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Abstract 

Magnetic Tunnel Junctions show a very large change in electrical resistance when a magnetic field is 
applied, an effect that is called lunetion MagnetoResistance (JMR). Magnetic as well nonmagnetic 
tunnel junctions prepared at MIT were electrically characterised at the Eindhoven University during 
this graduation project. 

Simmons and Brinkman derived analytical equations of the current-voltage characteristic of 
nonmagnetic junctions, where a free electron approximation is assumed. It is observed that the harrier 
width and height, extracted by a numerical fit of the formula of Simmons and Brinkman to the current
voltage measurements, are in reasonable agreement with the actual parameters of the harrier for 
nonmagnetic as well as for magnetic junctions. Also investigations on the temperature dependenee of 
the resistance were made for both nonmagnetic and magnetic junctions. To describe the data, we have 

included an additional spin independent hopping conductivity term to our theory. In a magnetic 
junction a JMR effect of 31% was observed at 10K decreasing to 18% at room temperature. The 
model of Julliere for JMR had to be extended with a temperature dependent polarisation to account for 
this effect. 

The electrical and magnetic properties of magnetic junctions as a function of the oxidation time of the 
aluminium interlayer were investigated, where an optimal oxidation time of the JMR was found. It is 
shown that at high oxidation times Co-oxide is formed at the Ah03 harrier which is able to impact 
both the resistance and the JMR significantly. For short oxidation times aluminium is still present in 
the harrier as well as a ferromagnetic coupling between the electrodes. 
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1 Introduetion 

1. 1 General introduetion 

In 1988 a very large change in electrical resistance was observed when a magnetic field was applied to 
a multilayer consisting of a number of magnetic and nonmagnetic metallic layers. This effect is called 
Giant MagnetoResistance (GMR) and can be used for magnetic field detectors in recording media and 
for a non-volatile MRAM, as will be described in more detail in section 1.2. 

Recently, a new large MR effect was discovered in tunnel junctions. This effect is called Tunnel 
MagnetoResistance (TMR) or Junction MagnetoResistance (JMR). Basically these junctions consist of 
three thin layers of which the bottorn and the top layer are ferromagnetic and the sandwiched layer in 
between is a very thin insuiator (e.g. Ah03 with a thickness of about 10 Á to 30 Á), through which a 
quanturn mechanica! tunnelling current flows. The tunnelling current appears todependon the relative 
alignment of the two ferromagnetic magnetisation veetors of the bottorn and the top electrode. 
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Figure 1.1 A typical MagnetoResistance measurement of a tunnel junction, peiformed at T=JO K. The 
MagnetoResistance is measured in the sequence a,b,c,d and back toa. 

The actual pioneering experiments on magnetic tunnel junctions were performed by Julliere in the mid 
seventies. However, due to difficulties in fabrication of the ultrathin tunnelling harrier, the junctions 
did not exhibit a large and reproducible JMR effect. In 1995 Moodera from MIT managed to control 
the harrier preparation via a plasma oxidation of a thin Al layer. Figure 1.1 shows an example of a 
measurement of tlie resistance as a function of the magnetic field, measured at a temperature of 10 K 
on a tunnel junction prepared at MIT. lt demonstrates that the resistance largely changes (in this 
example by 30.9 %) when a magnetic field is applied. 
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1 Introduetion 

In this research project tunnel junctions prepared at MIT have been measured and analysed, which is 
the subject of the present graduation report. To begin with, chapter 2 and chapter 3 of this thesis will 
deal with the theoretica} aspects of electrical tunnelling of a nonmagnetic tunnel junction and a 
magnetic tunnel junction, respectively. For nonmagnetic tunnel junctions a free electron model is 
assumed. For the magnetic tunnel junctions the model of Julliere, which described the JMR-effect 
phenomenologically, will be given. Also theoretica} models of temperature dependenee of the 
resistance and JMR will be presentedinthese chapters. 

Chapter 4 describes the experimental methods used to prepare tunnel junctions and to perform 
measurements on them. The samples analysed in this report are prepared at the Francis Bitter Magnet 
Labaratory at the Massachusetts Institute of Technology in Cambridge, Massachusetts, U. S. A. The 
tunnel junctions are electrically sensitive and therefore the available equipment at the Eindhoven 
University had to be adjusted to measure tunneljunctions in a reliable and reproducible way. 

Chapter 5 and chapter 6 present the electrical measurements on a nonmagnetic junction and on 
magnetic junctions, respectively. In these chapters we will showsome basic characteristics of this type 
of junctions and how these compare with the models available in literature. The final section in 
chapter 6 will deal with the magnetic coupling of the ferromagnetic layers across the ultrathin 
insulating harrier, which is also deterrnined via electrical measurements on tunnel junctions. 

Chapter 7 deals with the electrical and magnetic properties of magnetic junctions as a function of the 
oxidation time of the aluminium interlayer. lt is useful to know at what oxidation time the JMR is 
optimal. lt will be shown that at a high oxidation time, beside the Al-oxide, also Co-oxide is formed 
which is able to impact both the resistance and the JMR significantly. 

The last chapter of the report will give the main conclusions of this research project. 

1.2 Technology assessment 

The research in this project is focused on the physical properties of magnetic tunnel junctions. These 
junctions have two main fieldsof applications, (a) magnetic field detectors, and (b) Magnetic Random 
Access Memory (MRAM). Both applications are used for data storage and are described below. 

Magnetic field detectors 

Information technology is one of the fastest growing branches of the industry and pushes the storage 
of information to higher densities and faster access times. To reach those improvements the magnetic 
data storage structures become smaller, and as a consequence it is necessary to have more sensitive 
MagnetoResistive Heads (MRHs). In 1987 a new physical phenomenon called the Giant 
MagnetoResistive (GMR) effect was discovered. These structures show a large change in resistance 
when a magnetic field is applied. Recently (1997), IBM made the first commercial hard disk with a 
GMR head. One of the latest MagnetoResistive structures are the ferromagnetic tunnel junctions. 
Although tunnel MagnetoResistance (TMR) was discovered in the rnid seventies by Julliere, it is only 
since a few years that preparation problems were solved, and reliable and reproducible JMR effects 
could be observed having a greater sensitivity and higher resistance than GMR. 
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1 Introduetion 

Figure 1.2 shows a schematic representation of a tunnel magnetoresistive head in a data storage 
system. Writing is done with a conventional coil, and the domains are read out with a tunnelling read 
element. 
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Figure 1.2 A magnetic recording system using Tunnel MagnetoResistance. Information is stared as different 
magnetisation directions of the domains on a recording medium. The domains are written with a conventional 
inductive write element and read out with a tunnelling read element. 

Tunnel Magnetic Random Access Memory (tunnel-MRAM) 

A MRAM architecture contains an array of memory cells, as schematic represented in figure 1.3. In a 
tunnel-MRAM the memory cells (as showed in the figure 1.3) are tunnel junctions which can be 
operated in two modes: the read operation or the write operation. When a cell is read, the output is 
either "0" or "1" which depends on the magnetic state of the cell. Because of their inherent simplicity 
of processing, non-volatility, static storage and non-destructive readout, MRAM can becomes 
advantageous above conventional DRAM in several applications. For more teehoical information 
about MRAM, see references [21-25]. 

Feromagnet 

Insuiator 

Feromagnet 

Figure 1.3 Schematfc view of a magnetic random access memory (MRAM). One memory eelt, (an individual 
tunnel junction) is zoomed out. 
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2 Nonmagnetic tunnelling theory 

2. 1 Introduetion 

This chapter describes the theory of the current density through nonmagnetic tunnel junctions. The 
theory of the current density and the magnetic properties of magnetic tunnel junctions will be 
described in the next chapter. 

Section 2.2 of this chapter will deal with the fundamental aspects of tunnelling. First the definitions of 
the potential energy and bandstructure in metal-vacuum-metal junction will be given. The conductance 
of tunnel junctions takes place according to the laws of quanturn mechanics; therefore a subsection 
will deal with the general quanturn mechanics of tunnelling. In the next subsection a general 
formulation of the current density in a solid state will be derived, where a free electron approximation 
is assumed. The tunnelling probability will be modelled by the WKB-approximation. To close 
section 2.2, a qualitative approach of the electrical behaviour of tunnel junctions will be given. 

The next section 2.3 will deal with quantitative expressions of the tunnel current. After some well
considered assumptions it is possible to derive analytica! equations of the current-voltage (JV)
characteristics. These formulations are derived by Simmons [1] and Brinkman [4] and can be used for 
fitting on a JV-measurement to extract data of the junction tunnel harrier. The results of Simmons are 
the harrier width (in Ángstrom) and the harrier height (in eV). Brinkman gives the asymmetrie harrier 
height as an extra harrier parameter. Also the deviations of the JV -characteristics due to a roughness of 
the interface are given. Finally a model of the RT -dependence of a tunnel junction, derived by 
Simmons, will be described. 

2.2 The fundamental aspects of tunnelling 

2.2.1 The potential energy and bandstructure in a metal-vacuum-metal junction 

Figure 2.1 shows a schematic representation of the band structure of a metal-vacuum-metal junction. 
Vpotenrial is the potential energy of the electrans in the conductivity band. It can be seen that the 

potential harrier, cp(x), of the insuiator is higher than the Fermi energies, Efermi Land Efermi R· The only 
way electrans can move from one electrode to the other is by means of tunnelling through the harrier. 

ÇL and ÇR are the kinetic energies of the Fermi level of a electron in the metals on the left side and the 
right side, respectively. The Fermi energy is defined as the total energy of an electron in the Fermi 

level: Efermi= Ç + Vpotential· If there is no applied voltage the Fermi energies on both sides of the 
insuiator are equal ... and there is no net current. 
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2 Nonmagnetic tunnelling theory 

V ----
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(a) (b) 

figure 2.1 Schematic representation ofthe one dimensional band structure of a metal-vacuum-metal junction, (a) 
without an applied voltage bias, (b) with an applied voltage bias (eV). More details about the variables are 
denoted in the text. 

The difference between the Fermi energy level and the vacuum energy level is called the 

workfunction </J, depends on the type of metal. The workfunctions are independent of the applied 

voltage. The harrier height qJ(x) is defined as the potential energy above the Fermi level on the left side 

of the insulator. If two different metals are used the difference in workfunctions on both sides of the 

insuiator results in a trapezoid harrier, with an asymmetry in the harrier height of Liep. 

By applying a voltage V (see figure 2.1) an energy difference of e V is created between the Fermi levels 
in the left and the right electrode. This give rise to a net tunnel current, which properties will be 

described in the following sections. By definition Efermi L re rnains constant and Efermi R changes. Also the 

Vrorenrial and the Liep change due to the applied voltage. 

2.2.2 General quanturn mechanic tunnelling 

The three dimensional schrödinger equation of a one dimensional potentialis given by 

/i2 2 
--V 'I'+ V (x)llf = E roral 'I' 

2m 

where n = planck's constant (::::1.0·10-34 Js)' 

lfl =wave function, 

V( x)= potential energy of the electron (V) (see figure 2.2), 

E101a1= total energy of the electron (J) (potential and kinetic energy) . 

6 
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2 Nonmagnetic tunnelling theory 

wave function 'V - -

V lánR 

V potharrier 

Figure 2.2 The wave function of a electron tunnelling through a harrier, where the electron moves from the left 
to the right. 

The wave vector ljlcan be written as lji=X(x)Y(y)Z(z) which gives the following equation: 

(2.2) 

Separation of variables gives three one-dimensional problems: 

- li
2 

[_!_ d
2 

~ l + V(x) + Ekin y + Ekin z- E,otal = 0 
2m X dx ' · 

(2.3) 

-~:[~ ~q=E""' (2.4) 

-~:[ ~ ~:;]=E""' (2.5) 

After solving the equations the wave veetors become 

It can beseen that the wave veetors ky and kz (also noted as k11 because these waves are directed parallel 
to the insulator) befare and after tunnelling are conserved. The second conserved property is the total 
energy of the tunnelling electron. 

2.2.3 Current density in asolid state 

Figure 2.3 shows a schematically preview of an arriving electron rnaving from the left to the right. 
There are three wave functions: the wave functions of the arriving electron on the left side of the 
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2 Nonmagnetic tunnelling theory 

harrier ( lJI L--+ ), the transmitted electron on the right si de of the harrier ( lJI R--+ ), and the reflected 

electron on the left si de of the harrier ( lJI u-). 

Figure 2.3 The wave functions of the arriving electron (ljl L--+ ), the transmitted electron ( lJI R--+) and the rejlected 

electron ( lJI u-). 

The transmission prohahility is defined as the prohahility that an arriving electron is transmitted. The 
transmission prohahility 17f of an electron moving from the left to the right hecomes: 

(2.6) 

A positive current direction is defined as a current from the right side to the left side of the harrier. The 

tunnelling current density of an electron in one state k with kinetic energy E is the charge that is 

transmitted through the harrier per seconds, and is equal to 

(2.7) 

where vx(E) is the group velocity in the x-direction of the electron in state k which (quantum 
mechanically) is 

V (E) =_!._['dE)· 
x tz iJk 

x 

(2.8) 

(2.9) 

The current density of one state hecomes 

(2.10) 

The total current density of a tunnel junction caused hy electroos tunnelling from the left to the right 
can he calculated if the tunnelling current of all states in a band are sumrnated. The summation over 

the wave numbers k must be multiplied by 2 because there are 2 spin states, spin up and spin down, at 

8 



2 Nonmagnetic tunnelling theory 

one k state. In the band model the current of one state with energy E flowing from the left electrode 

the right electrode depend also on (1) the occupation of the states on the left side, defined by the 

Fermi-Dirac distribution fdE) and (2) on the accupation of holes of the right electrode, defined by 
( l{R(E). Now the total current density becomes 

(2.11) 

Fora free electron model the density of states p(k) = 1/ (2n)3 is taken. The current density caused by 

tunnelling from the left to the right si de of the harrier can now be written in an integral form as 

(2.12) 

which is equal to 

(2.13) 

In the same way the current density caused by tunnelling from the right to the left side can be written 

as 

(2.14) 

The total current is the sum of both currents and becomes 

(2.15) 

The Fermi functions on the left side and on the right side are related by the following equation (see 
figure 2.1) 

(2.16) 

The total current can thus be written as 

2e JJJ 2 
2 

lrotal = 3 d kudEx<f(E)- j(E+eV)) IT(Ex) I . 
(2n) n (2.17) 

The current can be calculated in different ways, but eventually they all give the same result. As an 
example, we will show two other expressionsof the current densities as calculated by Harrison [3] and 
Simmons [ 1]. First-the expression of Harris on is 

9 



2 Nonmagnetic tunnelling theory 

-J lulrrison = 4~e L fiT(Ex)l
2 

x [f(E)- f(E- eV)]dEX . 
ku -= 

(2.18) 

It can directly be seen, using the two dimensional density of states p(~1 ) = 1/(2rc)2
, that this 

expression is the same as equation (2.17). It can be seen in appendix A that equation (2.17) is also the 
same expression of the current density as the one Simmons derived: 

2em - -
Jsimmons = 2 3 j(f(E)- f(E- eV))dE, fiT(Ex)ldEx. 

