thickness 0.5 and 1.5 nm. Calculated from equation 2.2
with b = d = 0.5 nm, h0 = 0.15 eV, m∗Al2O3

= 0.28 ·me in regions 2 and 4, m∗ = me

in regions 1, 3 and 5, U = 1.32 eV, and Va = 0.2 V.

transmission versus energy for the spin-up channel with Va = 0.2 and a barrier
thickness of 0.5 nm. Two different thicknesses for the middle spacer is shown; 0.5
nm and 1.5 nm. As expected, the thinner spacer has fewer peaks in the trans-
mission; in this case only one while the thicker spacer has two. Furthermore, the
resonance peaks are shifted in relation to each other, illustrating the importance of
growing barriers with a uniform thickness distribution; if the variation in thickness
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is too large, the resonance peaks becomes smeared out and cannot be seen during
conductance measurements.

Magnetoresistance

Fig. 2.4 shows the calculated transmission for spin-up electrons when the magneti-
zation of the middle spacer is aligned parallel (σ = +1 in region 3) and antiparallel
(σ = −1 in region 3) to the outer FM layers. The thickness of the middle spacer
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Figure 2.4: The calculated transmission for spin-up electrons when the magnetiza-
tion of the middle spacer is aligned parallel (σ = +1 in region 3) and antiparallel
(σ = −1 in region 3) to the other FM layers. b = d = 0.5 nm, h0 = 0.15 eV,
m∗Al2O3

= 0.28 ·me in regions 2 and 4, m∗ = me in regions 1, 3 and 5, U = 1.32
eV, and Va = 0.2 V.

is fixed at 1.5 nm, while all other parameters are the same as before. It is evident
that a shift in resonance occurs when the magnetization of the middle spacer is
switched. This implies that the TMR effect could be enhanced or diminished, de-
pending on how the peaks are shifted in relation to each other and the energy of
the incident electrons. In paper II, a negative TMR of almost 4000% is measured,
which is interpreted to be caused by this effect.
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Barrier Height
When looking for resonant tunneling, it is preferable to work with a system that
has sharp resonance peaks, and it turns out that this depends on the barrier height,
U . Since MgO has a lower barrier height than Al2O3, it might be more difficult to
measure resonant tunneling in a system using MgO barriers. Mitani et al., Parkin
et al. and Moodera et al., have measured a barrier height for MgO in the range of 1
eV [26,61,62]. However, in 2004, Yuasa et al. measured a barrier height of only 0.4
eV [27] which they attribute to oxygen vacancy defects in the MgO. In comparison,
the barrier height of Al2O3, measured by Moodera et al., seems to vary between
1.8 and 3.5 eV [62,63].

To look at the difference between a barrier made of Al2O3, MgO and oxygen
deficient MgO, Fig. 2.5 shows the calculated resonance peaks corresponding to
barrier heights 2.5, 1.0, and 0.4 eV respectively. The electron effective mass in
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Figure 2.5: The calculated transmission of spin-up electrons for barrier heights
corresponding to 2.5, 1.0 and 0.4 eV. b = d = 0.5 nm, h0 = 0.15 eV, m∗ =
m∗Al2O3

= 0.28 ·me in regions 2 and 4, m∗ = me in regions 1, 3 and 5, and Va = 0.2
V.

Al2O3 and MgO are kept at 0.28·me [24, 64] .The sharpest resonance peaks corre-
sponds to 2.5 eV, or that of Al2O3, while for MgO with oxygen deficiencies, the
resonance peaks are almost completely smeared out due to the low barrier height.
This indicate that a system based on Al2O3 barriers might have a larger probability
for showing resonance peaks. However, a system based on MgO barriers will have
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other benefits such as coherent tunneling, giving a much higher spin polarization
and larger magnetoresistance. The main difficulty when growing magnetic double
tunnel junctions, with a middle spacer made out of metal, is to keep a low rough-
ness so that the resonance peaks don’t get smeared out. In Fe, for example, the
Fermi wavelength is in the order of, or less than, one nanometer [31], which can be
compared to that of semiconductors who typically have Fermi wavelengths in the
order of several tens of nanometers.

Asymmetric Barriers
It has been theoretically shown by Chshiev et al. [65] that if the two barriers in a
magnetic double tunnel junction has different thicknesses or different heights, the
system will have an asymmetric current voltage characteristic. In both the forward
and reversed biased state, there will be resonance peaks corresponding to energy
levels within the middle electrode; just like in the case of two barriers with equal
properties. The spacing between these energy levels will be the same, but due to
the asymmetry, their positions will not. This shift in resonance peaks, depending
on the direction of the current, is caused by the different boundary conditions at
the metal/insulator interfaces. As was previously shown, the resonance peaks can
be shifted by switching the magnetization of an FM electrode, which in this case
can be used to affect the level of asymmetry.

This asymmetry effect has been experimentally confirmed by Tiusan et al. [66],
and Iovan et al. [67, 68]. In paper I, an asymmetric current voltage characteristic,
or diode effect, with a rectification ratio of 1000 is demonstrated in a NiFe/MgO
structure having a continuous middle electrode. Furthermore, in paper II, the diode
effect is measured together with a negative magnetoresistance of nearly 4000% at
low temperatures. This can prove to be useful when scaling down magnetic random
access memory; the need to use diodes or transistors in series with each bit, to
prevent current shortcuts, can possibly be eliminated.



Chapter 3

Thermally Controlled Switching in
Magnetic Multilayers

Different ways to control the switching in magnetic multilayers have already been
described in the introduction. This section will focus on materials and techniques
used when controlling the switching by means of fast heating.

In a thermally controlled spin-switch, the switching of a free-layer is controlled
by heating and cooling a weak FM spacer. Through exchange interactions, the
free-layer is coupled by a weak FM spacer to a much harder layer (having a higher
coercivity or being exchange coupled to an antiferromagnet). If the temperature
is increased, the weak FM spacer, which is close to its Curie point, will no longer
be able to couple the free-layer to the much harder layer. The free-layer magne-
tization, which is now free to rotate, can be switched either by external fields or
by dipole-dipole coupling to a reference-layer. The switching can then be reversed,
without removing the applied field or affecting the dipole-dipole coupling, solely
by decreasing the temperature until the weak FM spacer exchange couples to the
free-layer. The temperature can be controlled either by external means, such as a
heater, or internally, such as by current induced heating. A schematic showing the
different parts is shown in Fig. 3.1. Se paper IV for further discussions on this, as
well as a demonstration of switching using external or internal heating.

In other types of thermally controlled switching [69], heating is used to lower the
coercivity of an FM particle in order to make it easier to switch the magnetization; it
is thus necessary to reverse the applied field between each switching. In a thermally
controlled spin-switch, on the other hand, the state of the particle is decided only
by the temperature; either above or below a certain critical temperature. By using
the principle of a thermally controlled spin-switch, it could be possible to realize
new type of devices such as temperature sensors or oscillators; for more details on
the later, see papers V and VI.

27
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Weak FM

Free-Layer

Hard-Layer

Reference-Layer

T < Tcritical T > Tcritical

(a) (b)

E↑↑ > E↑↓

Figure 3.1: Schematic showing the different parts of a thermally controlled spin-
switch. The arrows indicate magnetization — the top and bottom layers are anti-
ferromagnets. In (a), the temperature is lower than a critical temperature and the
free-layer is exchange coupled to the hard-layer. In (b), the temperature is above
the critical temperature — the energy for maintaining a parallel orientation, E↑↑,
now becomes larger than for an antiparallel orientation, E↑↓ — and the free-layer
rotates in an external field or in the dipole field of the reference-layer.

3.1 Transitional Temperature Range

In the ideal case, the free-layer is a single domain particle, having an easy axis
directed along the external field, whose magnetization starts rotating at a temper-
ature very close to the Curie point of the weak FM spacer and is fully switched as
soon as the spacer has become non-magnetic. In reality, however, the transitional
temperature range, ∆T , which is the temperature range needed for a complete
switch of the free-layer, depends on the materials used for the weak FM spacer,
electrodes and antiferromagnets, as well as the applied field, pressure and tempera-
ture conditions during film growth. If the exchange coupling through the FM spacer
is very weak, and the external field is strong, the free-layer switching might start
and end well below the Curie point of the spacer. Two different ∆T , corresponding
to the same drop in magnetization, for a nickel spacer are shown in Fig. 3.2; the
∆T closest to the Curie point is the smallest, and therefore the better choice. The
steepness of the drop in magnetization, and thus the width of this ∆T , depends
on the Curie point and saturation magnetization of the material used. It is thus
preferable to use a spacer material which has a very steep phase transition and a
Curie point close to the operating temperature of the device. A comparison be-
tween some different alloys, with Curie points just above room temperature, will
be made in section 3.2.

