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Abstract 

In this project 1/f noise in a ferromagnetic tunnel junction was observecL Both the field 
and current dependenee was measured. The results show, that the 1/fnoise depends on the 
alignment of the magnetisations of the two ferromagnetic layers. In the antiparallel case 
the noise level is higher than in the parallel one. If the magnetisation of one ferromagnet 
switches a peak in the 1/f noise appears. 
High currents lO'wer the noise level in the antiparallel state while it stays constant in the 
parallel state. For high currents the magnetisation of the biased layer switches at lower 
fields, therefore the antiparallel state bec01nes smaller. This is caused by a warming up 
of the sample. 
Because of the two different 1/f noise levels a noise ratio similar to the MR-ratio is defined 
and compared with calculations with the .Julliere model and a free electron model. 
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Intrad uction 

During a traineeship on the TU Eindhoven for four month I observed noise in ferrornag
netic tunnel junctions. Prirnarily the 1/ f-noise and its dependenee of both field H and 
emrent I was investigated. The following report should give an overview about the things 
behincl it and the things I'Ye clone. 
The first part includes some eonsiderations about the theory such as magneto resistance 
effects, tunnel current, noise theory and different types of noise. In the section about 
the magneto resistance effects mainly in the G MR and TMR-effect are considered. The 
OMR ancl AMR are described only in a short way, especially for the last one I have to 
achrert to the conesponding articles, rnainly because it is very difficult to understand and 
to explain. The section about the different kinds of noise describes only those that can 
be fonnd in ferromagnetic tunnel junctions. 
The secoud part reports the results of my rnea.surements. First sornething about the 
magnetoresistance ratio and its dependenee on the a.pplied field and the cmTent is writen. 
The main parts of the measurements was the 1/f noise. It depends strongly on the field, 
especially on the alignrnent of the magnetisation elireetion of the two ferromagnets. Also 
a dependenee on the eurTent is measured. At the end of this chapter I compare the 
measurernents with two theoretica! model, the .Julliere a.nd the free electron model. 



Part I 

Theory 
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Chapter 1 

Magnetoresistance Effects 

The following section describes the known magnetoresistanee effeets in a very short way to 
point out the clifferenees bet\veen these effeets. All are eaused by a change of the magnetic 
strueture on a nanometer scale. The first two effects, the ordinary magnetor-esistance effect 
{OMR) ancl the anisatrapie rnagnetoresistance effect ( AMR) are known for a long time, 
but the third one, the giant rnagnetoresistance effect (GMR) cliscovered in 1988 and the 
last one, the tunnel rnagnetoresistance effect (TMR) fotmei in 1995, are relatively new. 

1.1 Ordinary Magnetoresistance Effect 

The orclinary l\/IR effect is eauscel by the Lorentz force and occured in both conductors 
ancl semiconcluctors. vVhen electrans are moving through the material with the speed 
iJ caused by a potential U ancl there is an induction iJ, then the electron experiences a 
force, called the Lorentz force F, 

f = -e('ü x B). (1.1) 

This force causes that the trajectory of the electron is not a line anymore, but a curve 
( figure 1.1). Th is causes a longer way for the eleetrons, which means a higher resistance 
in a homogeneaus materiaL Because the resistance depends on a magenetie field, it is 
called magnetoresistance (l'v'IR) effect. 
It is not a strong effect, because for a high field of e.g. B = 1 T the ordinary MR. effect is 
less tha,n 1%. As an important differente with other MR effects this effect does not not 
depend on the magnetisation of the material but only on the magnetic induction and the 
speed of the electrons. Because of the low effect and high fields there is no practical use 
for this type of sensor. 
Similar to ordinary MR effect is the Hall effect. The experimental construction is the 
same as for the OMR: a strip of a material finite in the x-direction, a current in the 
-y-direction and an incluction through the material in z-direction. The Lorentz force on 
the electrans is in this case antiparallel to the x-axis. Due to this force the number of 
electrous on both sicles of the material is different leading to an electric field, ancl therefon~ 
a force parallel to the x-direction (Figure 1.2). The direction of this force is antiparallel 
to the Lorentz forces FL and in the equilibrium the resulting force on the Pleetrous in 
x-clirection is zero. In this case t he trajectorie of the electrous betomes straig-ht again. 
The voltage cansed by the dectrical field is c:allf~cl Hall voltage UH. In the first approx

imation th~ Hall voltage is a linear function of the Induction B. This is why the main 
application of the Hall effect are field sensor. 
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Figure 1.1: When an electron moves through a sample with a magnetic induction B the tra
jectorie changes due to the Lorentz force FL. 
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Figure 1.2: Due to the Lorentz force FL more electrous are on one side of the material than on 
the other. The resulting voltage is thc Hall voltage Uuall· 
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1. 2 Anisotropic Magnetoresistance Effect 

