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Abstract 

In a previous study the electric transport properties of ferromagnet - insuiator - ferromagnet 
tunnel junctions have been investigated. These junctions exhibit a large change in the resis
tance when a magnetic field is applied, called the Junction MagnetoResistance (JMR). As 
a result, an optimum barrier oxidation time of 150 s was found. In this work the magnetic 
properties of the same tunnel junctions have been investigated with the use of the Magneto 
Optical Kerr Effect (MOKE). A coupling between the two ferromagnets has been observed, 
which has an exponent i al decrease with the oxidation time of the insulating barrier. Three 
models are presented which could describe this coupling, of which the orange peel model is 
used to fit the data. The parameters obtained from this fit are in agreement with earlier di
rect measurements of these parameters. Comparison with the model for the Slonczewski type 
of coupling indicated that this coupling is probably nat dominant in these tunnel junctions. 
Macro-sized junctions were used to investigate the Co thickness and it seems that the Co 
bottorn magnet starts to oxidize at approximately 150 s. 
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Chapter 1 

Introduetion 

1.1 General introduetion 

In the last 10 years, a lot of research has been dorre in the field of Magnetic Tunnel Junctions 
(MT Js). These junctions consist of two metallic ferromagnetic layers, separated by a thin 
insulating harrier. Such structures exhibit the property that the resistance of the harrier 
for a current flowing from one ferromagnetic layer to the other, depends on the relative 
orientation of the magnetizations of the two ferromagnetic layers. In a parallel alignment 

7.4 

7.2 

7.0 

6.8 
a 
~ 

~6.6 

6.4 

6.2 

6.0 
-1.5 

-
~ 

--
-1.0 ·0.5 

--n--- -

18% 

-§ -
0.0 0.5 1.0 1.5 

H (kAlm) 

Figure 1.1: Magneto resistance mtasurement of a tunnel yunction, with indicated in the 
figure the MR ratio (ajter N. C. W. Kuiypers J1j). 

of the magnetizations the resistance is lower than in an antiparallel alignment. The relative 
resistance change is called the MagnetoResistance (MR) ratio. Actually, the effect was already 
discovered and explained in a simple model by Julliere in 1975, but the technology to make 
them properly did not exist until the late eighties. The main problem was to make the 
thin tunneling harrier in a controlled and reproducible way. Moodera of the Massachusetts 
Institute of Technology (MIT) managed to control this process in 1995 by fabricating the 
harriers through plasma oxidation of a thin Allayer. Figure 1.1 is an example of an actual 
resistance measurement as a function of the applied magnetic field, measured at 300 K on a 
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I ntroduction Chapter 1 

junction of MIT. 
Most research since then in the field of MT J has been focused on optimizing the fabrication 
process in order to achieve the highest MR ratio. The electrical properties of the junctions 
are now also being investigated more thoroughly [1, 2, 3], but an extensive investigation of the 
magnetic properties of the MT Js has yet to be done. Apart from governing the magnetization 
fl.ip-fields, magnetic coupling between the layers can also reduce the MR ratio, because a 
strong ferromagnetic coupling can prevent that a full antiparallel alignment is obtained. 
The main subject of this report is the magnetic characterization of a series of MT Js, in which 
the oxidation time of the barrier material is varied for a constant barrier thickness. Previous 
studies [4] have investigated the effect of different thicknesses of Al barrier materialfora given 
oxidation condition on the JMR. It was conlcuded that for thin Al interlayers, the Co bottorn 
layer could become oxidized. In [1] the oxidation of the interlayer was further investigated by 
variation of the oxidation time while the Al interlayer thickness is kept constant. A series of 
tunnel junctions was prepared for which the oxidation time ranged from 30 s to 490 s. The 
electric transport properties of these tunnel junctions have already been characterized in [1], 
which resulted in an optimum barrier oxidation time of 150 s. After 150 s the formation of 
Co-oxide was observed and the resistance showed a different behavior as a function of the 

oxidation time, as shown in figure 1.2. 
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Figure 1.2: Resistance of the tunnel junction as a function of the interlayer oxidation time 
(aft er N. C. W. K uijpers [ 1}). 

In this study the magnetic properties of the same tunnel junction will be investigated with 
the aid of the Magneto Optical Kerr Effect (MOKE). This technique was used because it 
is a local probe technique, which makes it possible to characterize the different parts of a 
sample individually. In particular the junction area can be investigated separately from the 

electrodes. 
Because MOKEis the main measurement technique used in this report, we will first describe 
the origin of the Magneto Optical Kerr Effect in chapter 2. Next we will present three theories 
descrihing magnetic coupling between two ferromagnetic layers separated by an non-magnetic 
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Chapter 1 1. 2 Technology assessment 

insuiator in chapter 3. In chapter 4 the measurement techniques used for this study will be 
descri bed, with an explanation of how the Kerr effect is actually measured. This chapter also 
includes details about the experimental setups used in this research project. 
In chapter 5 a full description of the fabrication process of the samples (wedges, tunnel 
junctions and macro junctions) is given. 
The results of our measurements are presented and discussed in the chapters 6, 7 and 8. 
Finally, the main conclusions of this research project are given inthelast chapter. 

1.2 Technology assessment 

Starage of information is one of the most important aspects of our still expanding information 
society. In most applications, the information is stared magnetically. Higher starage densities 
and faster access times are required for new generations of applications and software. This 
requires an impravement of the magnetic starage media as well as the read heads. The de
velopment of thin film technologies enabled the accurate fabrication of very small structures, 
often with considerable different properties compared to bulk materials. In 1988 this lead 
to the discovery of magnetoresistive multilayers and the Giant Magneto Resistance (GMR) 
effect. These structures show a large change in the electrical resistance when placed in a 
magnetic field, which makes them suitable for magnetic read-head application. In January 
1998, IBM introduced the first hard drives with a GMR-based read-head. An animation 
explaining the GMR effect can be found on their internet site. Other companies, like Philips, 
Seagate and Siemens, are also developing this new technique. 
The magneto resistance of a MT J could be applicable as a future generation magnetic read
head sensor, because theoretically high MR ratios can be achieved with low switch fields. 
Additionally, they could be used in new designs for non-volatile memory chips (MRAM). 
The importance of the magnetic properties for later technologkal applications is that they 
control the fields at which the separate layers switch their magnetic orientation, and therefore 
they determine the sensitivity to an external field of the later applications. Higher densities 
of information domains require more sensitive sensors, which means that the junctions have 
to switch at a low field and have a well-defined antiparallel state. 
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Chapter 2 

The Magneto Optical Kerr Effect 

2.1 Introduetion 

The Magneto-Optical-Kerr-Effect (MOKE) was first discovered in 1877 by the Scottish sci
entist John Kerr (1824-1907). He discovered that the polarization state of light changes after 
reileetion at the surface of magnetic materials. This is due to the fact that in these materials 
there is a difference in the complex Fresnel reileetion coefficients for right and left circularly 
polarized light. This difference depends on the magnetization state of the materials and the 
magnitude is proportional to this magnetization. This means that the magneto-optical Kerr 
effect can be used to measure the local magnetization of a magnet ie materiaL However, 
because the relation between rotation and magnetization is generally unknown, it is only 
possible to do qualitative, or at most semi-quantitative measurements. 

In this chapter we will define the Kerr effect and describe its relation to the polarization state 
of light and to the material properties. 

2.2 Kerr definition 

One can discern two distinct Kerr effects: Kerr rotation and Kerr ellipticity. The origin of 
these phenomena can be explained by regarding linearly polarized light as a superposition of 
right and left circularly polarized light with equal amplitude and phase. The complex Presnel 
reileetion coefficients for right circularly polarized light (RCPL) and left circularly polarized 
light (LCPL) can be written as [5]: 

r +ei4>+, 

r _ei,P_. 
(2.1a) 

(2.1b) 

If, after reileetion at the surface of a magnetic material, a relative change in the phase of the 
components occurs (</>+ i= </>_), their resultant is stilllinear but rotated with respect to its 
original direction. This is called the Kerr rotation. Kerr ellipticity is the result of a relative 
change in the amplitude of the two components ( r + i= r _). This is illustrated in 2 .1. The 
definitions of Kerr rotation ( ek) and Kerr ellipticity ( Ek) now become: 
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Figure 2.1: Graphical representation of the origin of Kerr rotation and Kerr ellipticity. (a) 
linearly polarized light may be regarded as a superposition of right and left circu
larly polarized light with equal amplitude and phase. (b) K err rotation introduces 
a relative phase shift between bath components and causes their resultant to be 
rotated. The resultant remains linear. (c) In case of Kerr ellipticity, the rel
ative amplitudes of the components are changed and the superposition becomes 

elliptical. 
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Chapter 2 2.3 Kerr geometry 

1 
2(4>+- <f>_), 

(r+-r-) 
(r+ +r_)" 

(2.2a) 

(2.2b) 

The Kerr rotation and ellipticity are generally rather small, typically in the order of w-3 

degrees. 

2.3 Kerr geometry 

In MOKE measurements the Kerr effect can usually be employed in three different geometries. 
These are the polar, longitudinal and transverse geometry, which are illustrated in figure 2.2. 
Which geometry is used in a specific case depends on the magnetic anisotropy of the sample. 

! 

~ /-M. 
longitudinal 

Figure 2.2: The three geometries in which the Kerr effect can be measured. 

For samples with an in-plane magnetization the longitudinal geometry is used, whereas the 
polar geometry is used with samples with the magnetization perpendicular to the plane. The 
Kerr effect is the largest for the polar geometry, with the longitudinal geometry an order of 
magnitude smaller. In both cases the Kerr effect is optimal if the angle of incidence (}i is 
parallel to the magnetization direction of the sample, which means that for the longitudinal 
geometry (}i is close to the Brewster angle of the material and for the polar geometry (}i is 
minimaL The transverse geometry is sensitive to an in-plane magnetization perpendicular 
to the plane of incidence. Because the effect in this geometry is even smaller than in the 
longitudinal geometry, it is seldom used, except as a verification of measurements done in 
longitudinal geometry. More details about the magnitudes of the Kerr effect for the three 
geometriescan be found in [6]. 

2.4 Dependenee on material properties 

The Kerr effect is the result of an optical anisotropy in the materiaL We will now give a 
mathematica! description of the Kerr effect in the simple case of polar geometry. Similar 
expressions can be derived for the other geometries. 
The complex Fresnel reflection coefficient for polar geometry can be written as: 

ii-1 
f=--

ii + 1' 
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where 

n =n-ik (2.4) 

is the complex index of refraction for light. Here, n is the 'common' index of refraction and 
k is the so-called extinction coefficient. Since f = rél> = r( cos q'> +i sin q'>), we can formulate 

the following equations: 

(2.5) 

(2.6) 

Here, SS(f) is the imaginary and R(f) the real part of f and f* is the complex conjugate of f. 
From these equations and with the approximations tan2Bk ~ 2Bk, k+k- ~ k2 and n+n- ~ n 2 

the following expression for the Kerr rotation and ellipticity can be derived using 2.2a and 

2.2b [5]: 

e ....., (k+- k_)(k2 + 1) + (n~k-- n:.k+) 
k'"'-' (n2+k2)2-2(n2-k2)+1 ' 

(2.7) 

and 

(n+- n_)(n2 -1) + (k~n-- k:_n+) 
Ek~ (n2+k2)2-2(n2-k2)+1 

(2.8) 

Equations 2.7 and 2.8 show that the Kerr rotation and ellipticity entirely depend on the 
optical properties of the materiaL From these equations it is clear that the Kerr effects are 
complicated functions of the index of refraction n and of the extinction coefficient k. It is 
therefore nat trivial to maximize the Kerr effect and optimize the signal-to-noise ratio. In 
chapter 4 we will describe the polarization modulation technique introduced by K. Sato [7], 

which is used to measure the Kerr effect. 
We can also describe the Kerr effect in terms of the dielectric tensor [5, 8]. As stated at the 
beginning of this paragraph, the Kerr effect can only be observed for samples with optical 
anisotropy, i.e. n+ i= n_. The permittivity of these anisatrapie materials is described by a 
tensor in stead of a scalar. This dielectric tensor E can, for solids with cubic symmetry, with 
the magnetization along the symmetry-axis (z-axis), be written as: 

(2.9) 
0 

Because of the symmetry, Exx = Ëyy· The off-diagonal elements ±Ëxy, which are odd linear 
functions of the magnetization [5, 9], are non-zero in case of optical anisotropy. The diagorral 
elements Eii are all even functions of M and Ëxx describes the optical properties in the absence 
of the Kerr effect via n2 = Ëxx· For reasans of conveniency, we now transfarm this tensor to 

circular coordinates ( r, ~ Z) using 

8 



Chapter 2 2.5 Example of Kerr hysteresis loop 

... 1 (... ·~ r = J2 x +~y, (2.10) 

with (x, iJ, Z) the unit veetors in the Cartesian basis. In circular coordinates the tensor now 
becomes: 

Ëcircular = 
[ 

(Exx +~ iExy) 0 
(Exx - iExy) 

0 

Now, the complex indices of refraction fi± can be written as 

0 ] 0 . 
Ezz 

fi_ = VExx - iExy. 