(2rc) li -= -= 

(2.19) 

Binkman [4] and Simmons [1] use equation 2.18 and 2.19, respectively to derive an analytical 
expressionsof the current density, which will bedescribed insection 2.3. 

2.2.4 Tunnelling probability by the WKB approximation 

The WKB (Wentzel, Kramers, Brillouin) approximation assumes that the potential of the harrier, cp(x), 
varies rather slowly in comparison to variations in the wave function of a tunnelling electron. The 
general one-dimensional WKB transmission probability of a tunnelling electron is 

(2.20) 

where 
Ex= The potential energy and kinetic energy of the electron perpendicular to the direction of the 
plane (see figure 2.1), 

cp(x) = the potential energy of the harrier above the Fermi level, 
m = the effective mass of the electron, 

TJ = the total energy of the Fermi-level (see EfermiL in figure 2.1), 

d = the harrier width. 

It can be seen that the transmission probability has an exponential dependenee in the harrier width (d) 

and the square of the harrier height ( qy). 

2.2.5 Qualitative JV characteristic 

At zero Kelvin it can be seen from equation (2.18) that only electroos in the states between the Fermi 
energies of the left and the right side give rise to a net current. If the applied voltage is small 

(IVI<<qie), see fig.ure 2.4a, the transmission probability of the energy states between the two Fermi 
statesis practically constant. The number of states between the Fermi-energies of the leftand the right 
side rises linear as a function of V, and due the constant tunnel probability of those states, this will 
give rise toa linear current density as a function of V as shown in figure 2.4c. 

10 



2 Nonmagnetic tunnelling theory 

If the applied voltage gets larger, (but stilliVI<qie) see figure 2.4b, two effects happens: 

(1) An applied voltage results in alowering of the mean harrier height. This will give an exponential 

rising of the transmission probability of the Fermi-statesas a function of the applied voltage. 

(2) The transmission probability of the highest Fermi state is much higher than the transmission 
probability of the Fermi state of the electrode on the other side. This difference is a result of the 
exponential dependenee in the harrier height of the tunnelling transmission (see equation 2.20). As 

a consequence the transmission electroos in the highest Fermi state carries the major current. 

Due to (1) and (2) the current density will also rise exponentially as a function of the voltage. This 

give rise to an increasing and curved current density as the voltage gets larger (as shown in figure 

2.4c). 

(a) (b) (c) 

Figure 2.4 (a) Tunnelling in the voltage range V<<qie. (b) TunnelZing in the higher voltage range, but still 

V<qie, the mean harrier height gets lower. (c) A qualitative JV-characteristic of a tunnel junction. The small 

voltage range V<<q> results in a linear JV-characteristic. The higher voltage range results in a increasing and 

curved JV-characteristic. 

The RT-characteristic of tunnel junctions caused by Fermi-Dirac statistics can also be explained 

qualitatively. In the intermediate voltage range (V<q:Ye) the main current density is caused by 
transmission of electroos in the highest Fermi level. If the temperature increases, more states will be 
occupied above the main Fermi level, with a higher tunnel probability, and this will raise the current 

density. 

2.3 Analytica/ tunnel farmu/a's 

2.3.1 Simmens analytica! JV-equation 

Sirurnons [ 1] derived an analytica} expression for the tunnel current density at zero Kelvin. To derive 
this expression, Simmons first derived equation (2.19) as a basis. This equation was applied to the 
problem of the WKB transmission probability of a reetangolar harrier. He modelled a junction harrier 

as a reetangolar b~er of which the height is equal to the mean cp of the junction. This mean harrier 

height is defined as 
1 d 

ëp(x) =-J cp(x)d.x. 
do 

11 
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2 Nonmagnetic tunnelling theory 

where dis the harrier width and cp(x) is the potential of the harrier, as denoted in figure 2.5. 

1 
<p 

Figure 2.5 Definition of the mean harrier width, lp. 

Using the WKB-equation (2.20), and makinga Taylor series in the exponential term the transmission 

prohahility of a tunnelling electron hecomes 

where 

A = 
2f3d ..J2m, and ~ is a correction factor, which in first order is equal to 

1ï 
d 

/3 =1- 1 Jr _-l2dx 
8 ( - E )2d L(/J qJ J . 

T/+qJ+ x 0 

Simmons made a few assumptions: 
(a) The energy of the Ferrni state is much higher than eV, where V is the applied voltage. 

(2.22) 

(2.23) 

(h) A(cp + eV) 112 + 1"" A(cp + eV)112
, or in other words A(cp + eV) 112 >> 1. The height and thickness of 

the junctions in this report are d "' 15 Á and cp :::: 2 e V, and thus 

A(cp + eV)It2"' 2 ·15 ·10-lo . ~2. 9 ·10-31 . ~2 ·1.6 ·10-19 = 23. 
10-34 

So this approximation is reasonahle. 

After some rnathematics and taking the assumptions into account, the current density is analytically 

expressed hy 

1 = 10 { iP exp(-Aëp) -(ëp +eV)exp[- A(ëp -eV) 112 
]}, (2.24) 

Assurning for cp a rectangular potential harrier at V=O, with a constant harrier height, thus cp(x)=CAJ at 

V=O. In an intermediate voltage range, where I VI< cpife, the mean harrier height is equal to 

ëp = (cp0 - eV 12) ,-and equation (2.24) hecomes 

12 



2 Nonmagnetic tunnelling theory 

(2.25) 

The correction factor f3 can be calculated and is given by 

(2.26) 

If ~ is set to unity, the error made in f3 is 6% with V= cpr/e and Ex= Tl (the Energy of the electron Ex is 
equal to the energy of the Fermi level T]) The error in f3 reduces rapidly if V gets lower, and is 1% with 

V=0.75 cpr/e, so it is a reasonable approximation to take f3 =1. With f3 =1, now equation (2.25) is 
expressed in practical units, usabie for numerical calculations, and becomes 

where 
53 = current density expressed in A/cm2

, 

s = insuiator thickness in Ángstrom, 
p = insuiator mean height above the Fermi level in V. 
V= applied voltage (V) 

6.32·1010=constante (A/V) 
1.025=constante (m -Iv 

0
'
5
) 

(2.27) 

In this project, this equation is used for numerical fitting of the JV -measurements and gives the harrier 
width and harrier height as fit parameters. Figure 2.6 shows an example of a JV -characteristic 
calculated by equation (2.27). It can be seen that the JV-characteristic gets curved as qualitatively 
predicted insection 2.2.5. 

2 

-1 

-2 

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 

Voltage (V) 

Figure 2.6 A typical JV-characteristic, calculated hy Simmans equation (2.27). The harrier width sis 15 A and 
the harrier height p i,s equal to 2 eV. 

A Taylor expansion of equation (2.27) is derived to compare with the Taylor expression of Brinkman 
given in section 2.3.3. This expansion is given by (derived in appendix C) 
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2 Nonmagnetic tunnelling theory 

g ""3.24 ·1010 .JP · exp( -1.025 · s · .JP )(V+ 0.01094~ V3
), (2.28) 

s p 

where the units of the variables are the sameasin equation (2.27). lt follows that the resistivity (R) at a 

small voltage becomes 

1 s .JP R "" - · exp(l.025 · s · p) 
3.24 ·1010 .JP , (2.29) 

where the units of the resistivity R is in .Q/cm2
• The resistivity as a function of the harrier width and 

height, calculated by this equation is plotted in figure 2.7. 
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Figure 2. 7 Resistivity of tunnel junelions as a fitnetion of the harrier width and height, calculated hy 
equation (2.29). (a) Resistivity as a function of the mean height, with a constant harrier width of 15 A. 
(h) Resistivity as aJunetion ofthe harrier width, with a constant harrier height of2 eV. 

2.3.2 Current-Voltage characteristic of junction with a rough insuiator surface 

The tunnelling surface is in general not smooth but contains a certain roughness width. As a result of 

the exponential dependenee of the transmission probability in the harrier width s (see equation 2.20), 
even a small variation in the harrier width creates a vast change of the transmission probability. 
Therefore there is also a vast different between the JV -characteristics of a junction with a rough 
surface insuiator and a junction with a smooth surface (see figure 2.8). The JV -characteristic of a 
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2 Nonmagnetic tunnelling theory 

junction with a rough interface is calculated. The Simmons equation in practical units (2.27) is used as 

a basis. If one assumes a Gaussian distribution of the insuiator thickness with a varianee of a (the 

roughness) and mean thickness s, the total current density becomes 

(2.30) 

wherefJ.x) is the Gausian distribution of the film thickness, defined by 

x2 
1 --2 

f. (x) =--e 2a 
a 8/in (2.31) 

The la V -characteristic of equation (2.30) can be written as 

6.32 ·10
10 

{( ) ( (p )"2 1/2 2 ) ga= 
2 

P-V/2 exp-1.025· -V/2 (s-0.5·1.025·(p-V/2) a) 
s (2.32) 

-(P +V /2)exp(-1.025 · (p +V 12)11\s -0.5 ·1.025· (p +V /2) 112 a 2
))} 

lt can directly be seen from equation (2.32) that taken o=O gives the Simmons equation of (2.27), as 

expected. As the roughness (a) gets higher the current density ( g ) becomes higher. Figure 2.8 shows 

the effect of a roughness on the JV-equation calculated with formula (2.32). 

-2 

-4 

-6 

-1.5 -1.0 -0.5 0.0 

Voltage (V) 

0.5 

•=1 A 

•=0.75 A 
•=0.5 A 
•=O A 

1.0 1.5 

Figure 2.8 Effect of a roughness on the lV-curves, calculated by equation (2.32). All plots are JV-characteristics 
ofjunctions with a harrier height of2 eV and mean width of 15 A, only the roughness ofthe insuiator is varied. 

To abstract physical properties of a JV -measurement, the equation of Simmons (2.27) can be used and 

give the fit parameters s' and p'. However this equation takes no roughness into account, and as a 

consequence the fit parameters will deviate from the physical height (p) and mean width ( s) of the 

insulator. These deviations are defined by 

~s = s'-s and ~p = p'-p. (2.33) 

The deviations are derived in appendix B, and the final results are given by 
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2 Nonmagnetic tunnelling theory 

(2.34) 

and 

1 1.5 2 
A~ z--Cp (J 
~ 2s ' 

(2.35) 

where c=l.02463. It can beseen that both L1s and Llp have a square dependenee in cr. 

Take for examp1e a tunnel junction with a roughness of one monolayer, and therefore a:::: 1 A, a harrier 
height of 2 eV and a mean harrier width of 15 A (which are physical parameters). The errors in the 
extracted harrier parameters found by a numerical fit of the equation of Simmons to the measured JV

curve can be calculated by equations (2.35) and (2.34) and yields .&=-1.1 A and Llp=-0.1 eV. Thus the 
extracted parameters are a harrier width of 13.9 A and a harrier height of 1.9 eV, calculated with 
equation (2.33) and deviate by less than 10% from the actual parameters due toa small roughness. 

2.3.3 Brinkmans analytica! JV-equation 

Brinkman [4] gives, analogous to Simmons, an analytica! expression of the JV-characteristics of a 
junction. To take a bimetallic interface into account, he worked with an asymmetrie trapezoid harrier 
with an asymmetry defined by 

which can also beseen in figure 2.1 The harrier potential qX,x) becomes 

flep x 
ep(x) = epL +--. 

d 

As a basis Brinkman uses the formula of Harrison (2.18). This expression was expanded in power gf 
voltage. The original analytica! formula of Brinkman is an expression of the differential conductivity 
(dJ/dV), and is given by 

G(V) = 1-( A/lep Îev +(~ ~ ÎceV) 2
, 

G(O) 16ëp312 
) 128 ep ) 

(2.36) 

where 

A= 4(2m)112 d !3tz 

and 

G(O) = (7.9 ·109 q.f I d)exp(-2~ · dcp 112
). 

It can beseen that if the harrier height is symmetrie (Llp=O) the conductivity is a square function. 
After integration over V, the total J(V) becomes 
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2 Nonmagnetic tunnelling theory 

J(V) = G(O)[V -( A~~2 J(eV)
2 +(_2_ ~ J(eV)

3
]. 

32qr 128 cp 
(2.37) 

Where the mean harrier height qf is defined as: qf = cpL + cpR . Equation (2.37) is expressed in practical 
2 

units, for the sake of numerical calculations and hecomes 

where 

g = current density [A/cm2
], 

V= applied voltage [V], 

s= harrier thickness [Á], 

p = mean harrier height defined as p = p L + p R [V] 
2 

t1p= harrier asymmetry [V], 

G(O) = (Const 1 • p112 I d)exp( -Const0 • áp112
) [A/(V.cm2

)] 

and the constants are 

Consta= 2~:::::: 1.02463 [m-1V -o.5], Const1=3.15877·1010 [m -Iv -1.
5
], 

Const2=0.0426929 [m -Iv -1.
5
], Const3=0.0328083 [m -2V -2]. 

(2.38) 

The equation ahove is used for numerical fitting of JV-measurements, and gives the harrier width (s), 

mean harrier height ( p) (which is denoted as p in the following text of this report) and asymmetrie 

height ( L1p) of the harrier as results. 

0,5 

N 

E 0,0 u 
~ 
-, 

-0,5 

- Simmons, s=15Á, p=2 eV. 
- Brinkman, S=15Á, p=2 eV, 8p=1.5 eV 

-0.4 -0,2 0,0 

Voltage (V) 

0,2 0,4 0,6 

Figure 2.9 An example of a IV-curve of calculated by Simmans (2.27), and a IV-curve calculated by the 
equation of Brinkman (2.38 )_ The IV-curve of Simmans does nottake the asymmetrie harrier into account. 

For a symmetrie barrier (L1p=0) the formula of Brinkman is approximately the same as the Taylor 
expression of the formula of Simmons (2.28) which applies for small voltages. But for asymmetrie 

harriers the JV -characteristics of Simmons and Brinkman differ. Th is can he seen in figure 2. 9 were a 
JV-curve of Simmons (equation 2.27) is compared with a curve of Brinkman (equation 2.38) with an 
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2 Nonmagnetic tunnelling theory 

asymmetry of L1p= 1.5 e V, yielding in the latter case in an asymmetrie JV -characteristic. No te that the 
harrier width (s=15 Á) and the mean harrier height (p=2 eV) are for bath curves are the same. 