William Thomson discovered, that the resistance of a ferrornagnet depeuds on the mag
netisc:ttion ancl the elireetion of the cmrent, in 1857. The origin is a relativistic effect, 
which could not be explairwd until the 19-SOs [1]. It is observed in different ferrornagnetic 
materials such as Fe, Co or Ni. As alreacly rncntiorwcl the resistance of the material de
pends on the angle bet-vveen the magnetisation AI and the cnrrent J. If the current is 
perpendicular to the magnetisation, the resistance pj_ is lower than the resistance Pil in 
the case with a current parallel to the magnetisation. The AMR-ratio is defined as 

where PAV =~Pil+ ~pj_. 

6.p 

PAV 

Pil - pj_ 
l 2 ' 
}Pil + 3Pj_ 

(1.2) 

NIR ratio's of 25% at 4.2K or 6.5% at 290K c:tre possible, that means that this effect is big
ger than the ordinary MR. effect. Because of the higher ratio, there are more applications 
for the AMR. such like magnetic field sensors or reacl heacls for magnet,ic disk andtape 
recorcling. 
The origin of the AMR is the anisotropy of a ferrornagnetic material: the resistance per
pendienlar to the magnetisation is lower than parallel to it. It can be explained using the 
band structure for metals. All matcrials in which the AlVIR is observed have a 3cl-band 
and a s-band at the Fermi level. Both bands are very close together, therefore the elec
trous have a high probability toscatter frorn the s-bancl into the d-bancl[1]. 
The s-electrons contribute more to the n1rrent than the cl-electrons, becanse they have 
a higher mobility. But the resistance of the s-electrons is clue to scattering into the cl
bands ancl because these bands are not spherical like the s-bands the resistance changes 
depending on the angle between the current and the magnetisation. 

1. 3 G iant Magnetoresistance Effect 

The Giant rnagnetoresistance effect is a very important effect, because in general the 
IviR ratio is much larger than in all previous effects. It took a long time after the AMR. 
till the GMR was discovered. In 1988 Grünberg [2] saw and described the GMR for 
Fe/Cr /Fe element (figure 1.3) deposited on a fiat substrate. Cr is an antiferromagnetic 

Fe 
Cr " ' 0.4 .. 

V 
. 1.1 nm 

Fe 
.~ 

·. '· ' ., 
' '· '• ' ' 

Figure 1.3: This is the schematic structure of the GMR element Grünberg used in 1988, two 
Fe layers seperatcd by a Cr layer with a thickness changing from 0.4 nm to 1.1 mn. 

(AF) and Fe a ferromagnetic metal (FM). Both magnetisations of the Fe layers are coupled 
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Figure 1.4: Both pictures show the movement of an electron through a GMR element; the left 
one for antiparallel and the right one for parallel alignment of the magnetisation elireebons of the 
layers. Electrous with a spin parallel to the magnetisation have a low resistance and antiparallel 
aligned spins make a high resistance. 

a.ntiferromagnetical, if the Cr layer is thin enough (around 0.8nm). Antiferromagnetic 
coupling mea.ns that the magnetisations want to stayin the antiparallel at zero field. There 
is a certain field necessary to overcome this coupling and to move both magnetisations in 
the same direction as the magnetic field. This position is called parallel position. The new 
thing Grünberg saw is, that this change of the orientation of the magnetisation direction 
of the laycrs causes a change in the resistance. For very low temperatures very high MR 
ratio's are possible e.g. for Fe/Cr multilayers 90% at 4.2!( or 220% at 1.5K are measured, 
but also for room temperature several tensof percent are measured. Because of these high 
values compared to the known MR-effects this effect was called giant magnetoresistance 
effect. 
This effect can be explained by a spin dependent scattering probability and the magnetic 
layer acting as a spin filter: only the electrans with a spin parallel to the magnetisation 
direction can pass and for the electrans with the other spin directions the resistance of 
the layer is very high (figure 1.4). vVhen both magnetisations are parallel aligned the 
resistance for one spin channel (spin direction parallel to the magnetisation) is low, for 
the other one (spin direction antiparallel to the magnetisation) very high and the total 
resista.nce is low. But when the magnetisations a.re antiparallel the resistance of both spin 
channels is high, because for each spin channel there is one layer, in which the electrans 
are scattered. That means, the total resistance in this case is higher than in the parallel 
case. 