After some calculation (see [5]) and using 2.2a,2.2b and 2.4, we can write: 

yÇ(Exx -1)' 

(2.11) 

(2.12) 

(2.13) 

assuming that fh and Ek are small and that IExyl « IExxl, which is generally true in most 
materials. Equation 2.13 shows us that Exy is responsible for the Kerr effect and the size 
of the effect further depends on the optical properties via Exx in the denominator of this 
equation. Sirree the element Exy is an odd linear function of the magnetization M and Exx is 
an even function of M, the Kerr rotation fh and ellipticity Ek will also show an odd behavior 
as function of the magnetization. 
The Kerr effect is sametimes referred to as SMOKE, the Surface Magneto Optical Kerr 
Effect. The reason for this is that the penetration depth of the laser light is limited. For 
metal samples and a souree in the visible light range, typical penetration depths of 250-500Á 
are found. In chapter 6 more information about the probe depth of our MOKE setup can be 
found. 

2.5 Example of Kerr hysteresis loop 

One way to use a MOKE setup is to measure hysteresis loops of a ferromagnetic sample. In 
this case the sample is subjected to a magnetic field which sweeps from a maximum value 
in the positive direction to a minimum value in the negative direction and back. During the 
cycle of this field the Kerr rotation fh or ellipticity Ek is measured as a function of this field. 
In figure 2.3 a schematic plot of such a hysteresis loop is shown. From this loop a number of 
properties can be extracted. In the figure the definitions of the coercivity He, the exchange 
field Hex, the remarrenee ( 1J x 100%), the nucleation field Hn and the saturation Kerr rota ti on 
S are shown. 
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Field 

Figure 2.3: Schematic hysteresis loop. Indicated in the plot are some magnetic properties. 
(a) The coercivity He is half the width of the loop at zero Kerr effect. (b) The 
nucleation field Hn is the field at which the saturation starts to break down. (c) 
The exchange field Hex is the offset of the loop with respect to the zero field axis. 
(d) The remanence is the ratio~ x 100% of the Kerr effect at zero field (R) to 
that at saturation (S). 
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Chapter 3 

Interlayer exchange coupling 

3.1 Introduetion 

In general, if we have a structure containing several magnetic layers these layers tend to 
interact with each other if the distance is not too great, the so-called interlayer exchange 
coupling. Magnetic coupling between two layers is a well-known phenomenon in the field of 
magnetic multilayers. During the years, several types of coupling have been found in studies, 
like orange peel coupling [10, 11, 12], magnetic pinhole coupling [13, 14] and oscillatory 
coupling across a non-magnetic layer [15]. The type (antiferromagnetic or ferromagnetic) and 
strength of the coupling can be determined from the hysteresis loops of the sample. Consider 
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Figure 3.1: Schematic hysteresis loop for a sample of two magnetic layers with different 
coercive fields. In this case the layers have different contributions to the total 
magnetization, indicated by the difference in the step heights. In the case of 
na exchange coupling, the observed hysteresis loop is give by the solid line. For 
ferromagnetic coupling, the width of the antiparallel level tends to decrease, for 
antiferromagnetic coupZing it tends to increase. The small and large arrows 
indicate the magnetization direction of the magnetic layers at that point. 

a system of two magnetic layers with different coercive fields, separated by a nonmagnetic 
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spaeer. If we measure the hysteresis loop of the whole system in a situation when there is no 
interaction of the layers ( the uncoupled state), we will abserve a superposition of the loops 
of the layers, see figure 3.1. Coming from a high field, we see that the magnetization of bath 
layers is parallel aligned. At the first flip-field the layer with the lowest coercive field changes 
its magnetization direction and the magnetizations become antiparallel aligned. The layer 
with the highest coercive field flips its magnetization at the second flip-field, thus bringing 
the system again in a parallel state (but with the magnetizations in the opposite direction to 
the first parallel situation). 
We would like to note that the actual shape of the hysteresis loops also depends to a large 
extent on the magnetic preferenee direction (anisotropy) of the film. Figure 3.1 is the (lim
iting) case of uniaxial anisotropy, in which case only two orientations of the magnetization 
can occur, namely parallel or antiparallel to the applied field. These orientations are along 
the easy axis of the sample. The case of uniaxial anisotropy holds for all magnetic junctions 
discussed in this report, because the magnetic easy axis is induced by applying an external 
field during growth of these samples. A more detailed description of the anisotropy in relation 
to the hysteresis loop can be found in [15]. 
Coupling between the magnetic layers will result in a change of the flip-fieldsof the magnetic 
layers with respect to the uncoupled state. Ferromagnetic coupling will stabilize the parallel 
alignment of the layers by introducing an extra ( coupling-) energy term Ec which the external 
field has to overcome befare the system switches to the antiparallel state. This will bring the 
flip-fields closer together, thus reducing the width of the field interval at which the magnetic 
layers are antiparallel aligned. In case of an antiferromagnetic coupling, the antiparallel state 
is stabilized and the width of the antiparallel field interval is increased. The shift of the 
flip-fields with respect to the uncoupled state is a measure for the coupling strength. 
Assuming a single magnetic domain in the magnetic layers with magnetizations only parallel 
or antiparallel to the applied field, we can derive an analytica! expression for the exchange 
coupling constant J1 [10]: 

(Hftip- H:-)p0tA Mf 

(H[l- H~ip)p0tB M!. 

(3.1a) 

(3.1b) 

The superscripts A and B refer to the two magnetic layers with low and high reversal fields, 
respectively. H}lip is the field at which layer i (i = A, B) reverses its magnetization in the 

preserree of interlayer coupling, H~ is the reversal field in the absence of interlayer coupling 
(coercive field) and ti and M~ are the thickness and saturation magnetization of layer i, 
respectively. 
The coupling energy of two magnetic layers can generally be written as [16]: 

Ec = -Jl cos()+ h cos2 
() + ... , (3.2) 

with () the angle between the magnetizations of bath magnetic layers and J1, h the bilinear 
and biquadratic exchange coupling constant respectively. The biquadratic coupling J2 and 
higher order terms are usually small compared to J1, therefore J1 is commonly referred to as 
the interlayer exchange coupling. By definition, h > 0 in the case of ferromagnetic coupling, 
and 11 < 0 in the case of antiferromagnetic coupling. Equation 3.2 is a generalization of the 
Heisenberg farm of coupling energy. 
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Chapter 3 3. 2 Tunneling 

As mentioned before, there are several types of coupling with different mechanisms. This 
chapter will give an overview of a few coupling mechanisms, in particular coupling between 
two magnetic layers separated by a non-magnetic layer. A more extensive overview of coupling 
theories can be found in [ 16, 17]. 

3.2 Tunneling 

The tunneling type of coupling is based on a trilayer structure consisting of two ferromagnetic 
layers separated by a non-magnetic insulator. The thickness of the isolator is small enough 
to allow electron tunneling through this layer. A mathematica! methad for calculating the 
exchange coupling energy was introduced by Slonczewski [18]. He calculates the energy from 
the torque produced by the rotation of the magnetization of one layer relative to that of an 
other. The coupling is due to tunneling of polarized electrans from one magnetic layer to the 
other, and will be briefly described below. 
Consicier a structure of two ferromagnetic conductors separated by a nonmagnetic tunneling 
harrier (see figure 3.2). Here, we use a rectangular harrier with U = Uo for 0 < Ç < d and 

u 
2 3 

Uo~----------_, 

h=O h=~z~x' 
y' 

8 

0 d 

Figure 3.2: Schematic depietion of the potential in the different layers in the structure. 

U = 0 otherwise. The layers A and B are assumed to have identical material properties. In 
a free-electron approximation we can write the effective one-electron Hamiltonian as: 

-n2 ( d )2 ~ 
Hç = 2m dl, + U(Ç)- h(Ç) · if, (3.3) 

in one dimension, with m the electron ( or hole) mass and (} ( =2s) the conventional Pauli spin 
operator (Slonczewski takes electron mass and the Planck constant as unityin his calculations. 
We have foliowed his methad here and therefore these quantities are also incorporated as 

unityin the final equation). This equation consistsof terms due to kinetic energy 2~ ( fç r, 
potential U(Ç) and internal exchange energy -h(Ç) · if. The exchange splitting between spin
up and spin-down electrans is caused by the internal molecular field h( Ç). Layers A and 
B have identical material properties, and hA and hs are constant with ihAI = lhsl = ho. 
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The directions of hA and hB however differ by an angle e, which is indicated in figure 3.2 
by the corresponding spin quantization axes z and z'. The one-electron energy inside the 
ferromagnets is: 

lî2 
E€ = 

2
m k; - CYh0 , (J = ±1, (3.4) 

where lîka is the electron momentum. (The notation CY = ±1 and CY =i, l will be used 
interchangeably henceforth). Inside the barrier the energy is: 

(3.5) 

where in"' is the imaginary electron momentum. 
We now assume a spin-up incident plane wave in region 1 (ferromagnet A, Ç < 0 in fig. 3.2) 
and consider the effect of the boundary conditions in all regions. In region 1 the eigenfundion 
of H€ with eigenvalue E€ can be expressed as: 

(3.6) 

(3.7) 

where Rr, R1 are reileetion coefficients, which are still to be determined. In region 2 (harrier, 
0 ~ Ç ~ d) the wave has components: 

"'' A _".,€ + B ".,€ 'l-'a2 = ae ae , (3.8) 

wi th CY =i, l and coefficients Aa and Ba to be determined. In region 3 ( ferromagnet B, Ç > d) 
we only have a transmitted wave: 

ni/ = c eiku(€-d) 
'1-'a3 a ' (3.9) 

with Ca to be determined. We write ij;' instead of ij; to indicate the change of quantization 
axis, with corresponding coordinate system x', y', z'. To solve the Schrödinger equation, we 
must find the eight unknown coefficients Ra,Aa,Ba,Ca (CY =i,l) by matching i/Ja and d:rr 
at the interfaces Ç = 0 and Ç = d. Because in region 3 a different coordinate system is used, 
matching at Ç = d requires the spinor transformation: 

(3.10) 

(3.11) 

and similarly for the derivatives, with e the angle between the molecular field in layer A and 
B (see fig. 3.2). 
The approximate solution of this problem has been found by Slonczewski [18]. From these 
solutions we can derive expressions for the transmission of the spin components: 
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(3.12) 

for the transmission component parallel to the quantization axis z, and 

(3.13) 

for the component perpendicular to Tz. Now, f = (Tx, Ty, Tz) is the expectation value of 
Pauli spin transrnitted through the harrier. Slonczewski now calculates the spinor rate a.::t, 
which is a combination of the transmission frorn A to B of a i incident wave in ferrornagnet 
A and vice versa. He surns iJ A over the occupied states in order to get the total spin current 
SI per unit area flowing frorn A toB. In the case of no external potential applied (V= 0), 
when there is no net current through the harrier and no energy dissipation, the only surviving 
component is S Ay (perpendicular to the plane of rnagnetization rotation, as shown in figure 
3.2), in which case we can write: 

(3.14a) 

(3.14b) 

if we evaluate the expression for a systern with two bands. This tot al spin-current S Ay 

represents a change in angular momenturn and therefore a quanturn-rnechanical torque, and 
if we equate this quanturn torque with the classica! expression for torque we obtain: 

(3.15) 

According to equation 3.2, the energy of exchange coupling between two ferrornagnetic layers 
can be written as Ec = -J1 cos(}+ h cos2 e. If we ornit the biquadratic coupling term J2, 
which is usually much smaller than the bilinear term J1, this equation implies a torque 
proportional to: 

(3.16) 

Using equations 3.14a, 3.14b, 3.15 and 3.16, we can now write for the exchange coupling 
constant J1: 

e-2/'i,d 

Jo---;p:-, (3.17a) 

Jo (
u, - E ) 1-i:3(1-i:2- krkl)(kr- kl)2(kr + kl) 

0 F 7r2(1-i:2 + kf)2(~-i:2 + kf)2 (3.17b) 
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The prefactor Jo is plottedas a function of the reduced barrier height K2 /kf in figure 3.3. This 
figure shows that the magnitude of the coupling strongly depends onthefactor ktfk1. The 
zero crossing, where the coupling changes from sign and therefore from antiferromagnetic to 
ferromagnetic coupling, also depends on this factor. This crossing is where the barrier height 
K2 /kf equals ktfkr, because the term (K2 - krk1) is the only term in equation 3.17b that can 
become negative. 
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Figure 3.3: 1his figure sho'IJjs the dependenee of the Sloncze'IJjski coupling on the barrier 
height and thickness. (a) Rtduad exchange coupling Jo vs the barrier height 
K2 /k~ jor difJerent talues of ktfkr. For ktfkr = 1, Jo = 0 jor all barrier heights. 
1he dashtd line indicates the ealculattd talue jor Co (bastd on the jne eltctron 
modeland a barrier height of 2 eV). Figure (b} sho'IJjs the dependenee of Jl/Jo 
on the barrier 'IJjidth jor K = 7 x 109 m-1 . lt sho'IJjs a more than exponential 
dtcrwse, with a singularity jor ultra thin thicknesses. 

