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Abstract 

Magnetic random access memory stores data in the spins of electrens inside tiny 

magnetic tunnel junction elements. These elements don't lose their magnetism - or 

memory - even when the power goes out. The natural hysteresis of the magnetic 

materials is used to store data ('0' or '1 '). The junctions can be written, or switched, 

using two current carrying wires. At Philips Natlab Eindhoven a probe station was 

built to study the switching behaviour of magnetic tunnel junctions tor the use in 

magnetic random access memory. lnitially this was done using two external fields 

produced with Helmholtz coils. The measured switching curves were analysed in 

terms of the coupling between different layers in the magnetic tunnel junction and 

modelled using the Stoner-Wolhfarth model. In the second part, the probe station 

was modified to allow tor switching with current pulses, resembling the on chip 

switching of magnetoresistive random access memory. This accelerated the 

measurements and made a statistica! analysis of the switching distribution possible. 
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Preface 

This thesis gave me the opportunity to work at Philips Research Laboratories in 

Eindhoven and gain know-how and experience in an industrial environment. The 

project of MRAM in the physical storage group especially attracted me because of its 

practical applicability, and the large impact it could have on modern society when 

fully developed. Studying the switching behaviour of the magnatie tunnel junctions 

used in MRAM was a group process, and in the sametime I still had the treedom to 

leave my signature on the way of working. I hope that you have pleasure in reading 

this work, and that I convince you in the tact that MRAM is a very promising 

technology for the near futura. The physical principles of these memory cells, or 

magnatie tunnel junctions, are explained in Chapter 1. The switching behaviour of 

these magnatie tunnel junctions can be modelled using the Stoner-Wohlfarth model, 

as introduced in Chapter 2. The probe station used to experimentally study this 

switching behaviour is described in Chapter 3, tagether with the results obtained. 

Chapter 4 shows the modified probe station, to switch the magnatie tunnel junctions 

with current pulses. The current pulse - switching behaviour is studied and fitted with 

the Arrhenius-Néellaw. 
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Technology Assessment 

What happens when the power goes out while you're typing on your computer? 

Unless you are connected to an uninterruptible power supply, you lose everything 

you were werking on since you last saved the document. That's because your 

computer's random access memory (RAM), which stores intermation tor tast access, 

can't tunetion without power. The same goes tor your cellphone and PDA. Both 

require a battery to keep the RAM intact with your phone numbers and personal data, 

unless non-volatile memory technology is used. But now we are researching a new 

kind of RAM, Magnetic RAM (MRAM), that doesn't forget anything when the power 

goes out. Unlike conventional RAM, which uses electrical charge in memory cells to 

store data, MRAM uses magnetic cells. This method is similar to the way your hard 

drive stores information. When you remove power trom your computer, conventional 

RAM loses memory, but the data on your hard disk remains intact due to its magnetic 

orientation, which represents binary information. Because magnetic memory cells 

maintain their state even when power is removed, MRAM possesses a distinct 

advantage over electrical cells. 



Chapter 1. Physical principles 

Recent advances in electranies have been possible due to the exploitation in some 

devices of the spin up or down properties of the carriers, rather than relying on 

electrens or holes as in semiconductor electronics. This new area of investigations 

and applications receives the name of magnetoelectronics or more colloquially 

spintronics. This is defined as the branch of electranies that utilises the spin degree 

of treedom of the electron together with its charge, to store, process, and transmit 

information. Sametimes the subject is also covered under the area of spin-polarised 

transport. This concept, that an electron current can be thought of as a sum of two 

current components, one for spin up and one for spin down, was introduced in 1936 

by N Mott (1]. Magnetic intermation is a quantum-mechanical issue and depends on 

the spin of the electron: the magnetic moment reflects the imbalance between the 

accupation of the spin-states (spin-up and spin-down). Therefore, in semiconductors 

and most metals, both components are equal, but in ferromagnetic materials 

electrical conduction is carried by a different contribution of the two current 

components. Figure 1-1 shows the density of states for both spin-subbands in Cu 

and Co. In a ferromagnetic material the majority of carriers will be either spin-up or 

spin-down, depending on the magnetization direction, resulting in a spin polarization 

of the current. 
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Figure 1-1 Density of states in Cu and ferromagnetic Co, with majority (spin-up) and minority 
(spin down) spin subbands. In a ferromagnetic material the bands are exchange split, so that 
conduction electrans at the Fermi energy levels are no longer equally distributed over both 
spin bands. In the following figures, the density of states tor both spin bands will be simplified 
to the so-called Stoner diagrams. 
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Manipulation of the spin polarization of the current opens a wide field of new physical 

phenomena and possible spintronic, instead of electronic devices. Transport 

phenomena will become spin dependent and therefore exhibit a strong magnetic field 

dependence. In other words, magnetoresistance effects may arise when magnetic 

fields are altering the relative contributions of both spin-components in the current. 

1. 1 The Spin Tunnel Junction 

Based on the spin conservation in electron tunnelling across an insuiator (I) and the 

spin polarisation of conduction electrens in fermmagnets (FM), Jullière put forward a 

quantitative model in 1975 [2], showing that tunnelling in FM-I-FM junctions should 

lead to a large junction magnetoresistance. This conjecture was only realised in 

reproducible way in 1995 by Moedera [3], who observed the effect at room 

temperature. The enhanced resistance ditterences in comparison to the 

geometrically similar spin-valve structures convineed the majority of magnetism 

laboratories to invest an enormous amount of time and effort in magnetic tunnel 

junctions in the last few years. At present, the large tunnel magnetoresistance 

observed in magnetic tunnel junctions may, at last, culminate into the breakthrough 

tor non-volatile magnetic memory technologies, the 'hot' topic at the moment. The 

scalability of this vertical device is the driving force tor future integration in deep sub

micron Si technology. 

b) 
M2~ 

Figure 1-2 In a simple but instructive frame [4], the tunnelling conductance in a magnetic 

tunnel junction is spin-dependant From the density of states, the conductance is enhanced 

tor a parallel alignment (a) of the magnetisation vectors . 

Contrary to giant magnetoresistance, where spin-dependent scattering probability of 

the carriers is the major physical origin , tunnelling magnetoresistance is caused by 

ballistic spin-dependent transport. Direct tunnelling does not flip the spin, so that an 

electron tunnels to the corresponding band on the other side. For parallel-aligned 
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magnetisations, majority carriers tunnel into majority states, and analogously for 

minority carriers. lf the magnetisations are antiparallel, a minority carrier from the first 

ferromagnet has to find an unoccupied majority state in the second ferromagnetic 

layer. From a simple model of the density of states follows that the parallel 

contiguration results in a higher conductance through the barrier, as shown in Figure 

1-2. The resistance R as a tunetion of the angle e between the magnetisation 

directions is described by: 

R(e):::: R(oo )+ !lR 1-2cos(e) 
2 

The quantity ~R/R(0°) is called the TMR ratio. 

1. 1. 1 Magnetic contiguration schemes 

( 1 .1) 

In spin tunnel layers, one of the main goals is to achieve a stabie region with an 

antiparallel alignment of the two ferromagnetic layers adjacent to the spaeer layer. To 

realise this a combination of several methods can be used: 

1 . Using two ferromagnetic layers having a different coercivity (hard-soft 

combination) 

2. Pinning one of the ferromagnetic layers using a direct exchange coupling with 

an adjacent antiferromagnetic layer 

3. Pinning one of the ferromagnetic layers using an indirect exchange coupling 

in a so called artificial antiferromagnetic (AAF) substructure 

The effect on the magnetisation and magnetoresistance curves for the different 

methods is schematically shown in Figure 1-3. Notice that the so-called 

ferromagnetic layers can consist of more layers, using different ferromagnetic 

materials. For clarity, the necessary adhesion, seed or passivatien layers from real 

layer stacks are omitted in this overview. As an example, thin Ta seed layers are 

used to induce a strong (111) structure in the stack, and to proteet the stack, as 

oxidised Ta forms a well passivating layer on top of the spin tunnel structure. 
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Figure 1-3 Schematics tor the different spin tunnel structures, and their hysteresis [black 
(grey) line indicates the soft (hard) layer] and magnetoresistance curves, in which the typical 
linear field range (in mT} is represented by the number left on the horizontal axis. 