Another parameter that affects the width of ∆T is the magnetic anisotropies
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Figure 3.2: Magnetization versus temperature for pure nickel. Two different tem-
perature ranges, ∆T1 and ∆T2, corresponding to the same drop in magnetization,
are indicated. ∆T2 is smaller than ∆T1 due to a much steeper drop in magnetization
close to the Curie point.

present in the system. If the switching occurs below the Curie point of the spacer,
the free-layer rotation will be affected by the weak FM spacer and hard-layer.
In the combined tri-layer — free-layer, weak FM spacer and hard-layer — there
will be many sources of anisotropies; magnetocrystalline, magnetoelastic and shape
anisotropy in all three layers, as well as surface anisotropy at the interface between
the hard-layer and top antiferromagnet. If the total magnetic anisotropy is such
that the free-layer rotation is along an hard axis, a larger ∆T will be needed for a
full reversal compared to if the free-layer rotation would be along an easy axis.

One way of measuring ∆T is to monitor the magnetization while, at the same
time, heating and cooling the sample in a constant applied field. A plot of the
magnetization versus applied field for a sample with structure NiFe 8 / CoFe 2 /
Ni72Cu28 30 / CoFe 2 / NiFe 3 / MnIr 15 / Ta 20 [nm] at two different temperatures
is shown in Fig. 3.3. The red line shows what strength an applied field should have
in order for the magnetization of the bottom NiFe / CoFe free-layer to switch
solely by changes in temperature; the strength of the exchange coupling through
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Figure 3.3: Magnetization versus applied field for a sample with structure NiFe 8
/ CoFe 2 / Ni72Cu28 30 / CoFe 2 / NiFe 3 / MnIr 15 / Ta 20 [nm] at two different
temperatures. The red line shows what strength an applied field should have in
order for the magnetization of the bottom NiFe / CoFe free-layer to switch solely
by changes in temperature.

the Ni72Cu28 alloy varies with temperature while the top CoFe / NiFe hard-layer
is exchange biased by antiferromagnetic MnIr. By fixing the applied field, and
measuring the magnetization while the temperature is varied, a transition width
equal to ∆T is obtained. Such a measurement, with a constant applied field of -15
Oe, is shown in Fig. 3.4 (a); the measured ∆T is found to be about seven degrees.
By adding a spin-valve structure underneath the free-layer (creating a thermally
controlled spin-switch), the buffer beneath the Ni72Cu28 becomes much thicker,
which in turn changes the roughness and growth conditions for the alloy. A spin-
valve with structure NiFe 3 / MnIr 15 / CoFe 4 / Cu 3 / NiFe 8 / CoFe 2 [nm] has
been added to the bottom of the previous sample and the resulting measurement of
∆T is shown in Fig. 3.4 (b); ∆T is now more than four times larger than with the
previous buffer. The changes in growth conditions have clearly affected the width
of ∆T .



3.1. TRANSITIONAL TEMPERATURE RANGE 31

50 60 70 80 90 100
Temperature [!C]

"1.5

"1.0

"0.5

0.0

0.5

1.0

M
ag

n
et

iz
at

io
n

[a
.u

.]

80 90 100 110 120

"1.0

"0.5

0.0

0.5

1.0

1.5

M
ag

n
et

iz
at

io
n

[a
.u

.]

!T ! 30!C

!T ! 7!C

(a)

(b)

Figure 3.4: Magnetization versus temperature for samples with structure (a) NiFe
8 / CoFe 2 / Ni72Cu28 30 / CoFe 2 / NiFe 3 / MnIr 15 / Ta 20 [nm] and (b) NiFe
3 / MnIr 15 / CoFe 4 / Cu 3 / NiFe 8 / CoFe 2 / Ni72Cu28 30 / CoFe 2 / MnIr 15
/ Ta 20 [nm]. In both cases, a constant applied field made sure the magnetization
switched solely by variations in temperature. In (a) the applied field was 15 Oe
and in (b) it was 45 Oe.
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3.2 Material Considerations

Besides choosing an FM spacer with a steep phase transition, a Curie point close
to the operating point, and having a low magnetic anisotropy, it is also important
to choose electrodes and antiferromagnets that can withstand continues cycling
of the temperature. Commonly used materials for FM electrodes are NiFe (Py),
CoFe and CoFeB; all having a Curie point well above room temperature. Since
the temperature cycling takes place close to room temperature, with a ∆T that is
relatively small, any of the commonly used FM electrodes should be unaffected by
the temperature cycling. Good antiferromagnets are IrMn and PtMn, both having
a high blocking temperature while exerting strong exchange biasing.

Another parameter to consider when choosing materials is the coercivity. If the
free-layer or the tri-layer (when switching occurs below the Curie point) has a large
coercivity, there will be a large hysteresis when sweeping the temperature.

In this section, advantages and disadvantages for four alloys that could poten-
tially be used for the weak FM spacer are discussed.

Spacer Alloys

Magnetization versus temperature curves for four different FM alloys that could
potentially be used for the spacer are shown in Fig. 3.5. The Curie point depends
on the alloy composition and should ideally be chosen such that it is above room
temperature, but well below the blocking temperature of any antiferromagnets.

Ni-Cu

The dependence of Curie point versus nickel concentration in the Ni-Cu alloy is
very linear. A plot of the Curie point versus nickel concentration is shown in
Fig. 3.6. The alloy becomes magnetic when the nickel content is slightly above 40
at.%, followed by an increase of the Curie point with approximately 100 K for each
additional 10 at.% of nickel. Due to this relatively slow change, the Curie point can
be easily controlled during the deposition process. The alloy can be co-sputtered
from two targets, one nickel and one copper target, or sputtered directly from a
target containing the wanted alloy composition.

For thin films, less than 50 nm, the alloy magnetization has been observed to
point out of plane [78]. If this is the case, a hard axis type of rotation can be
expected from the alloy.

As can be seen in Fig. 3.5, the Ni-Cu alloy do not have a very steep drop of
magnetization close to the Curie point. It has been indicated that the concentration
of nickel might vary across the alloy; some regions containing more nickel than
others [74, 79–81]. This was investigated in collaboration with the Institute of
Magnetism in Kiev (IMAG) where the alloys have been characterized using various
techniques such as ferromagnetic resonance (FMR), X-ray diffraction (XRD) and
energy-dispersive X-ray spectroscopy (EDX). The results can be found in paper
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Figure 3.5: Magnetization versus temperature curves for some alloys that could
potentially be used for the spacer in a thermally controlled spin-switch operating
close to room temperature. The data has been reproduced from [70–73], except for
the permalloy (Py) containing 8% molybdenum which was measured separately.

VII and show that some non-homogenous nickel distribution is forming at nickel
concentrations below 85 at.%. Different regions of the alloy thus have slightly
different Curie points. This could explain why the phase transition isn’t so steep
close to the Curie point.

Ni-Fe

The FM phase transition of bulk Fe and Ni is normal; no changes in crystal struc-
ture occur at temperatures below the Curie point. In the Ni-Fe alloy, however, such
changes do occur. The alloy becomes ferromagnetic at nickel concentrations above
30 at.% and at roughly 30 – 40 at.% Ni where the Curie point is close to room
temperature, the crystal structure can be either in an FCC or BCC state [82]. The
FCC state is ferromagnetic while the BCC state is non-magnetic. A rearrange-
ment of the crystal structure occurs when the alloy is heated; consequently, the
alloy loses its magnetization when heated through the temperature at which the
crystal structure changes from FCC to BCC. This results in a very steep phase
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Figure 3.6: Curie point, Tc, versus nickel concentration in the Ni-Cu alloy. For a
Tc just above room temperature, the alloy should contain 70–80% nickel. The data
has been taken from [74–77].

transition [83,84] which would be a very good behavior for a weak FM spacer. Un-
fortunately, there is a considerable difference between the temperature at which the
magnetization becomes zero on heating, and that at which it becomes non-zero on
cooling. This temperature difference can be as much as a few hundred degrees [83].
Another drawback is that the Curie point of the alloy, at around 30–40 at.% nickel,
increases very fast with the addition of nickel [82,84], making it difficult to control
the Curie point during the deposition process.

Fe-Pt

As can be seen in Fig. 3.5, the disordered Fe72Pt28 alloy has a very steep phase
transition, compared to the other alloys, and a Curie point at 400 K [72] — a good
operating point for a thermally controlled spin-switch. It is an Invar alloy (as some
of the above Ni-Fe alloys), which means that its volume is invariable to changes
in temperature over a certain temperature range. At 25–50 at.% Pt, the Curie
point increases with the addition of Pt and at 30 at.% the rate is approximately
100 degrees per 4 at.% Pt [85, 86]. This rather quick change of Curie point might
be difficult to control during co-sputtering. If depositing from an alloy target,
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the difference in atomic mass should be considered. Since atoms of different mass
sputter at different rates, the composition of the deposited film will not be the same
as in the alloy target. As an example, we had films sputtered from an Fe72Pt28
target analyzed; they contained 32 at.% Pt, resulting in a Curie point that is 100
degrees higher than the original alloy.