Calculated values (based onthefree electron model) of the ratio klfkr can be found in [19]. 
For Co this value is approximately 0.9, which means that the coupling factor Jo is very small 
and the coupling is antiferromagnetic if the barrier height K2 /kf < 0.9. 

3.3 Magnetostatic coupling 

The magnetostatic type of coupling between two magnetic layers separated by a (thin) non
magnetic layer, described by L. Neel in [20] is also referred to as "orange peel" coupling. The 
origin of this coupling can be found in the topographic setting of the interfaces of the different 
magnetic layers. In general, layers made with MBE or by sputtering techniques are never 
atomically flat due to imperfections in the substrate and irregularities during the production. 
Consicier two ferromagnetic layers A and B, separated by a non-magnetic interlayer I. If the 
surface of A contains some irregularities, they will nat vanish with the deposition of layer I, if 
I is thin. Instead, those irregularities can be reproduced in the interface I-B, by which bath 
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interfaces will have a certain coherent roughness. This roughness consistsof bumps and pits, 
herree the name "orange peel". Each bump and pit of these interfaces has walls inclined to the 
magnetization, which will contribute toa small magnetic dipole. These dipales on either side 
of the spaeer will interact with each other and give rise to a coupling energy. The coupling 
is ferromagnetic if the roughness of the lower interface propagates to the upper interface and 
thus leads to a positively correlated interface roughness, as shown in figure 3.4. 

} 
A ------.MA 

Figure 3.4: Schematic showing the layer composition and parameters of orange peel cou
pling. This is a positively correlated interface, with A and B ferromagnetic 
layers and I a non-magnetic interlayer. The parameters À and h are the wave
length and amplitude of the roughness respectively, and d is the thickness of the 
interlayer. 

To calculate the magnetic coupling energy, the roughness is modelled by a sinusoidal shape, 
which can be written as: 

. (27rx) . (27ry) z=h·sm T sm T , (3.18) 

where x, y, z is an orthogonal set of coordinates, with z the direction perpendicular to the 
interface planes and x, y the in-plane coordinates. The roughness is characterized by its 
wavelength À and amplitude h (see figure 3.4). The calculation of this magnetostatic coupling 
energy is performed in [21]. In the case of two different magnetic layers (MA =f. MB) with 
the magnetization uniform and rigidly directed along an easy axis, the coupling constant J1 
is given by: 

(3.19) 

with d the thickness of spaeer I. 
If the magnetizations MA and MB make an angle e with respect to each other, as seen in 
figure 3.4, the coupling energy can be written as: 

(3.20) 
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It is clear from equation 3.19 that this type of coupling is extremely sensitive for changes in the 
spaeer thickness d and the roughness wavelength À, because both are in the exponent of the 
equation. In figure 3.5 a graphical representation of the reduced coupling energy h2 t M /J-o A B 

is given. The scale of wavelength À is believed to be determined by the grain size [11] and 

1.4x109 
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1.ox1o' 
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~0 
:::1. 8 '5 6.0x10 

-"") 
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0 2 4 6 8 10 

barrier width (À) 

Figure 3.5: Reduced orange peel coupZing energy Jjh2 J-LoMAMB plotted versus the barrier 
thickness for three different wavelengths À of the roughness. The slope of the 

graph at barrier width d = 0 intersects with the x-axis at d = 27r~. 

only the correlated interface roughness on both sicles of the spaeer is taken into account in 
this calculation. In case of an uncorrelated interface roughness, Demokritov et al. [22] have 
shown that this will introduce a magnetostatic coupling energy of the form E2 = h cos

2 
(), 

which means a biquadratic type of coupling. 

3.4 Pinhole coupling 

Another type of coupling is pinhole coupling. Pinholes are magnetic channels in the non
magnetic spaeer material, which magnetically conneet the two layers, as can be seen in 
figure 3.6. They find their origin in imperfections in the growth of the layers. If the first 
layer contains a certain roughness at the interface, a thin layer of spaeer material will not 
completely cover it. The spots which are still uncovered will become the pinholes if we deposit 
the second magnetic layer on top of this structure, because at these spots the second magnetic 
layer will be in direct contact with the first layer. Because of the direct-contact nature of the 
pinholes, the coupling will be (strongly) ferromagnetic. 
Although pinholes are widely reported in literature as an undesirable side-effect of imperfect 
growth, few rnadeling has been clone on this subject. The work that has been clone in this field 
is mostly phenomenological and aimed at avoiding these pinholes. Gradmann et al. [13] have 
investigated the coupling between two ferromagnetic films through an antiferromagnetically 
coupling spaeer of finite extension and found that there is a critical width for the spaeer 
below which complete ferromagnetic coupling remains stabie despite the antiferromagnetic 
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FM 

Figure 3.6: Pinhole coupZing through a magnetic channel in the non-magnetic spaeer mate
rial. The two ferromagnetic layers are magnetically connected. 

coupling. The model presented in that work is a simplified two-dimensional approach to 
the problem, and it does not include a dependenee on the areal fraction of pinholes. It is 
therefore not really a model for pinhole coupling. However, in the artiele the ferromagnetic 
coupling in the pinholes is roughly estimated to be J F = A;2 

, with A the exchange stiffness 
of the ferromagnetic material and t the thickness of the ferromagnetic layers. In this artiele 
they use the numerical value for Co of A= 1.0 x 10-11 Jjm, which would leadtoa coupling 

strengthof 0.01 Jjm2 fora Co layer of 80 A. 
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Chapter 4 

Measurement techniques 

4.1 General introduetion 

In this report several techniques, like MOKE and SQUID are used to measure several aspects 
of the samples. Of these techniques, MOKE is the main methad used for most of the mea
surements. In this chapter we will describe the main two measurement techniques used for 
this researçh, namely MOKE and SQUID. 

4.2 MOKE 

4.2.1 Introduetion 

The Kerr rotation fh and the ellipticity Ek can be measured with a relatively simple exper
imental setup. In figure 4.1 such a setup is shown with the most basic elements needed. 
Monochromatic light from a laser passes through the first polarizer and is directed at the 
sample to be measured. The intensity of the reflected light is detected by a detector after 
passing through an analyzer (polarizer), which is crossed with the polarizer. Because of the 

\) magnet 

Figure 4.1: Basic experimental setup for MOKE measurements. 

crossing of the two polarizers, the intensity of the detected light will be minimal if the sample 
does not change the polarization direction, which means the sample is nat magneto-optically 
active or the magnetic moment is zero. However, if the sample is magneto-optically active 
and has a non-zero magnetic moment, the polarization of the light will be rotated and the 
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detected intensity will increase. The angle through which the analyzer needs to be rotated 
in order torestare minimum intensity is the Kerr rotation Bk. 

In practice this methad is rarely used, because in general the angles Bk and Ek are extremely 
small ( « 1 o), making it difficult and time-consuming to accurately position the analyzer. 
An alternative methad which avoids these problems uses a polarization modulator (photo
elastic modulator, or PEM) in combination with a lock-in amplifier [7]. The advantages of 
this method include a high sensitivity (up to 0.001 degrees), the possibility to simultaneously 
measure Bk and Ek, and the fact that the technique is useful in a wide range of wavelengths. 

4.2.2 The photo-elastic modulator 

A photo-elastic modulator, or PEM, is used to modulate the polarization state of light. 
It consists of a birefringent crystal, e.g. CaF2, mounted on a piezo-electric crystal, which 

sample 

b) rotatien 

x 

analyzer 
Llll.lJWill'Wf 

laser a) ellipticity 

detector 

Figure 4.2: Snapshot of the polarization states of the light at Jour different locations in a 
MOKE setup with PEM. Befare the PEM the light is linearly polarized; in be
tween the PEM and the sample the light changes from LCPL to RCPL with 
frequency f. (a) In case the sample introduces a K err ellipticity, one of the 
circular components will be (partly) absorbed. (b) In case of Kerr rotation, one 
of the components will be phase shifted with respect to the other, with the super
position of both components still linear. Note that the ellipticity and rotation 
are depicted under different angles. This is only for the clarity of the figure; in 
reality there is only one lightbeam. 

vibrates with a frequency f. The oscillating pressure from the piezo-electrical crystal changes 
the optical axis of the birefringent element along the vibration axis. The result is that any light 
passing this element will have it 's component parallel to the vibration axis alternately retarded 
or advanced in phase with respect to the phase of the transverse component. The amplitude 
of the vibration determines the retardation. Specifically, if incoming light with wavelength À 

is linearly polarized under 45° with respect to the vibration axis, a vibration amplitude which 
corresponds to >.j 4 retardation will change the light into alternately right circularly polarized 
light (RCPL) and left circularly polarized light (LCPL). This is schematically illustrated in 
figure 4.2. 
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After reflection at the sample, the light passes through an analyzer, which takes the x
projection Ex of the light vector. If no Kerr effect is present, this x-projection will be constant, 
which means a constant intensity at the detector, see figure 4.3(a).From the previous sections 

E,r--------------------------------------------------------------

tL lQJO lalL la 0 la lL 
0:0° 0:-45° 0=-90° 0=-45° 0:0° 0:45° 0=90° 0=45° O:O• 

E 

Figure 4.3: Principle of the polarization modulation technique in MOKE measurements. 
(a) Polarization states of light and the magnitude of the electric field vector Ex 
along the x-axis in case no Kerr effect is introduced . (b) Polarization states 
and Ex iJ the sample introduces a Kerr ellipticity Ek. (c) As for (b), but with 
Kerr rotation fh introduced instead of Kerr ellipticity. 

we know that a magneto-optically active sample has different reileetion coefficients for RCPL 
and LCPL. If the sample introduces a Kerr ellipticity, one of the circular components RCPL 
and LCPL will be absorbed, resulting in a variation of Ex with frequency f, as shown in 
figure 4.3(b). In case of Kerr rotation (figure 4.3(c)), all polarization states rotate through 
fh and Ex will vary with twice the modulation frequency f. This means that the Bk and 
Ek signals can be independently determined by measuring the 2f and f components of the 
detector signal. 

4.2.3 Measuring MOKE 

The actual setup used is shown in figure 4.4. The setup used for the measurements in this 
report is designed at the Eindhoven University of Technology and wasbasedon the MOKE 
setup of the Philips Research Laboratodes in Eindhoven. For more information about this 
design, see [23]. In this setup, two lock-in amplifiers are used to give the possibility to measure 
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both the intensities 1(2!) and J(f) simultaneouslyo The modulation frequency f is high (50 
kHz) to avoid noise problemso Next we will calculate fh and Ek in terms of the measured 

signals 1(2!), I(!) and J(O)o 

Computer 

AC 

DC 

~----------------~ magnet 
power supply 

polarizer 

lens 

hall probe 

Figure 4.4: MOKE measurement setup, as used at the Eindhoven University of Technologyo 
This setup uses the polarization modulation technique as explained in the texto 

If we represent every optical component in the system by a matrix, the amplitude of the 
detector signal can be determined by means of a Jones matrix calculation [8, 24]0 Assuming 
that the light leaving the souree has an electric field vector of 

- [ Ex ] 1 [ 1 ] Ein = Ey = J2 1 , (401) 

in Cartesian coordinates and with amplitude of unityo The electric field vector of the light at 
the detector position canthen be written as: 

Êdet = A 0 R 0 Te-e 0 M 0 Êin ° (402) 

The factors A, R and M in this equation are the matrix representations of the analyzer, the 
reflection at the sample and the modulator (PEM) respectivelyo Te-e is a matrix to transfarm 
from Cartesian to circular coordinateso The Jones matrix for the modulator !VI is [8, 24]: 

[ 

eitJ/2 0 ] 
!VI = 0 e-itJ/2 ' 

(403) 
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with 8 the retardation, described by: 

8 = 8o · sin 21r ft, (4.4) 

where 8o is the amplitude of the retardation and f the modulation frequency. Because of the 
circular character of the polarization of the light, it is convenient totransfarm from Cartesian 
to circular coordinates by applying the matrix: 

1 [ 1 Te-e= J2 1 
i. ] . 

-'/, 
( 4.5) 

The Jones matrix for the reflection at the sample is: 

(4.6) 

with r ± defined in Eq.2.1a and 2.1b. For the linear analyzer we can write the Jones matrix: 

1 [ 1 e-i
2

</J ] 
A= 2 ei2</J 1 ' (4.7) 

with 1> the angle of the transmission axis of the analyzer with respect to the x-axis. We can 
now write the intensity of the light beam in front of the detector as: 

I= 1Edetl
2 

= EJet · Edet· (4.8) 

Using Eq.4.2 and substituting Eq.4.3 to Eq.4.7, we can calculate I to be: 

I = ~ [ ( r! + r~) + ( r! - r~) sin 8 + 2r + r _ cos 8 · sin ( 21> + ~<I>)] , ( 4. 9) 

with~<I> = 1>+-1>- = 2fh (seeEq.2.2a). Assumingthat (r+-r-) « (r++r-) thisexpression 
can be approximated by [5]: 

I~ ~R [1 + 2Ek · sin8 + cos8 · sin(21> + 2t'h], (4.10) 

where 

( 4.11) 

The terms sin8 and cos 8 can be expanded into Bessel functions ln(x) of order n. Substituting 
8 = 8o sin 27r ft, this becomes: 

sin8 

cos8 

2Jl(8o) sin27rft + 2J3(8o) sin61rft + ... 
lo(8o) +2h(8o)cos47rft+ ... 
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10 

Figure 4.5: Plot of the Bessel functions Jo, J1 and h. 