For stacks of Type 1, the different coercivity in the layers can be achieved in different 

ways. Two different ferromagnetic materials can be used, but also their thickness can 

be varied since for the very thin layers we use (< 10 nm), a reduced thickness will 

lead to an increase in coercivity. Using the combination of these configurations, the 

stack of the spin tunnel junction can be optimised for use in demonstrator MRAM 

cells. Figure 1-4 shows the magnetoresistance curve of such an optimised stack 

( combination of Type 1 and 2). 

~ 
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Figure 1-4 Magnetoresistance curve along the easy axis of an optimised spin tunnel junction. 
The magnetisations tor the tree (top arrow) and hard layer (bottom arrow) are shown tor the 
paralleland anti-parallel state. 
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1. 1.2 Coupling effects 

In order to achieve a plateau region, with a stable, antiparallel alignment of the 

ferromagnetic layers, one of these layers has to be coupled, or pinned. A first 

mechanism described in literature is the unidirectional exchange coupling field HExch. 

and results in a shift of the magnetisation curve of the adjacent ferromagnetic layer 

as shown in Figure 1-3 b. lt is also of importance that any magnetic stray-fields 

affecting the tree ferromagnetic layer be eliminated. lt has been previously shown 

that two separate effects tend to produce extraneous magnetic fields in the plane of 

the tree layer [5,6]: stray-field coupling and Néel "orange peel" coupling, both of 

which originate in the pinned layer. This paragraph describes these couplings. 

Exchange-bias coupling 

Exchange-biasing was first discovered in the early fitties by Meiklejohn and Bean [7] 

when they reported ~ new type of magnetic anisotropy has been discovered which is 

best described as an exchange anisotropy. This anisotropy is the result of an 

interaction between an antiferromagnetic material and a ferromagnetic materia/'. 

Early models examined the exchange coupling across an ideal terramagnet -

antiferromagnet interface, where both layers are epitaxial, and atomically smooth, as 

shown in Figure 1-5 a. The interfacial antiferromagnetic spin plane is fully 

uncompensated and couples ferromagnetically with adjacent ferromagnetic layer. But 

interfacial contamination and roughness can produce neighbouring anti-parallel 

spins, reducing the biasing effect, see Figure 1-5 b. 

------- F erromagnetic -------------- -------------- Layer -------------- -------------- <( Interface .. -------------- ------------------------------ Antiferromagnetic -------------- Layer ------------------------------ a) b) --
Figure 1-5 Schematic of (a) an ideal terramagnet - antiferromagnet interface, which is 
atomically smooth and epitaxial. The interfacial spin plane is fully uncompensated. In a 
polycrystalline layered system (b) interfacial complexities occur due to interfacial roughness 
and interdiffusion, lattice mismatch and hence dislocations, grain boundaries and internal 
stress, and lead to frustrated exchange bonds, that are coupled antiferromagnetically. 
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As a result of this biasing effect, the magnetisation loop of the hard layer will exhibit 

an offset. The shift of the magnetisation loop is shown in Figure 1-4, where it results 

in a high resistance plateau. Currently, the best candidate for industrial application is 

lrMn as it can be made thin and requires no or low temperature annealing. The mean 

disadvantage is the limited eerrosion resistance, as compared to e.g. PtMn and its 

ternary alloys. 

lnterlayer coupling 

The basic concept of the spin tunnel junction considers the tree and pinned layer to 

be magnetically decoupled. In practice some residual coupling is found between 

these layers, which can be described phenomenologically by an energy term: 

(1.2) 

where J is the coupling energy and ~<p is the angle between the magnetisation 

directionsof the tree and pinned layer. 

Figure 1-6 Schematic depicting the two dominant interlayer coupling mechanisms. 

In the analysis of the layers in this work, the most important contributions are the 

magnetostatic or stray-field coupling (HM) and the Néel (HN) "orange-peel" coupling. 

Figure 1-6 is a schematic showing these fields and the interface roughness. The Néel 

coupling is caused by interface roughness between the two magnetic layers. In the 

model a sinusoidal roughness profile is assumed, and the orange-peel coupling field 

is given by 

H = ~(_!i__JM ex (-
2:rJ2ts J 

N J2 ÀtF S p À 
(1.3) 

where h and /... are the amplitude and the wavelength of the roughness profile (see 

Figure 1-6), Ms is the saturation magnetisation of the pinned layer, and tF and t5 are 

the thickness of the tree layer and that of the spaeer layer. All of these parameters 
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are size- and shape independent. In contrast, the magnetostatic coupling, or stray

field coupling, which is caused by uncompensated magnetic poles at the edges of the 

bottorn electrode, is dependent on junction size and shape. Anguelouch et al. [8] 

have determined that tor a rectangular sample geometry the stray-field coupling field 

is given by: 

(1.4) 

where W and L are the sample width and length in microns, A is a constant, and a 

was found to be 0.22. 

1.2 Applications 

An external magnetic field can change the magnetic alignment in the tunnel junction 

by rotating the softer tree magnetic layer with respect to the harder one. The 

sleetrical resistance magnitude will therefore unambiguously reflect the relative 

orientation of the magnetic momentsof the layers. In the case that the layers are not 

coupled, the devices are sensitive to small magnetic fields. The magnetisation 

reversal in the tree layer can be engineered to be linear (tor sensing applications) or 

to have a hysteretic behaviour, with a (non-volatile) memory tor the last applied field. 

In this paragraph, we include some of the applications tor these magnetic 'sensors'. 

1.2. 1 Magnetic random access memory 

The Magnetoresistive Random Access Memory (MRAM) is a nevel and promising 

non-volatile memory technology. The memory cell is based on the spin tunnel 

junction as a magnetic 'sensor' with a permanent character. The magnetic (storage) 

layer in the device can be oriented (written) by magnetic fields generated in bit 

selective current lines (two per bit). The technology is expected to have an infinite 

retentien time, very large cell densities, unlimited read and write cycli and is 

intrinsically radiation hard. The readout can be non-destructive and is particularly 

suited tor low power applications. Moreover, embedded solutions combining non

volatile thin-film magnetic storage with semiconductor technology tor read-out and 

logic are quite promising and can lead to extreme miniaturisation. 
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Write strategy 

In a magnetic tunnel junction, the hard layer is pinned in a certain direction, and the 

soft layer is free to rotate between states of parallel and anti-parallel orientations 

relative to the hard layer. Switching between this states, or writing, can be done with 

a magnetic field. Conductors carrying an electric current in the vicinity of the tunnel 

junction could generate such a field. 

Figure 1-7 Bit-selectivity is provided by means of the coïncident current scheme in which two 
orthogonal current provide orthogonal magnetic fields. Only the combination of both fields will 
switch the bit. 

In the so-called coincident current scheme, only the magnetic field generated by the 

combined (orthogonal) current switches the bit status, hence a logic 0 or 1 depending 

on the sign of the word current. Too high a word current would switch all the bits 

under the word line. 

