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Summary 

In this report, the progress is reported on magnetoresistance measurements on Co/Cu(lOO) 
multilayers, with both the measuring current in the plane of the layers (the so-called CIP 
geometry) and with the measuring current perpendicular to the plane of the layers (the 
so-called CPP geometry). For the CIP experiments, use is made of 4 x 12 mm2, sput
ter deposited samples on Si(lOO), while for the CPP-MR an MBE grown sample is used, 
micro-fabrication techniques have been used, to create pillar-like structures. The presented 
magnetoresistance data for the CIP geometry are all at room temperature, while for the 
CPP geometry, also the temperature dependence is studied. 

The samples used for the CIP-MR experiments have been analyzed, using X-ray and 
magnetometry, and showed predominant (100) orientation. The layer thicknesses are within 
5% of the specified values and are correlated within one sputter deposition run (meaning 
that the sputter rates for the two elements are constant during this run). The magnetic 
behavior, expressed in the volume fraction antiferromagnetic coupling, however, is much 
less well determined, especially for samples grown in different sputter deposition runs. For 
this reason, only results have been compared for samples grown in the same deposition run. 

From CIP experiments with varying nonmagnetic layer thicknesses, it is clear that the two 
antiferromagnetic peaks, found in the exchange coupling experiments, correspond to areas 
with large magnetoresistance. The first peak corresponds to spacerlayer thicknesses around 
10.5 A and a maximum magnetoresistance ratio of slightly less than 50% is measured. When 
the volume fraction antiferromagnetic coupling is taken into account (the magnetoresistance 
is found to be linear dependent with this parameter), a magnetoresistance ratio is anticipated 
of 65%, the maximum value reported in literature. The second peak is centered around 20 A, 
with a maximum magnetoresistance ratio slightly above 40%, higher as reported in literature 
for these thicknesses. This yields an oscillation period of slightly less than 10 A. Also at large 
spacerlayer thicknesses, in the area of decoupled ferromagnetic layers, tn 2: 30 A, enhanced 
magnetoresistance is measured. 

For small spacerlayer thicknesses, corresponding to the first antiferromagnetic peak, 
tn = 10.5 A, the thickness of the Cu bufferlayer seems crucial. For too small bufferlayer thick
nesses, the preferential orientation of the multilayer changes from ( 100) to ( 111). For too 
large bufferlayer thicknesses, however, pinholes occur, due to increasing interface roughness. 
The optimum is found to be 200 A Cu. For the experiments at in the second antiferromag
netic peak, the thickness of the bufferlayer is less crucial, concerning pinholes, and large 
magnetoresistance values have also been obtained with 300 A Cu bufferlayers. 

The CIP experiments with varying ferromagnetic layer thicknesses, performed at a spac
erlayer thickness corresponding to the second antiferromagnetic peak, showed a maximum 
in the magnetoresistance at t 1 = 15 A. This corresponds to the smallest electron mean free 
path in the system, in this case ..\ f0

• Together with independent resistance measurements 
on bulk cobalt, this yields the spin-dependent bulk-scattering parameter ..xr0 

/ ..x f0 = a ~ 6. 

From the experiments with increasing number of repetitions, it is found that the magne
toresistance saturates at high repetition numbers, above 50. From numerical calculations, 
based on the Boltzmann Transport Equations, used to fit these data, a spin-dependent 
interface-scattering parameter Ti/Tt; ~ 10 could be determined. From this result, combined 
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with the result from the varying ferromagnetic layer thicknesses, it is clear that both inter
face and bulk spin-dependent scattering processes are responsible for the magnetoresistance 
in these multilayers. 

The CPP-MR results indicated that the exact geometry of the pillar-like structures had 
to be taken into account, due to non-uniform current distribution effect. A simple model to 
correct for this geometrical effect is proposed and compared with numerical simulations. It 
seems that the model describes the numerical calculations quite welL 

The CPP-MR result shows a magnetoresistance ratio, 100% at low temperatures, 60% 
at room temperature, twice as high as found in the corresponding CIP sample_ When a 
similar relation for the volume fraction antiferromagnetic coupling, in this sample about 
one third, also holds for the CPP results, a maximum magnetoresistance of 260% at low 
temperatures is possible_ The temperature dependent measurements presented in this report 
are unique, while also no theoretical body is present. Therefore, a simple model is devised 
for the explanation of the results, based on the two-current model for diluted ferromagnetic 
alloys. From this model, the spin-dependent scattering parameters 6 ::; a::; 10, for the zero 
temperature part, and µ ;:::::j 10, for the temperature dependent part of the resistance could 
could be deduced. To compare with the CIP-MR measurements, 4 ::; li"etr ::; 8 is defined as 
the spin-dependent scattering parameter at room temperature. 

From comparison of the spin-dependent parameters of the CIP-MR and CPP-MR experi
ments, it is clear that the large enhancement of the magnetoresistance ratio for the CPP-MR 
cannot be explained by an increase in spin-dependent scattering alone. A more important 
contribution is exp·~cted from the larger part of the conduction electrons contributing to the 
magnetoresistance effect in the CPP geometry, when compared to the CIP geometry, due to 
the absence of "shunting" layers, like the bufferlayer in the CIP geometry. 
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1. Introduction 

In the history of condensed matter physics, for long, experiments could be understood with 
the help of classical theories. The discrete nature of matter never was very important. As 
technology proceeded, it became possible to fabricate structures with ever smaller dimen
sions, thereby entering the domain of mesoscopic physics. When the dimensions become 
small enough, the discrete nature of matter will have measurable effects, influenced by the 
laws of quantum mechanics. New exciting properties can be expected in these structures, 
giving rise to important research efforts in recent years. 

In this report an important new area of research will be discussed, namely the field 
of thin metallic multilayers. These consist of stacks upto hunderds of individual layers, 
each just a few atomic layers thick. Multilayers are available since about five to ten years, 
while the quality, measured by the flatness and homogeneity of the interfaces of succesive 
layers is under constant improvement. In 1986 it was found that multilayers consisting of 
ferromagnetic layers separated by nonmagnetic layers showed antiferromagnetic [1]. This 
unexpected result was followed in 1988 by the discovery of a large change in the resistance 
(reduction in resistance by a factor of two at low temperatures) in a magnetic field [2], 
therefore called Giant Magnetoresistance (GMR) effect. 

Since these experiments were performed, research in this area has been boosted under 
the influence of large electronic companies like IBM and Philips, because it might be possible 
to create sensitive sensors for magnetic information storage applications. Computer hard 
disks, video and DCC recorders and magnetic memories possibly could benifit from these 
new materials. 