1.4 Tunnel Magnetoresistance Effect 

The TMR effect was discoverecl already in 1975 [3], but only after 1995 [4] it was possible 
to produce tunnel junctions with a high MR-ratio at room temperature. Such a tunnel 
junction consist of two magnetic layers seperated by a nonmagnetic insulating layer (figure 
1.5). 
In classical physics it woulel not be possible to drive a current through this structure 
because of the insulating la.yer. But in the quanturn physics there is a small probability 
for an electron to tunnel through this barrier if this harrier is thin enough. 
If the conducting layers are made of a ferromagnetic material than the magnitude of 
the tunnel current depends on the angle between the rnagnetisation directions of the two 
layers. The reasou for this effect is the dependenee of the tunnel probability of an electron 
through a barrier on its spin direction, see chapter 2. 
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Fe (tèrromagnet) 

Al2Ü3 (insulator) 

Fe (ferromagnet) 

Figure 1.5: The struc:ture of a TMR element consist of two ferromagnets (in this case Fe) 
seperated by an insulating oxide layer (here Al203). 



Chapter 2 

Tunneljunction 

2.1 Tunnel Current 

To derivate an expression for the tunnel current the free electron model [5} can be used, 
which is based on the follovving two assumptions. First, there is no interaction between 
the electrous and second, the electron is a free partiele insiele the crystal. \i\Tith this model 
the electrous in the electroeles are described. 
The tunnel process itself is a quantum mechanical phenomena and to calculate the tunnel 
c:urrent it is necessary to solve the Schrödinger equation 

_!!_LJ.cp(r) + U(r)cp(r) = Ecp(f'), 1 

2n~ 
(2.1) 

where cp is the wave function of the electron. 
The two electroeles are infinite thick and their potentialis assumed to be constant (figure 
2.1). Between them is a rectangular barrier with the thickness d. The potential U of it 
is higher than the energie E of the electrous in the electrodes, which can have a energy 
between 0 and the Fermi level EFL· vVhen a voltage is applied to the junction, the barrier 
becomes trapeziform. 
Usiug this the wave function cp eau be calculated. By clividing the amplitudes of r.p on the 
left aud the right side (figure 2.1) the probability for an electron to cross the barrier can 
be obtained. For a reetangalar barrier this probability, called Transmission T(E), is 

T(E) = 16E(~2- E) e-(2dfnh)2m(U-E). (2.2) 

Now the tunnel current I can be calculated by using the following integral 

I=/_: N(E)T(E) dE. (2.3) 

N(E) is the so called supply function, which contains the dependenee of the number of 
participating electranes on the appliecl voltage V8 and the temperature, 

(2.4) 

1This is time independent Schröclinger equation. Note that for an exact description the more difficult. 
time dependend Schrödinger equation has to be solved! [Lit] 
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Figure 2.1: The schematic moelel for the potential of two conductors seperatecl by a barrier 
with a thickness d. U is the potential of the harrier and EFL the Fermi level of the conductors. 

Because of the exchange splitting the energies are different for the spin up t and spin 
down + electrons. Also the energy level differ for the parallel and antiparallel alignement 
of the rnagnetisations [5]. Therefore different currents exist for both the two alignments 
(lp and JAP) and the two spin channels (I~ and I~ respectively I1p and I_ip), 

Using this the MR-ratio can be get: 

AIR= lp- JAP 
JAP 

2.2 Tunnel MR-Ratio 

(2.5) 

(2.6) 

(2.7) 

The following calculations to understand the TMR efFect are based on the .Julliere model 
[3]. He made the assurnption, that the tunnel current is for both the parallel ancl the 
antiparallel state lp and JAP is proportional to the product of the effective tunneling 
density of states, which rneans in principle the density of states at the Fermi-leveL For 
every spin channel 

This leads to (see figure 2.2) 

NJNJ +N{NJ, 
N}NJ + N{NJ, 

(2.8) 

(2.9) 

(2.10) 

where N1 are the densities of states for the a charmel of the first ferrornagnet and N2 are 
the sarne for the second ferrornagnet. 
The l\!IR-ratio is 