The Bessel functions Jo(x), J1(x) and h(x) are plotted in figure 4.5. If we neglect all terms 
higher than second order, we can rewrite Eq.4.10 into: 

with components: 

I~ I(O) + I(f) sin 27r ft+ I(2J) cos 27r(2J)t, 

I(O) 

I(!) 
I(2f) 

Io 

= Io [1 + Jo(8o) sin(2<P + 2fh)], 

Io [4EkJ1(8o)], 

Io [2h (8o) sin(2<P + 2lh)]. 
1 
2R. 

For small angles <P of the analyzer axis, the following approximations can be made: 

Now we can write: 

sin(2<P + 2ek) ~ (2</J + 2fh) « 1, 

I(O) ~ Io. 

I(f) I(2J) 
<P + fh = 4h(8o)I(O). 

(4.13) 

(4.14a) 

(4.14b) 

(4.14c) 

(4.14d) 

(4.15) 

(4.16) 

( 4.17) 

As we can see from these equations, Ek can be measured and calculated directly but measure
ments for ek will have an offset of </J. In practice however the magnetic field is sweeped from 
positive to negative polarity during a Kerr measurement, which means that the Kerr signal 
is measured for both magnetization directions of the sample. A reversal of the magnetization 
direction of the sample will change the sign of fh, while the offset <P will remain the same. 
Therefore the offset will cancel out in the total measurement. 
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From equations 4.14b and 4.14c it is clear that the signals I(f) and !(2!) depend on the 
functions J1 ( 8o) and h ( 8o). These functions have their maximum at different values of 8o 
(see figure 4.5), namely: 

= 0.5819 for 8o = 1.84 (or 105.4°), 

0.4865 for 8o = 3.05 (or 174.7°). 

(4.18) 

( 4.19) 

This means that the signal-to-noise ratio for Kerr rotation and ellipticity is optimalat different 
values of retardation amplitude, but both signal can be measured tagether by choosing an 
intermediate value of 8o, or by switching the retardation between the readout of the I(f) and 
I(2f) signal. The measurements described in this report were all rotation measurements and 
the retardation amplitude was therefore chosen 8o = 3.05. 

4.3 SQUID 

Measuring with a SQUID, whieh is an abbreviation for Superconducting QUanturn Interfer
ence Device, is basedon measuring the flux of the sample through a set of superconducting 
piek-up coils. We will give a briefdescription of the measurement principle of the SQUID. A 
more detailed description can be found in [25]. 
The SQUID uses a superconducting ring, whieh contains a Josephson junction, see figure 4.6. 
This ring is what is actually called the SQUID. The flux of the piek-up coils is coupled to 
the SQUID ring and the Josephson junction will give a certain response, from which it is 
possible to calculate the magnetic moment of the sample. We will now briefly describe the 
d.c. (direct current) and a.c. (alternating current) Josephson effect. 

Josephson junction 

cf~ 
SQUID 

Figure 4.6: Schematic overview of the SQUID magnetometer. 

A Josephson junction is a weak coupling between two superconductors. It can consist of 
a superconducting point contact, a thin oxide layer, or a normal material between the two 
superconducting materials. A phase difference between the wave functions of the electrans 
on bath sides of the junction will generate a d.c. supercurrent Is through the junction. This 
current depends on the phase difference () : 

( 4.20) 

with Ie the maximum or critieal current that can flow through thejunction without generation 
a voltage across it. This is called the d.c. Josephson effect. If the current through the 
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junctions is larger than Ie, a voltage V appears across it and the current starts to oscillate 
with frequency w = ~, where <I>o = ;e with e the electron mass. This oscillation is called 

the a.c. Josephson effect. 
A superconducting ring cantairring a Josephson junction, like the SQUID, has a phase differ-
ence e over the junction related to the flux <I> through the ring: 

-27r<I> 
0=--. 

<I> a 
(4.21) 

An external field with flux <I>e will generate a flux <I> through the ring. Normally, a super
conducting ring can only contain quantized values of the flux through it, <I> = n<I>o with n an 
integer. Because of the junction, the flux through the ring is not strictly quantized anymore, 
but the supercurrent Is will still shield part of the external flux <I>e. The flux <I> through the 

ring can be written as: 

(4.22) 

where Lis the self-inductance of the SQUID ring. In figure 4.7 <I> is shown as a function of 
<I>e for Lic = 0.7<I>o. The arrows represent the transitions between the stable quanturn states 

n = 0 and n = 1. 

2.0 

0 

~ 
>9 1.5 
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n=O 

2.0 

<IJ ec 

Figure 4. 7: 1otal magnetic flux <I> through the SQUlD as a junction of the external applitd 

flux <I>e jor Lic = 0.7<I>o. 

When the externalflux <I>e increases, the flux <I> through will increase less rapidly because the 
supercurrent Is partly shields the external flux. Is can continue to increase until it reaches 
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its maximum value Ie at <I>e = <I>ec· The flux through the ring will then be <I> = <I>c and across 
the junction a voltage will momentarily appear, which makes it possible for the SQUID to 
make a transition to the next quanturn state (n = 1). So each time <I>e becomes too high 
for the present quanturn state, the junction makes it possible to switch to the next quanturn 
level. A similar transition takes place when the external flux decreases. 
The SQUID ring is coupled with a circuitry, whieh determines from the flux through the 
SQUID the flux in the piek-up coils. With a calibration it is now possible to determine the 
magnetie moment of the sample in the piek-up coils. 
The SQUID used for the measurements in this report is manufactured by Quanturn Design, 
model MPMS-58. According to the manufacturer, the maximum sensitivity is 10-10 Am2, 

or 1013 1-LB (Bohr magnetons). The temperature range for measurements is 1.7 K to 400 K 
and the maximum field is 5 T. 
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Chapter 5 

Experimental metbod 

5. 1 Sample preparation 

5 .1 .1 General 

For the measurements discussed in this report two sorts of samples were prepared. Most 
samples were tunnel structures, with a magnetic top- and bottorn layer separated by an 
insulating layer across which tunneling is possible. These tunnel structures were prepared 
in two different ways, in this report called "tunnel junctions" and "macro junctions" . The 
tunnel junctions have a separate bottom- and top electrode in the farm of strips which 
are mutually perpendicular, creating only at the (small) junction area of bath electrades a 
tunneling structure, as seen in figure 5.1. Because some measurement techniques used in this 
report require a homogeneaus sample with sufReient (magnetic) material, so-called macro 
junctions were prepared, which consist of a tunneling trilayer covering the entire sample. 
The second type of samples consisted of wedge-shaped structures, with the thickness of one 
of the layers varying over the sample in a wedge-like manner. The complexity of these 
samples ranged from simple arre-material wedges to tunnel-like structures with one of the 
layers wedged. 
All tunnel structures were prepared by J.S. Moodera and R.J.M. van de Veerdonk at the 
Francis Bitter Magnet Labaratory of the Massachusetts Institute of Technology. The wedges 
were preparedat the "CARUSO" sputter facility of the Eindhoven University of Technology 
by H.J.M. Swagten and P. LeClair. 

5.1.2 Tunnel junctions 

The tunnel junctions discussed in this report consistedof a set for which the magnetic top- and 
bottorn electrades were identical in thickness for all samples, but with variabie oxidation times 
for the interlayer. For every oxidation time three junctions were made to imprave statistics 
of the measured data. Preparation of the tunnel junctions was clone in a high vacuum system 
by thermal evaporation. The base pressure of this system was 3 x 10-10 mbar. Glass was 
used for the substrate, which was cleaned befare deposition in an oxygen glow discharge. This 
glass substrate was caoled to liquid nitrogen temperature befare deposition and was kept at 
this temperature during deposition of the Co bottorn layer and the Al interlayer with the 
use of a "cold finger" attached to the substrate. This ensured maximum smoothness of the 
surface of these layers. 
For good adhesive properties, a 10 A thick silicon layer was deposited on the caoled substrate. 
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On this seed layer, an 80 A thick Co bottorn electrode was deposited through metallic shadow 
masks, see figure 5.1(a). A magnetic field of 8 kA/m was applied along the long axis of the 
bottorn electrode during the growth to induce a magnetic easy axis in this direction. The 

a b c d 

Figure 5.1: A step-by-step depietion of the preparation processof tunnel junctions. Step (a) 
shows the deposition of the Co bottorn electrodes. In (b) the overall area of the 
sample is covered with an aluminum layer, which is subsequently oxidized with 
a glow discharge. (c) On top of this a set of three NiFe electrades is deposited. 
The oxidation process and step (c) are repeated to result in a structure as shown 
in (dJ, where the whole structure is covered with a protective aluminum layer. 

entire area was covered with a 12 A or 14 A Allayer (b), which was subsequently oxidized 
for 60 s in an oxygen glow discharge at approximately 300 K to create the barrier. After the 
oxidation the first set of three 80 A thick NisoFe2o top electrades was deposited perpendicular 
to the bottorn strip (c), also in a field of 8 kA/m along the bottorn electrode. The whole 
structure was then oxidized again, e.g. for 60 s, making the total oxidation time 120 s. 
Depositing another set of top electrades completed the junctions with this barrier oxidation 
time. This process was repeated another two times during one fabrication run to create 
4 different oxidation times (d). In a second run another 4 different oxidation times were 
fabricated, making a total of 8 different oxidation times. Run 1 consisted of junctions with 
oxidation times 60, 120, 210 and 360 seconds and the junctions of run 2 were oxidized for 
30, 150, 280 and 490 seconds. Finally, the whole substrate was covered with a 20 A Ab03 
protective layer, by depositing Al in a 02 atmosphere. The electrades have a width of 200 
f1ID, making the total junction area 4x10-4 cm2 . 

Ni Fe 

Co 

Si substrate 

Al 20 , 
proteelive layer 

I ----. A 120 , ba rrie r 

Figure 5.2: Cross-section of a tunnel junction along the NiFe top-electrode. The picture is 
not drawn to scale. 

We now have two different areas for both layers: the area where the layer is part of the tunnel 
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structure (junction area), and the area beside the junction. To discriminate between these 
different positions, we will use the name "layer" to indicate the part at the junction area and 
"electrode" to indicate the part beside the junction. 

In figure 5.2 a cross section (along a top electrode) of the entire layer structure is shown 
for a certain oxidation time. Note that for the shown oxidation time, the harrier is fully 
oxidized, leaving no unoxidized Al. For other oxidation times the picture can be slightly 
different. Depending on the length of the oxidation time, Al could be left unoxidized for 
short oxidation times, or the Co electrode could be partly oxidized for longer times. 

We would like to note that this production method implies that the NiFe top-electrades are 
also unintentionally subjected to glow-discharges. Figure 5.3 shows what determines the 
oxidation time of the different parts of a tunnel junction. 

a) oxid ized N iF e b) 

oxidized Co 

Figure 5.3: Oxidation of Co bottam electrode and NiFe top electrode. Figure (a) shows the 
situation ajter the first top electrode of a production run is deposited: the Al 
interlayer is partly oxidized and some unoxidized Al is lejt over. Befare the 
next top electrode is deposited, this entire structure is subjected to the second 
glow-discharge, thereby further oxidizing the uncovered Al and part of the first 
top electrode. Ij this oxidation time is long enough to fully oxidize the Al, 
the oxidation of the Co starts. Shown in (b) is the result ajter deposition of the 
second electrode. The overall result is that the Co electrades (beside the junction 
area) are oxidized for the maximum oxidation time minus the time it takes to 
oxidize the Al layer. The oxidation time of the Co underneath the junctions 
depends on the oxidation time of the junction, and the oxidation time of the top 
electrode depends inversely on the junction oxidation time (see table 5.1}. 

During one production run junctions with four oxidation times have been produced, so the 
top electrades of the junctions with the shortest oxidation times tjunction (first deposited) are 
oxidized for tNiFe = tma:x- tjunction seconds, with tmax the maximum oxidation time during 
that run. See table 5.1 for an overview of these oxidation times. 

For the Co bottorn electrades this is slightly different. Because the entire sample is covered 
with Al before the first glow-discharge takes place, the Co electrode is also entirely covered 
with Al, as shown in figure 5.3(a). This means that the Co only starts to oxidize when the 
Al is fully oxidized and the oxidation process reaches the bottorn electrode (shown in figure 
5.3(b)). Thus, the entire Co electrode for one run is oxidized for tmax (of that run) minus 
the time it takes to fully oxidize the Al layer. Because it is not known how long it takes to 
oxidize the Allayer, we will simply assume that the Co electrode is oxidized for tmax (see table 
5.1). The oxidation time of the Co layer underneath the junction depends on the junction 

33 



Experimental methad Chapter 5 

tjunction tNiFe tea run# 
(sec) (sec) (sec) 
30 460 490 1 
60 300 360 2 
120 240 360 2 
150 340 490 1 
210 150 360 2 
280 210 490 1 
360 0 360 2 
490 0 490 1 

Table 5.1: Overview of the oxidation times of the different components of the sample. Note 
that the oxidation time of the Co bottorn electrode tea should be corrected for the 
time it takes to oxidize the covering Al layer. 

oxidation time. 