Hystorically, read-out sensors for these products used the induction current in pick-up 
coils moving over the magnetic domains as a signal. This system has the disadvantage 
that it is an indirect measurement, in that it measures the time derivative of the magnetic 
moment, thus the signal is proportional to the relative speed from the sensor to the carrier. 
To obtain higher information densities, it is desirable to have a direct and speed independant 
measuring method. For this purpose magnetoresistive sensors have been develloped, based 
on the Anomalous Magnetoresistance (AMR) effect, which is of the order of a few percent. 
These sensors are now widespread in hard disk technology and are also applied in the read 
head of the new DCC players. 

The properties of the magnetoresistive read head could be improved by using an increased 
magnetoresistance effect, like that present in the multilayers described above. By using 
GMR sensors, lower power consumption can be obtained, while also the signal to noise ratio 
improves. This allows larger storage densities, due to the smaller magnetic domains, and 
longer lifetime of batteries in portable applications. 

The research of GMR layered systems can be separates in two 'parts. One part focusses 
on the magnetic properties of multilayers exhibiting antiferromagnetic coupling and its the
oretical explanation, while the other part focusses on the electrical resistance properties. 
Philips Research Laboratories and the Eindhoven University of Technology (group of Prof. 
de Jonge) have combined their effort in a collaboration in a research program on both sub
jects, with considerable results in the last few years. My contribution to this work has been 
put down in this report. 
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The specific goal of my work was to investigate the magnetoresistive properties of mul
tilayers consisting of cobalt as the ferromagnetic material and copper as the nonmagnetic 
material, both for the measuring geometry with the measuring current in the plane of the 
film (the so-called CIP geometry) and the geometry with the measuring current perpendic
ular to the film plane (the so-called CPP geometry). For this purpose, samples have been 
prepared by sputter deposition and Molecular Beam Epitaxy using different compositions, 
as will be described in section 2, along with the methods used for the characterization of the 
growth quality, magnetic and electrical properties. For the CPP measurements some films 
have been micro-structured to produce pillar-like structures. This procedure is outlined in 
section 3, where also a simple model is presented for the current density distribution pat
terns in these structures, which is used for the interpretation of the experiments. In section 4 
a review of electrical transport theory is presented, by which it is possible to understand 
the experiments. The last part of this report (section 5) discusses the experimental results, 
followed by conclusions. 
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The films used in this study have been prepared by two different techniques: Molecular 
Beam Epitaxy (MBE) and High Vacuum Magnetron Sputter Deposition (sputter deposi
tion). In the first part of this section these techniques will be introduced, along with the 
basic properties of the equipment. In the second part, some analysis techniques will be pre
sented used to perform ex-situ characterization of the films after their preparation (X-ray 
Diffraction (XRD) and magnetometry). The last part of this section is dedicated to the 
experimental setup for the magnetoresistance measurements. 

2.1. Sample preparation 

For the preparation of multilayers with individual layer thicknesses of only a few mono
layers (ML), two different techniques have been used. The first is Molecular Beam Epi
taxy (MBE), where material is thermally evaporated and is deposited onto a substrate. The 
second technique used is High Vacuum Magnetron Sputter Deposition (sputter deposition), 
where material is sputtered from a target by an Ar plasma in High Vacuum (HV). The 
schematic setup for both systems is roughly the same and is presented in figure 2.1. 

For applications the MBE growth technique is not suitable (due to high costs and slow 
operation speed), while, on the other hand, sputtering is a common used technique in thin 
film technology nowadays. For scientific research however, the higher quality and the better 
control over the key parameters determining the growth conditions make MBE attractive. 
We used both MBE and sputtered samples. More detailed results were obtained with the 
MBE samples, while the samples grown by sputtering were used for studies concerning the 
general features of the giant magnetoresistance effect. 

2.1.1. Molecular Beam Epitaxy (MBE) 

With MBE a thin film is grown by a process of thermal evaporation of the material from a 
target and condensation onto a substrate at UHV (10-10 - 10-11 Torr). The target material 
can be evaporated by different means of heating, three of which are discussed below. 

Knudsen cell In a Knudsen cell the material is evaporated in a crucible by electrical heat
ing. Due to the elongated form of the crucible, a homogeneous beam of focussed 
particles is directed towards the substrate. 

e-guns By focussing a beam of highly energetic electrons onto a target, atoms will evaporate 
from the surface by physical bombardment. When using the appropriate shutters, a 
well focused, homogeneous beam of atoms can be obtained. 

Filaments The third method used in the present apparatus is heating the target material by 
conducting a large current through it. This will ohmically heat up the wire (filament), 
which will eventually evaporate. A simple variation can be that not the wire itself is 
evaporated, but thin wires of desired material which are wound around it. 
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Figure 2.1. (a) Schematic set up of the growth facilities (in this case, sputter deposition). The 
targets are situated at the lower part, while the substrate is situated above, in between, the shutters 

are visible. The whole system is surrounded by a vacuum vessel and is completely computer 
controlled. (b) Detail of a target. (figure taken from {3}) 

The generated beam of particles will then move freely towards the substrate, on which 
it will condensate into a poly-crystalline film. The growth can be influenced by changing 
the temperature of the substrate, which allows the con.den.sated atoms more or less surface 
diffusion of the deposited atoms. In case of large surface diffusion, interface layers tend to 
interdiffuse, leading to unsharp interfaces, while too low surface diffusion will hinder the 
atoms taking their most favorable positions, which may lead to non-uniform growth. To 
improve the homogeneity of the films, the substrate can be rotated during deposition. 

The system in use at Philips Research Laboratories is a VG Semicon VSOM MBE, usually 
called "MeMuLa", for Metallic MultiLayers, in which 3 knudsen cells, 4 e-guns and typically 
2 filaments are mounted. The system has been in use for some years now and is operated by 
a fixed scientific crew for research purposes only. This has led to a very good understanding 
in and control over the growth conditions, which is, for instance, confirmed by numerous 
publications on the interlayer exchange coupling, since these kind of experiments are only 
possible on high quality multilayers with very fiat interfaces. 

Apart from the targets and the substrate, a number of other facilities are present in 
the system, such as shutters to block the particle beams, which makes it possible to grow 
multilayers, a Reflective High Energy Electron Diffractometer (RHEED) used to monitor 
growth rates and crystalline quality and some quartz crystal monitors to measure the growth 
rate during deposition. The deposition chamber is connected to a transfer tube, held at HV 
conditions. Substrates can be mounted into this tube by a loadlock. In this way, a constant 
high vacuum quality is guaranteed. 
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Due to the small growth rates, sample production is rather slow. This is the main reason 
why the MBE is not used for intensive studies on magnetoresistance as a function of layer 
thicknesses or number of repetitions, when large quantities of samples are required, which 
would claim a large part of the MBE growth time. These studies can be done better with 
sputter deposition, with which series of ten samples per day are possible. This problem 
might be overcome when wedge growth techniques are used. Then the thickness of the 
layers can be varried over the area of the sample in a controlled manner [3]. Afterwards 
these sample can be broken or micro-structured for the magnetoresistance experiments. 