For certain compositions and heat treatments, the alloy is known to have a very
large coercivity [87]; a lower coercivity in its disordered state than in its ordered
state. The above as-deposited films, containing 32 at.% Pt, showed a coercivity of
70 Oe only. Unfortunately, this is still somewhat too large because the alloy will be
coupled to the free-layer and thereby affecting its switching behavior; this is only
true as long as the switching takes place below the Curie point. The coercivity is
known to increase during annealing as the alloy becomes more ordered.

The magnetoelastic anisotropy is another parameter that is known to be large in
the Fe-Pt alloy [88]. It can thus be difficult to control the easy axis of magnetization,
which ideally should be in-plane and along the applied field in a thermally controlled
spin-switch.

Py-Mo

Permalloy (Py) is a Ni-Fe alloy containing about 80 at.% Ni and 20 at.% Fe. The
alloy has a very low coercivity and almost no magnetostriction. By adding small
amounts of Mo, the Curie point can be lowered and reaches 400 K already at 12
at.% Mo [86]. The only apparent drawback of this alloy is that the position of the
Curie point can be difficult to control; it changes at a rate of 100 degrees for each
addition of 2 at.% Mo.

3.3 Optimization of Current-In-Plane GMR

In a thermally controlled spin-switch, the free-layer switching is controlled by heat-
ing; see paper IV. Above a certain critical temperature range, the free-layer and
reference-layer are aligned antiparallel, while below the critical temperature range,
they are aligned parallel. One way to improve the efficiency of the device is to
make the resistance between the parallel and antiparallel state as high as possible.
Unfortunately, the many layers make it difficult to achieve any significant MR sig-
nal when current-in-plane read-out is used; the extra layers shunts the current. A
schematic over the general structure, clarifying this issue, is shown in Fig. 3.7. In
paper IV, the maximum MR reached in a thermally controlled spin-switch is three
percent. In this section, we address this problem and look at ways to improve the
current-in-plane read-out signal.

Different ways to increase the current-in-plane GMR signal of a thermally con-
trolled spin-switch include:

• decreasing the thickness of the Cu spacer,

• replacing NiFe with CoFe in the free layer,
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Figure 3.7: Schematic showing a thermally controlled spin-switch. The arrows
inside the stack indicate magnetization — the top and bottom layers are antiferro-
magnets. When the current, I, flows in the plane of the films, the GMR signal is
lowered due to a shunt formed by the top layers.

• decreasing the thickness of the shunt, including electrodes and thermal spacer,

• and use nano oxide layers (NOL) for specular enhancement.

Difficulties with decreasing the thickness of the thermal spacer, point three above,
is discussed in paper III. First, we focus on optimizing the read-out part by using
a hard disk read-head as a base template.

Current-in-Plane GMR in Read-Heads
In state of the art GMR read-heads, the current-in-plane magnetoresistance is in
the range of 20% [89–91]. The high MR value has been achieved by the use of very
thin oxide layers [89–93] in combination with materials known to give high MR. The
so called nano oxide layers (NOL), inserted in both the top and bottom electrodes,
provide specular reflection which work to enhance the MR signal. In addition, a
high conductance layer (HCL), made of Cu, is deposited on top of the free-layer.
A schematic of this type of read-head design [89] is shown in Fig. 3.8. The HCL
increase the spin diffusion length for electrons emanating from the bottom electrode
— the electrons are of one type only after having been spin-filtered by the top
electrode — thereby increasing the relative difference in resistance between spin-up
and spin-down electrons [94]; copper has a spin diffusion length of approximately
500 nm at room temperature [95, 96] which can be compared to CoFe’s 12 nm
already at 4.2 K [97].

Fig. 3.9 shows current-in-plane GMR measurements of a spin-valve, both with
and without an HCL. The structure of the sample, including an HCL, is Ta 5 / NiFe
2.5 / MnIr 7 / CoFe 4 / Cu 2.5 / CoFe 2 / Cu 1 (HCL) / Ta 1 [nm]. In the sample
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Figure 3.8: Schematic showing an optimized current-in-plane read-head structure
incorporating both NOL’s and HCL.
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Figure 3.9: Current-in-plane GMR measurement of a spin-valve, both with and
without an HCL. The structure of the sample, including an HCL, is Ta 5 / NiFe
2.5 / MnIr 7 / CoFe 4 / Cu 2.5 / CoFe 2 / Cu 1 (HCL) / Ta 1 [nm].
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with an HCL, the MR reaches 9% without the use of any NOL’s, corresponding well
with values published in [89]. In the same structure, but without the Cu HCL, the
current-in-plane MR is reduced to 6.5%. Unfortunately, it is not possible to use a
non-magnetic HCL in the free-layer of a thermally controlled spin-switch; coupling
between the free-layer and the weakly ferromagnetic alloy (Ni72Cu28) would be
difficult to achieve. A possible alternative could be to use cobalt instead of copper
as the HCL [94]; pure cobalt has a spin diffusion length of approximately 40 nm
at room temperature [98], significantly longer than CoFe [97]. So without neither
HCL or NOL’s, the maximum current-in-plane MR that can be expected from only
the read-out part of a thermally controlled spin-switch is approximately 6.5%.

MR in a Thermally Controlled Spin-Switch

If the thermally controlled spin-switch in paper IV is modified such that the read-
out is identical to the above spin-valve structure, the measured current-in-plane
MR is the result of a parallel combination between shunt and read-out layers. This
MR can be estimated by

MRshunt = 100 ·
(
Rs/R↑↑ + 1
Rs/R↑↓ + 1

− 1
)
, (3.1)

where Rs is the total sheet resistance of the shunt, and R↑↑ and R↑↓ are the par-
allel and antiparallel sheet resistance of the read-out layer respectively. The sheet
resistance is defined as Rs = ρ/t, where ρ is the resistivity and t is the thickness of
the films. By using various tabulated and measured values of ρ 1, Rs for a shunt
made up of Ni-Cu 20 / NiFe 3 / MnIr 12 / Ta 5 [nm] can be estimated by

Rs =
(

1
RNiCu

+ 1
RNiFe

+ 1
RIrMn

+ 1
RTa

)−1
≈ 11Ω/sq, (3.2)

where Rx is the sheet resistance of material x. In the same way we estimate R↑↑
and R↑↓, for a read-out layer comprised of Ta 5 / NiFe 2.5 / MnIr 7 / CoFe 4 / Cu
2.5 / CoFe 2 [nm] having an MR of 6.5%, to 4.2 Ω/sq and 4.5 Ω/sq respectively.
Using these rough estimates together with (3.1), a total current-in-plane MR in the
neighborhood of 4–5% can be expected.

Actual measurements show a slightly lower value of 3–4 %. A possible explana-
tion for this is the change of interface on top of the free-layer when Ta is removed
and a shunt is added. When the shunt is added, the material on top of the free
layer will change from Ta to a Ni-Cu alloy; changing the surface properties and
affecting the spin-flip scattering at the interface. The effect of a changed interface
will be further discussed in the next part where NOL’s are added to the structure.

1Values used for ρ were: Ta 12.5, MnIr 165.9, NiFe 60.2, NiCu 54.7, CoFe 15.7 and Cu 1.67
[10−8Ωm].
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Nano Oxide Layers (NOL)

In 1998, Swagten et al. [93] discovered that spin-valves based on antiferromagnetic
NiO showed larger MR values than spin-valves based on FeMn. This was attributed
to a higher degree of specular reflection of electrons in the NiO based spin-valves;
they have a metal-oxide interface as opposed to only a metal-metal interface. Simi-
larly in 1997, Egelhoff et al. [92] had discovered that the GMR of spin-valves could
be enhanced by introducing oxygen impurities during film growth. These discover-
ies eventually led to the use of NOL’s in GMR read-heads. The NOL’s are extremely
thin oxide layers introduced in the reference-layer and/or on top of the free-layer,
see schematic in Fig. 3.8. By introducing NOL’s it is possible to effectively double
the GMR signal [89–91].