(2.11) 

with the polarisation P 

(2.12) 
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Figure 2.2: The left figure shows the tunneling of the electrous for the antiparallel and the 
right one for the parallel state. The .Julliere model assume, that the spin direction is conserved 
during tunneling. lp= I~+ I~ and JAP= I~p + I;1p-
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Figure 2.3: This is the MR-ratio clepencling on the polarisation P = P1 = P2 predicted by the 
.Jullien; modeL 
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If the polarisation is known, it is casy to calculate the .\'IR-ratio. How ever it is not 
possiblc to me as ure the polarisation in an exact way but only using in elireet methocls, 
which lead often to different results. Also the c:alculated I'viR-ratio is not consistent with 
the oue out of theoretica! calculation. 
An interesting preelietion of this model is the independenee of the MR-ratio on both the 
geometrie and the electronic struc:ture of the banier, which seemed to be not alright, 
because as shown above the tunnel probability of an electron clepends on the structure of 
the barrier, so one woulel expect, that this is also true for the r·ilR-ratio. 
In the model of Slonczewski [61 this is taken into account. 



Chapter 3 

Noise 

3.1 Mathematica! Background 

3.1.1 Random Pulse Train 

N oise in electronic devices is a small randomly var;áng function of time on your signa!. 
Thc ftuctuations are neither reproducible nor predictable, but some statistica! properties, 
like the varianee of the signa!, can be obtained by making many observations of the 
process. 
The origin of noise is often a large m1mber N of independent events. The superposition 
of theevent shapes f(t) gives the noise waveform x(t), 

N 

x(t) = :2: ad(t- ti), (3.1) 
i=l 

ai is the amplitude of the 'tth event and ti is the time at which it occurs. This is called 
random pulse train. 

3.1.2 Speetral N oise lntensity 

The noise can be stuclied in the time domain, but more information can be obtained, 
when the signa! is transformeel to the frequency domain. This is clone by using the 
Fourier transformation and the result is the Fomier transformeel Xr(w) ofthe signa! :c(t). 
Using this the speetral noise intensity Sx(w) eau be derivatecl, 

-5 ( ) _ 1. 2IXr(w)l 2 

x w - lm 
· T--+oo T (3.2) 

where T means the duration of the measurement and the bar denotes an average either 
over the time or the ensemble. For a time average the noise is measured for a long time 
and then the average value of x(t) can be calculated as 

1 f* x= ,lim T ~r:r(t) dt. 
f-HXJ . _

2 

(3.3) 

To get the ensemble average the noise is measured on a N 1 identical systems. The way of 
measuring ancl the structure has to be the same for all of them. In this case the average 

1with N > 1 

13 



CHAPTER 3. NOISE 

of :r(t) is 
JV 

-· . 1 Y" :r(t) = lun --- L_,:ri(t), 
N -J.()O ;V i== l 

(3.4) 

where :r;(t) is the random ,·alue of thc i-th system at the timet. An interesting question 
is now, if both lead to the same result. Processes in which this is trne are called eTgodic, 
othenvise it is nonf'.ty;odic. 

In genereal a time average is clone and one assumes, that the system is ergodic. 

3.2 Shot Noise 

The origin of shot noise is the discrete nature of an electron. Each electron gives a pulse 
in the current. The average CUlTent is the sum over all the N electrous with the charge e 
crossing the harrier in a certain time t: 

I=-N·q_ 
t (3.5) 

The minus is caused by the difference between the current direction and the direction of 
the movement of the electrons. 
According to (3.ö) the current is the sum over all tunneling electrons. Because the time 
duration of the tmmeling process is infinitesimal, the 6-function can be usPd im;tead of f 
and (3.5) heemnes 

N 

i(t) = -q "L 6(t- tk), (3.6) 
k==l 

where tk is the moment, the k-th electron tunnels. The tk have the values, that the 
number of electrous are Poisson distributed [7]. Using this equation, the current noise 
spectrum S1 can be calculated [8, 9]), 

S1(w) = 2qf. (3.7) 

This means, that the shot noise does not depend on the frequency (whitc), but only on 
the current. 

3. 3 Thermal ( J ohnson) N oise 

Thermal noise was observecl first by .Johnson in 1927/28 on a resistor in thermal equilib
rium. It is caused by the electrous moving randomly through the material due to their 
thermal energie. 
The power spectrum can be calculated by using the assumption that fluctuations are a 
result of a large number of independent, random events. An event is here an initial action, 
caused for example by collision with other electrons, which pulls the electron out of its 
equilibrium state. After that the electron moves back again to its original position. This 
movement results in a change in the voltage or current. The result is a noise spectrum, 
which does not depend on U or I and it can even be measured at U = 0. It is also 
independent of the frequency. It depends on hoth temperatur T and resistance R [8, 9j: 

S1(w) 

Sv(w) 

4kT 

R 
4kTR 

(3.8) 

(3.9) 
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m.::tal harrièr mètal 

Figure 3.1: The left picture shovvs the two metals scparateel by au insuiator in the case of no 
applied voltage. The munber of electrous for tunneling (grey part) on both sicles is the same, 
so the resulting current I is zero. The right picture shows the same with an applied voltage U. 
Now there are no electrous on the right available for the tunnel process and the resulting current 
I > 0 is from the right to the left. 