Appendix D gives an a1gorithm which reduce the computation time of the numerical fitting with the 
equation of Brinkman (2.38). 

2.3.4 Simmans JT-equation 

Simmans [2] derived a model for the thermal JT-tunnel characteristic with a small applied bias 
voltage. In his model he assumed the Fermi-Dirac statistics and a free electron model. He uses the 
WKB-probability of equation (2.20). This tunnel probability can also be written as 

(2.39) 

Because the applied voltage is small (eV<<cp), only the electrans in the levels Ex close to T} contribute 

effectively to the tunnel current. Therefore the factor - Aip
112 [1 + (TJ- Ex) I ip]112 can be expanded in 

the first power of Ex and the tunnel probability can be written in an approximate farm as: 

(2.40) 

As the basic for the calculation of the tunnel current Simmans uses equation (2.19). Taking the Fermi
Dirac distribution 

f(E) = 1 
, 

exp[(E -T])I kT]+ 1 

the tunnel current becomes 

J(V,T) = 4mn~kT exp(-Aipi'2)x 
h 

Jin{ l+exp[(7I-Ex)/kT] }xexp[(--A-}77-EJ]dEx. 
0 

l+exp[(17-Ex-eV)IkT] 2ip112 

(2.41) 

(2.42) 

After some calculations and taking again the approximation eV<<cp into account, Simmans derived 
the temperature dependenee 

J (V, T) IJ (V ,0) = nBkT I sin(nBkT) , (2.43) 

which can also be written as 

R(J, T) I R(J ,0) = sin(nBkT) lnBkT , (2.44) 
I 

where B 
__ 4n 2 [3 s(2m)2 

, k = constant of Boltzmann and J(V,O) is the same current density as 
tzipl/2 

equation (2.25). 
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In practical units, taking /3=1, equation (2.43) becomes 

5(V,T)I5(V,O)= R(J,O)/ R(J,T) = [ ) , 
112 • s · T p sm const .172 p 

const· s · T 

where 5(V, T) =current density (A/cm2
) 

canst=0.1386923117 -10-3 

s=barrier width (Á) 
p=barrier height ( e V) 
T=Temperature (K) 

Figure 2.10 shows the temperature dependenee of J and R calculate by equation (2.45). 
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Figure 2.10 Temperature dependenee of J and R, calculated by the model of Simmons, equation (2.45). 
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3 Magnetic spin polarised tunnelling theory 

3. 1 Introduetion and model of Julliere 

The tunnelling conductivity of electrans between two ferromagnetic electrodes, separated by a thin 
insulator, is dependent of the spin of the electrons. There are two spin directions of the electrons, 
namely spins up and spin down, and in ferromagnetic metals these electron spins occupy separated 3d 
bands as showed in tigure 3.1. The splitting of the 3d bands is caused by the exchange coupling 
between the spin-up and spin-down electrons. 

Figure 3.1 Splitting of 3d bands of a ferromagnetic electrode. 

Ferromagnetic tunnel junctions have two electrodes. The magnetisation M of the electrades can be 
parallel or antiparallel aligned. The electron bands of the parallel alignments are shown in figure 3.2a, 
and the antiparallel alignment are shown in figure 3.2b, where the tunnel harrier between the bottorn 
electrode and the top electrode is schematically denoted as a dotted line. 

The tunnelling current can be seen as a summation of a spin up and a spin down current. Tunnelling 
takes place only between bands with equal spins, as denoted by the curved arrows in figure 3.2. If 
there is no spin flip scattering, the current of one spin direction is conservative through whole the 
junction. In the pioneering experiments of Julliere [7] it was assumed that the tunnelling current of 
each spin direction is proportional to the product of the effective tunnelling density of stafes on both 
sides of the insulator. Note that this tunnelling density of states is an effective phenomenological 
parameter which must not be confused with the actual electron density of states at the Fermi energy 
level. Taking the assumption of Julliere into account, the tunnelling conductance (defined as G=l!R) 
of a parallel or antiparallel alignment becomes 

(3.1) 

and 

(3.2) 

respectively, where N+ and N-are the major and minor tunnelling density ofstates, respectively. 
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3 Magnetic spin polarised tunnelling theory 

(a) 

bottorn 
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top 
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tunnel 
harrier 

bottorn 
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top 
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tunnel 
harrier 

(b) 

Figure 3.2 Band structure of the bottorn and top electrades. The dotted lines are a schematic notation of the 
tunnel harrier. N + and N- are the 3d bands with the major and minor density of states, respectively. Two 
configurations ofthe electrades are possible: (a) The electrades are in the parallel alignment. (b) The electrades 
are in the antiparallel alignment. 

Equation 3.1 and 3.2 can also written as 

G(O) oe 1 + Proppbottom cos(O), (3.3) 

in which the equation is generalised for different polarisations of the top and bottorn electrodes. 0 is 
the angle between the rnagnetisation directions of the two electrodes ( &.=0° or 180° for parallel or 
antiparallel rnagnetisations, respectively). Prop and Pbotrom are the polarisations of the top and bottorn 
electrodes, respectively, and defined as 

(3.4) 

The change in resistance or conductivity between the parallel and antiparallel alignrnent of the 
rnagnetic rnornents is f1R or L1G, respectively. This effect is expressed in the Junction 
MagnetoResistance (JMR), defined as 

(3.5) 

where Rp is the resistance in parallel alignrnent of the rnagnetisations of the electrodes and Ga is in the 
antiparallel alignrnent. The definition of the JMR by equation (3.5) is used throughout this report and 
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3 Magnetic spin polarised tunnelling theory 

is expressed in percentages. With the Julliere model the JMR can be calculated by inserting equation 
(3.1) and (3.2) in equation (3.5) and yields 

2~oppbottom JMR = ---'---
1 - ptop pbottom ' 

(3.6) 

At zero Kelvin the polarisation has been determined experimentally, yielding Po=34±2% for Co and 

Po=42±3% for NisoFe2o [11]. For these polarisations the theoretica! JMR becomes 33% for a 
Co/insulator/NiFe junction, which compares favourably well with the existing ex perimental data [ 17] 
and the data in this report (see figure 6.8 and figure 7.4). 

3.2 Tempersture dependenee of AG and G as a tunetion of T 

In the theory of Julliere the JMR does not depend on temperature, because in this model the 
polarisation of P of the magnetic electrades is assumed to be temperature independent (see 
equation 3.6). This is not in accordance with existing data [11], that show a significant temperature 
difference between 5 K and 300 K, which is also concluded from the results of this report. 
Furthermore the temperature dependenee of the conductivity due to broadening of the Fermi
distribution (as given in equation 2.43) is much weaker than seen in the experimental data for both 
nonmagnetic and magnetic tunnel junctions. 

Forthese reasons Chang HeShang et al. [11] introduced a new model for the temperature dependenee 
of the JMR and the conductivity, which will bedescribed briefly in this section. The same equation of 
the conductivity as equation (3.3) is taken, but with an additional spin independent conductivity GsJ. 
which is not dependent of the magnetic alignment of the electrodes: 

G(8) = GT (1 + ~oppbottom cos(8)) + Gs/' (3.7) 

where GT is the conductivity for directelastic tunnelling, with a temperature dependenee as derived in 
chapter 2, equation (2.43). 

Unlike the model of Julliere, a temperature dependenee of Pis introduced which is proportional to the 

magnetisation of the electrode. In general it is stated that in approximation M oe (1- ai 312
) if T is 

smaller than 0.4 T0 arising from spin waves on the surface of the ferromagnetic electrode. Thus for the 
polarisation one may then write 

(3.8) 

The temperature dependenee of L!G (=G(0°)-G( 180°)) is easily derived from equation (3.7), and reads 

(3.9) 

This quality does not contain Gs1 and can be used straightforward to extract the polarisation and a of 
the bottorn and the top electrades from measurements of the resistance as function of the temperature. 
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Chang et al. found for the ferromagnetic films CXco=1-6xl0·6 K -312 and aNiFe=3-5x10-5 K -312
• For bulk 

the aofthe same materials are comparable: aca=6.1x10-6 K -312 and aNiFe=l.23x10-5K "312 [11]. 

Further, the temperature dependenee of Gs1 can he calculated by 

Gsi =<G>-Gr. (3.10) 

In this formula <G> is defined as the mean conductivity< G >= (G P(T) + Ga(T))/2, where GP and Ga 

are the conductivities in the parallel and antiparallel magnetisation alignments of the electrodes, 
respectively. 

The theoretica! understanding of the temperature dependenee of the spin-independent contribution Gs1 

is far from complete. It is suggested in reference [11] that hopping due to imperfections in the Ah03 

harrier, may he an important mechanism. Due to hopping through a chain of N localised states, G51 is 

proportional toa power law of the temperature: G5J(T)ocTr, where yis given by y(N)=N-(2/(N+1)). 
Thus for N=2 we have y=413 and for N=3 we have y=512. In chapter 5 and 6 we will try to analyse the 
measured temperature dependenee of the resistance, and we will see that G51 is indeed proportional to 
a power law. 

24 



4 Experimental metbod 

In the first section of this chapter the preparation of tunnel juncrions will be described. Then a great 
deal of attention is paid to the central experimental technique used for our investigation, namely the 
MR (Magnetic Resistance) equipment. Finally afew words will bespent on MOKE (Magnetic Optica/ 
Kerr Effect). 

4.1 Preparation of tunnel junctions 

The tunnel junctions measured in this report were prepared at the Francis Bitter Magnet Labaratory at 
the Massachusetts Institute of Technologyin Cambridge, Massachusetts, U.S.A, by J. S. Moodera and 
R. J. M. van de Veerdonk. First a general description of the preparation will he given. 

The tunnel junctions were deposited by thermal evaporation in a high vacuum system with a base 
pressure of 2-10-7 mTorr onto glass substrates, which can he caoled to near liquid uitragen 
temperatures with a "cold finger" that is directly attached to the glass substrate. The thickness of the 
deposited layer was monitored by a quartz crystal monitor. Befare the preparation, the glass substrate 
was cleaned in an oxygen glow discharge with a pressure of 70 mTorr. 

/ Glass substrate 

~ * ~t-Sample set 

'-----Tunnel junction 

==== 
~ 8:5 ~~H 

9mm 

:±-0.2 mm 

Figure 4.1 The final configuration of the deposited tunnel junctions. The drawing is nat on scale. 

To achieve a good attachment of the metallic electrades to the substrate, sametimes a silicon seed 
layer is deposited onto the uitragen caoled glass. Thereafter the bottorn metallic electrode and the 
aluminium layer are evaporated through shadow masks while the glass substrate was still caoled to 
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increase the smoothness of the surface. The tunnel harrier is prepared by oxidation of an aluminium 
interlayer or an aluminium electrode at an ambient temperature of approximately 300 K in a glow 
discharge at an 0 2 pressure of 70 mTorr. Finally the top electrode is deposited through a 
perpendicularly positioned shadow mask at ambient temperature. To define a uniform anisotropy of 
the electrodes, a field of approximately 100 Oe, parallel to the direction of the bottorn electrode, was 
applied during the deposition of the ferromagnets. 

After the preparation a final Ah03 proteetion layer can be directly deposited by an e-gun at ambient 
temperature over the glass substrate. Figure 4.1 shows the final deposited tunnel junctions after one 
run. In total twelve sample sets are prepared where each sample set contains six junctions. The 
individual preparation steps for the different type of samples are described in detail below. 

Preparation of All Al&i Al nonmagnetic tunnel junctions 

Figure 4.2 shows the preparation steps of nonmagnetic tunnel junctions. Only the preparation of one 
sample set, which contains six junctions, is shown. Chapter 5 will deal with the measurements of one 
junction of this set. 

(a) (b) (c) (d) 

Figure 4.2 The preparation of a nonmagnetic aluminium junction. More details are described in the text. 
(a) Deposition of the Al bottorn electrode. (b) Oxidation of the bottorn electrode with a glow discharge. 
( c) Deposition of the Al top electrode. ( d) Deposition of an Al203 proteetion layer over the whole sample. 

An aluminium strip with a thickness of 44 À was deposited to form the bottorn electrode (step a). 
Thereafter the sample gets oxidised for 45 s (step b). Subsequently aluminium top electrades with a 
thickness of 100 À were deposited (step c). Finally a 20 À Ah03 proteetion layer was deposited 
covering the whole sample (step d). 

Figure 4.3 shows a scanning electron microscope picture of the prepared junctions. The width of the 

bottorn electrode is 100 j..lm and the width of the top electrode is 200 j..lm, so the total area of the tunnel 

junction is 2·10-4 cm2
. 
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(a) (b) 

Figure 4.3 Scanning electron microscope pictures of the prepared aluminium junctions. (a) Two tunnel 
junctions. (b) One junction zoomed in. The white spots on the pictures are due to small amounts of silverpaint, 
which was used to make electrical cantacts on the electrodes. 

Figure 4.4 shows a cross-section (not on scale) of the final deposited tunnel junctions. The junction 
has two aluminium electredes and the potentlal harrier is the insulating aluminium oxide. 

Glass substrate 
Figure 4.4 Cross-section ofthe nonmagnetic tunneljunction. Thefigure is notdraw to scale. 

Preparatien of a Co/ AI20YNiFe magnetic tunnel junction 

Figure 4.5 shows the different steps of the preparatien of a Co/ A120:JNiFe magnetic tunnel junction. 
Only the preparatien process of one sample set on the glass substrate is shown. Chapter 6 will deal 
with the measurements of one junction of this set. 

Initially a 10 Á silicon seed layer was deposited. Subsequently, a 100 Á Co electrode was deposited in 
the form of a strip (step a). A layer of 12 Á aluminium was evaporated over the whole substrate, then 
the Al was oxidised for 100 s (step b). Thereafter defining Al203layers with a thickness of 60 Á were 
deposited with a separate shadow mask (step c). These layers were directly deposited with an Al e-gun 
in an 0 2 atmosphere. Sirree the defining layers have a thickness of 60 Á the electron tunnelling current 
is forced to flow only through the middle part of the underlying plasma oxidised Allayer, and not 
through the less defined edges of the structure. Next NiFe top electredes with a thickness of 150 Á 
were deposited (step d), and finally, a 20 Á A120 3 proteetion layer over the whole sample was 
deposited (step e) with anAle-gun in an 0 2 atmosphere. The total tunnelling area (not covered with 
the A120 3 defining-layer) of one junction is 200x750 J.lm, so the total area of the junction becomes 
15·10-4 cm2

• 
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Figure 4.6 shows a cross-section of the prepared final tunnel junction in which the role of the defining 
layer can be easily recognised. 