Read strategy 

Having indicated the on-chip writing process, let's focus on the reading operation, 

where the bit-status is probed by the magnetoresistance. Hence, a resistance 

change or different resistance levels have to be measured. Forspin tunnel junctions 

the logic 0 or 1 is stored in the magnetisation vector of the free layer, as sketched in 

Figure 1-8. The minor magnetoresistance loop shows a square loop around zero 

field, implying soft layer storage. Provided that the resistance change between both 

zerofieldsis large enough, the absolute resistance can be used as a measure for the 

logic 0 or 1. No assisting fields are required during the read operation, which results 

in a simple timing diagram for this storage mechanism as shown in Figure 1-8. 
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Figure 1-8 Schematic representation of the storage mechanism. The absolute resistance can 

be probed as a maasure tor the logic 0 or 1 . On the rightl the schematic timing diagram tor 

the storage mechanism is shown [4]. 

1.2.2 MR sensors and read heads 

In automotive and industrial 

environments, the main applications 

for MR sensors are position, angle and 

rotatien-speed sensing. As already 

discussed above, MR sensors are very 

suitable for analogue angle sensing 

because of their intrinsic angle 

dependenee [9]. Such a contactless 

angle sensor can be used in 

automotive applications to determine 

many quantities, like throttle-valve 

position, chassis height and pedal 

position. Another important application 

MAGNET 
(A) 

SPACEJl 

(B) 

Figure 1-9 Schematic view of rotation 

speed sensing 

is rotatien speed sensing, which is used in e.g. anti-loek braking systems (ABS). The 

principle is illustrated in Figure 1-9. The sensor is positioned between a (soft} 

magnetic gear wheel and a permanent magnet, this way changes are detected in the 

closed flux lines due to the position of the teeth of the gear. 
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In computers, magnetic recording is the most important medium in data recording. 

The data is stored in magnetic patterns on the medium with small inductive write 

heads. These are electramagnets by which the magnetic data is written by the use of 

electric current pulses. The information is read by a read head, which also used to be 

inductive, but are currently being replaced by AMR-type read heads, and in the more 

advanced disks by GMR or spin-valve type sensors. These principles are shown in 

Figure 1-10. 

Read Current f Write Cutrent 
! i • 

MR or GMR Sensor 

Magnetisation 

Figure 1-10 The basics of magnetic recording are sketched. In this sketch, both the inductive 

write element as the MR sensor are both integrated in the drawing. Stray-fields trom the bits 

on the medium rotate the magnetisation vector of (one of) the magnetic layer(s) in the 

magnetoresistive sensor. 
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Chapter 2. Switching and the Stoner-Wohlfarth model 

When using a magnetic tunnel junction for memory applications, it is important to 

have two stabie states in the device. This can be accomplished when the layers in 

the junction consist of a single domain, in this way the layer can only switch as a 

whole. In this chapter, the model of Stoner and Wohlfarth will be used to calculate the 

switching behaviour of a mono-domain magnetic layer. The model can be 

generalised to take into account multiple interacting mono-domain layers. 

2. 1 One layer system 

2. 1. 1 Assumptions 

In this paragraph we use the model of Stoner and Wohlfarth [1], who in 1948 

indicated the lines along which most of the subsequent studies for the predietien of 

the magnetisation curves in the magnetic tunnel junction have progressed. The basic 

assumption in this theory is that of coherent rotation, which implies that a single 

magnetisation vector M , or iiz = M I M s . is sufficient to describe the state of the 

whole system. The most natural example is that of a magnetic partiele small enough 

to be a single domain, which is ultimately the aim for our tunnel junctions. In the 

model, we consider the particular case of a thin layer made up of a material with 

uniaxial magnetocristalline anisotropy, and the crystal anisotropy axis is assumed to 

coincide with the symmetry axis of the spheroid. This will give a total anisotropy 

energy (per unit volume) of the form: 

fk(m)=Ksin 2 8 {2.1) 

where e is the angle between iiz and the anisotropy axis, and K the effective 

anisotropy constant. A quasi-static model is assumed and the influence of 

temperature is neglected. 

2. 1.2 The magnetisation curves and the astraid 

The behaviour of the magnetic layer is governed by two energy terms, the uniaxial 

anisotropy energy described by equation (2.1) and the Zeeman-energy of interaction 

with the external field, - p 0M siiz · H. We assume that the anisotropy axis is an easy 
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magnetisation direction (K>O). Under zero field m is aligned along the easy axis. 

When we apply the external field fi , m rotates away trom the easy axis, towards 

the field, by an angle depending on the relative strength of anisotropy and field. Since 

the extern al field fi is applied in plane with the thin layer, m will certainly lie in this 

plane, containing the anisotropy. The problem is, therefore, reduced to a two-

dimensional problem in this plane. We call e and eH the angles made by m and H 

with the easy axis (see Figure 2-1), of which we conventionally choose one 

orientation as the positive one. 

HA -H 

EA 

Figure 2-1 Definitions of angles used in SW model calculations 

e and eH vary in the interval (-n,n), with the convention that a positive (negative) 

angle means that the component of m or fi perpendicular to the easy axis is positive 

(negative). The energy (per unit volume) of the layer is then 

E(B;H )= K sin 2 8- jj0 HM s cos(B -BH) (2.2) 

The system is described by one state variable, the angle e, and the two control 

parameters, H and eH. lt is convenient to write equation (2.2) in dimensionless farm, 

by introducing the dimensionless quantities 

E' = E 
2K 

- · jj0M - fi H= SH=--
2K H AN 

where HAN is the anisotropy field . We obtain 

(2.3) 

(2.4) 



Switching and the Stoner-Wohlfarth model 13 

lnstead of (H', OH) we shall use, the field components along the hard axis and the 

easy axis, 

H~A = H . sin eH 

H~A = H ' coseH 

In termsof these variables, equation (2.4) becomes 

·( - ·) 1 2 ' ' E \e;H =-sin e-H HA sine-H EA cose 
2 

(2.5) 

(2.6) 

In order to calculate the magnetisation curves, we would like to know the 

magnetisation angle e, which results in the minimum energy for a given applied 

extern al field H ·. By calculating aE'/ae from equation (2.6) and imposing the 

condition aE'/ae = 0, this relationship between H and e is found: 

H~A H~A -1 ------
sine cose 

(2.7) 

For a fixed hard axis field, equation (2.7) gives rise to the following hysteresis loops 

along the easy axis (imposing the condition a2E/ae2 > 0): 

1.5 

1.0 

0.5 
(fJ 

- _.,_. HHA/HAN = 0.0 

- ·- ·- ·- HHA/HAN = 0.2 
~ 0.0 ...._ 
~ 

-0.5 

------ HHA/HAN = 0.4 

---- HHA/HAN = 0.6 

--- HHA/HAN = 0.8 

-1 .0 

-1.5 
-2 -1 2 

Figure 2-2 Stoner-Wohlfarth hysteresis loops tor the fixed hard axis fields, as indicated. 

As can be seen in Figure 2-2 the coercive field is equal to the critica! (or switching) 

field, and decreases with increasing hard axis field. At hard axis fields bigger then the 

anisotropy field HAN, no switching occurs, but the magnetisation rotates parallel with 
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the applied field H. When plotting the coercivity (or switching) fields as a tunetion of 

the applied fields, we find the astroid as calculated in [1 ]. 

-1 

Figure 2-3 Astraid according to the Stoner-Wohlfarth model. The dashed lines indicate the 
loops in the previous figure. 

2.2 Multilayer system 

In the previous paragraph, the hysteresis loops and switching properties for a single 

magnetic layer were calculated. When dealing with multiple magnetic layers, the 

calculation becomes more complicated since more energy terms have to be 

considered. The energy terms (per unit area) used in our calculations are described 

below. 