2.1.2. Sputter deposition 

Sputter deposition is done in a High Vacuum (HV) Magnetron Sputter Deposition machine. 
The base pressure prior to deposition is in the order of 10-7 Torr (HV), while during deposi
tion the Ar sputtering pressure is held constant at 5 x 10-3 Torr. An Ar plasma is confined 
above the target by a magnetic field and generated by a large DC voltage between the target 
and a nearby metallic plate (magnetron, see figure 2.1 (b)). Due to the bombardment of the 
Ar ions on the surface of the target, deposition material is released (sputtered), together 
with secondary electrons. The electrons are needed to sustain the plasma and are confined 
by the magnetic field. The (neutral) deposition material will pass the shutters (when open) 
and condensate onto the substrate (deposition). During the time needed to traverse the 
system they will have many collisions with the background gas, which reduces their energy. 

The growth rate in sputter systems is a few angstroms per second, allowing larger series 
of samples (typically ten) to be prepared in one day (run). These samples are fixed upon a 
substrate holder, able to carry ten different substrates at a time. The substrates can be as 
large as 25 mm in diameter, but most of the time 4 x 12 mm2 substrates (current-in-plane 
experiments) or round substrates with diameter of 14 mm (current-perpendicular-to-plane 
experiments) are used. When larger substrates are used, inhomogeneous growth at the edges 
will occur. Unlike the MBE, the substrates cannot be rotated to obtain more homogeneous 
layers. The substrate holder can be rotated to position the substrates with respect to 
different targets, allowing to deposit different materials in sequential order (multilayers ). 

Before each deposition run, calibration samples are prepared to determine the exact 
growth rates for the different materials. This is done by depositing rather thick layers (typ
ically 500 A) of each of these materials onto a substrate, which can be analysed afterwards 
by X-ray reflectivity measurements. In this way, the resulting thicknesses of the individual 
layers can be specified to within 10%. 

One advantage of sputter deposition is the flexibility of the system. Targets can be 
interchanged every day, while the base pressure is easy to obtain within one night of pumping. 
This allows multi-functional operation, but causes also problems for reproducibility. Due 
to different histories before each deposition run, these do not have exactly the same growth 
conditions. This expresses itself by non-reproducible results, which can also be found in 
literature (although not directly admitted). For this reason, only samples grown in one 
deposition run can be compared with each other and characterization after deposition is 
thus a must in understanding the properties of the samples. 
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Figure 2.2. Schematic scheme of the set up for the X-ray diffraction measurements. 

2.2. Characterization 

After sample growth, the structural and magnetic properties of the samples were analysed. 
A standard technique to measure the structure of the samples is X-ray Diffraction (XRD): 
the crystal structure, multilayer period and interface quality can be examined. For the mag
netic properties we used a Vibrating Sample Magnetometer (VSM) and a Superconducting 
QUantum Interference Device (SQUID). With these systems information can be obtained 
about the amount of magnetic material in the multilayer, the volume fraction of the film 
with anti-ferromagnetic (AF) coupling as well as the magnetic anisotropy of the samples. 

2.2.1. X-ray Diffraction (XRD) 

XRD is a standard technique used in materials science to obtain information about the 
crystal structure of materials by means of the interference pattern of reflected X-rays. Use 
is made of constructive interference of the waves of known frequency, reflected by the crystal 
planes of the sample. The measurement can be performed by directing the X-rays at an 
angle () with the sample surface towards the sample and measuring the intensity reflected at 
an angle 2() (called a() - 2() scan). The resulting reflected intensity is an oscillating function 
of () and is a characteristic feature for each material. Information about the thickness of the 
sample can be obtained, as well as periodic modulation of scattering centers in the direction 
normal to the film plane (interatomic distances or multilayer periods). 

The results can be explained by the classsical Bragg law for constructive interference in 
the reflected wave (see figure 2.2), 

(2.1) 

where ,\ is the wavelength of the radiation used, n the order of the maximum in the 
intensity, ()n the corresponding angle and d is the distance between the scattering centers 
perpendicular to the plane of the film (this can be either the interatomic distance or the 
multilayer period). When periodically layered structures are used, several maxima will exist, 
with increasing order, allowing the determination of the interlayer distance d, which is the 
interatomic distance or the multilayer period. A typical XRD plot is shown in figure 2.3. As 
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Figure 2.3. Typical plot obtained by means of XRD analysis. The measurement is made at high 
angles. A number of peaks is observed, the central peak provides information about the crystal 
structure, while the satelite positions are a measure for the multilayer period. 

can be seen from this figure the reflected pattern exhibits a maximum with several satelite 
peaks. This is a result of the combined effect of a multilayer period and the interatomic 
distances. The position of the central peak provides information about the latter, while the 
satelite positions allow the determination of the multilayer period. 

The positions of the peaks have been fitted with a computer program (XRD). The only 
information used further was the multilayer period. The interatomic distance was only used 
to confirm the crystal structure of the crystal. All the measurements on multilayers used 
high angles (40° :S 20 :S 60°), while the thickness calibrations (to determine the growth rate 
for sputter deposition) were carried out at low angles (20 :S 5°). At low angles the difference 
in diffraction indices for air and metal have to be taken into account (which is incorporated 
in the fit procedure). 

The XRD pattern can be studied in far more detail as will be discussed in this report. 
Deeper analysis methods, including rocking curves for texture quality, number of peaks 
for film thickness and peak widths for coherence lengths, are described by others, see for 
example [4] and references therein. 
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Figure 2.4. Typical magnetization measurement done with the magnetic field along an easy axis. 

2.2.2. Magnetization 

Some magnetic properties can be determined by means of magnetometry. This can be done 
by measuring the magnetic moment of a sample as a function of the applied magnetic field. 
The resulting hysteresis loop provides information about the total magnetic moment of the 
sample, the magnetic anisotropy and, in the case of magnetic multilayers, the interlayer 
coupling. The total magnetic moment can be deduced by applying a large field, so that 
all magnetic moments in the sample are aligned parallel. The magnetic anisotropy and the 
exchange coupling strength follow from hysteresis measurements at different angles between 
the applied field and the orientation of the sample. The analyzing method for these mea
surements is described in detail in for example [5]. Another property that can be obtained 
by magnetization experiments is the volume fraction of the sample, which is coupled an
tiferromagnetically. This fraction can be defined as (1 - Mrem/ Msat), where Mrem is the 
remanent magnetization (magnetization at zero field) and Msat is the saturation magne
tization (magnetization at high field). A typical magnetization measurement is shown in 
figure 2.4. 

For this kind of measurements two different sets of equipment have been used. The 
first is a home-made Vibrating Sample Magnetometer (VSM) [5], which operates at room 
temperature and measures the magnetic moment of the sample as a function of the applied 
magnetic field. The second apparatus is the Superconducting QUantum Interference De
vice (SQUID). With this apparatus the magnetic moment of the sample can be measured as 
a function of temperature (from liquid helium to well above room temperature) or applied 
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magnetic field. 