Alp3 

defining layers 

I I 
H H 

(a) (b) (c) (d) (e) 

Figure 4.5 The preparation process of a magnetic tunnel junction. More details are given in the text. (a) 
Deposition of the Co bottorn electrode. (b) Deposition of a thin aluminium layer and oxidation with a glow 
discharge. (c) Deposition ofthe Al20 3 defining layers. (d) Deposition ofthe NiFe top electrodes. (e) Deposition 
of an Al203 proteetion layer. 

Defining 
Alp3 mask 

NiFe top electrode 

Figure 4.6 Cross section ofthe magnetic junction with defining mask. The figure is notdraw to scale. 

Preparation of series magnetic tunnel junctions with different oxidation times of the interlayer 

A set of magnetic tunnel junctions was prepared where the oxidation time of a aluminium interlayer of 
the junction was varied between 30 s and 490 s. The different steps of the preparation of two sample 
sets are represented in figure 4.7. Chapter 7 will deal with the measurements made on this series of 
junctions with different oxidation times. 

(a) (b) (c) (d) 

Figure 4.7 Steps of prepared magnetic junctions with different oxidation times. Step (a),(b),(c), and (d) are 
explained in the text. 

28 



4 Experimental metbod 

First, a 10 Á silicon seed layer was deposited over the entire glass substrate, whereafter a Co electrode 
with a thickness of 80 Á was deposited (step a). An aluminium layer with a thickness of 12 Á was 
evaporated over the sample sets (step b). Next the samples became oxidised for 30 s, whereafter these 
tunneljunctions were completed by deposition ofthree 80 Á NiFe top electrades (step c). 

Subsequently the sample sets were oxidised again, now e.g. for 60 s, foliowed by deposition of another 
three electrodes. The total oxidation time of the Al interlayer of the three newly formed junctions is 
now 90 s. This process was repeated until 4 sets of junctions with different oxidation times of the 
interlayer were fabricated (step d). In two preparation runs, samples were prepared with oxidation 
times of the aluminium interlayer of 30, 60, 90, 120, 150, 210, 300 and 490 s. Finally a 20 Á Ah03 

proteetion layer was deposited (with anAle-gun in an 0 2 atmosphere) covering the whole substrate. 
Figure 4.8 shows a cross section (oot proportional) of one junction with a eertaio oxidation time. The 

width of the bottorn electrode and the top electrode are 200 Jlm, so the total area of the tunnel junction 

is 4·104 cm2
• It must be noted that inherent to the preparation metbod also the bottorn and the top 

electrades become partly oxidised. 

NiFe top electrode 

Al 

Glass substrate 

Figure 4.8 A cross section of a Co/Al/NiFe junction. The ft gure is notdraw to scale. 

4.2 Tunnel MagnetoResistance measurements 

4.2.1 General 

The basis resistance measurements on tunnel junctions are performed with a four-point contact 
method, as shown in figure 4.9. On one side of the top and the bottorn electrode the current contacts, 
l+ and I-, are made to force the current to flow across the insulating harrier. On the other side of the 
electrades the voltages V+ and V- are measured. 
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I 
+-Ferromagneuc 

Electrades 

(a) (b) 
Figure 4.9 (a) Four point measurement on a tunnel junction. (b) SEM-photo of a junction preparedat Philips 
Research Laboratories with the configuration of the electrical cantacts indicated. 

Figure 4.10 shows a schematic view of the tunnel MagnetoResistance (MR-) equipment available at 
the Eindhoven University of which a short description will follow below. More details of the 
equipment and performances can be found in references [26-27]. The total equipment is more 
sophisticated than shown in the figure, and is also used to perfarm other type of measurements. The 
MagnetoResistance equipment perfarms three types of measurements: (1) The resistance as a function 
of the magnetic field (RB-measurements), (2) the resistance as a function of the temperature (RT
measurements) and (3) the voltages as a function of the applied dc-current density (because 
theoretica! rnadeis describe the current as a function the voltage, in this report these measurements are 
called JV-measurements). 
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Figure 4.10 Schematic overview of the equipment used to me as ure tunnel junctions. The total equipment is more 
sophisticated and is f!lso used to measure GMR and AMR of multilayers and granular systems. The components 
are further explained in the text. 

To measure the resistance of a junction a dc-current from I+ to 1- can be set by a home-build current 
souree in ranges of 100 mA, 10 mA, 1 mA, 100 j.tA, 10 j.tA and 1 j.tA. Within one range 4096 equal 
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steps can be made. The maximal absolute error of the current-source is approximately 0.53% of the 
range of the current-source. The de-voltage is measured by a Keithley 1282 sensitive digital voltmeter. 

The Keithley bas five voltage-ranges: 3 mV, 30 mV, 300 mV, 3V and 30 V. The maximal error of the 

ADC and Keithley is 0.1% of the used range. For more information about the current-source and the 
Keithley voltmeter implemented in the MR-equipment see the report of Hoefnagels [27]. 

The sample is contacted toa sample holder which is placed in an Oxford Instrument flow cryostat (see 
figure 4.10). The temperature of the sample is measured with a thermocouple and controlled by an 
Intelligent Temperature Controller (ITC-4). The sample can be cooled by liquid helium and warmed 
up by a heater within a range of approximately 4 K to 350 K. The cryostat is placed between the coils 
of an electromagnet (see figure 4.10). Although the magnetic induction can be swept between -1.25 T 
and 1.25 T, for tunnel resistance measurements a lower field is used between -125 mT and 125 mT 
with a minimum step size of 0.04 mT. A home-build dc-current souree sets the magnetic field, which 
is measured by a Hall-sensor. The smallest field step that can be measured by the hall sensor is 0.4 Oe, 
the maximum offset of a field-measurement is 1 Oe and the maximal relative error made is 1.7% of the 
field. 

A Pentium 100 MHz, working with the operating system Windows95, controls the equipment. An 
RS232C serial port connects the Oxford Intelligent Temperature Controller. A Data Acquisition card 
(DAQ) connects (1) the dc-current souree which sets a current to the sample, (2) a voltmeter, (3) the 
Hall sensor and (4) the dc-current souree which sets a current for the magnetic field coils. To perform 
measurements a C based program is written in the graphical orientated interface of Labwindows, 
National Instruments Corporation. 

4.2.2 lmprovements 

There were several improvements that had to be made before the MR-equipment was suitable to 
measure tunnel junctions. Before this research project started, the RB-measurements were still made 
with a 286 computer working with a PhyDAS data acquisition system. RT- and JV-measurements 
were already performed on a Pentium 100 MHz computer with a Data Acquisition Card and a prograJll 
written in Lab Windows. 

In this graduation project, the RB-measurement was implemented in the LabWindows program on the 
Pentium, to improve the equipment towards a stand-alone system. A concept-version of the RB
measurement in Labwindows was already written by P. Soetens [26], but this had to be completed and 
improved to work correctly. Furthermore, a new switch was installed, which can be controlled by the 
DAQ. This switch tums the polar direction of the current which set the magnetic field. After the 
instaBation of the hard and software, the Hall probe, which measures the magnetic field, was 
calibrated. Also the overall program was tested, the program structure and the DAQ-output ports were 
made more logical and the interface was improved. More configuration data are stored into the data 
files, so it is now possible to load an old measurement with all system settings. 
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4.2.3 New tunnel junction contact-device 

In this research project a device was developed to contact junctions with needie spring probes. The 
contact device is connected to the end of a sample holder rod, which is an insert that can be put into 
the cryostat. The device is shown schematically in figure 4.11a. Inside the device wires to the probes 
are soldered to conneet the spring probes. In the figure only one wire and one spring probe is shown. 
The sample, with a set of six junctions on it, is connected to the device by a smalt plate below the 
sample (see figure 4.11a). The construction drawings of the contact device and the sample holder rod 
are given in appendix H. 

Figure 4.11b schematically shows a sample set with 6 tunnel junctions, which is the junction 
configuration used at MIT. The positions of all needie connections are shown as black dots. As can be 
seen, fourteen spring probes are implemented in the device, to conneet all six junctions. Although still 
only one junction at the time can be measured, this device has an advantage over silver paint cantacts 
(contacting wires directly to the electrades by conductive silverpaint); contacting with spring probes is 
quicker and it is also possible to switch the measurement to an other junction on the set, without taking 
the sample holder out of the cryostat. 

-

• 
I • • I 

I• •I 

Spring probe I • • I 

I • • I 

I• •I 

I • • I 

• 
Conneetion plate -

(a) (b) 

Figure 4.11 (a) Schematic drawing of the junction contact device. The junctions are connected with spring 
prabes. In this figure only one spring prabe, with one wire, is shown. The actual height of the device is 27 mm 
and the diameter is 19 mm. (b) A sample set with six junctions (not in scale). The spring contact positions on the 
electrades are shown. To contact all electrades the total devices consistsof 14 prabes. 

4.2.4 How to maasure tunnel junctions? 

Tunnel junctions are sensitive electrooie components. Electric measurements can cause a breakdown, 

after which the junctions get an ohrnic linear JV -characteristic with a resistance lower than 100 .Q. For 
the experiments described in this report a save voltage range to measure is an absolute maximum of 
0.6 V. Peak voltages higher than 0.6 V can be fatal for the junctions. More information about 
breakdown of tunnel junctions can be found in reference [28] and [29]. To prevent peak voltages, 
switching on or off electrical equipment, such as computer and lights, should be avoided during the 
time the junction is contacted. The old MR-program switches the current through the sample on 
before, and off, after every individual RT- and RB-measurement, which also gave rise to peak-
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voltages. To prevent those peak-voltages a new option in the MR-program is implemented which 
keeps a constant current on the junction, while a sequence of RT- andlor RB-measurements can be 
made. It is also important to make good electrical contact onto the electrodes. lf a contact tums loose, 
the current souree builds up a high voltage. If small vibrations cause the electrode to make contact 
again, this will give a high voltage-drop over the junction, which can be fatal. 

Beside the chance of breakdown due to peak voltages another aspect to take care of is the light 
sensitivity of the tunnel junctions. Light causes a voltage drop over the junction. Since the sample is 
measured in the cryostat were it is dark, this effect is nat measured in the experiments. 

4.3 Magnetic characterisation with MOKE measurements 

MOKE measurements are performed to characterise the magnetic properties (e.g. the coercive field) of 
the junction and the electrades qualitatively. The magneto-optical Kerr effect is the phenomenon that 
the polarisation state of light incident on the surface of magnetic materials changes after reflection. 

Coherent light is emitted by a He-Ne laser and is focussed to a spot size of approximately 50 j..lm 
which makes it possible to characterise the magnetic properties at the position of the junctions. The 
light has a typical penetration depth of approximately 30 nm in a metal film. The magnetic induction 
used to measure a tunnel junction can be varied between -400 Oe and 400 Oe with a maximum 
accuracy of 0.1 Oe. For more information about the methad of MOKE measurement and the 
application to magnetic tunnel junctions, see references [30-32]. 
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5 Results for a nonmagnetic junction 

The electric characteristics of a nonmagnetic tunnel junction wilt be presented in this chapter. This 
junction has a 44 A aluminium bottorn electrode, which was oxidised for 45 s, and a top electrode of 
100 A. The junction is prepared as described in the experimental set-up, section 4.2. In the first 
section of this chapter JV-measurements at different temperatures and the extracted harrier 
parameters wilt be presented. The next section wilt deal with the temperature dependenee of the 
junction resistance and wilt be compared with theoretica[ predictions. 

5.1 Current as a tunetion of the applied voltage and extracted barrier 
parameters 

Figure 5.1 shows the current as a function of the applied voltage (JV) performed with current intervals 

of &=2 j..t.A on the nonmagnetic junction at temperatures in the range of 5 K to 305 K. Also 
measurements at 50 K and 100 K are made, but these are not shown in the figure because they visually 
overlap with the measurement at 5 K. To start with, it is observed that the JV -measurements have the 
same curvature as derived theoretically in chapter 2 (see figure 2.4c). This effect is caused by the 
decrease of the mean harrier height as the applied bias voltage increases. 
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Figure 5.1 JV-measûrements on a A/(44 A)!Al20J(45 s oxidised)/A/(100 A) junction at different temperatures 
within the range of 5 K to 305 K. A lso measurements at 50 K and 100 K are performed, but these are nat shown 
because they overlap with the measurement at 5 Kon this scale. 
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5 Results for a nonmagnetic junction 

For all applied voltages the current density increases (the resistance decreases) as the temperature 
rises. It is possible that this effect is related to the increase of the occupied states with an energy above 
the Ferrni level as described in chapter 2, section 2.3.4. Another reason for this effect may be the 
increase may bethespin-independent factor Gs~> see section 3.2. We will return to this insection 5.2. 

The harrier parameters of the Ah03 interlayer can be extracted from JV -measurements by finding the 
appropriate parameters for the functions of Simmans (2.27) or Brinkman (2.38) by a numerical fit to 
the JV-measurements. An example of a JV-measurement at 5 K, within a range of 600 mV, and the 
functions of Simmans and Brinkman derived for zero Kelvin, are shown in figure 5.2, tagether with 
the parameters found by the numerical fit. 

It should be noted that the extracted harrier parameters differ as the voltage range used in the fit of the 
JV -measurement gets smaller, see appendix F. To take whole the measurement in to account, the 
functions of Simmans and Brinkman was fitted into the measurement range of 600 mV, yielding the 
extracted harrier width s and harrier height p reliably within 15%. The extracted harrier asymmetry 

delta ~pis however far less reliable and can deviate more than 50 %. 
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Figure 5.2 An example of a JV-measurement at 5 K on a Al(44 A.)!Al20J(45 s oxidised)/Al(JOO A) junction 
compared with the function of Simmans (a) and Brinkman (b) with the appropriate parameters. 

The harrier parameters of Simmans are indicated in figure 5.2, and are s:=d5 À, p:::2.0 eV. Forthese 
junctions it is difficult to verify the extracted harrier thickness, but we will return to this in the 
following chapter ~ The extracted harrier height of 2.0 e V correspondence with the harrier height 
founded by Nelson et al. [13]. They analysed the potential harrier of a thin anodically formed Alz03 

film by photoemission, and also found a harrier height of 2.0 eV. 
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5 Results for a nonmagnetic junction 

Due to an asymmetry in the JV-measurements, the Simmons function does not fit correctly, as one 
may easily ohserve upon a closer inspeetion of figure 5.2. The asymmetry in the JV-measurement is 

caused hy a harrier asymmetry of t1p""'0.7 eV, a value extracted from fitting with the formula of 
Brinkman. lt is possihle that the harrier asymmetry results from a gradient in the Alf Ah03 ratio across 
the harrier induced hy the metbod of oxidation, which is also mentioned in reference [13]. 