5.1.3 Macro junctions 

The procedure to make macro junctions is essentially the same as for the tunnel junctions, 
except that for the macro junctions no shadow masks are used during deposition of top- and 
bottorn layer. This results in a sample which consists of one large junction area of 10x 10 
mm2 or 4x12 mm2, withno electrode strips attached to it. Obviously, this means that no 
electrical (JMR) measurements can be doneon these samples. 
Two sets, A and B, of macro junctions were prepared, both on Si substrates. Set A consisted 
of 4 different oxidation times (60, 90, 120 and 150 s) and 3 different Al spaeer thicknesses 
(10, 12 and 14 A), makinga total of 12 samples. The bottorn electrode of this set was made 
of 100 A Co, the top electrode was 100 A NisoFe2o· The samples were covered with a 20 A 
Al203 protective layer. 

... 
NiFe 

'• ' "JJW""'' ~' 

Co ~ 

- Si substrata 

----p 

""'' 

AI,O, or Ag 
rotective layer 

AI,O, barrier 

Figure 5.4: Schematic cross-section of a macro junction along arbitrary direction. The 
preparation methad is explained in the text. The figure is not drawn to scale. 

Set B consisted of only one Al spaeer thickness of 12 A, which was oxidized for 8 different 
times in two runs B1 and B2. Run B1 consistedof the oxidation times 30, 90, 150 and 490 s, 
and the samples of run B2 were oxidized for 60, 120, 210 and 360 s. The thickness of the Co 
bottorn electrode and NiFe top electrode were 80 A and 60 A respectively. To proteet this 
structure, for this set of samples a 10 A Ag layer was used. See figure 5.4 for a cross-section 
of a macro junction. 
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Initially set B was meant to be covered with Au as a protective layer, but since we ran short 
of Au, Ag was used instead. This protective Ag layer turned out to be to thin to proteet 
the structure from oxidation, which was visible with the naked eye or under a microscope as 
clusters of oxidized materiaL FUrthermore, an investigation of the sample with XPS showed 
that NiO was present at the sample surface. 

5.1.4 Wedges 

The wedges used for investigating the penetration depth of the laser light were sputtered in 
a vacuum system with a base pressure of 2 x w-8 mbar. This system is capable of handling 
masks to produce laterally structured samples. The masks can be moved linearly for growing 
the wedge-type (layered) configurations used in this report. In figure 5.5 it is shown how 
these wedges were grown. 

partiele flux 

shutter 1 1 1 1 1 
- L..._ ___ __,_ ________ _, 

substrate 

Figure 5.5: Principle of wedge growth. The shutter moves with a constant velocity to the 
left, thereby uncovering more and more of the substrate. The right end of the 
substrate has been exposed to the partiele flux for the longest period and is there
fore the thick side of the wedge. Note that the picture is nat on scale and that 
the wedge slope is strongly exaggerated. Typical wedge slopes for our samples 
are 60A.jmm. 

Sputter rates were calibrated with separately grown single layers of which the thickness was 
measured with low angle X-ray diffraction. The sputtering pressure during the growth was 
approximately 6 x 10-3 mbar. 

Oxidized silicon wafers were used as a substrate for the wedges, with pre-cut areas of 4 x 12 
mm. Normally substrates with a residual sample part attached to it were used , resulting in 
a substrate of 4 mm width and approximately 20 mm length. These samples contained a 
cleavage-scratch at 12 mm length, and the wedges were fabricated to have their thick end at 
this scratch. Most wedges were grown over a length of 11 mm, with the start of the wedges 1 
mm from the sample edge. To be able to verify were the wedge starts with the MOKE, a 50 
A Ta layer was grown exactly 1 mm from the thick end of the wedge, as shown in figure 5.6. 
In MOKE measurement this layer will show itself in an intensity drop of the Kerr signal , as 
it absorbs part of the intensity and thus reduces the average magnetization as seen by the 
MOKE. 
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11 mm 

Al Ni Fe 

Co 

Si substrate 

sample scratch 

Figure 5.6: Schematic cross-section of a multi-layered wedge used for determining the pen
etration depth. The Ta layer, which ends exactly 1 mm from the thick side of 
the wedge, is used in the MOKE measurements to determine the actual start of 
the wedge. The picture is not on scale. 

5.2 Measuring MOKE on tunnel junctions 

To be able to measure MOKE on a tunnel structure, the diameter of the laser spot on the 
sample must be smaller than the typical size of the structure. In the case of the tunnel 
junctions prepared for this report, the spot diameter must be smaller than the electrode 
width of 200 ~-tm. By using a negative and a positive lens to focus the laser spot on the 
sample, it was possible to reduce the spot size tod < 60 ~-tm. With this spot size it is possible 
to measure both the electrades and the junction area separately. Before an actual MOKE 
experiment , the junction and electrode positions on the sample should be carefully identified, 
which is accomplished by scanning over the sample surface and measuring the intensity of 
the reflected beam. In figure 5. 7 such a scan is shown for a typical sample. The lighter areas 
have a higher reflected intensity than the darker ones. For all tunnel junctions measured 

Figure 5. 7: lntensity scan of a tunnel J'llnction sample. The lighier artas are the deposiif:d 
magnetic strips, u;ith the horizontal strip the Co botlom layer and the 6 vertical 
strips the NiFe top layers. MOKE mwsurements were done at approximately 
the positions indicaif:d in the figure. During the mwsurements the external field 
u;as applied along the dirtelion of the botlom strip, as indicatf:d in the figure. 

during this research a glass substrate was used, which has a lower reflection than the metals 
of which the electrades consist. The contrast between the substrate and the electrades was 
therefore adequate in all cases, as can beseen in figure 5.7. For the macro junctions, which 
have a silicon substrate, it is not necessary to make intensity scans, since no structure exist 
on these samples. 
After this "intensity scan" procedure, Kerr hysteresis loop measurements were done on the 
separate top electrades (6 measurements), the junction areas (6 measurements) and on the 
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bottorn electrode between the top electrades (5 measurements). Indicated in figure 5.7 are 
the positions where the measurements were taken for this particular sample. As indicated 
in the figure, the measurements were clone with the field applied along the long axis of the 
bottorn electrode, which was the direction of the field applied during growth. 
The angle of incidence of the laser beam was kept constant ( within a few degrees) for all 
measurements as wellas the spot size of the beam, and the measured results for junctions or 
electrades with the same oxidation time were averaged to imprave statistics. 

37 



Experimental methad Chapter 5 

38 



Chapter 6 

Penetration depth of laser light 

6.1 Introduetion 

The multilayered structures used for this research all have a typical total thickness of ap
proximately 200 A. Light has only a limited penetration depth into a metallic material, so 
the question rises whether the bottorn layers can be seen at all with MOKE. In this chapter 
we will report how we investigated this and present the results of this investigation. 
The penetration depth of (laser)light in a material is restricted by the absorption of that 
materiaL The intensity I of light propagating in the z direction, can be written as: 

I(z) = I(O)e-az, (6.1) 

with I(O) the intensity of the light at the sample surface. The absorption coefficient a depends 
on the extinction coefficient k and the wavelength À of the light. It can be written as: 

47Tk 
a=T· (6.2) 

The extinction coefficient is related to the complex index of refraction, see equation 2.4. 
The penetration depth or skin depth 8 is defined as the distance after which I has decreased 
to e- 1 of its initial value. From equation 6.1 it is clear that 

(6.3) 

For metals, almost alllight is reflected at the surface, which means that the penetration depth 
is very small. Typical values of some of the materials used during this research for light in 
the visible range are 100Á -1000Á, as shown in table 6.1. Optical properties and penetration 
depths of some more materials can be found in [19]. 
In case of MOKE measurements we are not so much interested in the actual penetration 
depth, but in the maximum probe depth, i.e. until what depth will the layers still contribute 
significantly to the MOKE signal. More specifically we would like to know whether we can 
see the bottorn Co layer of a tunneling trilayer structure. For MOKE measurements the laser 
beam has to penetrate to a certain depth, reflect there and travel back through the material 
in order to reach the detector, thus travelling twice the length of the reflection depth. This 
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Material wavelenght À(nm) extinction k penetration depth b (X) 
Co 612 4.11 118 
Cu 620 3.24 152 
Au 630 0.75 668 
Fe 612 3.10 157 
Ni 630 0.54 942 
Al 636 2.84 178 

Table 6.1: Optica[ properties and calculated penetration depth of some metals. Only data 
around the wavelenght of the HeNe laser light (632.8 nm) is shown. 

means that in the simple case of a one-material homogeneaus structure and neglecting the 
path length increase caused by the angle of incidence, the measurable depth is only half the 
penetration depth. In case of a more complex ( trilayer) structure, the measurable depth is 
not directly related to the penetration depth, because of the more complex situation with 
the interfaces and different materials. 

6.2 MOKE probe depth 

In order todetermine the maximum probe depth two types of samples were grown. The first 
type of samples consisted of a single layer of one homogeneaus magnetic material grown in a 
wedge-like manner, which means that the thickness of this layer varied from zero on the one 
side of the sample to a maximum thickness on the opposite side of the sample. The second 
type of samples consistedof a tunnel-like structure of a Co layer and a NiFe layer, separated 
by an Allayer (not oxidized). The thickness of the NiFe top layer of these samples was also 
wedged like the homogeneaus samples. This enabled us to do MOKE measurements for a 
wide range of sample thicknesses and examine the changes in the MOKE signalas a function 
of this thickness. 

6.2.1 Homogeneons wedges 

Two Co wedges were grown with a maximum thickness of 720 A and 786 A, both with a 
slope of approximately 65 Ajmm. Additionally, a NiFe wedge with a maximum thickness of 
747 A and a slope of 68 A/mm was fabricated. Special care was taken to ensure that the 
wedges had a constant and linear slope over the entire range. A more detailed description of 
the fabrication of these samples is give in chapter 5. 
The magnetization loops were measured with MOKE every 100 J.Lm along the wedge direction 
(with a spot size of 60 J.Lm), so with a slope of 65 Ajmm the thickness resolution was better 
than 7 A. From these measurements the saturation Kerr rotation was determined and this 
was plotted against the thickness of the layer at that position (as calculated from the distance 
to the wedge start and the slope of the wedge). Since the Kerr signal is proportional to the 
amount of magnetic material in the beam, the saturation Kerr rotation will increase with the 
thickness of the wedge. As the laser only penetrates until a certain depth, the laser beam 
will not contain more magnetic material if we measure beyond this thickness and therefore 
the saturation rotation will reach a maximum value at this wedge thickness. 
The measurements for the Co and NiFe wedges are shown in figure 6.1, with the saturation 
Kerr rotation plotted versus the calculated thickness of the layer. 
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6.2 MOKE probe depth 
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Figure 6.1: Saturation Kerr rotation as a junction of the 'IJjtdge thickness. 1he diflerence 
bet'IJjten the t'IJjo Co 'IJjfdges is that one 'IJjaS slightly thicker. 1he drop in intensity 
at approximately soa Ä is caustd by the 1 a cap layer 0 

We see an initial steep rise and an exponential behavior for low thicknesses, however the 
saturation Kerr rotation does not reach a constant value, but it has a maximum and then 
slightly decreases for higher thicknesses. Especially in the case of the Co wedge it is clearly 
visible. This effect has also been observed in a Co/Cu system in reference [26] and in a Fe/ Au 
system, and it is attributed to optical effects invalving the metal and the substrate. In the 
ultrathin regime ( < 100 A) we see a steeprise since the Kerr effect is sensitive to the increasing 
amount of magnetic materiaL In this regime the refl.ection is dominated by the substrate. 
In the thick regime the signal approaches a constant value, because the depth sensitivity 
is limited by the absorption of the light by Co. The Co layer dominates the refl.ectivity in 
this regime. But in the intermediate region, the refl.ectivity changes from dominated by the 
substrate to dominated by the Co and, according to [26], this can yield a Kerr maximum for 
certain optical parameters. The fact that this is not, or at least not as clearly, visible for 
the NiFe wedge could then be explained if the optical properties of NiFe are almost equal 
to those of the substrate. However, this could not be verified, because the optical properties 
for these materials are not known. This effect of a maximum in the Kerr signal makes it 
difficult to obtain the appropriate parameters from the measured data, as there is no model 
for this particular system that describes this behavior. However, if the data is modelled with 
a simple exponential model as in equation 6.1, the parameters obtained are TNiFe = 105 A 
and Tco = 50 A, with T the MOKE probe depth and 2T = 8. The parameter T indicates 
at what depth the MOKE signal is e-1 of the surface value. Compared with the calculated 
val u es for 8 ( see table 6.1), these measured val u es 2T are slightly lower. 