The principle of the VSM is to vibrate a magnetic sample in a homogeneous applied 
magnetic field. This induces an inductive current in the pick-up coils wound around the 
sample, which is proportional to the total magnetic moment of the sample. The VSM has 
the advantage that rather large samples can be measured (typically 4 x 12 mm2

, which is 
the size of most sputtered samples. It is also possible to rotate the sample with respect to 
the field direction. 

The SQUID also measures the total magnetic moment, but in a different way. Through 
a superconducting coil-system an inductive current is detected, which consists of contribu
tions of the sample and of the applied field. The magnetic moment of the sample can be 
distinguished from the applied magnetic field by measuring the magnetic moment throught 
the pick-up coils as a function of the position of the sample. When the sample has to be 
rotated in the sampleholder (for instance to study the magnetic anisotropy), one has to 
break the sample in pieces of about 4 x 4 mm2

• This makes the samples unsuitable for 
further resistance measurements. 
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2.3. Magnetoresistance measurements 

The magnetoresistance experiments are performed by means of a four-probe measuring ge
ometry using a low frequency (13 Hz) lock-in technique. The maximum magnetic field that 
can be applied is 2 T and it can be switched from positive to negative. The temperature 
is variable between 4.2 K (liquid helium) and ±400 K, though temperatures above 300 K 
(room temperature) have not been used. A schematic representation of the equipment is 
shown in figure 2.5. The different parts of the equipment will be discussed below. 

2.3.1. Resistance measurements 

The resistance measurements are performed with a low frequency (13 Hz) lock-in measuring 
technique, using a four-probe geometry. For this purpose a AC resistance bridge is installed, 
which can measure resistances in the range of 20 mf! (ranges in full scale, four digits read 
out, five digits in special cases) to 200 kf! with an accuracy of about 0.1 %. The accuracy 
can be improved even further by measuring the difference with a known offset resistance 
(this gives the fifth digit) for measurements with small effects. In each resistance range, 
the measuring current can be varied over 3 orders of magnitude. The measurements where 
typically performed in the 200 mn range with applied measuring currents of 1 mA. The 
bridge can be read out automatically, while all options (range, measuring current, offset 
resistance) have to be preset manually. 

temperature 
controle 

temperature 
measurement 

sample 

resistance 
measurement 

computer 

magnetic field 
controle 

magnetic field 
measurement 

Figure 2.5. Schematic setup for resistance measurements. 

The four-probe measuring technique is, in principle, an adequate technique for measuring 
the resistivity of a sample without contributions of the contact leads and electrodes. For the 
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12mm 

4mm 

Figure 2.6. Measuring geometry in the four-probe method. 

current-in-plane geometry, four contacts are placed in line on the sample. The outer contacts 
serve as current leads, while the voltage difference is measured between the middle two (see 
figure 2.6). The resistance is then determined by deviding the measured voltage difference b)'.' 
the applied current. As will be seen further, see section 3.2, for the current-perpendicular-to
plane geometry (where the four pro bes are not in line), the precise geometry of the contacts 
has to be taken into account. 

The contacts for the current in plane geometry are made of indium. First a small sphere 
of indium, typical 0.5 mm in diameter, is pressed onto the surface of the sample. A second 
one is then pressed on top of the first, while a contact lead is held in between. This results 
in a good electrical contact, at all reasonable temperatures. For the current-perpendicular
to-plane geometry we use bonding techniques (leads are acoustically drilled into the contact 
flaps), because the indium-method does not work here, due to the small dimensions of the 
samples. 

The samples are mounted onto a sample holder, which is then positioned between the 
poles of a magnet in the flow cryostat. Two sample holders are available, one for large sam
ples (current-in-plane geometry) using the indium contacting method and one for samples 
prepared by bonding in an IC-holder (used for micro-structured samples, such as in the 
current-perpendicular-to-plane geometry or Hall-bars). The sample holder is rotatable with 
respect to the magnetic field, allowing the resistance measurements to be done in different 
field directions in one experimental run. 

2.3.2. Temperature control 

For measuring the temperature dependence of the resistance, use is made of a continuous 
flow cryostat. In this cryostat the sample can be cooled down to 4.2 K by means of a flux 
of liquid helium cooling the thermally insulated wall of the sample space. The sample is 
then cooled by thermal contact between the wall and the sample by a contact gas (also 
helium). A wire around the wall allows electrically heating the sample. The temperature 
can be controlled, by a PID controller, between 4.2 K and around 400 K, but temperatures 
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above 300 K (room temperature) have not been used. 

The temperature at the exact place of the sample differs from the temperature measured 
by the PID controller, because the temperature sensor for the PID controller is not placed 
directly on the sample holder. To have an accurate knowledge of the temperature of the 
sample at all temperatures, two temperature sensors have been mounted onto the sample 
holder; one, which is sensitive in the low and one for the high temperature range. The 
temperature sensors are connected to an independent circuit, with the possibility of computer 
readout. 

2.3.3. Magnetic field control 

The magnetic field is applied by an independant power supply, generating the current 
through two water cooled copper coils of an electromagnet. The output of the power supply 
can be tuned by an input voltage, while the current direction (magnetic field direction) can 
be switched by a second, separate input signal. The input voltage is supplied by a function 
generator, generating a triangular signal of 0.001 Hz typically, corresponding to a single 
sweep time between 15 and 30 minutes. The output of the function generator, as well as the 
field-direction switching signal, can be controlled by a computer. The maximum field that 
can be realized is 2 T. 

The magnetic field is measured by a Hall-sensor with computer readout. The sensor is 
placed outside the crystat, between the pole shoes of the magnet. The sensor is accurate to 
within the mT-range. 

2.3.4. Measuring method 

A measurement is done by measuring in sequence the magnetic field, resistance and 
temperature. Before the measurement starts, the temperature has to be set to a desired value 
and stabilized. A typical measurement consists of over 600 data points, which corresponds 
to an average spacing of the datapoints of about 5 mT. By lowering the sweep frequency 
at low fields, the datapoint spacing may be even closer there. A typical result is shown in 
figure 2.7. 