Although the functions of Simmons and Brinkman are derived for zero Kelvin the harrier parameters 
were also extracted from JV-measurements at higher temperatures. Figure 5.3 shows that the extracted 
harrier width s (figure 5.3a) and harrier height p (figure 5.3h) are only slightly dependent of the 
temperature. In contrast, the JV -measurements differ significantly as a function of T as shown in 
figure 5.1. The reason for this fact is that only exponential changes in the JV-characteristics should 
give rise to a considerahle differences in s and/or p of Simmons and Brinkman theory, due to the 
exponential decrease of the resistance with the harrier parameters, see equation (2.27) and equation 

(2.38). The temperature dependenee of t1p at high temperatures is not understood and may he due to 
the experimental error e.g. induced hy the fitting procedure. 
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Figure 5.3 Fit results as a function of temperature. (a) The harrier width s, (h) the harrier height p, (c) the 

harrier asymmetry .1.p. 

To compare the functions of Simmons and Brinkman with the JV -measurements in more detail, one 
has to consider also the conductivity, dJ/dV. Brinkmans expression of the conductivity (equation 2.36) 
is paraholic. The conductivity of Simmons, calculated hy differentiation of the JV -function of 
Simmans with the harrier parameters p=15 eV and s=2 eV as indicated hy experiment, is shown in 
figure 5.4, and is paraholic as well. 
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Figure 5.4 The conductivity (dJ!dV), derivedfrom the Simmons equation with the harrier height p=2 eV and the 
harrier width s=l5 A. 

Figure 5.5 shows the conductivity (dJ/dV) derived from the JV-measurements made within the 
temperature range of 5 K to 305 K (the JV-measurements are shown in figure 5.1). The numerical 
derivations are made by an algorithm which is implemented in the software program Origin 4.0, 
Microcal Software, Inc. This algorithm uses a smoothing method, in this case of 13 measure points, 
that performs alocal polynornial regression around a eertaio measurement. The derivates calculated 
are the coefficients of the local polynornials. 

The derived conductivity from the measurements as a function of the voltage is reasonably parabolic. 
Only at zero-bias the conductivity curve has a small dip. Neither Simmons nor Brinkman prediets this 
feature at zero voltage, and needs further (theoretica!) investigation. 
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Figure 5.5 The numerical derived conductivity dJ!dV from the experimental IV-curves on a Al(44 A)!Al20J(45 s 
oxidised)/Al( 100 A) junction at different temperatures. 
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5 Results for a nonmagnetic junction 

5.2 Resistance as a tunetion of temperature; comparison with theory 

The solid line in figure 5.6 shows the resistance as a function of temperature (RT) which is made with 

a constant current of 10 J.LA (current density of 2.5 mA/cm2
) whereas the applied voltage was 

approximately 70 mV. In section 2.3.4 the RT-dependence has been calculated based on the thermal 
accupation of the energies above the Fermi-leveL The theoretica! RT -dependence is shown by the 
dotted line in figure 5.6 and is calculated with the parameters extracted from the JV-curves in the 

previous section: s:=15 Á and p=:2 eV. For the calculated RT-characteristic, R(J,O) is pinned to the 
measured resistance at 5 K, to ease the comparison. lt can beseen that the theoretica! RT-characteristic 

deviates significantly from the experimental data. If one defines .1R=R5 K-R275 K, the theoretica! 

JR/R0 K= 2. 7 % and the measured JR/RSK= 18.1 %, a similar value were also noted by 
Chang et al. [11]. 
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Figure 5.6 Resistance as ajunetion ofthe temperature. Straight line: RT-measurements at 1=10 jlA. Dotred line: 
calculated RT-curve by the equation of Simmons. 

An alternative explanation for the behaviour of the resistance can be found in the temperature 
dependenee of the spin independent conductivity Gs1 as recently suggested by Chang et al. [11], see 
section 3.2. This spin independent conductivity can be calculated by equation (3.10): 

Gsr = <G>- Gr. (5.1) 

where Gr is the elastic conductivity as given in section 2.3.4. Because for a nonmagnetic junction 
P1=P2=0. This formula than becomes: 

Gs1= G- Gr. (5.2) 
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Figure 5.7 Measured spin independent conductivity Gs1 compared with ajunetion Gs1oc T 23
:±0.J. 

In figure 5.7 Gs1 derived from the measurements is given where G is normalised to G(O K)= 1. Gs1 is 
found to be reasonably will described with a power law in T: G5I(T)cx:T 2·

3 
±O.I. This could indicate a 

thermal conductivity with two inelastic hops (N=2), as described in section 3.2, where theoretically 
G51cx:T 2vz. Chang et al.[ll] found a power law of G51cx:T 1.3

5
±0.!

5 fora magnetic Co/AhOiCo junction. 
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6 Results for a magnetic tunnel junction 

This chapter deals with experimental results of magnetic tunnel junction. The bottorn electrode of this 
junction is made of Co and has a thickness of 80 A and the top electrode is made of NiFe and has a 
thickness of 150 A. The junction has a 14 A Al-interlayer which is oxidised for 100 seconds. The 
preparation process ofthis sample is described insection 4.2. 

The first section will deal with the basic characteristics of a magnetic tunnel junction. In the next 
section we will focus on the magnetic coupling of the magnetic layers across the insulating harrier. 

6.1 Tunnel MagnetoResistance measurements 

Figure 6.1 shows an example of a measurement of the resistance as function of the magnetic field 
(RB-measurement), where the magnetisation direction of the bottorn and the top electrode are 
indicated by the arrows in black and grey, respectively. This measurement starts at a high negative 
field, beyond the coercive field of the electrodes (a). The magnetisation directions of both electrodes 

are saturated and aligned in the field direction. Because of the parallel alignment the resistance is low, 
see equation (3.3). As the field increases and changes sign, the magnetisation of the top electrode 
(arrow in grey) with the lowest coercive He changes its magnetisation direction, whereas the 
magnetisation of the other electrode (the arrowin black) remains the same (b). In this field range the 
electrodes are antiparallel aligned and as a result the junction resistance is high, see again 
equation (3.3). Upon raising the field further, the magnetisation direction of the other electrode also 
reverses, and becomes parallel to the other electrode at the field (c), corresponding again with a lower 
junction resistance. 

An analogue process as described above occurs upon decreasing the magnetic field; first the alignment 
is parallel, then the alignment becomes antiparallel when the top electrode (in grey) changes its 
orientation (d) and finally again parallel, at a large enough negative magnetic field where the field 
sweep bas been started (a). 
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Figure 3.3 An example of a RB-measurement at JOK. During the measurements a complete sweep of the field is 
performed. The alignment of the up per and lower layer is shown in the figure corresponding to the arrows. 
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6 Results for a magnetic tunnel junction 

In the next subsections, we will focus in more detail on the following subjects: 

• Measurements of the resistance as a function of the magnetic field (RB-measurements). 

• Measurements ofthe current as a function ofthe applied voltage (JV-measurements). 

• Resistance as a function of the temperature (RT-measurements). 

• The Junction MagnetoResistance (JMR) as a function of the temperature. 

6.1.1 Resistance as a tunetion of the magnetic field 

The measurements of the resistance as a function of the temperature were performed at temperatures 

of 10K, 50 K, 100 K, 150 K, 200 K, 250 K and 300 K and with a current of 1 j..tA. Four of these 
measurements are shown in figure 6.1. It can be seen that bath the JMR and resistance decrease as the 
temperature increases. 
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Figure 6.1 RB-measurements at different temperatures. 

We like to mention that at all temperatures the resistance between the parallel and antiparallel 
alignment changes very abruptly, within a field range of about 1 Oe. Moreover the resistance in the 
antiparallel and parallel alignment are well defined resistance values, without any significant rounding 
as a function of the field. This excellent switching property is caused by the defining mask, which (as 
described in the experimental set-up) leads the current only trough the rniddle of a junction. As a 
consequence, edge effects of the magnetic clusters in the electrode are not taken into account if the 
junction resistance is measured. Two edge effects are possible: (1) The magnetisation direction at the 
edge is different as compared to the rniddle of the electrode. (2) The surface of the magnetic clusters at 
the edges is roug~er than in the rniddle due to the shadow masks and therefore has a different 
magnetisation behaviour. Other measurements with no defining mask do not have such RB
characteristic, see e.g. figure 7.3 in the next chapter. 
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6 Results for a magnetic tunnel junction 

The end of this section will deal with the magnitude of the JMR as a function of the temperature in 
more detail, which we did not consider in this subsection. 

6.1.2 Current as a tunetion of applied voltage 

Current-Voltage (JV)-measurements were performed in the paralleland in the anti-parallel alignments 
of the electrodes, where for the parallel alignment a field of -90 Oe was set and for the antiparallel 
alignment a field of H =0 Oe was set. Figure 6.2 shows the JV -measurements made at temperatures of 
10K, 150 K, 200 K, 250 K and 300 K. Also measurements at 50 K and 100 K were made, but, 
because in the figure they visually overlap with the measurements of 10 K, these measurements are 

not shown. The JV -measurements were performed with small current intervals of Lil=0.5 J.LA within a 

range of 90 J.LA. The JV -measurements shows the same curved characteristics as also seen in the 
measurements on the nonmagnetic junction described in the previous chapter. 
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Figure 6.2 JV measurements in the parallel (a) and in the anti-parallel (b) alignments ofthe magnetic layers. 

In the description of these curves we should in principle take into account the splitting between the 
electron bands between spin up and spin down, which is not addressed in the calculation of Simmans 
and Brinkman for nonmagnetic junctions. Despite this, harrier parameters of the Simmans equation 
(2.27) and Brinkman equation (2.38) are extracted by a numerical fit to the JV -measurements. Figure 
6.3a gives an example of a Simmans function found at 10K, where the magnetic moment of the 
electrades are parallel aligned. The extracted fit parameters are a harrier width s=9.4 A and a harrier 
height of p=3.4 eV. 

Like in the previoÜs chapter, again it is difficult to verify how the extracted harrier thickness compares 
with the actual harrier thickness, although it agrees reasonably well with the initial Al thickness of 
14 A. The extracted harrier height of 3.4 eV is larger than founded with photoernission measurements 

43 



N-

E 
u 

~ 
>--ëii 
c 
(].) 
"0 -c 
(].) .... .... 
::l 
() 

6 Results for a magnetic tunnel junction 

hy Nelson et al. [13] for an Al/Ah03/Al junction (which was 2.0 eV). No literature was found in 
which the harrier height of Co or NiFe ( metals of the electrodes) was measured hy this method. 

The formula of Simmons does not correctly fit with the measurement, as can he judged in figure 6.3a. 

It appears that the junction has an asymmetrie harrier potential of L1p=-2.6 eV, a value extracted hy a 
numerical fit of the formula of Brinkman to the JV -measurement of 10 K in the parallel alignment of 
the electrodes. This harrier asymmetry is almost the same as the extracted harrier height itself, which 
is a very douhtful result. The harrier asymmetry may he caused hy the difference in workfunctions of 
Co and NiFe (see section 2.2). A part of it can also he caused hy an asymmetrie Ah03 harrier, due to 
composition gradients induced hy the metbod of oxidation (an oxygen glow discharge). 
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Figure 6.3 Example of a JV-measurement at a Co(80 A)IAl20/NiFe( 150 A) junction at JOK with the electrades 
in the parallel alignment. (a) With a Simmans function and (b) with a Brinkman function found from a numerical 
fit to the JV-measurements. 

Although the function of Simmons and Brinkman are derived for zero Kelvin, the harrier parameters 
were also extracted from JV -measurements at higher temperatures with a numerical fit to those 
functions. The extracted harrier parameters are plotted as a function of the temperature in figure 6.4 

and it follows that the harrier width is s=11.6±1 Á, the harrier height is p=2.2±0.3 eV and the harrier 

asymmetry potential is .dp=-0.6±0.3 eV, when one would rely on Brinkrnan's model. It is also seen 
that these parameters strongly depend on the orientation of the magnetisation which is, as we 
mentioned hefore, due to the neglect of the magnetic characters of the electrodes. 
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6 Results for a magnetic tunnel junction 
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Figure 6.4 Barrier parameters extracted from the JV-measurements at different temperatures in the parallel and 

antiparallel configuration. The harrier width s; the harrier height p; the harrier asymmetry dp. 

Similar to the conclusions from the measurements of the nonmagnetic junctions in chapter 5, also fora 
magnetic junction the extracted harrier parameters s and p are only slightly temperature dependent, 
except for the parameters from Simmons formula in the parallel alignment, which can be caused by a 
temperature dependent harrier asymmetry, as seen in the right part of figure 6.4. The reason for this 
rather large T-dependence is not clear. 

In more detail the theoretica! functions of Simmons and Brinkman can be compared with the 
measurements by consiclering the conductance, dJ/dV, as a function of the voltage. From chapter 5 it 
was concluded that bath the functions of Simmans and Brinkman have a parabalie form. Figure 6.5 
shows the numerical derived conductance, dJ/dV, as a function of the applied voltage. As compared io 
the nonmagnetic measurements of the previous chapter bath conductivities are less parabolic, so the 
current density formulas of Simmans and Brinkman deviate more from the measurements. This was 
expected by additional effect in magnetic junctions, such as the different workfunctions of Co and 
NiFe, the different wave veetors at the Fermi level and the summation of two currents, one for spin up 
and one forspin down electrans (see section 3.1). As a consequence the formulas of Brinkman and 
Simmans seem to be less suitable to extract harrier parameters from JV -measurements. 
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Figure 6.5 The conductivity ofthe paralleland the antiparallel alignment as ajunetion ofthe applied voltage. 

6.1.3 Temperature dependenee of the resistance 

Figure 6.6 shows a measurement of the resistance as function of the temperature (RT -measurement) in 
the paralleland in the antiparallel situation. The parallel RT measurement is performed with a field of 
-90 Oe and the antiparallel measurement is performed with a field of H=O Oe. Also the resistances 
extracted from the RB-measurements are shown as scattered data points to show the consistency with 
the RT -measurements. 
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Figure 6.6 RT-measurements and resistances extractedfrom the RB-measurements. 
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6 Results for a magnetic tunnel junction 

With the extracted harrier width (s) and harrier height (p) from the JV-measurements (s=ll Á and 

p=2.6 Á) a normalised RT-curve is calculated with equation (2.45) of chapter 2, where the resistance 
at 5 K is set to unity. 