A simple sketch trying to illustrate the way NOL’s can help to enhance GMR is
shown in Fig. 3.10. While the electrons drift to the right, spin-up and spin-down
electrons do not feel the same resistance inside the ferromagnet (grey area). If a
majority carrier, spin-up electron in this case, scatter against a surface and flip its
spin, the surface has effectively reduced the spin diffusion length of the electron. If,
on the other hand, the reflection is specular and the spin is preserved, the electron
will be able to drift as if it was drifting in the bulk of a ferromagnet, resulting in
a longer spin diffusion length. Since the electron now drift longer as a majority
carrier inside the ferromagnet, the overall resistance felt will be lower. This is only

Without NOL With NOL

lsf lsf

Figure 3.10: Simple sketch illustrating how an NOL and specular reflection can
help increase the spin diffusion length, lsf , of spin-up electrons; spin-down electrons
are typically scattered before they reach the NOL. Yellow means copper and grey
means a ferromagnetic material in which the majority carriers are spin-up electrons.
The electrons drift to the right in an applied electric field.

true as long as the thickness of the ferromagnetic electrode is in the range of, or less
than, the spin diffusion length of the majority carriers; a few nanometers for NiFe
at room temperature [95]. The spin diffusion length of the minority carriers are
typically less than the thickness of the electrode, which means that they will not
be affected by the specular reflection in any significant way; hence, the difference
in resistance between the majority and minority carriers is larger with specular
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reflection than without, giving an increase of current-in-plane GMR.
Attempts to increase the GMR in a thermally controlled spin-switch by using

NOL’s have been successful. Adding oxygen to the free-layer, however, increases
the coercivity and had to be omitted. For example, flowing oxygen at a rate of 0.5
sccm during 55 seconds increased the coercivity of the free-layer to more than 45 Oe.
Subsequent tries gave even higher values; too high for a free-layer. Instead, an NOL
was added to the reference-layer only. Fig. 3.11 shows measured current-in-plane
GMR versus oxygen exposure for a sample with structure Ta 5 / NiFe 3 / MnIr 15
/ CoFe 2 / NOL / CoFe 2 / Cu 3 / CoFe 4 / NiCu 20 / NiFe 3 / MnIr 12 / Ta 5
[nm]. The drop in GMR after 225 cm3s/min is due to the loss of exchange bias; the
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Figure 3.11: Measured current-in-plane GMR versus oxygen exposure during NOL
growth. The sample structure is Ta 5 / NiFe 3 / MnIr 15 / CoFe 2 / NOL / CoFe
2 / Cu 3 / CoFe 4 / NiCu 20 / NiFe 3 / MnIr 12 / Ta 5 [nm].

NOL becomes too thick. So, by adding an NOL to the reference layer, the current-
in-plane GMR is enhanced from 3–4% to almost 6%. Looking at current-in-plane
GMR values for optimized read-heads, one would expect that this number is close
to the maximum. With some further optimization — such as adding a cobalt HCL,
decreasing thickness of layers, or further optimize deposition parameters — the
GMR could perhaps be increased one or two percent more. The most promising
way to further optimize the GMR is to find a replacement alloy for the weakly
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ferromagnetic Ni-Cu layer; one that can be grown thinner, without affecting the
switching behavior, and preferably with a large resistivity. However, no such alloy
has been found to date; most alloys have some issue like large coercivity, wrong
Curie point, difficulty controlling the concentration etc. See section 3.2 for more
details on this.





Chapter 4

Experimental Techniques

When developing and adjusting processes for making ferromagnetic multilayered
devices and spin-valves, it is important to use tools that provide a low turnaround
time. The earlier one can get feedback on film properties, the sooner one can make
adjustments before restarting the process. It is also important to have many control
points; for example, if something is wrong and the error isn’t discovered until after
patterning, there is no way to tell if the problem arose during film deposition or
during patterning.

In this chapter, different tools and techniques that have been used to get a low
turnaround time are described.

4.1 Sputtering

Sputtering was first reported in 1852 by W. R. Grove [99]. While studying electrical
conductivity of gases, he noticed that metallic films were being deposited on glass
close to the cathode. It took another hundred years, until the invention of high-
vacuum technology, before the first systematic study of sputtering took place [100–
102]. Today, sputtering is used extensively, not only for thin film research, but also
in the industry for applying various coatings.

Sputter deposition is the process of ejecting atoms from a target material by
impinging the surface with high energy particles; atoms then diffuse through the
chamber to form a thin film on a substrate. In the common case of Ar being used
as the sputtering gas, ions of Ar are formed close to the surface of the target.
The ions are formed by applying a high voltage between the target and a ground
shield, thereby creating a plasma. The ability to form a plasma depends on the
target-to-ground distance and the Ar pressure in the chamber. Due to the high
electric field, the plasma ions are accelerated towards the target surface. In the
most common form of sputtering, magnetron sputtering, the ions are contained
close to the target by a magnetic field. The cross section of a typical magnetron
sputtering gun is shown in Fig. 4.1. For sputtering insulating materials, the power
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Ground Shield
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Figure 4.1: Schematic showing the cross section of a typical magnetron sputtering
gun. Ions from the plasma, formed on top of the target, gets trapped inside the
field lines. Due to the applied voltage, V , ions are accelerated towards the target.

has to be supplied from an AC source rather than DC; this prevents charge buildup,
which could lead to sudden discharges on the target surface. If the target is made
up of a magnetic material, the target will effectively block the magnetic field lines.
To prevent this, the middle magnet is replaced with an iron core, increasing the
strength of the magnetic field such that it can penetrate the target. Magnetic
targets are also made thinner, making it easier for a magnetic field to penetrate.

During film growth, the ion bombardment of the growing film is a critical param-
eter that influences the structure and properties of the growing film [103]. Because
of this, the magnets in a sputtering gun is often configured to be unbalanced, where
the outer magnets are stronger or weaker than the center ones. This way, more field
lines extend away from the target, thereby increasing the ion bombardment onto
the substrate [104].

The structure and growth quality of the films also depends on the argon pressure,
and the homologous temperature T = Ts/Tm, where Ts is the substrate temperature
and Tm is the melting point of the material. In 1974, Thornton [105] used these
parameters to identify different growth zones where the film structure and surface
roughness varies.

Why Vacuum Is Needed

The ambient pressure in a vacuum chamber determines the rate of which particles
from the surrounding gas gets deposited. The rate at which a surface is hit by
molecules is given by

Ni = p√
2πmkBT

, (4.1)
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where p is the pressure, m is the mass of a gas molecule, kB is Boltzmann’s constant
and T is the absolute temperature. At room temperature, T = 300 K, under
atmospheric pressure, p = 105 Pa, with an average molecular weight of 28 u, m =
5 ·10−26 Kg, the impinging rate is 3 ·1027 m−2s−1. This means it will take only one
nanosecond before a monolayer of molecules is adsorbed on the surface, assuming
one monolayer contain 1018 molecules. The base pressure in a sputtering system,
prior to sputtering, is usually in the range of, or better than, 10−8 Torr (10−6 Pa).
This increases the deposition time for a monolayer of molecules to 26 seconds, an
increase by a factor of 1010. This is the reason high vacuum is needed for processing
and growing thin films.

The actual coverage of a surface also depends on a sticking coefficient, which is
the probability that an atom or molecule remains adsorbed. For clean metal surfaces
this sticking coefficient is close to unity; nearly every impinging atom or molecule
stays on the surface. The above estimates have assumed a sticking coefficient of
one; however, as monolayers of contaminant are added the sticking coefficient will
change.

Tunnel Barrier Deposition

Al2O3 and MgO are the oxides used in most MTJ’s. The two materials needs to
be grown differently; Al2O3 is an amorphous material through which tunneling is
incoherent, while MgO should be grown crystalline to provide coherent tunneling
and significantly higher TMR values.

Al2O3 Based MTJ

Growing Al2O3 barriers is often done by first depositing a thin layer of Al, which
is then oxidized, either by plasma oxidation or natural oxidation. When doing
plasma oxidation, the process is quick and takes only a few seconds; the thickness
and resistance area product (RA) of the barrier depends on the oxygen pressure
and oxidation time [22,23,106]. Plasma oxidation typically gives higher RA values
than natural oxidation. If there is no plasma when oxidizing, it is called natural or
thermal oxidation. As the name suggests, it does not have to be at room tempera-
ture. Instead of a few seconds, the oxygen exposure is now in the order of several
minutes [107, 108]. CoFeB electrodes has so far shown the highest TMR values
together with an Al2O3 barrier [23].