2.3 Magnetoresistance measurements 

300 A Cu + 11 o { 16 A Co + 20 A Cu } + 50 A Au 

500 

'E 
.c 
0 
.§. 
a: 

l_______l_______ ___ [ _ ______J_________j_ 

-0.5 -0.3 

350 

~~~·-30 

-0.1 

R (max) 

I 

R (sat) 

I 
~~~- 1 __ ___i_________l_ ___ 1 1 ____ L_ __ 1_ I 

0.1 0.3 0.5 

B (T) 

15 

Figure 2. 7. Typical magnetoresistance measurement. The resistance drops as a function of the 
applied magnetic field, until saturation is reached. The magnetic field is applied along an easy 

axis. 
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3. Pillar-like structures for CPP-MR measurments 

Experiments to measure resistances perpendicular to the plane of a thin film are not straigth
forward, due to the very small resistance values relative to the contacting leads. For this 
reason pillar-like structures were fabricated. In order to discriminate between the resistances 
of the contact electrodes and the resistance of the pillar, a (technically complicated) struc
ture has been constructed, allowing a four-probe measurement technique. In order to have a 
measurable resistance perpendicular to the film, the absolute value should be at least in the 
mn range and is preferably larger than the resistance of the contacting electrodes. To fullfill 
these conditions, the in-plane dimensions of the structure have to be in the same order of 
magnitude as the thickness of the film, therefore microstructuring has been used. The struc
tures are just a few microns in diameter, while their heigth is typically half a micron. This 
gives rise to a non-uniform current distribution in the pillars. For a decent interpretation 
of the experimental results, this non-uniformity has to be taken into account. Therefore a 
simple model for the current density distribution in the pillar will be proposed. 

In the first part of this section, the fabrication of the structures will be discussed. Two 
different measuring geometries will be introduced. In the second part a simple one dimen
sional model for the current density distribution is introduced, which will be used for the 
interpretation of the experiments. The results of this simple model will be compared to 
numerical simulations based on the finite element method. 

3.1. Fabrication of the structures 

For the fabrication of the pillar like structures, films were grown by MBE and sputter de
position on round Si(lOO) substrates (14 mm in diameter). These films consisted of a thick 
base layer (3000 A Cu) on which the Co/Cu multilayers were grown (about 6000 A thick). 
Finally a thick top layer (3000 A Au) was deposited. Reference samples of the same specifi
cations were grown (but without base layer) on round, transparant Si02 substrates (10 mm 
in diameter). The number of repetitions in the reference samples was roughly 30% less as 
in the original sam pies (the reason will be explained below). 

The microstructuring process is outlined schematically in figure 3.1 and consists out of 
a number of steps: 

1. Definition of the pillar, 

2. Separation of the different structures, 

3. Creation of the contact leads, 

4. Etching the trenches (optional). 

3.1.1. Definition of the pillar 

The first step in the micro-frabrication process is the definition of the pillar. For lithographic 
patterning, a trilayer of 0.2 µm Mo, 0.4 µm Al20 3 and 0.2 µm Mo is deposited on top of 
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Figure 3.1. Schematic representation of the for the production process for the pillar structures 
used for the CPP-MR experiments. The horizontal dimensions have been reduced with respect to 
the vertical ones. See text for detailed discussion of the process. 
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the film. The top Mo layer is used to create the mask in the Al20 3 layer, which in turn is 
used to create the pillar by means of an H Cl plasma. The bottom Mo layer will serve, also 
later in the process, as an adhesion promotor. 

In the top Mo layer a pattern with the location of the pillars can be etched by means 
of conventional lithography and wet etching. For the lithography a photoresistive layer is 
deposited on the Mo layer (HPR 204 photoresist). After UV light treatment through a 
protective mask this layer can be developed using an alkaline solution. The free surfaces of 
the lower Mo layer can now be wet etched using nutric acid (HN03, solved in phosphoric 
acid (H3P04 ) for more viscosity, which slows down the etching process). Afterwards the 
photoresistive layer is removed using acetone. A schematic representation of the structure 
after this step is shown in figure 3.1 (a). The Mo mask is used to etch the Ab03 layer (with 
a CHF3/Ar plasma), see figure 3.l(b). 

The Ab03 mask is used to etch the Au top electrode and multilayer down to the Cu 
bottom electrode using a H Cl plasma, see figure 3.1 ( c). To stop at the correct time is one of 
the most critical steps in the whole process, because the etch rate of the bottom electrode 
(Cu) is much higher than the etch rate of the multilayer (due to the presence of etch resistant 
Co). To solve this problem, etch reference samples are grown on a Si02 substrate. One makes 
use of the difference in reflectivity of a multilayer, compared to the substrate. During the 
etching process, the reflected intensity of a laser-beam is minitored. When the complete 
multilayer of the etch reference sample is etched through, this is detected and the process is 
stopped. As a last step the Ab03 layer is removed, using a CHF 3/ Ar plasma and stopping 
at the underlying Mo layer. 

The number of repetitions of the reference sample is lesser than the number in the original 
sample by almost 30%. This is needed because reflection of bombarding ions against the 
(forming) edges of the pillar gives rise to a larger etch rate at these edges compared to 
the free surfaces of both the reference and the rest of the original sample, thus creating 
deeper trenches beside the intended pillars. This can be compensated for by using a thinner 
film (reference sample) as a stopping criterion. A number of 30% was found in the Fe/Cr 
multilayers, prior to the Co/Cu films studied in this report. The ion reflection effect seems 
to be less in the Co/Cu films, as is compensated for by some "over etching" (continuous 
etching for some time after light em urges underneath the reference sample). 

3.1.2. Separating the different structures 

When the pillar definition is ready, the whole sample is covered with a photoresistive layer 
(HPR 204). In this layer the global definition of the structure is done, using the same 
technique as before and will serve as a mask for the separation of the individual measuring 
structures. Now the film can be wet etched down to the substrate using a FeCb solution. 
Afterwards the remaining photoresistive layer is removed again, see figure 3.l(d). This 
step proved to be the botteneck in the process as a whole, causing many (even most) films 
to be destroyed by "jumping" (the film releases itself from the substrate due to internal 
stress, probably induced by repeated heating and cooling the sample during the process of 
deposition and microstructuring). 

This step is not more crucial than the preceding steps on its own, but allows a way out 
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for the internal stress, just like a needle does to a balloon. 

Now the complete structure is ready and only the contact leads are missing. The top 
of the actual pillar will be used for both a voltage and a current lead. The other two leads 
are made by using the bottom (Cu) layer, which is in contact with two larger pillars (one 
at each end of the structure). One of these larger pillars will be used as a voltage and the 
other as a current lead. This way a four probe measuring structure will be created. 

3.1.3. Creating the contact leads 

Before creating the contact leads, an insulating polyimide layer (Probimide 408, 1.9 µm) is 
deposited on top of the existing structure. Now the Mo layer which is still present on top of 
the actual pillar and both of the larger contact pillars is needed as an adhesion promotor for 
the polyimide. On top of the polyimide another (0.2 µm thick) Mo layer is deposited. Holes 
are created in the Mo layer above the (three) pillars again using conventional lithography 
using a photoresistive layer. By underetching (etching longer then needed), the Mo retreats 
under the photoresist. The photoresist is not removed, but heated in an oven to create 
flatter slopes at the free hanging edges, see figure 3.l(e). 