• Zeeman energy. This energy term describes the interaction of the field with the 

magnetisation of each ferromagnetic layer 

(2.8) 

• Uniaxial magnetic anisotropy. The magnetic moments of the ferromagnetic layers 

favour a certain direction (the easy axis), so that aligning them to this direction 

results in a lower energy. Both shape and crystal anisotropy can be included in 

Kj, as long as both have the same preterred orientation. This energy term is 

mainly responsible for the coercivity of the considered layer. 

(2.9) 
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• lnterlayer coupling. This energy term deals with the interaction between two 

ferromagnetic layers separated by a nonmagnatie spaeer layer. The coupling is 

ferromagnetic (antiferromagnetic) when JFM > 0 (JFM < 0). 

Ei,i-1 = -] FM ,i,i-1 cos(B; - ei-1) (2.1 0} 

For the coupling between the tree and the pinned layer, this energy term is the 

sum of both the Néel and the stray-field coupling. lt is responsible tor giving the 

astraid an easy axis offset as shown in Figure 2-4. From Figure 1-6 one could see 

that the Néel and the stray-field coupling have opposite directions. Since the stray

field coupling is inversely proportional to the sample length, see equation (1.4), the 

Néel coupling can (in part) be compensated by making the length of the element 

smaller. 

Figure 2-4 Astraid with offset as a result of the Néel and the stray-field coupling 

• Exchange anisotropy. When a ferromagnetic layer i is exchange coupled to a 

antiferromagnetic layer, the following energy term has to be considered. 

E = J EX ,i cosei (2.11) 

The total energy of the system is the sum of these interaction energies. Thus, a 

trilayer system with a tree, pinned and biasing layer, can bedescribed by the use of 

1 0 parameters: 

• The angle between the easy axis of the tree layer and the biasing direction. 
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• The angle between the easy axis of the pinned layer and the biasing 

direction. 

• The thickness of the free layer. 

• The thickness of the pinned layer. 

• The saturation magnetisation of the tree layer. 

• The saturation magnetisation of the pinned layer. 

• The anisotropy constant of the tree layer. 

• The anisotropy constant of the pinned layer. 

• The exchange coupling between free and pinned layer. 

• The exchange coupling between pinned and biasing layer. 

The minimisation of this energy for a given external field is done numerically by a 

computer program. The program gives the magnetoloop curves for e.g. fixed hard 

axis field with easy axis sweep, tagether with magnetisation angles of the free and 

pinned layer. 

The best way to determine the switching of the element would be when the angle of 

the free layer with the easy axis direction is go•. However, with our setup it is not 

possible to directly measure the magnetisation angle of the free layer, instead the 

angle between the free and pinned layer is determined via measuring the resistance 

of the junction (see equation (1.1 )). Therefore, the definition of switching is 

reformulated as the angle between the tree and pinned layer equal to 90°, which is 

exactly at half of the maximum TMR value, if the parallel and antiparallel states are 

perfectly obtained. With these definitions of switching, the model can calculate the 

different switching astroids. 

References 

[1] Giorgio Bertotti, Hysteresis in Magnetism, (tor physicists, materials scientists, and 

engineers), Academie Press, Boston, 1998 
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Chapter 3. Switching with two external fields 

Magnetic Tunnel Junctions (MT J) are a promising candidate for a magnetic random 

access memory and were studied intensively in the last years. In this work, a new 

measurement setup was built for measuring the switching properties of different 

MT Js. For MRAM, only the switching of the tree layer is to be considered and in first 

approximation, we can consider the tree layer to act as a single magnetic domain, so 

that the switching properties can be interpreted using the Stoner and Wohlfarth 

model (see Chapter 2. ). 

3.1 The measuring principle 

In a typical measurement, the hard axis field was held at a fixed value while the easy 

axis field was swept linearly between two fixed magnetic fields. After each magnetic 

sweep over the easy axis, a new hard axis field was set. This way the switching 

behaviour of the MT Js was measured as shown in Figure 3-1: 

HA step 6 

HA step 5 

HA step 4 

HA step 3 

·-
HA step 2 

HA step I 

HA stepO 

· .. ...... 

,.·· 

·· .. 

.-· 

H 
HJ\ ~ Switching 

points 

.A/tt I t ~ 
.-~ .... .... L 

·-. 

Figure 3-1 The principle of measuring the switching behaviour of a MTJ with two external 
magnetic fields 

For each hard axis step a magnetoresistance loop is measured trom which the 

switching points are determined as can be seen in Figure 3-2. The values of the easy 

axis, at which the magnetoresistance is in the middle of the minimum and maximum 

magnetoresistance, are taken to be the switching points S1 and S2. Since for high 
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hard axis fields, a large easy axis field would be needed to saturate the tree layer 

back in the easy axis direction, Vmin and Vmax are measured at zero hard axis field . 

Rr.rrJ 

vm4X 

Switching 
... 

points 

vmin 

Figure 3-2 For each HA step a magnetoresistance loop is measured trom which the switching 

points S1 and S2 are determined 

3.2 Measuring in practice 

The influence of a magnetic field on the magnetoresistance of the samples was 

measured on a probe station equipped with two Helmholtz-coils. A picture of the 

setup, tagether with two enlargements of the sample itself, is shown in Figure 3-3. 

Figure 3-3 The left picture shows the probe station with the measuring computer. The right 
top shows an enlargement of the probe needies on the samples. The right bottam is a view 
through the microscope (40x zoom). 
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The setup is controlled by a computer, which communicates via a GPIB-interface 

with the maasurement instruments. All the programming tor cantrolling the setup and 

calculating the astraid is done in Labview 6.1. In Figure 3-4 a screenshot of the two 

external fields setup during a maasurement is shown. In the top left of the screen, the 

settings tor the hard and easy axis can be set. For the hard axis, the minimum and 

the maximum field have to be determined, as well as the number of steps. The easy 

axis field sweeps within the given minimum and maximum field as can be seen in the 

top left graph (and the corresponding MR in the top right graph). When the 

sweeptime is set too small , a slight shift in the measured voltages can be seen tor 

(positive shift) and decreasing (negative shift) easy axis field, which is due to dB/dt in 

the measured loop. In the bottorn two graphs, the measured magnetoresistance loop . 

(voltage versus sweep field) and the 20 characterisation (astroid) are shown. The 

astraid is calculated according to the principle described earlier (see paragraph 3.1 ). 

After the magnetoresistance loops are measured tor each step, the program allows 

reviewing of the measured loops tor any given step tagether with the 20 

characterisation. After viewing the results , the data is saved. 
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Figure 3-4 Screenshot of the two fields setup during a measurement 
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A voltage souree (Agilent) generates a triangular voltage sweep, which is the input of 

a voltage-to-current amplifier (Kepco) . This way, the easy axis Helmholtz coils are 

powered and a magnetic field sweep over the easy axis of the MT J is produced. Th is 

magnetic field is measured repeatedly, at the same time as the voltage of the MT J is 

measured. This is done with feedback, by measuring the voltage over a shunt 

resistance Rs (1.8 Q) as can be seen in Figure 3-5. As tor the hard axis, a constant 

voltage is applied (Keithley 230) to a voltage-to-current amplifier (Kepco). For the 

hard axis field, no feedback is needed because the current (and thus the field) is 

proportional to the voltage on the Keithley 230, so that one can rely on a calibration 

factor. 