The normalised RT-measurements of the parallel alignment and the antiparallel alignment are shown 
in figure 6.7 as two solid curves. The measurements deviate strongly from the calculated RT-curve. 
For completeness also the curve of the aluminium junction of chapter 5 is given in the figure, for 
which the same condusion holds. 
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Figure 6. 7 RT-measurement as compared to calculated measurement. 
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To account for this discrepancy we have extracted a spin-independent conductivity, Gsb from the 

measurements, in the same way as described in chapter 4. This Gs1 is described by a power law Gs1 =Tr 
and y becomes y =1.6 which is slightly higher than found by Chang et al. [11], which was 

y=1.35ifJ.15 fora magnetic Co/AhOiCo junction. 

In the theory of Chang et al. a hopping process via one atom (N=1) corresponds to y=413 and at N=2 

gamma corresponds to y=512. There is a possibility that in our junction with y=1.6 both hopping 
processes with N= 1 and N=2 occur simultaneously to explain the data. Additional measurements are 
however required to look at the prediction more profoundly. 

6.1.4 !lG and JMR 

Figure 6.8 shows the Junction MagnetoResistance (JMR) and the L1G ( =Ga-Gp) as a function of the 
temperature. Also ·the data obtained by the RB-measurements (the open circles) are included in the 
figure. The JMR decreases as the temperature increases: A JMR effect of 31% is observed at 10 K 
decreasing to 18 % at room temperature. This is probably caused by the decrease of the polarisation as 
a function of the temperature as we mentioned in chapter 3. 
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Figure 6.8 (a) JMR and (b) L1G as ajunetion ofthe temperature. 

Equation (3.9) defines ~G as a function of the temperature as 2GrPcoPNiFe where 

Pco=PoK,co(1-acoT 312
) and PNiFe=PoK,NiFe0-aNiFeT 312

). A numerical fit to the measured ~G, shown in 

figure 3.10, gives aco=(l0±5)xl0-6 K 312 and aNiFe=(3.6±0.4)xl0-5 K 312 which compares reasonable 

with the values of Chang et al. for similar junctions [11]: aco= 1-6xl0·6 K 312 and aNiFe=3-5x10·5 K 312
• 

The dotted line in the figure gives the calculated LiG as derived by this equation. The calculated LiG is 
in reasonable agreement with the data, except for the lowest temperatures. 
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6 Results for a magnetic tunnel junction 

6.2 Coupling measurements 

As we will see below, the Al and Alz03 interlayers between the two magnetic layers may be thin 
enough to induce a ferromagnetic magnetic coupling. The magnetic coupling is the effect that the 
magnetic switching behaviour of the ferromagnetic top and bottorn layer are changed, which will be 
investigated as a function of the temperature. If the coupling is very strong, both layers will act as one 
magnetic unitand the coercive fields of both layers are the same. If the coupling is weak, the shift of 
the coercive fieldsis a direct measure of the coupling strength. 

6.2.1 Measurement of coupling by a minor hysterese loop 

The strength of coupling between the two magnetic layers across the insuiator can be measured by a 
minor hysteresis loop. In a minor hysteresis loop only the layer with the smallest coercive field 
switches and the other electrode with the highest coercive field keeps its magnetisation direction. An 
example of a measurement of a minor hysteresis loop is shown in figure 6.10a and 6.10c, where the 
electrode with the highest coercive fields (denoted by the black arrows) is negatively and positively 
polarised, respectively, during whole the entire hysteresis loop. The RB-loop in figure 6.10b, shows a 
complete hysteresis loop of the same sample. 

The minor hysteresis shown in figure 6.10c, starts at the antiparallel alignment and in a negative field 
(a), whereby the resistance is high. This is also measured in the complete hysteresis loop in figure 3.4b 
at the antiparallel alignment. Then the field is increased and after it becomes positive the electrode 
with the smallest He switches (denoted as the grey arrow) at a field HR, and the electrades have a 
parallel magnetisation (b). The field is decreased (c) and afterit becomes negative again, the electrode 
with the smallest He switches at a field HL. The magnetic alignment of the electrode becomes 
antiparallel ( d), which causes the resistance to rise. At the end of the minor loop, the magnetic field is 
the sameasin the begin of the loop (a). 

The magnetic coupling causes a shift of the coercive fields of the minor loops, defined as: 

(6.1) 

If there is no coupling of the layer there is no shift (Hshi[FO Oe). If there is a ferromagnetic coupling 
between the electrodes, the Hshift is in the opposite direction of the magnetisation of the electrode with 
the highest coercive field. In other words an additional field is required when one wants to switch the 
magnetisation direction of one of the ferromagnetically coupled parallel aligned electrades In figure 
3.4c the H.,·hift is -1.9 Oe and, because the magnetisation of the layer He is positively directed, this 
junction shows a ferromagnetic coupling. 

Figure 3.4a also shows a minor loop, but with the electrode with the highest coercive field directed in 
the other direction. In this example, this minor loop the H.,hift is smallerand approximately 0.1 Oe. 
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Figure 6.10 An example of a measurements with a minor hysteresis loop at 300 K. 

If one assumes a single magnetic domain in each magnetic layer, with magnetisation only parallel or 
antiparallel to the applied field, the exchange coupling constant J (in J/m2

) is [9]: 

(6.2) 

where t is the thickness and M the saturation magnetisation of the electrode with low reversal fields. 

6.2.2 Results 

As we have explained before, in one minor hysteresis loop the soft-magnetic NiFe top electrode tums 
its magnetisation direction, while the hard-magnetic Co bottorn electrode keeps its magnetisation 
direction. A series of minor RB-hysteresis loops is measured at different temperatures between 10 K to 
300 K. A few of those measurements with a negative polarisation of the hard magnetic electrode are 
shown in figure 6.11. 
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Figure 6.11 An example of measurements of minor RB-loops, where the Co bottorn electrode is positively 
polarised. The NiFe top electrode changesits magnetisation direction. 

From the minor loops the coercive fields are determined by the midpoints of the upper or lower flanks 
of the hysteresis loops. In figure 6.11 an example is shown fora minor loop at 10K. The resulting 
coercive fields from one minor hysteresis loop are a negative (HL) and a positive (HR) field. These are 
shown in figure 6.12 fora negatively polarised electrode and positively polarised Co electrode. 
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Figure 6.12 Measured coercive fields from minor hysteresis loops. 

Finally, to derive !he shift of the coercive fields, which is a measure for the coupling between the 
electrodes, one has to calculate the mean value of HL and HR of one minor hysteresis loop, as shown in 
figure 6.13. 
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Figure 6.13 Hshift as a function of the temperature. 

The shift of the minor loop with the negatively polarised bottorn electrode becomes smaller (1-2 Oe) 
as the temperature rises. The shift with the positively polarised electrode remains approximately 
constant, although a small temperature dependenee cannot be excluded. lt is not yet understood why 
this difference intheupper and lower data sets are present. Note however, that the magnetic fields are 
extremely small, which may be the souree for experimental errors. 

In section 7.3.1 we will experimentally investigate the ferromagnetic coupling as a function of the 
oxidation time of the aluminium interlayer, where also the possible sourees of the observed 
ferromagnetic coupling will be briefly described. 
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7 Results on magnetic tunnel junctions with 
variabie oxidation time 

7. 1 Introduetion 

In reference [18] a series of junctions oxidised for 110 s withAl interlayer thicknesses in the range of 
zero to 25 Á has been investigated. Figure 7.1 shows the results of the measured JMR as a function of 
the interlayer thicknesses, where the optimal JMR was found with an Al interlayer thickness in the 
range of 10 to 16 Á. As condurled in the reference, for thin Al interlayers (<1.0 nm), it is possible that 
the Co bottorn electrode becomes oxidised and CoO and/or Co30 4 is formed, which provides an 
additional semiconducting harrier. Moreover, Co-oxides are general magnetic which may enhance the 
mixing between the spin-up and spin-down electrons, the so called spin-flip scattering, This will 
reduce the overall JMR, as shown in figure 7 .1. 

On the other hand, aluminium interlayers with a thickness higher than 1.6 nm resulted in an 
unoxidised Al metallayer undemeath an Ah03 layer, which will also give a decrease of the observed 
JMR. According to reference [18], the polarisation of the ferromagnetic layer can be reduced by a 
metallayer at the interface with the harrier, thereby reducing the JMR. 
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Figure 7.1 JMR plottedas ajunetion ofthe thickness ofthe Al metal interlayer used to form the A/20 3 interlayer 
in Co/A/20:/NiFe and Co/A/20/CoFe junctions. For all the juncrions the Al-interlayer is oxidised for 1 JO s. 

In this chapter the oxidation of an interlayer will be investigated further by the variation of the 
oxidation time when the Al-thickness is kept constant at approximately the optimum (10 to 16 Á). In 
detail, a series of _tunnel junctions was prepared, where the oxidation time of a (12 Á) aluminium 
interlayer of the junction was varied in the range of 30 s to 490 s. The junctions have a Co bottorn 
electrode with a thickness of 80 Á and a NiFe top electrode with a thickness of 80 Á. More details of 
the preparation process of this series is described in, section 4.2. 
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7 Results on magnetic tunnel junctions with variabie oxidation time 

In the next section of this chapter the resistance and JMR of tunnel junctions as a function of the 
oxidation time of the Al interlayer will be described. Further it will be analysed whether a Co-oxide 
layer is formed at high oxidation times, as suggested in the reference [18]. 

The last section will characterise the magnetic coupling of the junctions that appears to be particularly 
important at short oxidation time, when the Allayer is not yet fully oxidised. 

7.2 MagnetoResistance measurements 

In this section we show the results of the measurements on the series of tunnel junctions, focussing on: 

• Measurements of the resistance as a function of the temperature (RT -measurements ). 

• Measurements of the resistance as a function of the magnetic field (RB-measurements). 

• Measurements of the current as a function of the applied voltage (JV-measurements). 

7.2.1 Temperature dependenee of the resistance 
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Figure 7.2 RT-measurements on junctions in the parallel alignment. 

Figure 7.2 shows the RT -measurements on samples with oxidation times of the Al interlayer within 
the range of 30 s to 490 s. Since we anticipate on the possibility of Co-Oxide formation, which may be 
antiferromagnetic at low temperatures, in the ferromagnetic electrode a unidirectional magneto
anisotropy may be induced. The direction of this anisotropy depends strongly on how the system is 
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7 Results on magnetic tunnel junctions with variabie oxidation time 

cooled through' the antiferromagnetic transition temperature, and therefore we have always cooled 
down the junction in a field of 350 Oe parallel to the bottorn electrode. 

During the RT-measurements a field of 350 Oe is set, to direct the magnetisation directions of the 
bottorn and the top electrode in the parallel direction. It is seen that the temperature dependenee of the 

junction resistance with oxidation times t> 150 s is much larger than for oxidation times ~150 s: e.g 
the relative change in resistance between 10K and 300 Kis 22% for an oxidation time of 60 s, while 
this is 82 % for an oxidation time of 280 s. The high temperature dependenee at t> 150 can be 
explained by the assumption that Co-oxide is formed, which is a semiconductor and therefore bas a 
low harrier height. At low temperatures Co-oxide is acting as a harrier where only electroos can move 
through by tunnelling: the resistance of the junction is high. At ambient temperatures some electroos 
occupy energy states above the Co-oxide harrier, and therefore the Co-oxide becomes conductive: the 
resistance of the junction is low. 

7.2.2 Resistance as a tunetion of the magnetic field 

Figure 7.3 shows an example of a measurement of the resistance as a function of the magnetic field 
(RB-measurement) of a junction with a 60 s, 150 s and 280 s oxidised Al interlayer, measured at 10 K 
and at 300 K. 
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Figure 7.3 An example of RB-measurements of a 60 s, I 50 s and 280 s oxidised sample at a temperafure of JOK 

and 300 K. 

For each junction, both the JMR as well the resistance at 10 K are higher than at 300 K. The RB-curve 
is asymmetrie at 10K, while the curve at 300 Kis symmetrie. Wethink this asymmetry is probably 
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7 Results on magnetic tunnel junctions with variabie oxidation time 

caused by a antiferromagnetic NiFe-oxide layer on top of the top-electrode, since it is oxidised by 
subsequent oxidation and deposition of the top-electrodes, as described in detail in section 4.1. 
Inherent to this preparation process, the samples with a short oxidation time therefore have a long 
oxidation of the NiFe top-electrode which gives NiFe-oxide. At low temperatures this oxide-layer 
becomes antiferromagnetic and this may eau se a unidirectional anisotropy ( exchange-biasing) of the 
NiFe layer seen as a shift of the hysteris loop. 

It can also be seen in figure 7.3 that at 300 K and a short oxidation time of 60 s the magnetic layers do 
nat switch separately but more like one magnetic unit. Section 7.3 will deal with this magnetic 

coupling. 

For all oxidation times within the range of 30 s to 490 s, RB-measurements were performed. The JMR 
and resistances in the parallel state as a function of the oxidation time were extracted from the RB
measurements and are given in figure 7 .4. 
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Figure 7.4 Results extracted from RB-measurements at Co(SO A)!Al !NiFe (80 A) junctions with different 
oxidation times of the 12 A Al interlayer. (a) JMR as a function of oxidation time. (b) Resistance of the junction 
as a function of oxiáation time, where the magnetisation of the electrades are parallel aligned. 

At 300 K we generally observe a lower JMR-ratio than at 10K which we attributed to the temperature 
dependenee of the polarisation direction due to the spin flip scattering. At around t= 150 s we see the 
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7 Results on magnetic tunnel junctions with variabie oxidation time 

smallest temperature dependenee of JMR which is also comparable to the reduction observed in 
Chapter 6. For larger oxidation time t>150 s, the JMR drops much more significantly with 
temperature. This is to our opinion due to Co-oxide formation underneath the Ah03. At high 
temperatures the paramagnetic Co-oxide is able to induce a large spin mixing at low temperature the 
magnetic ordering is re-established thereby reducing the spin flip scattering. So in general we observe 
that the reduction of JMR beyond 150 s is in accordance with the introduetion of Co-oxide. 

Probably at oxidation times ~150 sa drop in JMR is masked by current distribution effects inducing a 
virtually high JMR-effect, because the resistance of the junction is in the same order as the resistance 

of the electrode (about 10 Q) as described in reference [12]. Taken this enhanced JMR-effect into 
account, the optima! oxidation time of this junction is probably 150 s seen as the maximum at 
T=300 K. This is the oxidation time where all the aluminium is oxidised and no Co-oxide is formed. 

This observations are confirmed by regarding the resistance at 10 K and at 300 K, see figure 7 .4b. At 

the oxidation time ~150 s the resistance is only slightly temperature-dependent, it only increases with 
the thickness due to oxidation of aluminium. At higher oxidation times, t>150 s, the largely different 
resistances of the junctions at 10K and 300 K are due to the semiconductor character of Co-oxide 
which forms an extra tunnel harrier (and thus a higher resistance) when the temperature is low, and 
becomes conductive when the temperature gets high (with a not noticeable additional resistance). 