Note, that in general it is possible to rneasure thc noise of the voltage or the noise of 
the current. Each results a different speetral noise intensity, Sv(w) and S1 (w). \Vith the 
following equation it is possible to couvert them: 

-Sr-(w-) = Sv(w) (c~~)
2 

I,V 

(3.10) 

3.4 White N oise in Tunnel J unctions 

Untill no-vv two kinds of white noise are described, the Johnson noise and the therrnal 
noise. In this section the white noisc level in a tunnel junction is derivecled [10, 9]. 
Thc white noise in a tunnel junction is caused by shot noise. Electrous eau only tunnel 
frorn an occupied state to an uuoccupied state. vVhen there is no voltage over the junc
tion, on both sicles are occupied and unoccupied states available for the tunnel process. 
Therefore two tunnel currents are present Ir-+l and I 1-+r 2 . The resulting etlrrent I to the 
right is then, 

(3.11) 

In this case the tunnelcurrent from the left to the right is the same as for the right to the 
left, I is zero in this case. 
vVhen a voltage U is applied over the tunnel junction, the energy E of the electrous on the 
right electrode becomes lower. Then there are less unoccupiecl states on the left available 
for the electrous on the right to tunnel to. In this case Ir-+l becomes higher than h-rr and 
a net current I can be measured. 
The relation between It-+r and Ir-+l is [10], 

(3.12) 

2 )l"ote, tha.t the direction of the currcnt I is antiparallel to the direction of the moving electrons! 
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Both currents produce shot noise and if 11-+r and Ir-+t are uncorrelatecL their noise penver 
can be ad deel. Using (3. 7) the current noise power becornes 

Sr= 2q(Il-+r + lr-+t)-

Together with (3.11) and (3.12) the speetral noise power Sr(w) is 

qV 
Sr(w) = 2ql coth(-). 

2kT 

(3.13) 

(3.14) 

There are two limiting cases, qV > 2kT and qV < 2kT. In the first case the equation 
becornes 

Sr(w) = 2ql, (3.15)" 

and in the second one 

with (3.16) 

Th at means the J ohnson noise and the shot noise are special cases of ( 3.14). 

3.5 1/f Noise 

It is only seen at low frequencies ancl deercases with nearly 1/ f. The origin of this kind 
of noise is unknown, but there are some models, which describe it more or less well. A 
empirica! model is the Hooge relation [11] for homogeneaus samples: 

S ~(J H) = o:(H)V2 
1 

' N.f7 
(3.17) 

where Nis the number of charged particles, 1 a constant close to 1 ancl a(H) the Hooge 
constant which has found to be a constant for homogeneaus samples with a value of 
2 x 10-·3 . 

Recently 1/f noise of magnetoresistive elernents have been measurecl. There they found, 
that the 1/f noise intensity depends on the appliecl magnetic field. The explanation for 
this field dependenee was, that the magnetisation fiuctuates, which in turn produces 
fiuctuations in the resistance. This means, that where the sensor is the most sensitive, 
the noise is much higher [12]. 
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Chapter 4 

Experimental Setup 

4.1 Samples 

The samples are cleposited at Philips by sputtering and consist of nine layers, see figure 
( 4.1). On top is a Ta layer to proteet the junction from oxidation. The tunnel junction 
itself consists of two ferromagnets seperated by a insulator. The ferromagnets are builel 
of a Ni80 Fe20 (Py) layer. The Py layer is necessary to make the magnetic layer soft and a 
Co layer is needeel to reach a high spin polarisation. The Co is at the interface between 
the ferromagnet and the insulator, because the TMR-effect increases with a increasing 
polarisation. As an insulating harrier Al (0.85 nm) is usecl, which has been oxiclated for 
8 sec. Below the junction is a IrMn layer, an antiferromagnet, which exchange bias the 
secoud ferromagnet. To grow a goocl antiferromagnet a Py layer is usecl. To get a flat Py 
layer, this layer is grown on a Ta layer. 
Figure 4.2 shows an overview of the seven tunnel junctions. They are visible at the 
v-point. The big electroeles are necessary to contact the junction, because the tunnel 
junctions itself is to small to conneet it with a wire. The junctions are microfabricated 
and usecl in the following sizes: (10, 20, 50, 70p,m) x10pm (figure 4.3). 