Figure 3-5 Electrical scheme of the two external fields setup 

When measuring the magnetoresistance loops a lot of high-frequency noise in the 

measurements was initially observed, as can be seen in Figure 3-6. This noise was 

probably caused by interterenee between the voltage-to-current amplifiers and the 

Helmhotz coils, namely due to their mutual inductance. Therefore, low-pass filters 

had to be built-in (see Figure 3-5) , eliminating all the higher frequency noise. The 

cut-off frequencies of these filters are 18,8 and 15.4 Hz; R = 1.8 (2.2) n and C = 4. 7 

mF. Figure 3-7 clearly shows that the filters are effective and reduce the noise far 

beyond the typical signallevel of a tew mV. 
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Figure 3-7 Magnetoresistance loop 
measured with the low-pass filter 

In the resistance measurements, a 4-point measurement technique using probe 

needies (see Figure 3-8) is used to exclude any influence of contact resistances. The 

bottam and the top electrades bath have two different contact areas. The current is 

applied along a bottam and a top electrode, so that the current goes through the 

MT J. The voltage over the MT J is measured over the other contact pads of the 

bottam and top electrodes, excluding any influence of contact resistance. 

Figure 3-8 Four-point magnetoresistance measurement geometry to overcome the contact 
resistance between the electrades and the tip of the spring loaded probe needies 

In Figure 3-5 a 'box' connecting the current souree and multimeter to the probe 

needies is added. Th is safety box can ground the probe needles, protecting the MT J 

trom getting a 'voltage overshoot' when putting on or removing the probes. 
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3.3 Results 

The setup was used to look at the influence of the sample length and the thickness of 

the insulating Al oxide tunnel barrier. In addition, the presence of an artificial 

antiferramagnet was studied. Many measured astraids showed deviations fram the 

Stoner-Wohlfarth model for a mono-domain particle. In the second part, some typical 

deviations will be discussed and interpreted. 

3.3. 1 lnfluence of the sample length: stray-field coupling 

In this paragraph, the influence of the sample length, AIOx thickness and the 

presence of an artificial antiferromagnet on the stray-field coupling are been looked 

at. In Figure 3-9 the switching astraids of two tunnel junctions with a length of 

respectively 70 and 1 Of.lm are shown, both with a different easy axis offset. The 

magnetic part of the stack is lrMn 10 nm/CoFe 4 nm/AI 1 nm + oxidation/NiFe 5 nm 

and its major loop along the easy axis resembles Figure 1-4. Two mechanisms 

contribute to this offset, namely the Néel coupling and the stray-field coupling, both 

explained in paragraph 1.1.2. The Néel coupling is size-independent, and can thus 

be considered constant. The stray-field coupling, on the other hand, is inversely 

proportional to the junction length (equation (1.4)) , and counteracts the effect of the 

Néel coupling. Since the Néel coupling is the largest of the two, the offset of the 

switching astroid gets smaller when reducing the junction length. 
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Figure 3-9 Two switching curves of samples with different lengths are shown. A smaller 
sample has less offset due to a larger stray-field coupling. 
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The offset was measured tor junctions of different lengths (70, 50, 20 and 1 0~-tm). 

From these offsets, the stray-field coupling was deducted by subtracting the Néel 

coupling. The Néel coupling was found by extrapolation and using the tact that the 

stray-field coupling is zero tor infinite sample length (1/L = 0) [1]. In Figure 3-10 the 

stray-field coupling tor tour different samples is shown. 
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g> 0.4 
0.. 
:::) 

8 0.3 
() 

~ 0.2 ..... en 
0 
Q) 0.1 
c 
C> 

~ 0.0 

0.00 0.02 0.04 

ov Single and 1.0nm AIOx 
... Single and 1.5nm AIOx 
o Single and 1.5nm AIOx 
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-1 
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Figure 3-1 0 Stray-field coupling versus inverse sample length tor different samples. 

In Figure 3-10 roughly three different slopes can be seen. The sample with an 

artificial antiferromagnet (AAF: 4nm CoFe - 0.8nm Ru - 4nm CoFe) as hard layer 

system has the smallest dependenee of the stray-field coupling on the sample length. 

The AAF allows the magnetic field lines to be partly closed, resulting in a smaller 

stray-field coupling with the free layer. All the other samples have a single 

ferromagnetic layer (4 nm CoFe) as pinned layer, and therefore the stray-field 

coupling is larger. Reducing the thickness of the AIOx layer from 1.5nm to 1.0nm, 

results in an even larger stray-field coupling. For investigating the dependenee 

between the stray-field coupling and the barrier thickness, more samples with 

different barrier thickness could be made. Our samples had Néel couplings ranging 

trom 0.4mT up to 6mT. Since the stray-field coupling and the Néel coupling are in 

opposite direction (see paragraph 1.1.2), it can be concluded from Figure 3-10 that 

the sample size has to be reduced to the sub-micron regime in order to cancel the 

Néel coupling by the stray-field coupling. For very small samples, an artificial 

antiferromagnet can be used to reduce the stray-field coupling to the same 

magnitude as the Néel coupling. Otherwise, one may overcompensate the Néel 

coupling. 
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3.3.2 lnfluence of the pinned layer at high assisting hard axis fields 

When measuring, a switching curve as shown in Figure 3-1 was expected. However, 

the measurements showed that when high HA fields were applied the switching of 

the MT J did not occur at the expected EA-offset value, but at larger EA fields. The 

higher the EA offset of the MT J, the larger the deviation of the switching point with 

respect to the offset becomes at larger HA fields. This deviation is shown for three 

different offsets (0.2 mT, 3 mT and 5.8 mT) in Figure 3-11. 

The reason for this deviation was found in the rotation of the pinned layer. At first, we 

assumed the pinned layer to be essentially fixed, but at high enough hard axis fields 

the magnetisation of the pinned layer may start to rotate. The multilayer Stoner

Wohlfarth model was used to analyse this idea. 

We relate the anisotropy constant directly to the coercivity of the concerning layer, 

and the exchange coupling to the offset of the layer. The pinned layer had an offset 

of 30.4 mT, leading to an exchange coupling of -0.2 mJ/m2 (or erg/cm2
), which is 

negative because of the antiferromagnetic coupling between the pinned layer and the 
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Figure 3-11 Switching curves with different EA-offsets. The three different curves clearly show 
that the deviation at a fixed HA field gets bigger tor a larger EA-offset. 
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Free layer Pinned layer 

Angle between easy axis and biasing direction Ou au 

Thickness of the layer 5nm 4nm 

Saturation magnetisation 1.885 T (or kilo-erg) 1.005 T (or kilo-erg) 

Anisotropy constant 5J/m" 3J/m" 

Exchange coupling with layer beneath Dependent on offset -0.2 mJ/m" 

Table 3-1 Summary of parameters used in the multilayer Stoner-Wohlfarth model. 

biasing layer. All the parameters from Table 3-1 were kept constant, except the 

parameter for the exchange coupling between the free and pinned layer was varied 

to account for the change in the Neél coupling. EA offsets of 0.2, 3 and 5.8 mT led to 

exchange couplings of, respectively, 1, 12.4 and 23 ~/m2 (or milli-erg/cm2
) . Using 

these parameters in the model, the switching curves in Figure 3-12 were obtained. 

Gomparing with the measurements from Figure 3-11 a good agreement can be seen. 

The simple model that took into account the moving of the pinned layer is a good 

approximation for calculating the switching curves. 
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Figure 3-12 Switching curves calculated tor different offsets. The model clearly shows the 
same trend as the measurements trom Figure 3-12. 
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Figure 3-13 Switching value at 5mT HA field versus the EA offset of the junction 

Figure 3-13 shows the linear relationship between the offset and the switching points 

at 5mT HA field in a variety of samples. The solid line is calculated with the model, 

using identical parameters as above. In other words, only the coupling between the 

tree and pinned layer is varied. The dotted line shows x = y, where no deviation from 

the offset would occur. 

Except for the two circled dots, all the data corresponds to the theoretica! model. 

These two samples have a different seed layer: the lrMn was grown on Ru instead of 

NiFe, which shows that Ru is not as good a seed layer as NiFe, and therefore results 

in a smaller exchange bias. 