At 10K, both the resistances at ~150 s and t>150 s rise exponentially as a function of the oxidation 
time. In section 2.2.4 we have seen that the resistance is exponentially dependent on the harrier width 
following the WKB-approximation, which would imply a constant growth rate during the Al-oxide 
formation as well during the formation of the underlying Co-oxide. However we can also see that the 
slopes of both log(R)-functions are different which indicates another growth rate (Co is less reactivity 
with 0 2 than Al) and/or another harrier potential height of Co-oxide with respect to Ah03• 

7.2.3 Current as a tunetion of applied voltage 

Figure 7.5 shows a logarithmic presentation of JV -measurements of junctions with different oxidation 
times of the Al interlayer of the junction. The JV -measurements are made at 10 K and 300 K in tbe 
parallel orientation, due to the applied magnetic field of 350 Oe. Note that we also cooled down with a 
magnetic field of 350 Oe as mentioned in section 7 .2.1. 

The curves at 10K have a decreasing current density (increasing resistance) as the oxidation time gets 
larger, in accordance with the previous section, which now appears to apply for all applied voltages. 
At 300 K the samehappens for oxidation times ~150 s, but for oxidation times t> 150 s the curves at 
different T cross each other, which is due to the strong decrease of the resistance as shown also in the 
previous sections. But if we focus on the qualitative behaviour of the JV -curves we see that beyond 
t= 150 s, where Co-oxide is formed, the curves becomes more rounded. To illustrate this better, we 
have plotted this in figure 7 .6. 
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7 Results on magnetic tunnel junctions with variabie oxidation time 
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Figure 7.5 Presentation of IV-measurements of samples with various oxidation time in the range of 30 s and 

360s. 
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Figure 7.6 Normalised JV measurements at 300 K. The current density at -0.5 V is normalised to unity. The 
curves of2/0 s and 390 s overlaps. 

To quantify this, the harrier parameters of the junctions with oxidation times between 30 s and 490 s 
are extracted by u9ing the Simmons and Brinkman equation for a numerical fit to the JV -curves in the 
parallel alignment. The extracted fit parameters, the harrier height (p) and harrier width (s) are shown 
in figure 7.7. The harrier parameters are extracted from JV-measurements in a range of 400 mV. Also 
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7 Results on magnetic tunnel junctions with variabie oxidation time 

harrier parameters were deducted from other voltage ranges, which are shown in appendix F, and 
generally show a similar (qualitative) behaviour. 
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Figure 7. 7 The potential harrier height and harrier width of the tunnel harrier as a function of the oxidation 
time. The parameters are extracted from the JV-measurements, hy fitting with the Brinkman equation and 

Simmans equation. 

To start with, it is difficult to conclude from the harrier parameters (section 7.2.2) that a Co-oxide 
layer is formed. It is questionable whether the fit equations can he still he used if an additional Co
oxide layer is present, which wasnottaken into account in theory. However by looking at figure 7.7-it 
can beseen that there is again a transition at around t=150 s, especially for T=300 K. In more detail we 

ob serve: 

• The harrier width rises (both at 10K and 300 K) from a minimum of 12 Á toa maximum of ahout 
40 Á, as the oxidation time gets longer, which indicates that the harrier grows as a function of the 
oxidation time. Moreover for the Simmans parameters the growth rate of Co-oxide (at t>150 s) is 
higher then the growth rate of Ah03 at t<=150 s. Because the insuiator harrier with Co-oxide is 
lower than the harrier of Ah03, the log(R) as a function of T has a smaller slope, as seen in 

sec ti on 7 .2.2. 
• If the oxidation time is t<=150 s, the harrier height stays approximately constant at ahout 2 eV, 

since in that oxidation region only Ah03 is formed as a harrier. with a height of Ah03 (as also 

found in chapter 6) approximately 2 eV. In chapter 6 at 10K a harrier height of 3.0±0.5 eV was 
found for a junction with a 14 Á aluminium layer which was oxidised for 100 s. An prohably 
explanation for the differences is the different range (600 mV) wherein the numerical fit was 
performed, whère more details are shown in appendix F. 

• If the oxidation time is t> 150 s, the harrier height lowers since we add an additional harrier layer 
(Co-oxide) which prohahly affect the JV-curves. Theoretica! calculations are in progress [6] to 
predict the impact of additional (non)magnetic layers at the junction on the JV -curves. 
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7 Results on magnetic tunnel junctions with variabie oxidation time 

At an oxidation time of 150 s all the 12 À aluminium is oxidised and no Co-oxide is formed, as 
concluded in the previous text. With this oxidation time, the harrier width is 16 À, as can be seen in 
figure 7. 7. It should be expected that the harrier width is somewhat thicker than 12 À ( the deposited 
Al-layer), because the oxidised aluminium layer is probably expanded. The extracted harrier width, 
extracted from a JV-measurement at 10K, is 16 À (as can beseen in figure 7.7) which corresponds 
reasonably well with the expected thickness. 

Figure 7.8 shows the fit results of Brinkman of the asymmetrie harrier height Llp. Same fitted 
asymmetrics are larger than the harrier height, which is, however, a very questionable result. 
Nevertheless, at high oxidation times the asymmetry is no langer present, which may also be due to 
the Co-oxide formation, although this is not yet clarified. 

Figure 7.8 Barrier asymmetry height Llp as aresult ofthe fit by the equation of Brinkman. 

7.3 Magnetic analyses of the measurements 

7.3.1 Coupling as a tunetion of oxidation time 

It was shown in figure 7.3 that at short oxidation time the magnetic layers do nat switch separately but 
more like one magnetic unit. This may be due to an exchange coupling between the electrades which 
will be investigated of a function of oxidation time in this section. The exchange coupling is nat 
determined by a tpinor hysteresis loop of the resistance as function of the field, as described in 
chapter 6, but with the coercive fields of a complete hysteresis loop (RB-measurement), as shown in 
figure 7.9a. To verify the measured coercive field extracted from the RB-hysteresis loops, also 
measurements with MOKE were performed, as described in section 4.3 and in more detail in 
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7 Results on magnetic tunnel junctions with variabie oxidation time 

reference [30]. An advantage of the MOKE measurements is that it is able to measure the coercive 
field on the electrode itself, and not only on the junction as the electrical RB-measurement does. 

Figure 7.9 shows an RB-measurement compared with a MOKE-measurement on a junction which 
aluminium interlayer is oxidised for 150 s. The coercive field of both measurements are the same 
within a maximum error of 1 Oe. 
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Figure 7.9 An RB-measurement (a) compared with a MOKE-measurement (b). Both measurement are peiformed 

at 300 Kon ajunetion which is 150 s oxidised. The Jour different coercive fields (HL co, HLNiFe, HR NiFe, and 
HR co) are indicated in the figure. 

From each measurement the coercive fields were deterrnined by the field of the midpoint of the rising 
or falling edges of the junction hysteresis loops. In that way, four coercive fields are deterrnined from 
an RB-measurement, as shown in figure 7.9, defined as HL NiFe, HL ca, HR co, and HRNiFe in which the 
type of electrode that switches is indicated in the subscript. 

To minimise the experimental errors of the deterrnined coercive fields of the Co bottorn electrode and 
the NiFe top electrode the absolute coercive fields are averaged according to: 

and shown in figure 7.10 by the open and closed symbols, respectively. Furthermore the coercive 
fields of the electoorles itself, are deterrnined by MOKE, which measurements are also described in 
reference [31], and are shown as the crosses. 
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Figure 7.10 The mean absolute coercivefields ofthe Co bottorn electrode and the NiFe top electrode at 300 Kat 
the junction and at the electrodes. All the curves are guides to the eye only. 

It can be concluded from figure 7.10 that at a small oxidation time ( e.g 30 s) both layers are strongly 

coupled. At ~150 s the decoupling is not yet fully accomplished. At t>150 s, where Co-oxide is 
formed in the interlayer, in approximation the electrades switch at the same field as the junction itself. 

The observed ferromagnetic coupling can have three reasons: (1) magnerostatie coupling, (2) pinhole 
coupZing and (3) coupling due to the theory of Slonczewski. Those sourees are described briefly below. 

(1) A ferromagnetic magnetostatic coupling arises from correlated interface roughness which is 
schematically explained in figure 7.11, and is sametimes referred to as "orange peel coupling". ·It 
is possible that the roughness at the interfaces of the electrades with aluminium decreases when it 
becomes Ah03 during the oxidation process. As a consequence the coupling reduces as seen in the 
experiments. 

ferromagnetic 

ferromagnetic 

Figure 7.11 An example of a positively correlated ferromagnetic magnerostatie coupling of two ferromagnetic 
layers separated by ll nonmagnetic layer. 

(2) The direct contact of the magnetic layers caused by pinholes results in ferromagnetic coupling. 
Pinholes are metallic magnetic bridges between the magnetic layers across the space materiaL It 
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7 Results on magnetic tunnel junctions with variabie oxidation time 

may be that pinholes are present in the tunnel junctions. Nevertheless, these pinholes have no 

noticeable effect on the electrical measurement, which indicate transport by tunnelling. At larger 
oxidation time the aluminium and the metallic bridges becomes oxidised, which would again 
explain the reduced coupling. 

(3) The coupling of Slonczewski [8] is caused by the transmission of spin-polarised electrans from 
one conductor to the other through insulating spacers. This theory describes a coupling which is 
exponentially dependent on the insuiator thickness. Since in our measurements the coupling 
depends of the insuiator thickness ( oxidation time) this Slonczewski coupling cannot be ruled out 
to account for the observed data. 

More details about the coupling mechanisms are described in reference [19]. It is clear for this 
discussion that no indication is found in the measurements that favours one of the mentioned sourees 
for coupling. Dedicated experiments, e.g. with the use of wedge-shaped spacers, should be performed 
to clarify the origin of the coupling between the electrodes in tunnel junctions. 

7.3.2 Temperature dependenee of JMR and coercivity of a junction with Co-oxide 

To investigate the presence of Co-oxide formation at larger oxidation times the properties of one 
junction oxidised for 280 s, are investigated as a function of the temperature. Of this junction a series 
of resistance-magnetic field measurements were made at different temperatures [16], of which the 
JMR and the coercivity field of NiFe (He) is plotted in figure 5.12. He is calculated from the midpoint 
of the rising or falling edges of the junction hysteresis loop, which metbod also was used in the 
previous section. It can beseen that at temperatures below 150-200 K the Junction MagnetoResistance 
(JMR) remains constant, the coercive field rises significantly, and the resistance is not much T
dependent. 

This can beunderstand qualitatively by an antiferromagnetic transition temperature in a thin Co-oxide 
layer. If T<Taf the resistance is large and T-independent due to the Co-oxide harrier, the JMR stays 
roughly constant since the magnetic order in Co-oxide does not induce a large spin-flip scattering and 
the coercive field increases due to the onset of exchange coupling of the ferromagnetic Co, which _is 
known to give rise to a increase of He [15]. When T>Taf the resistance is strongly reduced due to the 
semiconducting character of Co-oxide, JMR becomes smaller by spinflip scattering at the 
paramagnetic Co-oxide an He reduces to small values usually seen in Co. 
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Figure 5.12 Temperafure dependenee of He (a), JMR (b) and R (c) fora 280 s oxidisedjunction. 
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8 Conciosion 

Tunnel juncrions grown at MIT have been electrically characterised at the University Eindhoven. The 
conclusions of this study are described below. 

Theoretica! 

Both the Simmons and Brinkman model use the free electron approximation for the derivation of the 
current-voltage characteristics of tunnel junctions. We have found that the theoretica! model of 
Simmons and that of Brinkman are equal for symmetrie harriers at small voltages, because the second 
order Taylor expression of Simmons is the same as the equation of Brinkman. Due to a roughness of 
the surface of the insulator, the resistance as wellas the current-voltage (JV)-curves of the junction are 
affected compared to a smooth surface as we derived in this report. 

Ex perimental 

In the electrical measurements the tunnel junctions are very sensitive for peak voltages and therefore 
several improvements had to be made before the MR-equipment was suitable to perform electrical 
measurements on tunnel junctions. A special device with needie spring probes was constructed, which 
contacts the electrades of the tunnel junctions successfully. Although still only one junction at the time 
could be measured, this device bas an advantage over silver paint contacts (contacting wires directly to 
the electrades by conductive silverpaint). Contacting with spring probes is quicker and it is also 
possible to switch to an other junction on the set, without taking the sample holder out of the cryostat. 

Extracting the harrier width and height with the equation of Simmons and Brinkman 

It is indicated that the harrier width and height, extracted by a numerical fit of the formula of Simmons 
and Brinkman to the JV -masurements, are in reasonable agreement with the actual parameters of the 
harrier. 
(1) First the established interlayer thickness during growth is in reasonable agreement with the 

extracted harrier width. Further in a Co(80 A)/Al (12 A, 150 s)/NiFe(150A) junction, where all the 
aluminium is oxidised and no Co-oxide is formed, is investigated. The extracted harrier width of 
16 A corresponds reasonably with the expected value, which is somewhat thicker than 12 A 
because the aluminium layer is probably expanded to a Ah03 layer. 

(2) In chapter 5 we concluded that the extracted harrier height of 2.0 eV of an 
Al(44 A)/Ah03(45 s)/Al(100 A) junction corresponds with the harrier height found with 
photoemission by Nelson et al. [13]. For other junctions larger harrier heights have been found, of 
which the origin is not yet clarified. 

In the description of JV -curves of magnetic tunnel junctions we should in principle take the splitting 
between the electron bands of spin-up and spin-down into account, which is not incorporated in the 
calculation of Simmons and Brinkman. Therefore the formulas of Brinkman and Simmons are less 
suitable to extract harrier parameters from JV -measurements, which can also be seen if one compares 
the measured dJ/dV -characteristics of a magnetic junction with the theoretica! dJ/dV -characteristic of 
Simmons and Brinkman. Furthermore, the harrier height and width depend on the orientation of the 
electrodes, which i.s an unphysical situation. Nevertheless, the harrier width and height extracted from 
the equation is in reasonable agreement with the expectation. 

The harrier parameters, found for an Al(44 A)/Al20 3(45 s)/Al(100 A) junction and a 
Co(80 A)/Al (12 A, 150 s)/NiFe(150A) junction in chapter 5 and 6 respectively, extracted with the 
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8 Condusion 

formula' s of Simmons and Brinkman, both have a small temperature dependence. The reason is that 
only exponential changes in the JV -characteristics give rise to a considerable difference in these 
parameters, which is not the case. 