4.2 Experiment 

\Ne want to measure the noise of a tunnel junction. Figure 4.3 shows the measurement. 
A current is driven through the sample. The AC voltage over the sample is measured. 
Because the amplifier produces extra noise and also the leads piek up noise from the 
surrounding, the voltage is measured twice and each signalis amplified a 100 times by an 
other amplifier.In this way a distinction can be made between the noise from the sample 
and the additional noise caused by the amplifiers and the leads. This distinction is clone in 
a digital signal analyser, which takes the cross correlation of the two signals and averages 
out the signal of the junction. It calculates the cross spectrum Sv ( w) and senels it to 
a computer, where it can be post processed. To avoiel aliasing a lowpass filter is used 
between the amplifiers an the signal analyser. 
Two orthogonal pair of Helmholtz coils are used to apply a magnetic field at the sample 
position. vVith a power supply a current is driven through this coils. By changing this 
cnrrent the field c:an he varicd. The current is adjustecl by a voltage from a funetion 
generator, which produces a sinewave voltage. vVhen the field at the sample position has 
thc desirecl value, the function generator stops and the field is stable. To rednee the noise 
ancl the drift in the voltage of the function generator a lowpass filter is used. The coils are 

18 
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Figure 4.1: Here the structure of the tunnel junction is shown. The harrier consistsof a 0.85 
nm thick Al layer , which is oxiclated for 8 sec. 

Figure 4.2: The figure shows the used samples. At the top of the V-shaped contacts are the 
tunnel junctions with a size of (70, 50, 20, 20, 20, 20 , lOJ.Lm) x lOJ.Lm:; going farm the left to the 
right . The black wires are the electrical contacts. 
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10 IJ.ffi 20 IJ.ffi 

50 IJ.ffi 70 IJ.ffi 

Figure 4.3: This is a close-up of the tunnel junctions. Four types of junctions are shown with 
a width of lüf.Lm, 20f.Lm, 50f.Lm and 7Üf.Lm and a height of lÜf.Lm. 

Figure 4.4: This is the schematical setup for measuring noise of the used tunnel junctions. 



CHA.PTER 4. EXPERn\.JENTAL SETUP 21 

tunetion generator 

digital signal analyser 

. EJ 
lowpass filter 

amplifiers 

Figure 4.5: This is the setup usecl for all maesurements. All instruments are conneeteel with a 
computer. 

water cooled, therefore there is no drift in the cturent through the coils due to thermal 
heating of the coils. 
To avoiel any influence from the surrounding everything has to be shielded well. Due to 
that the junction tagether with the current souree and the coils are placecl in a J.t-metal 
box, which itself is tagether with the amplifiers and the batteries in a second J.t-metal box. 
The amplifiers and the current souree are battery operated, because this reduces the 50 
Hz noise from the net. 
On thc computer a fit program is used to extract the 1/f noise from the spectrum. It 
uses white noise, 1/f noise, Lorentzians and correction term for the low pass filter. The 
program fits the following equation to the data, 

a 
f 'it =- + c . f' ' (4.1) 

where a, ~~ and care fit parameters, which are stareel in a file. The resulted a still depends 
on both the number of charged carriers N and the applied voltage V, see equation 3.17. 
N has no meaning for a tunnel junction. Therefore a is corrected only for the voltage, 

a 
{3 := V(H)2. (4.2) 

This value can then be measured as a function of the applied field. 



Chapter 5 

Measurements 

5.1 Resistance versus Field 

The resistance of a tunnel junction as a function of the applied field is measurecl. Using 
the function generator with a low frequency < 0.1Hz the field is changecl slowly ancl during 
this change a multimeter measures the voltage U over the jnnction. Because the current 
I is kept constant the changing in resistance can be calculated. 
Figure 5.1 shows the resistanc:e of a 20 pm x 10 tm1j unction for different currents I. At high 
ncgative fields the magnetisation both ferromagnets are parallel alignecl ancl therefore the 
resistance is low. For zero field the parallel alignmeut is conserveel and the free layer does 
not switch, becanse there is a ferromagnetical coupling between the two ferromagnets. To 
overcome this c:oupling a small field is necessary. Then the free layer switches and the 
resistance becomes higher. At high negative fields also the magnetisation of the biased 
(bottom) layer changes. In this case both magnetisations are again parallel aligned and 
the resistance becomes again low. 
The resistance also depends on the curTent (figure 5.1), because Ohmslawis notvaliel fora 
tunnel junction. vVhile measuring changing the field very slowly small jumps are observecl 
in the resistance (figure 5.1). The jumps are very small and seemed to be different for 
both different c:urrents ancl junctions. Probably they are due to the switc:hing of small 
clomains in the layers. 