Since the barrier is grown by first depositing metallic Al, which in contrast to
an insulator wets the underlaying metal, the Al2O3 barriers can easily be made
very thin — good for applications that depend on large current densities such as
spin torque oscillators or thermal MRAM [37,38].
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MgO Based MTJ

For an MgO barrier to show hight TMR values, the tunneling must be coherent,
and for this, a periodic lattice is needed. This can be achieved by growing the
MgO barrier on crystalline Fe, which acts as a buffer for the MgO. The barrier will
then grow in a BCC structure oriented at 45 degrees to the Fe lattice, creating a
very clean interface. This was the first system in which large values of TMR were
measured [26, 27]. The process of growing polycrystalline Fe films by sputtering is
a very delicate process and depends very much on the buffer used. Nowadays, a
widely used method for depositing MgO barriers is to first sputter CoFeB [109].
This material is amorphous when sputtered at room temperature, and can because
of that be used on almost any buffer. When MgO is later grown on top of the
CoFeB electrode, it starts amorphously but crystallizes after about one nanometer.
During subsequent annealing, this crystalline structure then acts as a template
for the CoFeB, resulting in crystalline electrodes perfectly matched with the MgO
barrier. Since the MgO needs to be grown to a certain thickness before it starts
to crystallize, it can be difficult to grow very thin barriers. However, by inserting
a thin Mg layer before the MgO, an MR of 138% together with an RA product of
only 2.4 Ωµm2 has been measured by Tsunekawa et al. [110].

In an exchange biased MTJ stack, the TMR value has been shown to increase
with annealing temperature. At around 400◦C, however, the TMR starts to decline
[111]. This is believed to be caused by diffusion of Mn in the antiferromagnets used
to pin the reference-layer; often IrMn or PtMn. Removing the need of exchange bias,
by patterning the samples to single domain particles and instead utilizing shape
anisotropy, has made it possible to increase the annealing temperature. The higher
temperature has led to TMR values of up to 600% at room temperature [28,111].

4.2 M-H Looptracer

There are different techniques for controlling magnetic anisotropy in thin films
during the manufacturing process. For example, growing a film on a certain buffer
to a certain thickness can give an easy axis out of plane, depositing in a magnetic
field can align the crystalline anisotropy along the field, patterning the film into such
a small size that the shape anisotropy becomes the dominating anisotropy allows
the pattern itself to dictate the easy axis, or by using antiferromagnets to exchange
bias films at temperatures below the blocking temperature. When implementing
these techniques, except for patterning small, a convenient and fast way to get
feedback is to use a looptracer [112]. It measures the magnetization versus applied
field in such a way that the complete hysteresis loop can be monitored in real
time; when the sample is rotated, the changes are seen immediately. This section
describes the implementation of a looptracer that uses digital signal processing to
display the hysteresis curve on a computer screen.

The looptracer consists of a Helmholtz coil, driven by an AC current, that con-
tinuously switches the magnetization of the sample. These changes in magnetization
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are picked up and transformed into an electrical signal by a small coil, wound in a
figure eight and situated close to the sample. Due to the shape of this pick-up coil,
induced signals from any field not emanating form the sample is cancelled out. This
is important, since the background signal, φ1, often is orders of magnitude larger
than the signal coming from the sample, φ2. Consider the electromotive force, ε,
induced by the magnetic flux, φ, through a closed loop with N turns,

ε = −N dφ

dt
= −N d

dt
(φ1 + φ2) = −N d

dt
(A1B1 +A2B2) = ε1 + ε2, (4.2)

where A1 and A2 are the area of the loop and sample respectively, and B1 and B2
are the magnetic flux densities from the background and sample respectively. This
means that for a 5 mm wide and 20 nm thick permalloy sample (B2 ≈ 1T) in a
100 Hz magnetic field of 100 Oe and a loop area of 1 cm2, the ratio between the
first and second term is ε1/ε2 = 104; the pick-up signal from the background is four
orders of magnitude larger than the one coming from the film.

By winding the pick-up coil into a figure eight, and placing the sample at the
middle, most of the background signal can be cancelled out. How this works is
illustrated in Fig. 4.2. In (b) the direction of the currents induced by the flux

HA

(a)

(b) (c)

I1 I2

I = I1 + I2 I = I1 - I2

I1 I2

Figure 4.2: Illustration of a figure eight pick-up loop in an M-H looptracer. (a)
shows the position of a thin film sample in relation to the pick-up loop. (b) and
(c) illustrates the direction of currents induced by the sample flux and background
signal respectively. In (b), the currents add up, while in (c), they cancel out.

emanating from the sample is shown, while (c) shows the direction of currents
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induced by the background. In the first case, since the flux is exiting the sample at
one edge, and entering it at the other, the currents add up. While in the second case,
both loops are exposed to the same background so that the currents are canceled
out. This sounds nice in theory, but during the winding of the pick-up coil, the
area and angle will differ slightly from turn to turn, so in practice, the background
is not completely cancelled out. One way to obtain only the signal coming from
the sample, is to subtract an alternating signal with the same phase and amplitude
as the background digitally from the measured signal.

A diagram showing an example circuit is shown in Fig. 4.3. A computer,

Sample

DAQ

Output

Input

C

Power
Amplifier

Pick-up Signal:

Drive Signal:

Preamplifier

R

Figure 4.3: Diagram showing an example circuit for the implementation of an M-H
looptracer. Digital signal processing is used for displaying a real-time hysteresis
curve on a computer screen.

equipped with a data acquisition (DAQ) card, generates a drive signal for the
Helmholtz coil. In order to drive the coil with high currents and generate high
fields, the signal needs to be amplified by a power amplifier. A capacitor, C, is
placed in series with the coil to form an R-L-C circuit; by driving the coil at a
frequency equal to the circuit resonance frequency, the drive current and thus the
field is maximized. To measure the field, the current is measured using a small
power resistor, R, in series with the Helmholtz coil.

The pick-up signal should be large enough so that its noise floor is larger than
the noise from subsequent electronics. Since the signal to noise ratio is independent
of the number of turns in the pick-up coil [112], the noise floor can be increased
by adding more turns; too many turns, however, might limit the bandwidth by the
increase in inductance. Once the noise floor is large enough, a preamplifier can be
used to boost the signal further. After the signal has been digitalized in the DAQ
card, all further processing is done by software.

Before any sample is inserted, the background signal should be compensated.
This is done by digitally subtracting a sinusoidal signal, equal in phase and ampli-
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tude, from the pick-up signal. Once the signal coming from the background has
been minimized, the sample can be inserted. Since the pick-up, ε2, is proportional
to dM/dt, the magnetization is obtained by integrating the signal over time. By
plotting the magnetization versus applied field, the M-H loop can be displayed in
real time on the computer screen — the applied field is given by the current flow
through the Helmholtz coil.

By placing a thin film heater in close proximity to the sample, the M-H loop can
be monitored while varying the temperature. This technique was used in papers
III and V to measure the change in coupling through a weakly ferromagnetic Ni-
Cu spacer. The loops were obtained using a pick-up coil with 350 turns of copper
wire, giving a noise floor of 34 mV. An example measurement for a sample with
structure Cu 90 / NiFe 8 / CoFe 2 / Nix-Cu1−x 10 / CoFe 5 / Ta 10 [nm], x ≈ 0.7,
deposited on oxidized silicon, is shown in Fig. 4.4. At room temperature, the
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Figure 4.4: An M-H looptracer measurement on a sample with structure Cu 90 /
NiFe 8 / CoFe 2 / Nix-Cu1−x 10 / CoFe 5 / Ta 10 [nm], x ≈ 0.7, deposited on
oxidized silicon, for various temperatures ranging from room temperature to 130◦C.

weakly ferromagnetic Ni-Cu alloy is still strong enough to couple the two outer
ferromagnets. As the temperature is increased, this coupling weakens and the two
outer ferromagnets starts to show a separate switching.
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4.3 Point-Contacts on Nano Pillars

If two metals are electrically connected through a small constriction, such that the
size of the constriction is smaller than, or in the order of, the electron mean free
path, the current voltage characteristics becomes non-linear and no longer behaves
according to Ohm’s law. This phenomenon is used in point-contact spectroscopy
to study the fundamental scattering mechanisms of conduction electrons. By mea-
suring the second derivative of the voltage, d2V/dI2, with respect to the current, it
is for example possible to extract information about electron-phonon and electron-
magnon interactions in the metals making up the constriction [113].