We further observed that the measured curves all have an offset in the thickness: the Kerr 
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rotation is zero for thicknesses below approximately 20 A. The detection limit for our MOKE 
measurements is 10 - 15 A, so 20 A should give a measurable signal. One explanation for this 
could be that there simply is no material in that region of the wedge, due to some fabrication 
failure. To check this, the wedges were measured with an Electron Probe Micro Analyzer 
(EPMA), which is a Scanning Electron Microscope (SEM) with the possibility to perfarm 
quantitative element analysis. For the Co wedges, every 100 11m along the wedge direction a 
measurement of the amount of Co was done. The EPMA measured the Co independently of 
the chemical composition, so from these measurements one cannot tell if the Co is pure Co, 
CaO or Co3Ü4 (or any other composition of Co). 
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Figure 6.2: EPMA measurement of the NiFe wedge. The EPMA signalof Ni and Fe are 
added to obtain this graph. The thickness is calculated from the growth param
eters and is the sa me as used for figure 6.1. The ins et shows the measurements 
in the ultra thin regime. 

The measurements, presented in figure 6.2 for the NiFe wedge, showed that the wedge has 
approximately a linear slope and has no offset in the thickness. Thus, if the MOKE measure
ments show no signal for that region, it must be because the material is not magnetic. It is 
known for Co grown on Si and on Si2Ü3 that part of the Co diffuses in the Si, forming the 
non-magnetic material Co2Si [27]. Taking in mind that the Co atoms are sputtered on the 
substrate and therefore have a relatively high kinetic energy, we estimate the amount of Co 
that diffuses into the Si to be approximately 15 A [27]. Part of the Co on top of the substrate 
can also be oxidized, because the wedges were not covered with a protective layer, thereby 
reducing the amount of magnetic Co. 
The EPMA has a high penetration depth and detects the Co regardless of the chemical 
composition, so it detects the total amount of Co as deposited. However, the MOKE only 
detects the magnetic Co on top of the substrate, but the non-magnetic Co2Si and oxidized 
Co is not detected, which results in a lower Kerr signal then expected. 
For the NiFe wedge, the SEM measurements also showed us that the ratio of the number of 
atoms Ni:Fe was iudeed on the average 4:1 over the entire wedge, which is important because 
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the optical and magnetic properties depend on the composition of the materiaL 
From these measurements we can conclude that the wedges were grown correctly, but that it is 
difficult to obtain the MOKE probe depth from the measurements. The obtained parameters 
TNiFe = 105 A and Tco = 50 A indicate at what depth the intensity of the MOKE signal 
is e-1 of the surface value, but since this is still 37%, it is likely that deeper layers still 
contribute significantly to the signal. It would therefore be more realistic to use 2T (14%) as 
the MOKE probe depth. This means that the bottorn layer of the tunnel structures described 
in this report, with a typical thickness of 200 A, can be detected. 

6. 2.2 Trilayer wedge 

To determine the probe depth in a more empirica! way, we fabricated a trilayer tunnel-like 
structure as described in chapter 4. This structure was made to be similar to the real tunnel 
structures in this report in a way that the maximum probe depth would be comparable. The 
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Figure 6.3: Kerr loop measurements of the trilayer wedge at three thicknesses of the NiFe 
layer. (a) At a thickness of 450 A we see a loop with the magnetization revers al 
in one step and a small coercive field. (b) At approximately 300 A we start to 
see a step in the K err loop and the coercivity increases. ( c) For a thickness 
of 180 A the loop shows two clear steps and the fiip-fields have increased even 

more. 

sample was measured in the same way as the homogeneaus samples, i.e. a MOKE loop was 
measured every 100 J.Lm along the wedge direction. Coming from the thick side of the wedged 
NiFe top layer, we expect that the shape of the loop (i.e. coercivity field, saturation Kerr 
rotation) remains the same until a point is reached where the NiFe is thin enough for the 
laser beam to penetrate to the Co bottorn layer. For this thickness we also get a contribution 
of the Co layer to the Kerr signal, which shows itself as the appearing of an extra step 
in the magnetization reversal. We have defined the empirica! MOKE probe depth for this 
structure as the maximum thickness of the NiFe layer for which we can still see that the 
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magnetization loop reverses in two steps. The results are presented in figure 6.3, where three 
typical measurements are shown. Figure 6.3(a) shows the MOKE loopfora thickness of 450 
A NiFe. This loop shows the behavior of one layer, with a small coercive field (0.5 kA/m) as 
expected for NiFe. At approximately 300 A ( figure 6.3(b)) we start to see the first steps in 
the magnetization reversal of the loop and the fiip-fields start to increase as well (0.6 kA/m). 
For lower thicknesses we see that the height of this step in the magnetization reversal starts 
to increase, and a further increase of the fiip-fields is observed (figure 6.3(c)). 
Furthermore, we determined this stepheight for the Co layer as a function of the NiFe layer 
thickness in values of the total rotational change. This is shown in figure 6.4, from which it 
is also clear that the Co layer approaches zero stepheight at approximately 280-300 A. 

16 

Oi 
~ 14 

.s 
Q) 12 
Cl 
c 
~ 10 
0 

(ij 8 
c 
.Q 
(ij 6 

'ê 
(ij 4 

§ 
2 

[] 

100 120 140 160 180 200 220 240 260 280 

NiFe thickness (À) 

Figure 6.4: Stepheight of the Co layer as a function of the NiFe wedge thickness. The layer 

approaches zero stepheight at approximately 280 A. 

From these measurements we conclude that we can see the Co layer for a NiFe layer thickness 
of up to 300 A, which means that the MOKE probe depth for these structures is well above 
the typical thickness of 200 A of the structures used in this research . Therefore we can 
conclude that for all samples described in this report the Co bottorn layer can be detected. 
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Chapter 7 

Results for tunnel junctions 

7.1 Introd netion 

In this chapter we will present the results of the measurements on the magnetic tunnel 
junctions with a variabie oxidation time. Measurements were performed as described in 
chapter 4. We will use the nomendature of that chapter to indicate on which part of the 
sample a certain measurement was done (NiFe top-electrode, Co bottorn-electrode or junction 
area). We will campare the results with the previously done electric transport measurements. 
Shown in figure 7.1 is a tunnel junction measured by MOKE and its electric characterization, 
as presented in reference [1]. 
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Figure 7.1: Comparison of electric and magnetic measurements of the sametunnel junction. 
The flip-field of the layers are the same for bath techniques. 

First the magnetic characterization of the top and bottorn electrades will be reported, and 
second the measurements for the junctions will be presented. All measurements with the 
MOKE were done at room temperature. 
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7. 2 Characterization of electrodes 

In figure 7.2 some typical measurements are shown, with a Kerr loop on (a) the Co bottorn 
electrode, (b) the Ni Fe top electrode and ( c) the j unction area. In this section we will present 
the results of measurements on the electrodes (figure (a) and (b)). In the next section the 
results of the junction measurements ( c) will be presented. 

Figure 7.2: Overview of the MOKE measurements as performed on the different parts of a 
sample. The picture in the upper left corner is an intensity scan of one junction 
(as explained in 5.2}, with the measured positions indicated in it. Figure (a) is 
measured on the Co bottorn electrode, (b) is measured on the NiFe top electrode 
and (c) is measured on the junction area. These measurements were done on 
the 120 s oxidized sample with a barrier of 12 A Al. 

The electrodes of the junctions were investigated to examine if the magnetic properties 
changed in relation with the oxidation time. As already mentioned in chapter 5, a con
sequence of the preparation method is that the NiFe top layers with the shortest oxidation 
times have been subjected to unintentional glow-discharges. The oxidation times for the dif
ferent positions on the sample are listed in table 5.1. From magnetoresistance measurements 
on these samples (see [1, 3]) it could not be determined whether the magnetic properties 
of the NiFe layer changed with the oxidation time. Oxidizing a magnetic material usually 
has its effects on the magnetic properties of this materiaL In our case we specifically looked 
at the coercivity and the saturation value of the material of the top electrode, because the 
coercivity ( or flip-field) as measured on the top electrode willlater on act as a reference for 
the measurements on the junction. By examining the behavior of the electrodes first, we 
can later rule out the influence of structural changes in the layers and isolate the behavior of 
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the junction structure alone. In figure 7.3 the coercivity field of the top-electrode is plotted 
versus the oxidation time tNiFe of this electrode for the samples with a 12 A and 14 A harrier. 
Note that the oxidation time mentioned in the graph is the time to which the top electrode 
has been subjected to glow-discharges, which differs from the harrier oxidation time (see also 
chapter 5). Clearly, the coercivity field shows no correlation with the oxidation time of the 
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Figure 7.3: Coercive fields of the NiFe top electrades for the 12 A and the 14 A Al layer 
series. The fields are presented as a function of the oxidation time of the top 

electrode tNiFe· 

electrode. Two measurements of the 14 A series stand out (100 s and 300 s), because they are 
significantly higher than the others. The reason for this could be because the measurements 
on this sample ( they are both from the same sample) were clone several months after the 
other measurements, submitting them to an additional oxidation in air. 
Although it is not possible to do real quantitative measurements with MOKE, it can be 
used to campare the amount of magnetic material on different samples for thin layers. This 
requires that conditions and settings ( especially optical settings like the angle of incidence of 
the laser beam) between theseparate measurements are kept the same and that the samples 
consist of the same material and composition. In that case, the height of the Kerr signal is 
a measure for the amount of magnetic material in the laser beam (see also chapter 6) and 
therefore, keeping the laser spot equal in size, a measure for the thickness of the layer. We 
determined the height of the Kerr signal from the hysteresis loops as the total change in Kerr 
rotation from positive saturation to negative saturation. A significant oxidation of the top 
electrode would reduce the amount of ferromagnetic NiFe in the laser path and this would 
reveal itself in the height of the Kerr hysteresis loop. Figure 7.4 shows the height of the 
hysteresis loops of the top electrode as a function of the oxidation time. As can be seen, no 
significant relation to the oxidation time of the electrades can be found, indicating that most 
of the top electrode is still ferromagnetic NiFe. 
Similar measurements clone on the Co bottorn electrode (figure 7.5) showed that the coercivity 
fields can be divided in two distinct constant lines, conesponding with the two production 
runs of the samples. This could be caused by different fabrication conditions of the samples, 
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Figure 7.4: Total rotational change of the hysteresis loops as measured on the top electrodes. 
This change is a measure for the thickness of the NiFe layer. 

or it could betheresult of oxidation of the Co, as the bottorn electrode strips are not protected 
from glow-discharges. This means that the entire bottorn strip is subjected to the longest 
oxidation time of the run (360 or 490 seconds), as explained in chapter 5. 
It should be noted however, that the bottorn strip is covered with the Al harrier layer before 
the first glow-discharge takes place. This means that oxidation of the bottorn strip does 
not start until the Al harrier is fully oxidized. The oxidation time indicated in figure 7.5 is 
therefore not the time the bottorn electrode is oxidized, but the oxidation time of the nearest 
junction. 

7.3 Characterization of junctions 

In our experimental setup, the diameter of the laser spot was only 60 f.Lm, which is well 
confined within the junction area (200x200 f.Lm2). This makes it possible to measure Kerr 
hysteresis loops on the junction area itself, or on the edges of the junction area. Shown in 
figure 7.6 are three Kerr hysteresis loops on three different positions on the sample. In figure 
7.6(a) the spot is entirely confined within the junction area and we can see the two separate 
layers switch at different flip-fields. NiFe is the magnetically "softer" layer, which switches at 
the lowest field. The Co layer switches at the highest field. In 7.6(b) the spot is partly on the 
junction area and partly on the Co bottorn electrode, which can be seen by the increase in 
the step height of the Co layer and the broadening of the loop. This loop is a superposition 
of the loops seen in figure 7.6(a) and 7.6(c), which is a measurement beside the junction area 
on the bottorn electrode. The distance between the successive positions is 50 f.Lm. 