Temperature dependenee of the resistance 

For both, a nonmagnetic Al(44 Á)/Ah03(45 s oxidised)/Al(100 Á) junction and a magnetic 
Co(80 Á)/Ah0JiNiFe(150 Á) junction, the temperature dependenee of the resistance is much larger 
than that due to the broadening of the Fermi-Dirac distribution around the Fermi-leveL An additional 
spin independent term ( Gs1) bas been added to the existing models, which describes measurements for 
both, magnetic and nonmagnetic, junctions reasonably well. The extracted power law dependenee of 

G51 with Jf of the spin independent term Gs1 yields y=2.3 fora nonmagnetic and y=1.6 fora magnetic 
tunnel junction. This could mean a hopping mechanism for transport with N=2 for nonmagnetic and 
N= 1 for magnetic tunnel junctions. 

Temperature dependenee of the JMR 

In a Co(80 Á)/Ah03/NiFe(150 Á) magnetic junction a JMR effect of 31% was observed at 10K 
decreasing to 18% at room temperature. The model of Julhere for JMR had to be extended with a 
temperature dependent polarisation to account for this effect, where P(T)=P(O K)(1-aT 312

). A 

numerical fit to the data gives tXco=(10±5)xl0-6 K 312 and for aNiFe=(3.6±0.4)x10-5 K 312
, which 

compares reasonably with the values of Chang et al. [11] obtained on similar junctions: 

1 6 10-6 K-312 d 3 5 10-5 K-312 
aco= - X all aNiFe= - X . 

Oxidation time 

In chapter 7 the electric and magnetic properties of a series of Co(80 Á)/Al/NiFe (80 Á) junctions are 
investigated, where the oxidation time of the 12 Á interlayer was varied between 30 s and 360 s. At 

t::::150 s it seems that all the Al in the harrier is just oxidised, giving the best performances with respect 
to resistance and JMR. At higher oxidation times (t > 150 s) the Co bottorn electrode becomes oxidised 
and Co-oxides are formed. This provides an additional semiconducting harrier leading to a strong 
temperature dependend resistivity as compared toother junctions. Additionally, the formed Co-oxide 
decreases the JMR, attributed to the temperature dependenee of the polarisation due to the spin flip 
scattering. At the oxidation time t<150 s not all the aluminium is oxidised and the JMR increases as 
the oxidation time gets shorter, which may be caused by the current distribution effect [12]. At 10K, 
the resistance is exponentially dependent of the oxidation time, which indicates a constant harrier 
grow rate. Because the slopes of the log(R)-functions are different for t$;150 s (where no Co-oxide is 
formed) and t>150 (where Co-oxide is formed) it can be concluded that Co-oxide bas a different 
growth rate andlor an other harrier potential height. 

Coupling 

It is seen that the coupling of a Co(80 Á)/Ah03/NiFe(l50 Á) is ferromagnetic with a coupling field of 
NiFe of about 1-2 Oe and slightly decreases with temperature ( chapter 6). Also the coupling as a 
function of the oxidation time (in chapter 7) was investigated, which is (at 300 K) strongest when 
much aluminium is stillleft in the harrier. As the oxidation time of the interlayer of the junctions rises, 
the coupling between two ferromagnetic layers decreases. Finally, at t> 150 s, when the Al is no longer 
present and Co-o::ide is formed, there is practically no coupling left. The observed ferromagnetic 
coupling can have three sources: magnetostatic coupling, pinhole coupling and coupling due to the 
theory of Slonczewski. 
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Appendix A 

Calculating the current-density expression of Simmons 

The total current density, derived in this report (equation 2.17) is written as 

lroral = 2
e3 fffd

1
kudEx(f(E)- f(E + eV)) I T(Ex) 12 

(2n) li 

= 2
e3 f f f dkydkzdEx(f(E)- f(E + eV)) I T(Ex) 1

2
• 

(2n) li 

The Schrödinger-equation for a free electron is given hy 

li2 
2 

--V lfl = Etotal lfl · 
2m 

From this equation it follows that fora wave function l.fl = eikux, the energy Er is 

2 

E = /ikr 
r 2m 

- -
where kr =I k

11 
I and the wave vector k

11 
is parallel to the harrier insuiator surface. 

After differentiation it follows that 

dEr = /ikrdkr . 
m 

(A.l) 

(A.2) 

It can heseen that J J d 1 k11 = J J dkydkz = J 2n I kr I dkr, and after suhstituting equation (A.2) 

it follows that 

After suhstituting this in equation (A.l) the same expression of the current-density is found as 
the one Simmons derived: 



AppendixB 

Effect of roughness of the insuiator harrier on the JV
equation and fit parameters 

B.I JV -characteristic of a junction with a rough harrier interface 

The JV -characteristic of a junction with a rough interface harrier width is calculatedo The 
Simmons equation (fora smooth interface) in practical units (equation 2.28) is used as a basis, 
and is given by 

1 g = 6032 °1010
-

2 
{ (p-V /2)exp( -1.025 ° (p-V 12)0

·
5 s) 

s 

- (p +V /2)exp( -1.025 ° (p +V 12)05 s)}, 

where g =current density expressed in A/cm2
, 

s=insulator thickness in Ángstrom, 
p=insulator mean height above the Fermi level in V 0 

This can be written as: 

where c1=6o32°1010
, c2 = (p- V I 2), c3 = -1.025 ° (p- V 12)0

·
5

, c4 = (p +V 12) and 

c5 =-1.025o(p+V /2)05 
0 

(Bol) 

(Bo2) 

If one assumes a Gaussian distribution of the insuiator thickness (s) with a varianee athe total . 
current density becomes: 

(Bo3) 

where f(x) is the Gaussian function defined as 

ga can now b; described in two terms: 

(B.4) 



The first term of gadefinedas Zaa, will be derivated: 
l!.s2 

n _ [ 1 A _ 1 2a2 d A -.;.>aa- C1 2 c2 exp(-c3(s+L.l.))) ~e (L.l.)) 
-~ (s + 11s) a...;27r 

cc [ /1s
2 

::::: 
2 

1)i;r exp(-c3(s+Lls)--
2

)·d(Lls) 
sa 21r -~ 2a 

cc [ ils
2 

= 1 2 exp(-c3s) exp(-c3Lls---
2

)·d(/1s). 
s2a.fii -~ 2a 

The factor 11( s+ Lls / can be approximated by lli because the main properties of g are 
determined by the exponential term. 

The same derivations can be made for g 0~, and the total current density Za becomes 

This can be written as 

(B.4) 

n 6.32 ·10
10 

{( ) ( ( )112 112 2 ) ~er= 
52 

p-V/2 exp-1.025· p-V/2 (s-0.5·1.025·(p-V/2) a) (B.S) 

-(p +V /2)exp(-1.025· (p +V /2f2 (s-0.5·1.025 · (p +V /2) 112 a 2
))} 

B.II Calculation of the deviation of the fit-parameters due to roughness of the tunnel 
harrier insuiator 

To extract physical properties from a JV -measurement, the equation of Simmons (B.5) can be 
used to gi ve the parameters s' and p '. lt is possible that there is a eertaio roughness in the 
harrier. The equation of Simmons takes no roughness into account, and as a consequence the 
fitted harrier parameters will deviate from the physical height (p) and meao width (s) of the 
insulator. These deviations are defined by 

~s = s'-s and l:!p = p'-p. (B.6) 



If one fits the formula of Simmans ( equation B .1) with a JV -characteristic with a certain 
roughness (equation B.5) it can he said that in approximation the exponential term of 
Simmans function equals to the exponential term of the rough function: 

The expression on the left side can he approximated hy: 

-c· (p'-V 12)0
·
5 s'= c(p +&-~ V) 0·\s + &) 

"'"c(p -~V)0'5 s +c(p -~Vr0·5 f!.p+~c(p -~ V)-0.5 sf!.p. 
(B.8) 

Suhstituting B.8 in B.7 one gets 

I 0.5 A ~ I ~ I r.5 I 2 I 2 -c·(p--V) ~--c --V sA"=--c (p--V)a 2 2 2 L.>f/ 2 2 . (B.9) 

Expanding equation B.9 in a Taylor series in heta {3, with f3 =-~V, one gets in first order 

0.5 A~+~ -0.5 An + 0 5 -0.5{3'A ~ _ ~ -1.5 Anf3 = -~ (j2 _ ~ 0"2/3 p ~· 2 p SL.>f/ • p ~· 4 p SL.>f/ 2 cp 2 C • 

This equation can he split in a zeroth- and first-order equation: 

P o.5 & + ~ P -0.5 sf!.p = _ ~ cpa 2 

I -0.5 A ~ I -1.5 A n _ I (j 2 
2 p ~ - 4 p SL.>f/ - - 2 C • 

(B.lO) 

(B.ll) 

This is a linear system of two equations with two unknowns, .1s and ,tjp, with the solution: 

A~ _ 3 0.5(j2 
~·--4cp ' 

A I 1.5 2 up= - 25 cp a . 
(B.12) 

It can he seen that hoth .1s and .1p have a square dependenee in a. 

Take for example a tunnel junction with a roughness of one monolayer, and therefore CJ!::'l A, 
a harrier height of 2 eV and a mean harrier width of 15 A (which are physical parameters). 
The errors in the extracted harrier parameters found hy a numerical fit of the equation of 
Simmans to the measured JV -curve of this junction can he calculated hy equations (B.l2) and 

hecomes .1s=-1.1 A and Lip=-0.1 eV. Thus the extracted parameters will he a harrier width of 
13.9 A and a harrier height of 1.9 eV, calculated with equation (B.6) and deviate hy less than 
10% from the actual parameters due to a small roughness. 



Appendix C 

Taylor series of Simmons equation 

A Taylor series of Simmons equation is made to compare it to the equation of brinkman. 

DefineÇ+(V) = exp( -1.025x s~ p-V 12), Ç+(V) = exp( -1.025x s~ p +V 12) and 

Ç(V) = exp( -1.025 x sjp). 

The derivated functions are 

Ç_' (V)= l.02: x s (p- V I 2)-û.5 Ç_ and 

Ç+'(V) = -1.025xs (p +V 12)-û.sç+. 
4 

Simmons equation (equation 2.28) is given by 

1s = 6.32·1010 ~( (p- V /2)Ç_- (p +V /2)Ç+ ). 
s 

lt follows that : 

J.'(V) = 6.32-JO" si' (l.0
2:xs )[(p-V 12)05

/',_ +(p+V /2)0'/',J 

J," (V) = 6.32. JO" si' ( 1.02: x s J [/',_ -f,J and 

I,"' (V)= 6.32 .JO" :, ( l.0
2:x s J [CP- V 12)-"'1',_- (p +V 12r''f,J 

The extra terms caused by differentiation of the pre-exponentional factors (p-V /2) and 
(p-V/2)05 are neglected in the former calculations. These extra terms cao be neglected if s> 10 
andp:=l. 

lt follows that 

1(0) = 0' 1'(0) = 6.32 ·10~0 ·1.025 I! ç' 

1 " (O) = 0 and 1 ", (O) = 6.32 ·10
10 

·1.025
3 

s Ç . 
32 fP 



The Taylor series of J becomes: 

J(V) = 6.32 ·10
10 

·1.025 jP Ç(v + 1.025
2 

s
2 

V3 ) 

2 s 16. 3! p 

""3.24 ·1010 JP exp( -1.025 · sjP)(V + 0.01094t._ V 3
). 

s p 



AppendixD 

Algorithm to rednee the computation time of the numerical 
fitting of the JV -equation of Brinkman. 5 

The JV -equation of Brinkman expressed in practical units is equal to 

where 
g = current density [Aicm2

] 

V= applied voltage [V] 
s= harrier thickness [Angstrom] 
p= harrier height [eV] 
~= harrier asymmetry [ e V] 

G(O) = (Const 1 ·ëp112 1d)exp(-2ff.·dëp112
) [AI(V.cm2

)] 

and the constants are 

~ Consto= 21Jfi2 = 1.02463 [m -Iv -05
], Const1=3.15877·1010 [m -Iv -1.5], 

Constz=0.0426929 [ m -Iv .J.5 ], Const3=0.0328083 [ m -zv _z]. 

The equation ahove is used for numerical fitting of JV -measurements and gives the width (s), 

height (p) and asymmetrie height (Lip) of the harrier as fit results. To reduce the computation 
time of the parameters s, p and ds one first bas to fit a third order polynome 

g = c0 + c1V + c2V
2 + c3V

3
, 

where normally co=O, which leads to the coefficients eh c2 and c3. The parameters s, pand i1p 
are computed from these coefficients hy the following algorithm: 

Temp1 = c1 I Const1 

Temp 2 = -c2 /(c1 • Const2 ) 

Temp 3 = c3 I Const3 

Temp 4 = -{2 ·In(Temp1) + In(Temp3 )} I 2.05 

p = Temp1 • Temp4 • exp(l.025 · Temp4 ) 

dp = Temp 2 · p 2 /Temp 4 

rr I 112 s = 1emp4 p 

Because a third order polynome takes less computation time than equation (D.l), also the 
total fitting takes less time. 



AppendixE 

SEM-pictures 

Sample 73640 AllAhO-/Al 

Sample 73640 AllAhO-/Al 



Sample TNL15a Co/AhO:Y'CoFe 

Sample TNL15a Co/AhO:Y'CoFe 
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Appendix F 

Harrier parameters extracted from JV -measurements with 
different voltage ranges. 

The harrier parameters (height and width) of the Ah03 interlayer of a tunnel junction can he 
extracted hy a numerical fit of Simmons or Brinkman formulas to the JV -measurements. The 
harrier parameters can he extracted within different voltage ranges, of which the results are 
shown hriefly in this appendix. 
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Figure F.l Barrier parameters extracted from an Al(44A)!Al20/Al(JOOA.) junction at 
different temperatures. 
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Appendix G 

Beside tunnel junctions of MIT, also junctions of Philips Research Laboratories Eindhoven 
were measured, but these measurements were oot further analysed in the report. The results of 
the measurements are given briefly below. From figure G.l it caobeseen that for this tunnel 
junction the JMR keeps practically constant. Figure G.2 shows the switch fields of the 
electrode with the highest coercivity, where in figure G.3 the raw data for each temperature is 
given. Finallyin figure G.4 the DC bias dependenee is shown. 

Sample: TNL12h. Preparedat Philips Natlab by Wouter Oepts. 
Sample composition: 100 ~-tm Co/Ah03/200 ~-tm CoFe. Barrier is 150 s oxidised at 70mTorr. 
Barrier width: 12 A. Tunnelling area determined by used deposition masks: 
200 ~-tm x 200 ~-tm. Tunnelling area measured with microscope: 83 ~-tm x 192 ~-tm. 
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Figure G.l JMR of sample TNL12h as a function of the temperature. 
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