One way to create such a constriction is to use a thin copper wire, cut in such
a way that a sharp tip is created at one end. This sharp end is then brought
into contact with the sample surface. Due to a thin oxide layer on the surface of
the sample and sharp tip, there is no electric contact between them. By slowly
applying a voltage between the tip and sample, a small constriction through the
oxide is created when the electrical breakdown voltage is reached. If the electron
mean free path, λ, is much longer than the diameter of the constriction, d, the
resistance is given by the Sharvin resistance

RS = 4ρλ
3πd2 , λ� d, (4.3)

and if λ is much longer than d, the resistance is given by the Maxwell resistance

RM = ρ

2d
, λ� d, (4.4)

where ρ is the resistivity. The measured resistance of a metallic point-contact is
typically in the range of 1–10 Ω, which inserted together with the resistivity of
copper, ρCu = 17 nΩm, and the electron mean free path at room temperature,
λCu ≈ 40 nm, gives an estimated diameter of 1 - 9 nm. This estimation used the
two limiting cases λ � d and λ � d. Since most point-contacts are in the range
λ > d, the actual value is somewhere in between Maxwell and Sharvin. If, for
some reason, a more precise estimate is needed, a more accurate expression for the
resistance has been derived by Wexler [114],

R = 4
2π

ρλ

d2 + Γ(K) ρ
2d
, (4.5)

where K = λ/d is the so called Knudsen number, and Γ(K) is a slowly varying
function such that Γ(0) = 1 and limK→∞(K) = 0.694 (see [114] for more details).

The above estimated diameter of the constriction is much smaller than the actual
contact area between the tip and sample. A simple way to measure this larger area
is to make a contact with the tip on a thin film covered by resist residue; for
example from a failed electron beam lithography exposure. A scanning electron
microscope (SEM) image of such a contact is shown in Fig. 4.5; the diameter of
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2.5 µm

Figure 4.5: SEM image of a surface with resist residue that has been contacted by
the tip of a thin point-contact spectroscopy wire. The diameter of the contacted
area is approximately 2.5 µm, much larger than the actual constriction which is in
the order of a few nanometers.

the contacted area is approximately 2.5 µm, considerably larger than the above
estimated constriction.

This kind of point-contact technique can be used to increase the turnaround
time when developing magnetic multilayers, specifically if they need to be measured
with current flowing vertically through the stack. In paper II, a large array of very
small pillars were fabricated and measured using this technique. The pillars are
made using electron beam lithography. After an e-beam resist has been exposed
and development, it is used as an etch mask during argon ion milling. Then, after
resist removal, the sample is ready for measurement. This is a much faster process
than the conventional three step lithography in which, in addition to the stack,
both bottom and top electrodes needs to be patterned separately. A SEM image
of a finished pillar-array is shown in Fig. 4.6. The pillars have an area of roughly
100x150 nm2, a height of 70 nm, and a separation of approximately 20–30 nm. To
measure such a sample, a copper tip is used to randomly create a point-contact on
top of the array. Due to the large amount of pillars that contact the tip, and the
area of these pillars compared to the point-contact, the probability of forming an
electric contact on top of a pillar is high. If the resistance of the pillar is much
larger than the resistance of the point-contact, the measured current and voltage
can be used to characterize the magnetic multilayer. The expected resistance from
an individual pillar can be estimated from its geometry and composition.

Depending on the surface material and the point-contact wire, it can be difficult
to find a stable contact. This has to do with the oxide formed on the surface; a thick
oxide is more unstable. The best materials to use are those that do not oxidize, or
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Figure 4.6: SEM image of a magnetic multilayer pillar-array, ready for measurement
using the point-contact technique. The area of an individual pillar is roughly 100
x 150 nm2 and the height is 70 nm.

form a very thin oxide, such as Au and Ru.

4.4 Current-In-Plane Tunneling

Measuring current-in-plane tunneling (CIPT) [115] is a very powerful technique
that can decrease the sample development time from up to two days of patterning,
to five minutes of measuring on blanket (i.e. unpatterned and unprocessed) films.

As the name suggests, the technique uses four-point measurements to measure
the in-plane resistance of blanket films. By varying the distance between the probes,
and plotting the resistance versus mean probe spacing, it is possible to extract the
MR and RA of the barrier as well as the the sheet resistances for the top and
bottom electrodes. At a very large distance between the probes, the resistance
of the MTJ will be negligible compared to the total resistance. At a very small
distance between the probes, the only resistance measured will be that of the top
electrode. However, at some intermediate distance one would expect to measure a
significant contribution from the MTJ.

Theoretical Description

By using a simple lumped element model of the system, all the relevant physics can
be described. Two contact pads, each with a length L and width W , are separated
by a distance x, where L � x � W . The system can now be described by four
resistors; one for each electrode, representing the current-in-plane resistance, and
two for the resistance felt by current passing through the barrier, Fig. 4.7. The
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Figure 4.7: Simple lumped element model to describe a two point CIPT measure-
ment; one resistor for each electrode, representing the current-in-plane resistance,
and two for the resistance felt by current passing through the barrier. RT and RB
are the sheet resistances of the top and bottom electrodes and RA is the resistance
area product of the MTJ. L and x denote the length of a probe and the distance
between the two probes respectively.

total resistance is then given by

R = x

L

RTRB
RT +RB

(
1 + 4RT

RB

1
4 + x2/λ2

)
, (4.6)

where

λ =
√

RA

RT +RB
, (4.7)

which is the typical length scale at which the MTJ resistance is a significant part
of the total resistance. RT and RB are the sheet resistances of the top and bottom
electrodes and RA is the resistance area product of the MTJ. The CIPT magne-
toresistance can now be calculated from

MRCIPT = 100 · Rhigh −Rlow

Rlow
, (4.8)

where Rhigh and Rlow are the resistances corresponding to the antiparallel and
parallel state of the magnetizations; they can be calculated from RAhigh and RAlow
respectively. The total sheet resistance, Rsq = R ·(L/x), versus probe spacing, x/λ,
for RT = RB = 50 Ω/sq, MR = 30%, RA = 1000 Ωµm2 and L = 500 µm is plotted
for both the high and low resistance states in Fig. 4.8. It is clearly seen that at a
small probe spacing the measured resistance equals that of the top electrode only,
while for a large probe spacing the resistance is a parallel combination of the top
and bottom electrodes. In between, there is a transition region where a difference
between the high and low resistance states can be seen. This transition occurs at
a spacing close to the characteristic length scale, λ, which in this case equals 3
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Figure 4.8: Total sheet resistance, Rsq = R · (L/x), versus probe spacing for RT =
RB = 50 Ω/sq, MR = 30%, RA = 1000 Ωµm2 and L = 500 µm plotted for both
the high and low resistance states.

µm. To measure any MRCIPT, it is thus crucial to use the correct probe spacing;
in the order of a few microns in this case. The ability to measure any MRCIPT
also depends on the resistance ratio between the top and bottom electrodes; a
small ratio results in little current flowing through the barrier. The MRCIPT versus
probe spacing for three different RT /RB ratios are shown in Fig. 4.9.

Even though this simple lumped element model catches the general principle, it
is not used in practice. Instead, it’s more practical to use four-point measurements
for which the general solution is given by [115]:

R = RTRB
RT +RB

1
2π

{
RT
RB

[
K0

(a
λ

)
+K0

(
d

λ

)
−K0

(
b

λ

)
−K0

( c
λ

)]
+ ln

(
bc

ad

)}
, (4.9)

where K0 is the modified Bessel function of the second kind of order zero, a is the
distance between the point with positive current (I+) and the point with positive
voltage (V +), b is the distance between I+ and V −, c is the distance between I−
and V + and d is the distance between I− and V −. By measuring the in-plane
resistance and the MRCIPT for varying probe spacings, equation (4.9) can be fitted
to the data and the parameters MR, RA, RT and RB can be extracted. The
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Figure 4.9: MRCIPT versus probe spacing for three different RT /RB ratios using a
simple lumped element model.

common practice for doing multiple four-point measurements is to use a probe,
with twelve or more points at varying spacings, connected to a multiplexer. This
way, a wide range of mean probe spacings can be chosen. A standard twelve point
probe with a mean probe spacing ranging from 1.5 – 18.5 µm is shown in Fig. 4.10.

Sample Preparation and Measurement

In order to get a suitable value on λ, for use with a given probe, the top and bottom
sheet resistances must be adjusted through trial and error. This is done by adding
or removing Cu above and below the tunnelbarrier. Ideally, λ should be such that
the MRCIPT peak can be accurately mapped out by the probe. In addition, the
ratio between RT /RB should be higher than one.

It is recommended to use Ru as a capping layer to create a stable contact be-
tween the probe and the sample surface; however, Au works just as well as Ru as
long as the sample isn’t annealed. When the sample is annealed, the surface gets
contaminated making any CIPT measurements difficult. A possible explanation
is that Au alloys with the underlaying Cu, whereupon the alloy surface gets oxi-
dized. This problem can be prevented by using etching to get rid of any surface
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Figure 4.10: Standard twelve point probe used for CIPT measurements. The mean
probe spacing is ranging from 1.5 – 18.5 µm, and the width and length of each pin
are 1.5 and 10 µm respectively.

contamination, either after or before Au deposition; depending on when the sample
is annealed. Another problem is that Au only work well on certain materials, on
others it simply doesn’t stick. We have found that a capping layer consisting of
Ta/Cu/Au works fine. It’s enough with five nanometers of Ta and three to five
nanometers of Au. The thickness of the Cu layer is then adjusted depending on the
properties of the tunnelbarrier.