5.2 Current dependenee of the MR-Ratio 

Out of the resistance the MR-ratio can be calculated, 

(5.1) 

Figure 5.2 shows a plot of the l\IIR-ratio for different currents and points out, that the 
ratio strongly clepencls on the current. 

vVith increasing c:urrent the MR-ratio becomes luwer and the plateau for the antipar
allel state smaller. The field at which the top layer switches does not change, but only the 
posit.ion at whic:h the bottom, strong coupled layer moves, changes. The shift is reversible 
and does not depend on the sign of the current. It conlel be clne to a heating of the junc
tion. If the current density is not homogeneons over the sample, only few points contibute 
the main current. This causes so called hot spots, point with a higher temperature than 
the rest of the sample. If thc temperature increases the exchange bias field decreases and 

22 
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for increasing field 
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Figure 5.1: In the left graph the resistance R of the junction for different currents I is plotted 
over the field H. The right plot shows a cletailecl measurement of the resistance of the junction 
in the antiparallel state. One large jump and several small jumps are observed. 
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Figure 5.2: The left graph shows the MR-ratio versus the field Hof a 20t-tm x lüp,m junction 
for different currents I. In the right graph the dependenee of the MR-ratio on the current I is 
plotteel for the same sample. For an inc:reasing c:urrent the ratio becomes lower. 
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the bias ferromagnetic layer switches earlier. 
The l\IH-ratio depends also on the direction of the current, because for nc:gativc currents 
the MR-ratio is lower than for positive ones. 

5.3 White Noise 

The white noise level s~,,. depends on the applied current (equation 3.14). The junction 
with the highest resistance is the one with an area of 100pm2 and a resistance of about 
GOD. This resistance is low compared with a resistance of about 300D of the contacts. 
Therefore the measured white noise is maily contributed by the cantacts and not by the 
junction. Bec:ause of this bad conditions for measuring white uoise only 1/ f-noise can be 
observecl. 

5.4 1/ j-Noise 

5.4.1 1/ f-Noise versus Field 

These f3 := fJ noise measurements are clone in the following way: the computer increases 
the field by about 2 Oe using the function generator. Then the signal analyser makes a 
measurement of the noise and sencl it to the computer. After that the proceelure starts 
again. 
The field H range for the measurements is -400 Oe to 400 Oe. With the used setup it was 
not possible to saturate the ferromagnet, therefore only the increasing field is measured. 
Figure (5.3) shows such a 1/ f-noise measurement. It starts always at high negative fields 
to create a good begin situation. In this part the noise is on a low level ancl stays there till 
the field is close to zero. Then the noise starts to increase and for low positive fields a peak 
appears. It is caused by the movement of the magnetisation of the free layer. This layer is 
not really free, but there is a small coupling between the two ferromagnets. To overcome 
this ferromagnetical coupling a field is necessary ancl therefore the peak is not at zero 
but at a little higher field. Both magnetisations are antiparallel aligned now. In this part 
also the 1 /f noise is on a much higher level than for the parallel case. A fmther increase 
of the field results a second peak at the position, where the magnetisation direction of 
the bias layer changes. This peak is wider than the first one. It can be explained by the 
st.rong coupling between the antiferromagnet and the ferromagnet, which causes a slower 
switching. At high positive fields the noise seems to go back to its low level, but with the 
used setup it is not possible to reach such high fields to proof this. 
It is not really clear, if the noise in the antiparallel state is really at a higher. The higher 
level seen in figure (5.3) can also be due to a overlapping of the two peaks. To proof this, 
a junction with a wider antiparallel state is necessary. 

5.4.2 Current dependenee of 1/ f-Noise 

Now the noise is measurecl for different currents. Figure (5.4) shows that the noise level at 
negative fields is almost constant. The small increases for higher currents can be caused 
hy a heating up of the sample. In the antipandlel stat(~ of the magnetisation the level 
decreases for inc:reasing current. The peak on the left side of this plateau does not change, 
but the peak on the right side becomes smaller and moves to the left, beeanse the switch
field deercases. 
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Figure 5.3: The plateau in the 1/ f-noise seems to be caused by the antiparallel alignment of 
the magnetisation directions in the ferromagnets. 