3.3.3 'Hard switching' 

When measuring the switching behaviour of the magnatie tunnel junctions, we could 

often see that when going from the anti-parallel (AP) to the parallel (P) orientation 

switching occurred taster than expected. This can be seen as the local 'collapse' in 

the astroid curve in Figure 3-14. For the interpretation of this collapse, one should 

keep in mind that the switching astroid was measured going stepwise from negative 

to positive hard axis fields. Now a possible explanation is that the taster switching is 

induced via the presence of a 360° domain wall in the free layer. 

The creation of the 360° domain wall can be explained in the following way. The 

stray-field coupling faveurs an anti-parallel alignment. When the MT J is in parallel 

alignment, this results in the presence of end domains in the free layer. These end 
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Figure 3-14 Switching curve of MTJ. When going trom the P to the AP orientation (left to right) 
MT J fellows normal switching behaviour, but going trom the AP to P orientation taster 
switching is induced via the presence of a 360° domain wall (tor small positive HA field). 

domains can lead to two possible configurations, both with different reversal 

mechanisms (see Figure 3-15). In the S-configuration both end domains have the 

same magnetisation direction. When an external magnetic field is applied favouring 

the anti-parallel alignment, the end domains grow and the middle domain rotates 

slightly in the same direction as the end domains. When the external field is large 

enough the middle domain will switch, and the anti-parallel alignment is reached. 

Switching back to the parallel alignment fellows the same switching process. The 

secend possibility is the U-configuration, here both end domains have opposite 

magnetisation directions. In this case, when applying an external field favouring the 

anti-parallel alignment, the end domains also grow, but because they have opposite 

chirality the middle domain is in a meta-stabie position and does not rotate. Finally, 

this will result in a 360° domain wall, with the anti-parallel state on both sides. The 

AP-P reversal now occurs in a completely different way. The 360° domain wall splits 

in two 180° domain walls and a domain with parallel alignment starts growing until 

the entire element switches. This manner of switching occurs much taster, compared 

to the AP-P reversal without the presence of a 360° domain wall. This is the 

'collapse' of the switching astroid that can be seen in Figure 3-14. 

With previous explanation, it can also be understood why the collapse occurred at 

small positive hard axis fields, looking at the Zeeman energies of the end domains. 

For large negative hard axis fields, the end domains will align themselves with this 

hard axis field, resulting in the S-configuration shown in Figure 3-15. However, when 

going to small (positive) hard axis fields, spin-flip of one of the end domains can 

occur, resulting in the U-configuration and creation of a 360° domain wall. Further 
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increase of the hard axis field will, again, make the S-configuration energetically 

more favourable and switching gets back to 'normal'. Fora more detailed description 

of 360° domain walls see [2], [3] and [4]. One should keep in mind the explanation 

given above is just an idea to show what might be happening, because of multiple 

domains in the sample the actual physical phenomenon is probably more complex. 
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Figure 3-15 Schematic of the magnetisation reversal of a magnetic tunnel junction (left) and 
corresponding magnetoresistance loops (right). The arrows indicate the magnetisation 
direction of the free layer. In case of a S-configuration, no 360° domain wall is formed. When 
there is a U-configuration a 360° domain wall is formed and a different reversal mechanism 
occurs. 

3.4 Conclusion 

A measurement facility with the capability of studying the switching behaviour of 

magnetic tunnel junction in a two dimensional external field was built. The stray-field 

coupling was found to decrease linearly as a tunetion of the sample length. A thicker 

AIOx layer and the presence of an artificial antiferromagnet were found to decrease 

the stray-field coupling. In order to have a stray-field coupling with the same 

amplitude as the Néel coupling, thus in order to get rid of the offset, sub-micron 

samples are needed. Furthermore, a strong influence of the hard layer was obseNed 

in the measurements, and was qualitatively understood using the Stoner-Wohlfarth 

model. 
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Chapter 4. The current pulses setup 

When a magnetic tunnel junction is used as a memory bit in MRAM, on-chip 

switching is used in write operations. This can be done with current pulses as 

explained in paragraph 1.2.1. To study the switching behaviour with current pulses, 

the external field setup has been modified. The easy axis field is now generated by 

sending current pulses through an electrode. 

4. 1 The measuring principle 

In the current pulses and one external field setup, the hard axis field is generated 

with Helmholtz coils, but the EA field is produced with current pulses through the 

bottorn electrode (see Figure 1-7), but can also be generated externally with the EA 

helmholtz coils. The MT Js exhibit an offset HN on their easy axes (see Figure 3-2). 

To account tor this offset field, an external EA field Hextern = HN is first applied. This 

way, the offset artificially vanishes and the tunnel junction has two stabie states when 

no current pulses we re sent, the high and the low resistance state. Thus, the MT J 

can be probed as a 'non-volatile memory' element. 

MR 

H 

Figure 4-1 The magnetoresistance loops of the MT J exhibit an offset. Th is offset artificially 
vanishes by applying an external easy axis field Hextern· Now, the magnatie tunnel junction 
returns to the high or the low resistance statewhen no current pulses were sent. 

The measuring principle is as fellows (fora given HA step): first, a reset current pulse 

is applied to put the MT J in a known state. Then current pulses are applied in the 

opposite direction and we check if the element has switched. This setup allows three 

possible ways tor sending the current pulses, shown in Figure 4-2. 
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I (mA) 
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Figure 4-2: The different ways tor sending current pulses, the arrows indicate the measuring 
points of the resistance of the MT J . In the first series, the MT J is only reset in the beginning. 
In the second and the third series, the MT J is reset after each pulse. In the second series the 
'reset'-resistance is only measured after the first reset pulse and considered constant. 

The width and amplitude of these pulses can be set. A pulse series can be repeated 

tor a given number of times tor each hard axis step. This way, the switching 

probability Ps of the MT J tor a given current pulse can be calculated (see Figure 4-3). 
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Figure 4-3 The switching probability P5 as a tunetion of the current pulse. P5 = 0 or P5 = 1 
means the MT J will never or always switch, respectively. In between there is a transition 
region, where the end-state is uncertain. 
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4.2 Measuring in practice 

The two external fields setup was modified to be able tosend current pulses through 

the bottorn electrode. Before the actual pulse measurement, the magnetoresistance 

loop is measured externally. The easy axis field then runs trom a set minimum to 

maximum field with a given number of steps and back, while measuring the 

magnetoresistance for each applied field. This way determining the offset, TMR and 

coercivity of the magnetic tunnel junction (see Figure 4-4). 
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,0 0.0 

TMR 
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7.00-1 
-70.0 

I I 

-60.0 ·50.0 ·40.0 
EA field (Oe) 

I 

·30.0 

Figure 4-4 Determining the offset, coercivity and TMR of the MTJ befare the actual pulse 
measurement. 

The ditterenee with the two external fields setup, is that the external easy axis field is 

only used to let the offset of the MT J artificially van ish , as shown in Figure 4-1. 