Shown in figure 7. 7 are four Kerr hysteresis loops of samples with oxidation times ranging from 
30 s to 360 s. Hysteresis loops measured on the junction generally showed a magnetization 
reversal in two steps, indicating that both layers change their magnetization at a different 
flip-field. For low oxidation times the layers flip almost at the same field, whereas for higher 
oxidation times the flip-fields are further apart. This change of the flip-field as a function of 
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Figure 7.5: Coercive fields of the Co bottam elEctrode jor the 12 A Al layer series. 1he 
datapoints can be distinguishEd in two constant lines jor the tu;o preduetion 
runs. 

the oxidation time is shown in 7. 7. 
From section 3.1 it is apparent that the flip-fields are related to the strengthof the coupling 
between the two ferromagnetic layers. For a strong ferromagnetic coupling the layers will 
switch at the same flip-field, showing the behavior of one layer. If there no coupling at all 
the layers will flip at the coercive fields of the individual electrodes, as measured beside the 
junction. 
The values of the flip-fields of the two layers are plotted in figure 7.8, together with the 
flip-fields of the electrodes. From this figure it is clear that for short oxidation times the two 
flip-fields have nearly the same value, but for higher oxidation times the flip-fields gradually 
shift toward the electrode values. The same behavior has been found in the electric transport 
measurements presented in [1]. We can also establish from this picture that the NiFe layer 
remains the lowest flip-field of the junction and that the coupling is ferromagnetic in the 
entire oxidation range. 
In figure 7.8 we see that for the Co layer on the junction area there is the same difference 
between the flip-fields of the two fabrication runs as observed for the Co bottorn electrode, 
mentioned in section 7.2 and shown in figure 7.5. In section 7.2 is was suggested that this 
could be caused by the difference in the oxidation time of the Co electrodes, which is the 
same for all Co electrades in one fabrication run but differs between the two runs (see also 
table 5.1). However, we now see the same sort of behavior for the junction measurements, 
where the Co layer has been subjected to a different oxidation time than on the electrode 
position. Therefore, it is not likely that the oxidation time is the cause for this behavior. It 
is more likely that the different coercive fields of the Co strip were induced during deposition 
of the Co layer. 
The coupling strengthof the two layers can be calculated from figure 7.8 using equation 3.1a 
or 3.1b. It is proportional to the difference between the flip-field of a layer on the junction 
( coupled state) and beside thejunction (uncoupled state), indicated in figure 7.8 by the closed 
and open symbols respectively. In figure 7.9 this difference or shift of the flip-field is shown 
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Figure 7.6: MOKE hysteresis loops at three different positions. In figure (a) the laser spot 
is confined within the junction area. {b) is measured partly on the junction and 
partly on the bottam electrode. In {c) the spot is entirely on the bottam electrode. 
The distance between the successive measurements is 50 p,m. 

for the top-and bottorn layer for the 12 A and 14 A samples. Note that the lines in the figure 
are merely guides to the eye. 
As can be seen from this picture, there is no significant difference between the measurements 
for the 12 A Al harrier samples and for those with the 14 A Al harrier. The scattering of the 
data points is for both sets comparable. We will therefore assume that the differences are 
too small to measure and take the two data sets as one. The values of the shift field for the 
top layer are significantly higher than those for the bottorn layer as is to be expected, sirree 

J = HCo tCoMCo 
shiftJl-o s 

HNiFe 11. tNiFe MNiFe 
shift rO s -

(7.1a) 

(7.1b) 

The thicknesses t00 and tNiFe are known from the preparation parameters. For the saturation 
magnetizations M; we can take the bulkvalues Mfo (1424 kA/m) and M;'iFe (795 kA/m). 
One would expect the same coupling energy J for both calculations, sirree it is the result of 
an interaction between both layers. Both layers have the same thickness, but sirree M;'iFe is 
much smaller than Mf0

, H~~}1 will be higher than H~~ft in case of equal J. 
We also see that the Hshift for the top electrades approaches a non-zero constant value for 
high oxidation times, whereas the Hshift of the bottorn electrode appears to approach zero 
shifting field at high oxidation times. If the coupling energy goes to zero for higher oxidation 
times, the values of Hshift should approach zero for both layers. In this case the problem 
could be caused by the fact that the Hshift is determined relative to the coercivity field of 
the electrodes. Thus, if the magnetic properties of the NiFe layer on the electrode position 
differ from those on the junction position, Hshift is not correctly determined. The surface on 
which the NiFe layer is grown is not homogeneous, but it has some distinctly different areas 
on it due to the already deposited Co strip. It is possible that NiFe has a different growth 
mode on the different areas and that this causes the different magnetic properties. To verify 
this, additional measurements on the junction area should be done. 

50 



Chapter 7 

0.02 

0.01 

0.00 

·0.01 

·0.02 

0.02 

O.Q1 

0.00 

-0.01 

-0.02 

0.02 

0.01 

0.00 

·0.01 

·0.02 

0.02 

-;; 0.01 
Q) 
'C 
~o.oo 
c 

.Q 
iil-o.Q1 
ë 
a: -0.02 

7. 3 Characterization of junctions 

i 
60 s 

: 

120 s 
rr 

l l ~-

: 210 s 
i 

J 
J 

1360 s 

r-: :-.. nJ 

I. 
: J 

-1 0 
Field (kAlm) ------
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Figure 7.8: Fields Hflip for which the NiFe layer {squares) and the Co layer (circles) on the 
junction area switch their magnetization direction. Indicated in the figure are 
the flip-fields layers at the junction position (closed symbols} and the fiip-fields 
of the electrades beside the junction {open symbols}. Fortheflip-field of the Co 
electrode (open circles) there is a distinct difference between the two fabrication 
runs, as explained in figure 7. 5. The sa me difference is seen for the Co layer 
on the junction area. 

From equations 7.1a and 7.1b we can calculate the coupling constant J for the NiFe and 
Co layer and plot these as a function of the oxidation time. In figure 7.10 the values of J 
are plotted for the Co layer (squares) and for the NiFe layer (circles). This is clone for two 
different thicknesses of the Al layer: for 12 A Al (closed symbols) and for 14 A Al (open 
symbols). 
We see an exponential-like decay for all data sets, with the same magnitude of J. Again we 
can see that the coupling for the Co layer decreases more rapidly than for the NiFe layer. 
To be able to fit this data with the models presented in chapter 3, we have to make a 
speculative estimate of how the total ( =oxidized + unoxidized Al) thickness of the interlayer 
depends on the oxidation time of the barrier. Earlier electrical transport measurements [1, 3] 
showed that for short oxidation times ( tox < 150 s) the barrier thickness depends linearly 
on the oxidation time and indications were found that at 150 seconds oxidation time the Al 
is fully oxidized. Furthermore, if an 8 A Al layer is fully oxidized, an 11 A oxide layer is 
created [2]. The electrical transport measurements for the 12 A Al layer showed that for 
zero oxidation time, we already have a barrier thickness of 12 A. This means that 9 A Al is 
oxidized to an 12 A Ah03 barrier and 3 A unoxidized Al is left over. The total interlayer 
thickness for zero oxidation time is therefore approximately 15 A. Using the assumption of 
[1, 3] that the Al is fully oxidized at 150 s, we calculated the thickness for that point to 
be approximately 17 A. For the 14 A Al layer the estimated thicknesses are 17 A for zero 
oxidation time and 19 A for 150 s oxidation time. The thickness scale was found by a linear 
interpolation between these two points. 
For higher oxidation times however, the Co starts to get oxidized as well, as reported in 
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Figure 7.9: Shift Hshift of the fiip-fields of the layers on the junction position relative to 
the electrode position. The squares indicate the values for the Co bottam layer 
and the circles those of the NiFe top layer. For the 12 A Al layer series, we 
used open symbols and for the 14 A Al series we used closed symbols. 

[1]. Nevertheless, for simplicity we will use the same linear growth rate for Co oxide as we 
estimated for Al oxide. Furthermore, since it is only a rough estimate of the thickness and 
we see no systematic difference between the 12 Á data set and the 14 Á data set, we will use 
the same averaged thickness scale for both data sets. 

First we will describe our data with the orange peel model, as described in 3.3. In this model 
the coupling strength depends on the thickness d of the interlayer and on the amplitude 
h and wavelength À of the roughness, as can be seen in equation 3.19. From the fit we 
obtained the parameters h = 5 Á and À = 25 Á. From earlier measurements with STM on 
an oxidized Al layer on Co, a roughness amplitude of 5 Á and an average grain size, which 
corresponds to the wavelength of the roughness, of 60 Á was found [4]. We can therefore 
conclude that, although we only made a rough estimate of the spaeer thickness as a function 
of the oxidation time, the fitted parameters values are in fairly good agreement with the 
experimentally obtained values. Furthermore, the coupling strength is of the same order 
of magnitude as found in previous studies in a Fe304/MgO/Fe3Ü4 system by [10] and in a 
Ta/Ni 7oFe1s Co12 / CujNi7oFe1s Co12/FesoMnso/Ta system [11]. 

For the tunneling type of coupling described in 3.2 it is difficult to fit the data to this model, 
because too many parameters are involved (barrier height and width, polarization). This 
type of coupling depends on the insulating barrier thickness instead of the total interlayer 
thickness, as for the orange peel coupling. The coupling shows a more than exponential decay 
as a function of this barrier thickness, and for small thicknesses a singularity is observed (;ft). 
Furthermore, for low oxidation times we have an additional layer of unoxidized Al, which is 
not taken into account in the original model. This leftover Al can significantly influence the 
coupling, as it can reduce the polarization of the Co layer underneath. It has already been 
established that for Fe/ Al/ Alz03/ Al junctions the polarization of Fe decreases inversely (~) 
with the thickness of the Al, showing a decrease of more than 90% upon covering the Fe 
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Figure 7.10: CalculatEd coupling strength as a junction of the oxidation time tjunction of the 
JUnelion. The thickness scale at the top is the total interlayer thickness (Al 
+ Al2 03). The line is a fit with the Neel model jor magnetostatic interlayer 
coupling, uith parameters h = 5 Ä and .À= 25 Ä. The square symbols indicate 
the mwsurements of the Co layer and the circles indicate those of the NiFe 
layer. Open symbols are the JUnelions with 12 Ä Al and closEd symbols are the 

JUnelions with 14 Ä Al. 

surface with about 6 A Al [4]. The exact influence of this nonmagnetic layer on the coupling 
is unknown, but it could remove the singularity at d = 0. 
However, this type of coupling has a dependenee like J = :p. e-f3d, with a and {3 constants and 
{3 positive. If we plot d2 J logarithmically versus the insulating harrier thickness d, we would 
therefore expect a linear relation with slope -{3. In figure 7.11 is shown that we observed a 
slight increase instead of a decrease of d2 J, indicating that the Slonczewski-type of coupling 

is not dominant in this system. 

A third possibility is that the observed coupling is caused by ferromagnetic pinhole coupling. 
Magnetic bridges (pinholes) between the two ferromagnetic layers can arise due to e.g. the 
roughness of the Co bottorn electrode or the open grain-like structure of Al203. During 
oxidation these magnetic pinholes get oxidized as well, forming CoO as shown in figure 7.12. 
A 20 A layer of CoO has a Neel temperature below 50 K [28], so this CoO is paramagnetic 
at room temperature. Thus, the coupling strength can reduce as a function of the oxidation 
time due to a diminished coupling strength per pinhole, or due to a reduction of the total 
number of pinholes. However, because no model calculation or experimental study is available 
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Figure 7.11: Logarithmic plot of d2J, with d the barrier thickness (oxidized material only). 
The used thickness scale is shown at the top of the graph. 

which addresses this oxidation dependenee of pinhole coupling, we have no way of verifying 
our hypothesis. 
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Figure 7.12: Oxidation process of pinholes. (a) A magnetic pinhole is formed during fabri
cation of a structure due to the roughness of the Co. With no oxidation of the 
spacer, the pinhole formes a magnetic bridge, giving rise to a strong feromag
netic coupling. (b) A fier oxidizing the spaeer the pinhole gets oxidized as well. 
The thin layer of CoO formed is paramagnetic at room temperature, thus the 
coupZing reduces as a function of the oxidation time. 
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Results for macro junctions 

8.1 Introduetion 

In reference [1] the electric transport properties of the tunnel junctions were investigated as 
a function of the temperature. At low temperatures (10K), the properties showed a different 
behavior as a function of the oxidation time than at room temperature. Additionally, a 
change in the magnetic properties was observed, which was attributed to the transition of 
Co-oxide from paramagnetic at 300 K to antiferromagnetic at 10 K. This motivated us to 
investigate these magnetic properties at low temperatures with the SQUID. Measuring the 
coupling strength as a function of the temperature would give us a fingerprint of the coupling 
mechanism. 
The samples with tunnel junctions can only be measured by a local prohing technique, such 
as MOKE, because of the different structures on one sample. For the SQUID however, it 
is necessary to have homogeneaus samples which are also fairly large, typically 4 x 12 mm. 
Samples like the tunnel junctions mentioned in this report are not homogeneaus over the 
sample area, therefore a measurement with a SQUID for example would result in an average 
response of all the different structures on the sample. For this reason several sets of so 
called macro junction were grown at MIT, which consist of a tunneling trilayer structure, 
but grown without shadow masks, which results in a sample-size (10x10 mm or 4x12 mm) 
junction area. Two sets (A and B) of macro junctions were grown, and the fabrication of 
these macro junctions is described in chapter 5. 