When etching contact holes in the polyimide using reactive ion etching ( 0 2 plasma, 
etches only polyimide and photoresist), the slopes of the photoresist are transfered into the 
polyimide, see figure 3.l(f). When the etching is complete, Mo can be seen on the bottom 
of the contact holes. The flat slopes are needed for a flat, continuous coverage of the Au 
contacting leads, allowing low resistive electrical contacts between the pillar and the contact 
leads. When using steep angles, the Au on top of the pillar will have no (or poor) electrical 
contact with the Au on top of the rest of the structure (contact leads). 

After removal of the Mo in the contact holes and on top of the polyimide, a 1.9 µm Au 
layer is deposited using sputter deposition. Just before the actual deposition, the surface is 
cleaned by an Ar sputter etch in the same apparatus, to reduce Au to Au contact resistances 
by pollution or oxidation. The Au layer can be structured using lithography in a 12 /KI 
solution. After removal of the photoresist the Mo layer, used as an adhesion promoter for 
the photoresist, is also removed, as well as the (now) free Mo layer in between the Au contact 
leads (Mo is a conductor and would short circuit the structures if it was not removed). Now 

, the structure is complete and will be called "geometry I" when no further processing is done, 
' see figure 3.l(g) and 3.2(a). 

3.1.4. Etching (optional) trenches 

The structure obtained by the process as described above can be used to measure the CPP
MR. But voltage drops in the contact leads, due to the spreading of the measuring current 
in these electrodes, leads to an unwanted "spreading resistance" (see section 3.2.1 for more 
detailed discussion) in the contact leads. This resistance is most pronounced in materials 
with high resistive contact leads (relative to the average pillar resistivity), but is also present 
in the Co/Cu films. The largest part of the spreading resistance is caused by an almost radial 
inflow of the current in the top and bottom electrode. This gives rise to a voltage drop over 
a typical distance in the direction of the voltage probes (also see section 3.2.1). 
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To reduce (or eleminate) this effect, a trench can be etched through the top and bottom 
electrodes beside the pillar, effectively separating the voltage and current leads. Now the 
current can only flow from the current leads through the pillar and back into the current 
leads again (as it should), thus removing the voltage drop in the voltage leads. The measured 
resistance will drop and only the pillar contribution will be measured. A model to verify 
this is presented in the next section. 

The trench could in our case not be made using classical etching methods (because the 
appropriate masks were not available and while it is difficult to change the process fabrication 
incorporate an extra step). Therefore laser etching has been used with a Nd:YAG laser 
(wavelength is 532 nm). With this laser trenches can be made by lasering from the outer 
area of the structure towards the pillar, stopping at a distance as small as possible from it 
(few microns). The thus created structures will be called "geometry II", see figure 3.2(b). 

On one substrate a few hundred of these kind of structures can be fabricated, with 
different pillar cross sections (ranging in radius between about 2 and 10 µm). For the 
experiments four of these structures are separated and mounted onto an IC-holder (on each 
IC-holder eightteen contact can be made of which now a maximum of sixteen is used). 
Contact between the structures and the IC-holder is made by means of "bonding". With 
bonding, an thin aluminum or gold wire is accoustically drilled into the contact lead of the 
structure on one end and onto an IC-holder contact lead on the other end. From each sample 
a large number of these structures can now be measured in order to gain different kinds of 
information, such as the current distribution in the pillar, the contacting resistances and the 
intrinsic perpendicular magnetoresistance effect. 
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(a) 

(b) 

Figure 3.2. Top view of the structures for the CPP-MR experiments after the microstructuring 
process, (a) geometry I and (b) geometry II. (X marks the pillar; The current leads are indicated 
with r+,-; The voltage leads are indicated with y+.-) 
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(a) 

(b) d), 

Figure 3.3. Solution of the voltage (a,c) and current (b,d) pattern in the bottom electrode for 
( a,b) geometry I and ( c,d) geometry II. The current leads are situated on the left, the voltage leads 
on the right. 

3.2. Current distribution effects in pillar-like structures 

In this section, a simple Ohmic model will be presented used to interpret the CPP-MR 
results 6n pillar-like structures [6]. This interpretation is non-trivial, because of a non
uniform current distribution in the interior of the pillar and in the contacting electrodes. 
A distinction will be made between the different measuring geometries introduced earlier. 
First, numerical simulations using the finite element method will be presented. 

A method to gain information about the current distribution in the pillar is to do numeri
cal simulations on the basis of the finite element method. This method devides the structure 
in small elements and solves Poissons equation for each of these elements, assuming conti
nuity of the solution at the boundaries. The total solution is determined by the boundary 
conditions at the edges of the whole structure. The solution consists of the potential at 
each of the nodal points of the elements and the current density can be found by taking the 
gradient. 
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Simulations have been carried out for both measuring geometries on a pillar consisting 
of the same material (Au) as the contact electrodes [7]. The dimensions of the pillar have 
been taken 4x4 µm 2 for the ground area and the height was 1 µm. The thickness of the 
bottom electrode was 0.3 µm, while the top electrode was 1.9 µm (due to the top gold 
contacting lead). The result for the voltage pattern in the bottom electrode can be seen in 
figure 3.3. As can be seen, in geometry I the voltage pattern spreads almost radially, over 
some distance, in the neighborhood of the pillar. This leads to a "spreading resistance". In 
geometry II this effect is not present. 

Geometry I In this geometry, finite element simulations have shown that the current 
spreads out of the pillar into the contact electrodes almost radially. This will be mod
elled by a cylindrical pillar of radius R, with cylindrical symmetric current density. 
Outside the pillar the current is assumed to contribute to the measured resistance (the 
voltage between the two voltage electrodes) for some characteristic distance before it 
retreats towards the current electrode (this will be called the "spreading resistance" [7]. 

Geometry II In this geometry, the current is prevented from flowing out radially by a 
laser-etched trench down to the substrate, thus effectively separating the current from 
the voltage electrodes. This will be modelled by a square pillar of length L, while 
the current will be assumed to originate from one side of the pillar (meaning that the 
width of the laser-etched trench is taken to be the total width of the pillar). 

In both models a number of assumptions have been made: 

1. The current in the top and bottom electrode are always in the plane of the electrode. 
This means that no vertical current density contribution is taken into account in the 
contact leads, while this will surely be present at the edge of the pillar. 

2. The current in the pillar is assumed to be normal to the plane of the electrodes ( ver
tical). Thus we neglect the in plane spreading of the current in the body of the 
pillar. This can be vizualised by constructing the pillar out of an infinite number of 
independent shells or slices. 

3. The resistivity of the pillar is taken to be a constant in the whole pillar. This way the 
multilayer nature of the pillar will be disregarded. This can be done due to the fact 
that the electron mean free path is much larger than the individual layer thicknesses. 
An electron will in this limit sample the average resistivity of the structure. 