A typical CIPT measurement on a sample with structure Ta 5 / Cu 80 / Ta 5 /
NiFe 3 / MnIr 15 / CoFeB 5 / Al 0.6 + oxidation / CoFeB 5 / Ta 5 / Cu 30 / Au 5
[nm] is shown in Fig. 4.11. A standard 12 point probe (mean probe spacing ranging
from 1.5 – 18.5 µm) is used to measure a low resistance Al2O3 MTJ1 (RA = 18
Ωµm2). 80 nm of Cu in the bottom electrode and 30 nm in the top electrode gives
a λ = 3.4 µm and RT /RB = 3 (RT = 1.2 Ω/sq, RB = 0.4 Ω/sq). The MR was
measured to 17%.

For comparison, the same sample has been patterned into pillars with a diameter
of five microns. The patterning was done using a three step lithography process.
In the first step, a bottom electrode is formed by covering the sample with an
etch mask of positive photoresist, followed by Ar ion etching down to the SiO2
substrate. After the etching, the etch mask is chemically removed. Next, to form
pillars on top of the bottom electrode, the same process is used but with a different
mask. To prevent any electrical contact between the top and bottom electrodes, an
insulating layer of 30 nm SiO2 is added before the second etch mask is removed. In
the last step, the sample is completely covered by a negative photoresist, except for
where the top electrodes are supposed to be. Finally, to form the top electrodes,

1Buffer/CoFeB/Al 6Å, followed by natural oxidation in an AJA Orion sputtering system.
Oxygen flow is set to 10sccm while the main shutter position is fixed at 85 (1-2 Torr) for 18
minutes. This is followed by pump-down and deposition of the top CoFeB electrode.
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Figure 4.11: Example of a typical CIPT measurement done on a low resistance
MTJ. The full structure of the sample is Ta 5 / Cu 80 / Ta 5 / NiFe 3 / MnIr 15 /
CoFeB 5 / Al 0.6 + oxidation / CoFeB 5 / Ta 5 / Cu 30 / Au 5 [nm]. The extracted
parameters are: MR = 17%, RA = 18 Ωµm2, RT = 1.2 Ω/sq, and RB = 0.4 Ω/sq.

Cu is deposited and the negative photoresist is chemically removed. A typical
cage with seven integrated pillars is shown in Fig. 4.12. The measured RA values
ranges from 16 – 20 Ωµm2, corresponding well with the CIPT measurement. The
highestMR value was measured to 14 %, Fig. 4.13, somewhat lower than the CIPT
measurement of 17 %.

The discrepancy, between magnetoresistance measured by CIPT and that ob-
tained from a patterned stack, is most likely caused by the patterning process. For
example, if etched away metal is re-deposited on the edge of the pillars while etch-
ing, some of the current will flow on the outside of the pillar and not through the
tunnel barrier. The total resistance of the pillar is then a parallel combination of the
tunnel barrier and the re-deposited material, and the resulting magnetoresistance
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5µm

Figure 4.12: Cage with seven integrated pillars manufactured using a three step
lithography process. The pillars have a diameter of 5 µm and contain one MTJ
each. In order to perform electrical four-point measurements, Al wires are bonded
to the contact pads.

can be described by

MRshunt = 100 ·
(
R/R↑↑ + 1
R/R↑↓ + 1

− 1
)
, (4.10)

where R is the resistance of the re-deposited material. R↑↑ and R↑↓ are the low and
high resistance states of the tunnel barrier respectively. In the limit when R goes
to zero, the total magnetoresistance, MRshunt, also goes to zero; while in the limit
when R goes to infinity, the normal expression for magnetoresistance is obtained.

Another possibility for the discrepancy between the differentMR measurements
is that the MR value might vary across the wafer. If that is the case, and the mea-
surements were made at different points on the wafer, the results would not be
comparable. Therefore, if the CIPT technique is used to troubleshoot a pattern-
ing or deposition process, it is a good idea to perform the CIPT measurement at
multiple positions across the wafer.
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Figure 4.13: TMR measurement of an integrated pillar having a diameter of 5 µm.
The sample structure is Ta 5 / Cu 80 / Ta 5 / NiFe 3 / MnIr 15 / CoFeB 5 / Al
0.6 + oxidation / CoFeB 5 / Ta 5 / Cu 30 / Au 5 [nm]. Arrow insets are showing
the relative orientation between the free and pinned layers.





Chapter 5

Conclusions and Outlook

As the bit size in magnetic random access memory (MRAM) is made smaller, new
ways to integrate storage elements and addressing circuitry are needed. Today,
most implementations use a transistor in series with a magnetic tunnel junction,
making each individual cell size larger than that determined by the magnetic tunnel
junction alone.

In this work, the concept of a semiconductor-free spin diode has been successfully
demonstrated. By depositing Fe/MgO/Fe magnetic double tunnel junctions and
patterning the films into millimeter sized arrays containing thousands of nanopillars,
the structure could be analyzed by point contact spectroscopy. Analysis showed a
record high negative magnetoresistance, nearly 4000% at low temperatures, while
at the same time having a current voltage characteristic that showed a pronounced
diode effect. Using scanning tunneling microscopy on a similar kind of system, it
was shown that a rectification ratio of at least 1000 can be obtained.

The next step would be to further optimize the rectification ratio and demon-
strate this new device concept integrated on a chip with top and bottom electrodes.
If this can be done, the huge magnetoresistance obtained due to resonant tunneling
could be used for the next generation MRAM circuits, where each element would
have an intrinsic diode behavior, effectively eliminating the need for a transistor.

A second device concept, the thermoelectrically controlled spin-switch, was also
demonstrated in this work. It is a spin-valve where the free-layer is controlled by
exchange interactions through a weakly ferromagnetic Ni-Cu alloy. By heating the
sample to a temperature above the Curie point of the alloy, the free-layer decouples
from a stronger ferromagnet so that it can be rotated in a magnetic field. When
cooled down, the alloy becomes ferromagnetic, and the free-layer switches back
to its original state where it exchange couples to the stronger ferromagnet. The
switching is shown to be well controlled by external or internal heating. In order
to completely reverse the magnetization of the free-layer, a temperature change
of 35◦C was needed. No degradation of device performance upon thermal cycling
was observed. For optimal performance, the device should be small in size, have a

61



62 CHAPTER 5. CONCLUSIONS AND OUTLOOK

readout showing large magnetoresistance and minimal free-layer coercivity.
It was shown that this type of device, if properly optimized, theoretically can

stimulate spontaneous oscillations in the GHz regime, where the frequency is con-
trolled by varying an external inductor or capacitor. This effect can prove to be
useful for applications such as voltage controlled oscillators in for example frequency
synthesizers and function generators. The two main parameters to optimize are the
change in resistance during switching, which should be as large as possible, and the
temperature change needed to completely reverse the free-layer, which should be as
small as possible. Ways to accomplish this were discussed and conceptually demon-
strated. The next step would be to optimize the device further in order to maximize
the negative differential conductance, needed for spontaneous oscillations.



Chapter 6

Introduction to the Included
Papers

This chapter contains short summaries of the papers included in this thesis, as well
as a short descriptions of my contribution.

Paper I: Tunneling Spectroscopy of Magnetic Double Barrier
Junctions

In this paper, scanning tunneling microscopy (STM) is used to form one of the
barriers in a magnetic double tunnel junction. This way, the width of the barrier
can be varied in situ while the current voltage characteristic is measured. A diode
effect with a rectification ratio of 1000 is measured when using this technique to
increase the barrier asymmetry.

My contribution: Participated in the discussion of the manuscript and helped
with manufacturing samples.

Paper II: Spin Diode Based on Fe/MgO Double Tunnel
Junction

A nanoscale Fe/MgO- based double tunnel junction is shown to exhibit both a near
perfect spin-valve effect and a strong diode effect. The whole structure was grown
by sputtering and then patterned into nano-sized pillars. The measurements were
done with the same technique as in the previous paper, but instead of using the
STM for one of the barriers, the tip is in contact with the nano-pillar sample. A
record high resonant tunneling of almost 4000% is measured at low temperature
together with a rectification ratio of 100.
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My contribution: Participated in the discussion of the manuscript and manufac-
tured a subset of samples, including nano-patterning.