Switching and resetting is done by current pulses as explained in Paragraph 4.1. In 

Figure 4-5, the first pulse train was selected and the minimum current, maximum 

current and stepsize were set. In the bottom-left graph , the resistance levels 

corresponding to the current pulses can be reviewed for each series separately. In 

the TMR graph, the corresponding TMR is shown. The bottom-right graph is a 

statistica! analysis of all the series. lt displays the switching probability of the MT J for 

a given current. The top graph also shows the switching probability, as an intensity 

graph. After viewing the measurements, the data is saved to disk. 
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Figure 4-5 Screenshot of the current pulses setup aftera measurement 

Both the external hard and easy axis fields are generated in the same way. Constant 

voltages are applied (by a Keithley 2400 (EA) or a Keithley 230 (HA)) to the voltage

to-current amplifiers. These are connected to the Helmholtz coils that generate the 

desired field. For both circuits, a !ow-pass filter is installed to eliminate the higher 

frequency noise (see Figure 4-6). 

filter 

.. 
EA 

Figure 4-6 Electrical scheme of the setup with a current pulse and one external field 



The current pulses setup 35 

For sending the current pulses, an Agilent 33250A is connected to the bottorn 

electrode. Because this is a voltage source, the resistance of the bottorn electrode 

has to be measured first, in order to give the correct current pulses. This is done with 

a Keithley 2000, also connected to the bottorn electrode (see Figure 4-7). The 

resistance measurements are done with a 4-point measurement technique using 

probe needies as explained for the two external fields setup (see Figure 3-8). 

MTJ 
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Figure 4-7 Setup tor calibrating and sending the current pulses through the bottorn electrode. 

4.3 Resu/ts 

Since current pulses are used to switch the element, the measurements can be 

carried out much taster than with external fields. This generated the opportunity to 

use a statistica! approach for determining the switching characteristics of the MT J. 

Although the MT Js had multiple domains in the layers, which drastically complicated 

the measurements, good switching characteristics could be measured. From the 

three possible pulse series depicted in Figure 4-2 the first one was always selected, 

thus resetting the sample in the beginning of each series and then sending switching 

pulses of increasing amplitude. All the measurements in this chapter are done on the 

same sample, i.e. lrMn 10 nm/Cofe 4 nm/AI 1 nm + oxidation/Nife 5 nm, but with a 

thick Cu underlayer to be able to generate large enough magnetic fields for switching 

experiments. 
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4.3. 1 Current-field relationship 

In Appendix, the relationship between the current I and the magnetic induction 8 has 

been derived. The samples have an electrode width of 32J.!m; the distance of the free 

layer is approximately 24nm. For the biggest MT Js (17J.!m long), the EA-field was 

found to be homogeneaus within 0.12%. The small distance between the electrode 

and the free layer allows simplifying equation (8-7) to: 

B[mT] = 1; 2nl[mA] 
/10 w[,wn] 

(4.1) 

8y doing this, the actual EA-field is overestimated with less than 0.3%. Using 

Equation (4.1) for our sample geometry, applying a 1 mA current results in a magnetic 

induction of approximately 0.02 mT. Next, the current-field relationship will be verified 

experimentally, which is complicated by the fact that switching occurs in many steps, 

due to multiple magnetic domains inthefree layer (Figure 4-8). 
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Figure 4-8 magnetoresistance loop measured with an external easy axis field. The resolution 
of the easy axis field is 0.02 mT. The element size is 9Jlm * 5Jlm. 

Since there is no clear switching point, but multiple switching steps, a trick had to be 

used to determine the relationship between the amplitude of the current pulse and 

the according field. Two similar methods were used. 8oth use the 'big' switching 

step from Figure 4-8 that occurs at -5.04 mT. In the first method, the external offset 

field was set at, e.g. -4.9 mT, thus an 'extra' field of 0.14mT is needed for the switch 

to occur. This field was generated by sending negative switching pulses of increasing 

amplitude. For a certain current pulse amplitude X the switching step will occur. From 

which the tield-eurrent relationship can be calculated via 1 mA = 0.14 I X mT. In the 
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second method, we look at the shift in mA to switch the element when different 

external offsets are used. This is shown in Figure 4-9, where the resistance levels 

corresponding to given current pulses is shown for different EA offsets. 
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Figure 4-9 Voltage over the MT J after applying negative current pulses for different external 
EA offsets, shown next to the curves in mT. For all the curves, the current pulse duration was 
1 Oms. (resolution is 1 mA) 

Shifting the external offset by 0.3mT, resulted in a current increase of 14mA for 

switching to occur. A simp Ie calculation shows that 1 mA results in an easy axis field 

of 0.021 mT. This result was also obtained with the former method, and is in good 

comparison with the predicted 0.02 mT from equation (4.1 ). 

4.3.2 Switching with multiple domains 

For the use of a MT J as a memory cell, only two stabie states are allowed: a high 

resistance state forstoringa '0' and a low resistance state forstoringa '1 '. However, 

with multiple domains, domains can switch separately, irreversibly change size and 

even a domain can split or merge. Therefore, a way to determine 'switching of the 

free layer' had to be found. The first problem was that we had to be able to, each 

time, reset the tree layer to the same state as before. This was done by putting the 

offset in a region where no switching occurred, and where the ditterenee between the 

high and low resistance levels was big enough too see an adequate resistance 

change upon switching. Thus for the element from Figure 4-8, an offset between -4.6 

and -4.9mT, would be good when resetting to the low resistance level (when 

resetting to the high level an offset between -5 and -5.2mT would be good). Figure 
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4-1 0 shows the statistic of the voltage over the magnetic tunnel ju netion after it has 

been reset with a current pulse of SOmA with a duration of 1 Oms. The voltage is 

always between 10.80 and 1 0.85mV, which is only a ditterenee of 0.5% and therefore 

can be considered as a stabie reset. 
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Figure 4-10 Statistic of the low resistance levelafter applying a reset pulse of SOmA and a 
duration of 1 Oms. 

Once a stabie reset level was found, one has to check if a large switching step, as 

we could see in Figure 4-8 at -5.04 mT, is stable. Where stabie means that the large 

domain switches reproducible and isolated from ether switching events in the 

sample. Such a domain with 'stable' switching is shown in Figure 4-11. The · 

measurements consisted of applying current pulses of varying magnitude and a fixed 

duration tp (Series 1 from Figure 4-2}, and then checking whether the domain has 

switched. These graphs are a statistica! analysis of the switching of a magnetic 

domain in a MT J . The domain was switched a hundred times with current pulses 

going from -22 up to -29mA with a stepsize of 0.25mA. The right graph shows the 

switching distribution for different applied current pulse amplitudes. The height of 

each curve is a measure tor how often the MT J wil I end up in the given resistance 

state. The graphs clearly show switching from the level at 11.6mV to the 12.1 mV 

level, when a current pulse between 23.25 and 26.25mA is given (and even switching 

of another domain at higher currents). The dots at 11.9 and 12mV come trom small 

unstable domains that were present. Now switching is defined in the following 

manner. The low resistance is determined by the reset pulse at the beginning of each 

series. Then the switching pulses are given, and the high resistances are measured. 

When the MR = (Rhigh- R1ow) I R1ow exceeds a threshold MR, we say the element has 

switched. Here 9% MR (Rhigh = 11.8mV) would be a good choice. 
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Figure 4-11 The voltage after current pulses switching to the high resistance level (left) . After 
a reset, the current pulses went trom -22 to -29mA with a stepsize of 0.25mA. The pulse 
length was 1 ms. On the right the switching distribution for different current pulse amplitudes is 
given. 