3.2.1. Geometry I 

In geometry I the current is assumed to be cylindrical symmetric (see figure 3.4). In this 
case (with the mentioned assumptions and conservation of current) the following relations 
can be deduced when r 2: R: 

it(r) = __ z _' 
27rrdt 

(3.la) 



3.2 Current distribution effects in pillar-like structures 

..._ ..._ I , , 
I 

I 

I 

I 

I 
jp' If w 

I 

i 

I 

I 

I 
.# I .# I . ' ' I 

I 
r = R 

.# 

' 

v ' 

..._ , 

'i p 

I 

I 
r= R 

r 

.# 

' 

..._ , 

25 

Figure 3.4. Schematic representation of the applied model for geometry I, see text for an expla
nation of the symbols. 

jb(r) = -2 zd' 
7rT b 

(3.lb) 

where i is the total measuring current, it(b)(r) is the current density and dt(b) is the 
thickness of the top (bottom) electrode. This leads to a measurable voltage drop in the 
electrode caused by the current in the contacting electrodes flowing in the direction of the 
voltage probes for some characteristic distance before retreating towards to the current 
leads. This voltage drop can be interpreted as an "in plane" resistance contribution, called 
"spreading resistance" [7]. This spreading resistance can be estimated by asuming a fixed 
distance A over which the current contributes to the extra voltage drop. The resulting 
spreading resistance can be found by integrating eq. (3.1) over this fixed distance A 

(3.2) 

For the top electrode At has been determined experimentally for gold test structures and 
was found to be 5 µm for a Au overlayer of 1.9 µm, which is applied in most (all) structures. 
It was also found that A increases when the thickness of the contacting electrodes was 
decreased, i.e. the resistance per square is increased. This means that for highly resistive 
contacting electrodes like Cr, the effect will be more extended, while the reduced thicknesses 
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in the actual measuring structures will also increases the effect (in the measuring structures 
the bottom electrode was 0.4 µm for the Fe/Cr system and 0.3 µm for the Co/Cu system). 

For the current distribution within the pillar itself, we can write, for r ~ R: 

(3.3a) 

. ( ) d(jt(r) · 27rrdt) 
J r - -

P - 27rrdr ' (3.3b) 

where Jp(r) is the current density in the body of the pillar. Further, with Ohm's law the 
following relations can be deduced: 

.() _ dvt(r) 
Jt r Pt - - dr , (3.4a) 

. d1;b(r) 
Jb(r)pb = - dr , (3.4b) 

Jp(r)C = vt(r) - Vb(r), (3.4c) 

where Pt(b) and Vl(b)(r) are the resistivity and voltage in the top (bottom) electrode 
respectively. The constant C is defined as: 

(3.5) 

with pp the average resistivity and dp the height of the pillar. Re represents a possible 
surface contact resistance contribution, which could originate from an (unwanted) highly 
resistive (i.e. oxidic) thin layer formed during deposition or microstructuring. 

When eq. (3.4c) is differentiated and eq. (3.4) and eq. (3.3) are inserted, this leeds to a 
second order differential equation (modified Bessel equation of order one): 

d
2
jt(z) ~ djt(z) _ [ 2-J . ( ) _ 
d 2 + d 1 + 2 Jt z - 0, z z z z 

(3.6) 

where z = r/k and 

1 

k = cptfdt) ~ (pb/db)) 

2 

(3.7) 

The general solution of eq. (3.6) becomes Jt(z) = AI1(z) + BK1 (z), in which 11 , ]{1 are 
the modified Bessel functions of the first and second kind with order one. When using the 
boundary condition at the border of the pillar region (eq. (3.1) at r = R) and the knowledge 
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that the total current in the top electrode will gradually decrease with decreasing r, this 
leads to the solution 

. -z 11(r/k) 
Jt(r) = 2JrRdt 11(Rjk)' (3.8) 

The perpendicular current density in the interior of the pillar can now be found by 
reinserting eq. (3.8) in eq. (3.3b ). This leads to 

• ( ) __ i_· • (Rjk)I0 (r/k) 
Jp r - 7rR2 1

1
(Rjk) ' (3.9) 

where now 10 is the modified Bessel function of the first kind with order zero. This 
result is compared with the results in the middle of the pillar, as derived from the finite 
element method calculations, in figure 3.5( a). As can be seen, the model describes the results 
reasonably well. Eq. (3.9), combined with eq. (3.4c) leads to a measured (perpendicular) 
pillar resistance 

RI _ vt(R) - Vb(R) _ RI . (Rjk)Io(R/k) 
measure - i - pillar 2Ji ( Rj k) (3.10) 

where 

I C 
Rpillar = 7r R2 (3.11) 

is the resistance measured with a homogeneous perpendicular current density. This 
situation can be obtained by lowering the resistivity of the contact leads with respect to the 
pillar resistivity, as has been done by the group of Michigan State University [8-13], who 
used superconducting contact leads. In this case, Rj k -+ 0 and the geometrical factor in eq. 
(3.10) becomes unity. 

In our case, a distinction can be made between previous Fe/Cr work [7,14] and the Co/Cu 
multilayers. In the Fe/Cr system the bottom electrode is made of Cr, which is highly resistive 
compared to the multilayer, while the Cu bottom electrode in the Co/Cu system has a much 
lower resistivity than the multilayer. Therefore, the influence of the geometry is expected 
to be much less in the case of Co/Cu with respect to Fe/Cr. 

3.2.2. Geometry II 

In geometry II the current is assumed to originate from one side of the pillar and comes 
out on the same side, which applies to the situation with a laser-etched trench (see figure 3.6). 
In this case the following relations can be deduced (see close resemblance with 3.2.1) by from 
conservation of current when 0 2: x 2: L: 

(3.12a) 

. ( ) = -d djt(x) [= d djb(x)l 
]p x t dx b dx ' (3.12b) 



28 

(a) without trench 

-'i:' ::::: 

-2 -1 

(b) with trench 

0.8 

0.6 --0 ::::: -
~ 

0.4 

0.2 

0 

0 

Pillar-like structures for CPP-MR measurments 

0.8 

0.6 

0.4 

• \:t~-F--- • 

0 

r (µm) 

2 

x (µm) 

· Pillar model 

• Finite element 
calculations 

• 

-- Pillar model 

• Finite element 
calculations 

3 

2 

4 

Figure 3.5. Current distribution in the middle of the pillar as calculated with the finite element 
method (dots) and the pillar model (solid lines) for (a) geometry I and (b) geometry II. 
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Figure 3.6. Schematic representation of the applied model for geometry II, see text for an ex
planation of the symbols. 

where jt(b) ( x) is again the current density and dt(b) is the thickness of the top (bottom) 
electrode and jP ( x) is the perpendicular current density in the interior of the pillar. Further, 
with Ohm's law the following relations can be deduced: 