8.2 MOKE measurements 

The macro junctions were first measured with MOKE to verify the behavior of the hysteresis 
loops. These measurements showed a different behavior than for the tunnel junctions. While 
the tunnel junctions already showed steps in the hysteresis loop for the shortest oxidation 
times of 30 or 60 seconds, the macro junctions only showed steps for longer higher oxidation 
times. For set A, small steps were only observed for the longest oxidation time in that series, 
namely 150 s. Set B showed a similar behavior, with steps observed for oxidation times longer 
than 150 seconds, as shown in figure 8.1. Shorter oxidation times showed for both sets only 
one flip-field, indicating a strong ferromagnetic coupling with both layers switching at the 
same flip-field. Compared to the thickness of the top layer of the tunnel junctions (80 Á), the 
top layer of the macro junctions was 20 Á thicker in case of set A (100 Á) and 20 Á thinner 
in case of set B (60 Á). However, if this caused the different behavior of the switch fields, 
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Figure 8.1: MOKE measurements for macro set B, with oxidation times of 30, 90, 150 and 
280 s_ Only the highest oxidation time shows a magnetization reversal in two 
steps, all other are strongly ferromagnetically coupled. 

we could calculate what the switch-fields should be relative to those of the tunnel junctions, 
using J = HshiftJ.L

0
tM

8 
(equation 3_1a)- Assuming that the coupling J is the same as for the 

tunnel junctions, Hshift for set A should decrease to 1
8g0 of the value for the tunnel junctions, 

whereas Hshift for set B should increase to ~g of the tunnel junction value. For set A we 
should therefore see even wider antiparallellevels at low oxidation times than in the case of 
the tunnel junctions. As no antiparallellevels are observed for both macro sets, we conclude 
that the change in thickness is not the cause of the different behavior _ We can not calculate 
Hshift directly from the measurements as clone for the tunnel junctions, because we have no 
method to measure the properties of theseparate (uncoupled) NiFe and Co layers. 
The strong ferromagnetic coupling could also be caused by pinholes. If the pinholes are not 
evenly distributed over the sample area there is a chance that some areas show stronger 
ferromagnetic coupling than other areas. This was examined by doing several MOKE mea
surements on one sample, evenly distributed over the sample area. These measurements 
demonstrated that the coupling strength is not uniform over the sample area as shown in 

figure 8.2. 
Most measurements showed astrong ferromagnetic coupling with one flip-field as seen in the 
initial measurement (like the measurement on position 1 in figure 8.2), butinsome areas the 
coupling was less strong and the magnetization reversed in two steps (see measurements on 
position 2 and 3 in figure 8.2). In all cases the saturation Kerr value is the same, indicating 

that we always see both magnetic layers. 
A possible explanation for the different behavior of tunnel- and macro junctions can be given 
if we use the following reasoning. If we assume that pinholes exist every mm2 or so, a tunnel 
junctions with a junction area of 200x200 J.Lm2 has only a small chance of having a pinhole 
in that area. But a macro junction of 10 x 10 mm has a large chance of having even several 
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Figure 8.2: MOKE hysteresis loops at dijjerent parts of the sample. 1he mwsurements 
show that the magnetic behavior is nat unijorm over the sample. Normally, the 
loops were mwsuu.d in the center of the sample, which showEd a loop similar to 
position 1 jor this sample. 

pinholes. If the infiuence of the coupling of one pinhole is large enough (i.e. a large coupling 
strength per pinhole), the macro junction can be ferromagnetically coupled over the entire 
area. However, we have no experiment al way of verifying this hypothesis. 

8.3 SQUID measurements 

In the study of the electric transport measurements it was observed that the tunnel junctions 
exhibit a different behavior at low temperatures compared to the room temperature mea
surements [1]. An significant rise in the coercive field was observed and possibly an exchange 
coupling of the Co layer. If these effects would also be present in the macro junctions, a 
hysteresis loop measured at low temperatures would perhaps also show some steps in the 
magnetization reversal for shorter oxidation times than observed at room temperature. The 
MOKE equipment we used for our measurements was (at that time) not capable of doing low 
temperature measurements, therefore we measured the macro junctions in a SQUID, which 
can me as ure down to 1. 7 K. 
First we measured the samples at room temperature to campare the SQUID measurements 
with the MOKE measurements, as shown in figure 8.3 for the 280 s oxidized sample of set 
B. Again, the samples showed a strong ferromagnetic coupling for oxidation times up to 150 
s, with approximately the same switch fields for the magnetic layers as observed with the 
MOKE. For the highest oxidation times, which showed a small antiferromagnetic level in the 
MOKE measurements, the transition from the parallel state to the antiparallel state was not 
as sharp as observed with the MOKE measurements, but the fiip-fields ware approximately 
the same. The SQUID measurements appeared to be "rounded off", which can be explained 
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by the fact that MOKE is a local probe technique and SQUID is a bulk technique, and 
therefore SQUID shows the average magnetic behavior for the entire sample. 
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Figure 8.3: Comparison of MOKE and SQUID by measuring the 280 s oxidized sample of 
set B in both apparatuses. 

For low temperature SQUID measurements the samples were cooled toa temperature of 5 K. 
We anticipate on the formation of Co-oxide for high oxidation times, and this may be anti
ferromagnetic at low temperatures. The direction of the anisotropy of this antiferromagnetic 
Co-oxide depends on how the system is cooled through the N éel temperature, and therefore 
a magnetic field of 27 kA/m was applied along the (induced) easy axis of the samples during 
cooling. 
The samples of set A showed the same behavior as for the room temperature measurements, 
i.e. a strong ferromagnetic coupling for oxidation times below 150 s, with a magnetization 
reversal in one step. 
Set B however showed an unexpected behavior for the low temperature measurements. Figure 
8.4 shows the measurements for set B2, all clone at 5 K. 
Clearly, one of the layers is not centered around zero field anymore, which indicates that this 
layer is exchange biased. This can be caused by an antiferromagnetic (AF) layer adjacent to 
a ferromagnetic (FM) layer. The coupling between the interface layer of the antiferromagnet 
and the ferromagnet causes the ferromagnet to favor the antiparallel situation between the FM 
and the interface layer of the AF, as shown in figure 8.5, creating a unidirectional anisotropy. 
This results in a magnetization loop which is not centered around zero field anymore. 

In our system we have two possible antiferromagnetic layers, because, beside the Co-oxide 
layer, we can also have oxidized NiFe as the Ag protective layer was too thin to proteet the 
NiFe top layer from oxidizing. From the absolute magnetization change as measured by the 
SQUID, we can calculate the thicknesses t of the layers using M = t ·A· M 8 , with A the area 
of the sample. The sample area was 4x 12 mm, and the samples were weighted and measured 
to verify that all had the same size. An additional factor of 1.17 has to be included in the 
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Figure 8.4: SQUID measurements at T = 5 Kof the macro junctions of set B showed an 
exchange biasing of one of the ferromagnetic layers. From the total magnetic 
moment of one layer the thickness can be calculated ij the sample surface is 
known. 

calculations, to correct the SQUID measurements for the different sample size (the SQUID 
is calibrated fora certain sample size and can be corrected for deviant sample sizes). If we 
assume that the NiFe layer is the biased layer and calculate the thicknesses of the layers with 
this formula, we obtain the expected ratio of thicknesses of the layers. For the 30 s sample, 
the calculated Co thickness is 7 4 A and the NiFe thickness is 61 A. If we assume the exchange 
biased layer is nat the NiFe layer, but the Co layer, we obtain a calculated Co thickness of 
140 A and a NiFe thickness of 33 A, which is entirely different from thicknesses as expected 
from the growth parameters. Therefore we can conclude that the exchange biased layer is 
the NiFe layer. 
For low oxidation times (tox<150 s), the calculated thickness of the Co layer was approxi
mately as expected from the growth parameters, but run B2 was consistently higher ( approx
imately 13 A) than run Bl. The thicknesses of set B1 are approximately 76 A for tax < 150 
s, whereas the thicknesses of B2 are approximately 89 A. We assume that this thickness 
difference is caused by a fabrication error during the growth and therefore it is constant for 
all samples in one run. However, we could nat verify this from the fabrication logs. We now 
corrected set B2 for this difference and substracted 13 A of the thickness for this set. This 
corrected data coincides more or less with the data of set B1, and bath datasets are presented 
in figure 8.6. 
The figure shows that the thickness remains approximately constant until tax =120 s oxidation 
time. For tox > 150 s we see a significant decrease of the Co thickness, with only half the Co 
thickness left at t0 x = 280 s. 
Wetried with several other techniques, e.g. EPMA and Electron Spin Resonance (ESR), to 
measure the Co thickness as a function of the oxidation time, but all these failed to detect 
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Figure 8.5: Priciple of exchange biasing. The FM is pinned in a certain direction, deter
mined by the direction of the magnetic field applied during cooling through the 
Néel temperature of the AF. The coupling between the interface layer of the 
AF and the FM is of the antiferromagnetic type. {a) At zero field the coupling 
causes the FM to align antiparallel to the interface layer of the AF. {b) To 
switch the FM in the opposite direction, the external field has to overcome the 
coupling energy. The resultant is a magnetization loop with a shifted center. 

the Co decrease. 
The same macro j unctions (set B) were also measured by N uclear Magnetic Resonance (NMR) 
[29]. With NMR the interaction between the nuclear magnetic moment of an atom (in this 
case Co) and the total magnetic field at the nucleus is measured [30], which depends on 
the magnetic surroundings. In particular the spin-spin relaxation time T2 is determined 
for the different samples, as shown in figure 8. 7. This Tz is charaderistic for the atom 
and its surroundings. Figure 8.7 clearly shows that for tox < 150 s Tz remains approximately 
constant, but there is a significant increase for tox > 150 s. This is attributed to the formation 
of CoO for these oxidation times, as this changes the surroundings of the Co atoms. 
Both the SQUID measurements and the NMR measurements show a significant change in the 
signal after approximately 150 s oxidation time. Although neither is a direct measurement 
of the Co thickness, both are related to this thickness and both indicate a decrease of the 
Co thickness after 150 s. This is in agreement with the electric transport measurements [1], 
which also indicated the formation of CoO after 150 s. We therefore conclude that CoO is 
most likely being formed after 150 s. 
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Figure 8.6: The thickness of the Co layer, as calculated from the SQUID measurements. 
The values for set B2 are substracted with 13 A, as explained in the text. 
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Figure 8. 7: NMR measurements of the spin-spin relaxation time T2 as a function of the 
oxidation time of the junction. The increase of T2 after 150 s oxidation time 
is ascribed to the formation of Co-oxide (after G.J Strijkers [29)). 
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Con cl usions 

We have magnetically characterized Co/ Al203/NisoFe2o tunneljunctions and macro junctions 
grown at MIT with the use of MOKE and SQUID. We first verified that the MOKE setup 
was capable of measuring these junctions. The MOKE probe depth of this setup was found 
to be between 200 A and 300 A, which is well enough to detect the bottorn layer of our 
structures (the typical thickness was 200 A). The spot size of the laser beam was reduced to 
60 J.Lm, which enabled us to measure MOKE hysteresis loops on the junction area of 200 x 200 
J.Lm2 and on the electrades with a width of 200 J.Lm. 

The tunnel junctions have been investigated on the magnetic properties of the electrodes and 
the junction area. From these measurements we can conclude that the magnetic properties 
of the NiFe top electrode, although it is oxidized with glow discharges, does not depend on 
the oxidation time tNiFe of this electrode. The coercivity is approximately constant, and the 
amount of magnetic material seen with the MOKE ( which is related to the thickness of the 
layer) is also constant. For the Co bottorn electrode the properties seem to depend mainly 
on the fabrication parameters during growth of the layer. The coercivity of this electrode 
can be separated in two groups, one with a higher coercivity than the other. These groups 
correspond with the two runs in which the samples were fabricated. 
For the tunnel junction itself we found a coupling between the two ferromagnetic layers, 
which has an exponential decrease with the oxidation time of the junction. We compared 
the measured coupling with three possible coupling mechanisms, i.e. orange peel coupling, 
Slonczewski-type of coupling and pinhole coupling. 

If described with the orange peel model for magnetostatic coupling, the obtained parameters 
h = 5 A (amplitude of the roughness) and À = 25 A ( wavelength of the roughness) are in 
fairly good agreement with STM measurements of these parameters. 
ModeHing the data with the Slonczewski-type of coupling was not possible, but the data 
seemed to depend differently on the barrier thickness as is to be expected from the Slonczewski 
model. 
For the pinhole type of coupling no model is known, but it is still a possible explanation for 
the observed coupling. 
The coupling strength as determined from the Co bottorn layer seemed to decrease faster than 
the values obtained from the NiFe top layer. Moreover, the data for the Co layer approached 
zero coupling strength for high oxidation times, whereas the NiFe data approached a constant 
value for the coupling strength. This is ascribed tothefact that as a reference for determining 
the coupling strength, the magnetic properties of the electrades are used instead of the 
properties of that layer at the junction position. A different growth mode at these positions 
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could cause different magnetic properties. In future research the coupling strength should be 
determined solely on the junction area. This can be done by measuring a so called "minor 
loop", which is only possible for the layer with the smallest coercive field. In that case a 
hysteresis loop is measured by saturating both magnetic layers by applying a large external 
magnetic field, after which the field is decreased up to a value at which only one layer reverses 
its magnetization. Subsequently, the external field is increased again to a value at which the 
magnetization of the layer is reversed back to its original direction. A hysteresis loop measured 
in this way is not centered around zero field anymore, but around the field Hshift· This Hshift 

is directly related to the coupling strength J, without the need of determining the magnetic 
properties of the uncoupled layer. 
From MOKE measurements on the macro junctions we concluded that the samples were not 
homogeneaus over the entire sample area. The measurements showed that in some areas there 
was a strong ferromagnetic coupling, whereas in other areas the coupling was less strong. A 
possible cause for this is the distribution of pinholes over the sample, however this could not 
be verified. In general the macro junctions showed a strong ferromagnetic coupling, with a 
magnetization reversal in one step. This means that these samples could not be compared 
with the tunnel junctions and the coupling strength as a function of the temperature could 
not be determined. 
SQUID measurements on macro series B showed that at 5 K the NiFe layer of the macro 
junctions was biased. This was probably caused by oxidation of the NiFe layer due to an 
inadequately covering protective Ag layer. The thickness of the Co layer was calculated 
from these SQUID measurements and this showed a significant decrease in the thickness for 
tox > 150 s, which is attributed to the formation of Co-oxide for these oxidation times. The 
formation of Co-oxide in these samples was also observed in NMR experiments [29]. 
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