When we use this 9% MR as switching criterion, we find a switching distribution as 

shown in Figure 4-12. The domain will never switch tor currents smaller than 

23.25mA and always switch tor currents bigger than 26.25mA. Thus, there is a region 

of 3mA where we are not sure whether the element will switch or not. Knowing that 

sending a 1 mA current results in a magnetic field of 0.02mT, we see that this is 

0.06mT, or approximately the same size as the earth magnetic field. This uncertainty 

is intrinsic, and due to thermal magnetisation reversal [1 ]. 
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Figure 4-12 The switching possibility versus the applied current pulse amplitude. The pulse 
duration was 1 ms. 
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4.3.3 Time dependent switching 

In previous section, we discussed the switching probabilities as a tunetion of the 

current pulse amplitude only. Here, we repeat the measurements for different pulse 

durations tp. For each pulse duration, the measurement was repeated 100 times at 

each value of I to generate adequate statistics of the switching. The risetime of the 

pulses was 500ns and the duration tp ranged from 1 Oms to 1 j..lS. The risetime was set 

this high to minimise the pulse overshoot. The pulse duration was defined as the full 

width at half maximum. The best agreement with the measured switching properties 

was seen with the predictions of the Arrhenius-Néel law [1] forthermal activation over 

a single energy barrier. lt describes the switching probability during pulse duration tp: 

p =1-e-ri 
s (4.2) 

where 111; is the probability per unit time of reversal, and -r is the characteristic 

reversal time, given by: 

(4.3) 

Here -r0 is the timefora thermally activated reversal, which we have assumed to be 

1 ns. The exponential is the Boltzmann factor, where kb is the Boltzmann constant 

and T is the temperature. Eb is the energy barrier to magnetisation reversal, which is 

dependent on the pulse current I. As I is increased, Eb is reduced and consequently -r 

is reduced. The relationship between the energy barrier and the current is given by: 

(4.4) 

where lsw is the intrinsic switching current in the absence of thermal effects, and a is 

a constant. Measurements of the switching possibility for different pulse durations are 

shown in Figure 4-13 for a 17j..tm * 7j..tm junction. The solid lines are fits with the 

Arrhenius-Néel law, with fit parameters a/kb T = -64.5229 and lsw = -11.3885 mA, 

respectively. The only parameter that was varied for the different fits was the pulse 

duration tp. From the pulse durations used in the fits the risetime of 500ns was 

subtracted, because the switching possibility during the current rise is negligible 

compared to that at the maximum of the field pulse. An excellent agreement between 
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theory and experiment can be seen, which justifies the original assumption that we 

selected a 'single-domain' switching event. 
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Figure 4-13 Switching probability as tunetion of the pulse current amplitude. Each data point 
is the result of 1 00 pulses at I tor a given pulse time tp. The solid lines are an exponential fit to 
the data. From the right to the left the pul se times are respectively 1 Oms. 1 ms, 1 OOJ..IS, 1 OJ..IS 
and 1 JlS. For the fits, the risetime of 500ns was subtracted trom the pulse length. 

The relationship stated in equation (4.4) between the current pulse amplitude I and 

the characteristic reversal time -r is shown in Figure 4-14. The solid line is calculated 

with the fitled parameters and the dots are found by interpolating the measurements 

in Figure 4-13 and using the tact that tp = -r when Ps = 63% (Equation (4.2)). 
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Figure 4-14 characteristic reversal time 't vs. pulse current amplitude I. 

Using the fits, the characteristic reversal time at zero I can be extracted, which is a 

critica! parameter for long-term data storage. For nonvolatility and reasanabie error 

rates, it is required that the characteristic reversal time >> 1 0 years. For the switching 

event as shown here we found a characteristic reversal time of 333x1 09 years, which 

means that at least this requirement is met tor this domain. 
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4.4 Conclusion 

The measurement facility of the two external fields was modified to perform MRAM

Iike characterisation using current pulses. In the samples, a current pulse of 1 mA 

was found to generate a uniform easy axis field of 0.02mT. Since measuring with 

current pulses can be done taster than with external fields, statistica! distribution 

functions of the switching could be obtained. The magnetic tunnel junctions that were 

measured were too large to show a single domain behaviour. Because of this multi

domain behaviour, selection of a stabie switching event was found to be a challenge. 

Although we had multiple domains, an excellent agreement was found with the 

Arrhenius-Néel theory tor time-dependent switching of a particular domain in the 

sample. 
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Conclusions and future outlook 

The switching behaviour of magnetic tunnel junctions was studied using a probe 

station. This probe station was built in a way that it could be modified to measure in 

two different ways: 

The first method allowed studying of the switching behaviour with two external 

magnetic fields. The measured switching curves, astroids, were analysed in terms of 

the different interlayer coupling effects. lncreasing the thickness of the spaeer layer 

and the presence of an artificial antiferromagnet were found to decrease the stray

field coupling. The stray-field coupling was also found to decrease linearly as a 

tunetion of the sample length. Thus using sub-micron tunnel junctions, the stray-field 

coupling could compensate the Néel coupling, resulting in zero offset field. The 

magnetisation of the hard layer was found to start rotating at high fields and was 

quantitatively understood using the Stoner-Wohlfarth model. 

In the second method, the switching behaviour was studied as a tunetion of current 

pulses sent through a copper line underneath the tunnel junction. A current pulse of 

1 mA was found to genera te a uniform easy axis field of 0.02mT. Because of the large 

size of the magnetic tunnel junctions, multiple domain switching of the tree layer was 

observed, which made the selection of a stabie switching event quite a challenge. A 

statistica! approach was used to obtain the switching distribution of stabie single 

domain within a junction. Despite the multiple domains, an excellent agreement with 

the Arrhenius-Néel theory was found. The use of an assisting hard axis field was not 

possible, because in this case, the stability of the switching event was lost. 

Both methods point at the need tor sub-micron magnetic tunnel junctions, in order to 

get mono-domain layers and to get rid of the easy axis offset. This would also make it 

possible to use assisting hard axis fields when switching with current pulses. Putting 

an extra electrode on top of the tunnel junction, perpendicular to the bottorn one 

would allow generating this hard axis field with current pulses to study the switching 

behaviour in a real MRAM-Iike environment. 



Appendix 

When a current runs trough a wire a magnetic field is 

created. In this section, we are going to calculate the 

magnetic induction from a current carrying plane of 

infinite length and finite width. First we are going to 

calculate the vector potential for an infinite straight 

line with current I (see Figure E-1). The expression 

tor the vector potential is: 
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P(x,R) 

R 

x 

(A-1) 

Now we are going to use this expression for calculating the vector potential of the 

current carrying plane shown in Figure E-2. The current I is running into the plane of 

the paper and the current density is K = Kz = I I w. 

P(x,y) 

x 

Figure E-2 definitions of variables tor the current carrying plane. 

Using formula (A-1) we get: 

iz 
Az =- f.loK z fln(R)dh 

2tr -iz 
(A-2} 

with: 

(A-3) 
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assuming u = y - h we get: 

Az = floK z uln~x2 +u 2 -u+xarctan~ 
2 

{ }
y-~ 

2n x y+~ 

x2 +(y+~) 
using the fact that 2 = tan81•2 , we get the expression: 

x 

From this expression for the vector potential, it is easy to derive the magnetic 

induction 8: 

B = dAz =- flol ln R2 
x dy 2mv R, 

B = - dAz = + flol (8 -8 ) 
Y dx 2mv 2 1 

(A-4) 

(A-5) 

(A-7) 

So far, we have neglected the thickness of the electrode. Taking this thickness into 

account, the solution gets a lot more complicated. We found [0-1] that in this case the 

magnetic induction 8 is given by: 

f1
0
l [(y- w) ln 2- (y- w) ln r2 + (y + w) ln 2- (y + w) ln r4

] 

BY =-- 2 c 2 c 2 c 2 c 
2mvt +h(8

1 
-8

4
)+(h+t)(8

3 
-8

2
) 

t r1 t r2 t r3 t r4 (A-8) 
(x --) ln-- (x + -) ln- + (x + -) ln- - (x --) ln -

B = flol 2 c 2 c 2 c 2 c 
Y 2mvt w w 

+(y-2)(82 -8,)+(y+"2)(84 - 83 ) 

with the definitions of the variables given in Figure E-3. 



The current pulses setup 

Figure E-3 Definitions of variables tor an infinite current carrying rectangle 

[0-1] E. Durand, Électrostatique et magnétostatique pp511 (1953) 
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