In the antiparallel state often two spikes are visible. They should be causecl by a step in 
the resistance, but measurements do not verify this. 

The changing in noise depending on the alignment is very high. A ratio for the noise 
change is defined as 

NC:= 

Sv,AP Sv p 
~ - ---t'i-v· 11AP P 

Sv p 
v'2 

p 

f3AP- f3p 

f3p 
(5.2) 

where Sv are the measured valnes of the 1/ f-noise in the parallel (P) and antiparallel 
(AP) state (figure 5.5). 
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Figure 5.4: The 1/ f-noise for different cnrrents I= -1, 2.9, 5, 10,16.6 mA is plotteel over the 
field H. 
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Figure 5.5: The plot shows the current dependenee of the TviR.-ratio. For an increasing current 
the MR.-ratio clecreases. 



Chapter 6 

Discussions 

During this work the 1/f noise and the MR-ratio in a ferromagnetic tunnel junction was 
observed. The results of the measurements show, that the l\IIR-ratio decreases for an in
creasing current. Also the antiparallel state of the magnetisation becomes smaller, which 
is dued to a heating up effect of the sample. 
The 1/f noise depends on the alignment of the magnetisation directions of the ferromag
nets, too. In the parallel case the noise is low and in the antiparallel situation it is much 
higher. For different currents the low noise level does not change, while the high noise 
level deercases for an increasing current. On both sicles of the high 1/f noise level two 
peaks are visible, which are the result of the switching magnetisation direction. The right 
peak decreases for increasing currents, becauses the switchfield changes. 
An other point is, that there is never a real plateau seen in the antiparallel state. What is 
seen is, that the noise decreased, reached a minimum and increased again. This "plateau" 
can be also caused by an overlapping of the two big peaks on the left and on the right. 
This can be investigated using a new junction with a wider plateau in the MR-ratio. 
If there are two different levels a noise ratio can be defined as 

jrvc ·= f3AP- f)p 
. (3p ' (6.1) 

where ,B is the speetral noise intensity corrected for the voltage and for the frequency. 
NC-ratios up to 450% are observed. To campare this with theoretica! ealculations the 
Julliere model can be used. In this model the parallelPand antiparallel AP c:onductance 
IS g1ven as, 

c ( 2 ) - p + 
2 

GAP 
c( 2 2 1- p ), 

where c is just a constant and p means the polarisation. 
the polarisation, this results fiuctuations in conductivity. 
conductivity fiuctuations Sa is, 

(DG) 2 

Sa= oP Sp, 

(6.2) 

(6.3) 

If there are fluc:tuations in 
The speetral density of the 

(6.4) 

where S p is the speetral clensity of polarisation fluctuations. Applying this equation on 
(6.2) and (6.3), Sc; is the same in both the antiparalel and parallel state, 

Sa,P = Sc;,AP· (6.5) 

27 
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Using the following general equation, 

(6.6) 

the speetral noise density Sv becornes 

(6.7) 

Using this for a MR.-ratio of 19% the calculated change in 1/ f-noise becomes 42%. Com
pared with the measured value of about 250% this conlel not be right. 
As already noticed before (see chapter about j\JIR-ratio )one feature of the Julliere model 
is the independenee of the iVIR-ratio on the banier geometry. The calculation says that 
the ratio of the noise levels does neither depend on fluctuations in the thickness nor on 
fiuctuations in the height. 
Using a free electron model [13) it is possible to calculate such high change for the NC
ratio. SE is the noise due to changes in the conductance band. If the bottorn of the band 
fluctuates it results noise in the current, 

(6.8) 

The result of these calculations is shown in figure (6.1). The comparing with figure (5.5) 
shows, that the trend is the same. For a tunnel junction with a MR-ratio of 38% a NC
ratio of about 900% can be get. 
In the resistance versus field curve small jumps are seen. It could be, that these are 
switching domains, but no coherence between these jumps and the 1/f noise can be seen. 
A reasonable explanation cotlld be, that it is not possible to measure it with the this 
setup. A average over the time is used, therefore the resulted peak of such a moving 
donmin woulel be averaged out or results an overload in the signal analyser. Although it 
woulel be exspectable, which describes a correlation between the 
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Figure 6.1: The figure shows a plot of the theoretica! calculations using a free electron model. 
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