Paper III: Exchange Coupling and Magnetoresistance in
CoFe/NiCu/CoFe Spin Valves Near the Curie Point of the
Spacer

In this paper, a spin-valve with a weakly ferromagnetic Ni-Cu alloy as a spacer
is investigated. The current in plane magnetoresistance as a function of the Ni
concentration is measured and analyzed together with the coupling through the
spacer at various temperatures. It is concluded that at concentrations for which
the Ni-Cu alloy becomes ferromagnetic at room temperature, the spacer needs to
have a minimum thickness of 20 nm to diminish any interlayer exchange coupling
between the outer electrodes. It is also concluded that the magnetoresistance drops
rapidly when the Ni concentration is increased, which is attributed to a sharp
decrease in the mean free path on alloying. Finally, a new device is proposed that
combine thermally controlled exchange coupling and large magnetoresistance.

My contribution: Developed the relevant processes, fabricated all samples used
in the study, conducted the measurements, analyzed the data, and wrote the
manuscript.

Paper IV: Thermoelectrically Controlled Spin-Switch

A new type of device, proposed in the previous paper, is manufactured and demon-
strated. By separating the read-out, which is a magnetoresistance signal from a
spin-valve, and the weakly ferromagnetic Ni-Cu alloy that makes it possible to ther-
mally control exchange coupling, a new type of switching is accomplished. Both
internal Joule heating and external heating is used to demonstrate the magnetic
switching, detected by measuring current in plane magnetoresistance. In order
to completely reverse the magnetization in this type of structure, a temperature
increase of 35◦C is needed. Further ways to improve the device performance is
discussed.

My contribution: Designed the structure, developed the relevant processes and
fabricated all samples used in the study, conducted the measurements, ana-
lyzed the data, and wrote the manuscript.

Paper V: Thermoelectrical Manipulation of Nanomagnets

Thermoelectrically controlled switching in a system with two strong ferromagnets
coupled to one another by a weak ferromagnet, having a Curie point close to room
temperature, while at the same time exhibiting magnetoresistance, is theoretically
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and experimentally investigated. It is theoretically shown that, by using Joule heat-
ing, the temperature of the weak ferromagnet can be either above or below its Curie
point, and that this can lead to an instability and oscillations in current, voltage,
and temperature. By varying the inductance, it is predicted that these oscillations
can be controlled by proper biasing from essentially dc to GHz frequencies. An
experimental realization of the system is discussed in detail.

My contribution: Fabricated the samples, conducted the measurements, ana-
lyzed the data and wrote the experimental section of the manuscript.

Paper VI: Thermal-magnetic-electric oscillator based on
spin-valve effect

In this paper, a system similar to the one in the previous paper is theoretically
investigated. In this case, however, the magnetoresistance is inverted. That is,
the resistance is high when the outer electrodes are parallel and low when they
are antiparallel. It is shown that this can lead to an S-shaped current voltage
characteristic which, if proper biased, will give rise to spontaneous oscillations in
current, voltage, and temperature. The frequency can be controlled by changing
the capacitance of the circuit, instead of the inductance as in the previous paper. A
material system for realizing the device is discussed and conceptually demonstrated
with experiments.

My contribution: Fabricated the samples, conducted the measurements, ana-
lyzed the data and wrote the experimental section of the manuscript.

Paper VII: Exchange-induced phase separation in Ni-Cu
films

Ni-Cu films deposited with magnetron sputtering on oxidized Si substrates are
studied experimentally. The films show a partial phase separation, as evidenced
by structural analysis and ferromagnetic resonance measurements. The system is
numerically modeled to show that this phase separation is magnetic in origin. A
broadening of the alloys ferromagnetic to paramagnetic phase transition is a result
of this phase separation.

My contribution: Participated in the discussion of the manuscript and fabricated
the samples used in the study.
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Appendix A

Demagnetization Fields in Thin
Films

When setting up an experiment, or when planning a project, it can sometimes be
useful to estimate the fringing field or the shape anisotropy of thin films. Good
to know is the saturation magnetization at room temperature, Bs = µ0Ms, for
metallic Fe, Co, NiFe and Ni, which are about 2.2, 1.7, 1.0, and 0.6 T respectively.

The demagnetization field can be used as a good estimate of the dipole field
just outside single domain particles, and can be estimated for an arbitrarily shaped
film with a given direction of the magnetization, M, by

Hd = −N ·M (A.1)

where N is called the demagnetization factor, which in general is a tensor function
of the sample shape, Nx +Ny +Nz = 1. Hd will oppose the direction of M .

For a thin film where l, w and t, denote the length, width and thickness respec-
tively, the length and width demagnetization factors can be estimated by

Nl = 2t
πl
, (A.2)

Nw = 2t
πw

. (A.3)

The shape anisotropy field is proportional to the difference in the demagnetiza-
tion fields in two orthogonal directions:

Hshape = M(Nl −Nw) = M∆N. (A.4)

For a thin Fe film with dimensions 1000 x 200 x 5 nm3 the demagnetization
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field along the length would be

Hd = −N ·M = − 2t
πl
· Bs
µ0

= −2 · 5 · 10−9m
π · 10−6m

· 2.2 T
4π · 10−7 Vs / Am

≈ −5.5 kA/m

The corresponding value along the width is −27.8 kA/m. The dipole field just
outside the film when the magnetization is oriented along the length can then be
estimated as Bdp = µ0 · Hd = 7 mT (70 Oe); the positive sign means that the
field lines at the surface are oriented in the same direction as the magnetization
inside the sample. The corresponding shape anisotropy field becomes Hshape =
−27.8 + 5.5 = −22.3 kA/m.

Table A.1 shows the estimated switching fields, (B corresponding to Hshape) for
a rectangular permalloy particle withMs = 860 kA/m, together with corresponding
values from simulations using OOMMF [116].

Table A.1: Comparison of estimated switching fields of magnetic Permalloy films
and simulations done using OOMMF [116] (Ms = 860 kA/m).

Dimensions (nm) Cellsize (nm) Estimate (mT) Simulation (mT)
10000x5000x100 100 6.8 8.0
1000x500x5 5 3.4 3.8
1000x200x5 5 13.8 16.0
100x50x5 1 34.4 40.3



Appendix B

CGS to SI Conversion

Magnetic units can sometimes be confusing. Table B.1 is a summary of conversion
factors used when going from Gaussian and cgs emu to SI units.

Table B.1: Magnetic conversion table listing conversion factors between Gaussian
and cgs emu units. Multiply a number in Gaussian or cgs emu units with the
number given in the conversion column to convert it into SI.

Quantity Symbol Gaussian and cgs emu Conversion SI unit
Magnetic flux density,
magnetic induction B Gauss (G) 10−4 Tesla(T)
Magnetic flux φ Maxwell (Mx), G·cm2 10−8 Weber (Wb)
Magnetic field strength H Oersted (Oe) 103/4π A/m
Magnetization (Volume) M emu/cm3 103 A/m
Magnetization (Volume) 4πM G 103/4π A/m
Magnetization (Mass) σ,M emu/g 1 A·m2/kg

4π · 10−7 Wb·m/kg
Magnetic moment m emu, erg/G 10−3 A·m2, J/T
Magnetic dipole moment j emu, erg/G 4π · 10−10 Wb·m
Susceptibility (Volume) χ, κ dimensionless 4π dimensionless

emu/cm3 (4π)2 · 10−7 Wb/(A·m)
Susceptibility (Mass) χρ cm3/g 4π · 10−3 m3/kg
Permeability µ dimensionless 4π · 10−7 H/m, Wb/(A·m)
Relative permeability µr not defined — dimensionless
Energy density W,w erg/cm3 10−1 J/m3

Demagnetization factor N,D dimensionless 1/4π dimensionless
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Appendix C

Spin Diffusion Lengths

When designing devices that make use of spin-currents, it is good to know the spin
diffusion length, lsf , of the materials being used. The spin diffusion length depends
on the material, its purity, the temperature, and on any metallic interfaces in the
way of the spin-current. Different ways to measure lsf , and the difficulties therein,
together with measured and calculated values for many different materials have
been published in an extensive review by J. Bass and W. P. Pratt in 2007 [13].
Table C.1 shows measured values for some of the more commonly used materials.

Table C.1: Measured spin diffusion lengths, lsf , for some commonly used materials.

Material Temp (K) lsf (nm) Ref
Cu 293 500 [95]
Cu 293 700 [96]
Cu 4.2 1000±200 [117]
Cu (22.7%Ni) 4.2 7.5 [118]
Ru 4.2 14 [119]
Al 293 350 [120]
Al 4.2 650 [120]
Co 300 38±12 [98]
Co 4.2 >40 [121]
Fe 4.2 8.5±1.5 [13]
Ni 4.2 21±2 [122]
NiFe 293 3 [95]
NiFe 4.2 5.5±1 [123]
Co91Fe9 4.2 12±1 [97]
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