.() _ dVt(x) 
Jt x Pt - - dx , (3.13a) 

.() __ di'b(x) 
Jb x Pb - dx , (3.13b) 

jp(x)C = Vt(x) - i'b(x), (3.13c) 

where Pt(b) is the resistivity and 11t(b)(x) is the voltage in the top (bottom) electrode. The 
constant C is again defined by eq. (3.5). When using the same procedure as in section 3.2.1 
one now finds the resulting differential equation for jt( x ): 

djt(z) . 
~ -Jt(z) = 0, (3.14) 
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where z = x/k and k defined by eq. (3.7), with the general solution jt(z) = Aez + Be-z. 
By inserting the boundary conditions this leads to the following solutions for jt(x) and jp(x): 

. i sinh ( L - x) / k 
Jt(x) = Ldt. sinh(L/k) ' (3.15a) 

. ( ) _ i_. (L/k) cosh(L - x)/k 
)p x - L 2 sinh(L/k) ' (3.15b) 

where i is again the total measuring current. This result is compared with the results 
in the middle of the pillar, as derived from the finite element method calculations, in fig
ure 3.5. As can be seen, the model describes the results reasonably well. The measured 
pillar resistance can now be written as 

where 

II vt(L) - Vb(L) II (Ljk) 
Rmeasure = i = Rpillar . sinh( LI k) ' 

II C 
Rpillar = L2 

(3.16) 

(3.17) 

is again the resistance measured in the case of a homogeneous perpendicular current 
density. In this geometry there is no voltage drop in the contact leads, because the trench 
prevents the current from flowing into the voltage leads. This means that the totally mea
sured resistance originates from the pillar only. As the pillars grow larger ( L / k becomes 
larger), no current can reach the voltage probe side of the pillar, so no voltage drop can oc
cur there, meaning no measured resistance. This is a real difference from geometry I, where 
there is always a measurable resistance, because the current always reaches the voltage probe 
side (the current distributes to all sides equally). 
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4. Theory 

4.1. Ferromagnetism in transition metals 

To understand the basic characteristics of the giant magnetoresistance in magnetic multilay
ers, an insight in what makes bulk transition metals such as Co, Ni and Fe ferromagnetic is 
needed, as well as a description of their basic properties. First we will deal with single atoms, 
afterwards we will discuss crystals. A good review is given by Mathon (see reference [15]), 
so only an outline will be presented here. Next, the influence of reduced dimensions and 
stacks of separated films can be studied. Again a single thin films will be discussed first. In 
the last part of this section, the properties of multilayers will be shortly reviewed. A more 
detailed outline is presented in [3,16]. 

4.1.1. Isolated atollls 

The magnetic moment of transition metals is associated with the internal angular momen
tum or spin of the electrons occupying the partially filled 3d atomic orbitals. Electrons spins 
have two possible projections (often called "up" and "down", with respect to the local mag
netization of the material). Each electron then contributes to the macroscopic magnetisation 
an elementary magnetic moment of one Bohr magneton (µB) per spin. 

For each atom the atomic orbitals will be filled with electrons following Hund's rules [17]. 
This means that shells are filled in order of lowest energy, till all electrons are placed (the 
highest occupied energy level is is called the Fermi energy). Within one shell, electrons 
favour the arrangement with maximum total spin (maximum magnetic moment). The first 
half of the shell will be filled with electron spins parallel. Because of the Pauli exclusion 
principle, the next half will be filled with the spin orientation anti-parallel, thus reducing 
the total magnetic moment of the atom (totally filled shells have no net magnetic moment). 
Only incompletely filled shells can influence magnetic and electrical properties of metals, so 
for the elements of interest here (Co, Ni and Fe), only the 4s and 3d shells are relevant. As 
will be shown further on, the more localized 3d-electrons are responsible for the magnetic 
properties, while the 4s-electrons are the dominant current carriers. 

The total number of electrons that can be accomodated in a 3d shell is ten, but an 
isolated Co atom, with the configuration 3d7 4s2

, has only seven electrons in the 3d shell 
and two in the 4s shell. It follows that an isolated Co atom has a magnetic moment of 
5µB - 2µB = 3µB associated with the spin of the 3d-electrons. Similarly, an Fe atom in the 
configuration 3d64s2 has a moment of 4µB and a Ni atom in the configuration 3d84s2 has 
a moment of 2µB. For isolated atoms, there is also a contribution from the orbitalangular 
momentum of electrons to the total magnetic moment, but since the orbital moment is 
quenched in bulk crystals, this term is left untreated. 

4.1.2. Bulk crystals 

When atoms are brought together to form a bulk crystal, some electron orbitals will overlap, 
which means that electrons are no longer attached to their respective atoms but are shared 
by all the atoms in the crystal. Because of the kinetic energy associated with electron 
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Figure 4.1. Simplified representation of the band-structure of (a) a nonmagnetic transition metal 
(Cu, Cr or Cr) and the magnetic transition metals (b) Co, (c) Fe and (d) Ni. 

transfer, 3d and 4s atomic levels spread into energy bands. The width of an energy band 
reflects the degree of electron orbital overlap and since the outer 4s-orbitals overlap much 
more than the 3d-orbitals, the 4s-band is much wider in energy than the 3d-band. It follows 
that the mobile 4s-electrons are responsible for the transport properties; the less mobile 
3d-electrons are responsible for the magnetic properties, while empty 3d-states act as the 
main scattering centres for the 4s-electrons. It also follows that the number of electrons with 
the same energy (density of states) will be much higher for the 3d-electrons (maximum of 
10 electrons) compared to the 4s-electrons (maximum of two electrons). 

Given that transfer of cl-electrons between atoms is relatively infrequent, they tend to 
spend a longer time on their respective atoms than s-electrons. Since two electrons occupying 
the same orbital on an atom experience a strong Coulomb repulsion, it is clear that mutual 
interactions are very important for cl-electrons, but are much less so for s-electrons. Because 
two electrons with the same spin cannot occupy the same orbital and will avoid an atom 
which is already occupied with a similar spin electron. Electrons with opposite spins, on 
the other hand, can occupy states on the the same atom. It is clear that whenever two 
electrons come on the same atom, the total energy increases by an amount equal to the 
intra-atomic Coulomb repulsion. To minimize the total energy it is, therefore, advantageous 
for all cl-electrons to have their spin parallel, i.e. intra-atomic Coulomb repulsion favours the 
formation of a spontaneous magnetic moment (ferromagnetic ordening). 

However, putting all electrons into states with the same orientation of spin increases 
their total kinetic energy. This is because we are not taking advantage of the possibility to 
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fill each state with two electrons, which is allowed when the electrons have opposite spins. 
We have, therefore, two competing tendencies which have to be balanced to decide whether 
ferromagnetic ordering takes place, as expressed by the Stoner condition (see [15] for details). 
For the ferromagnetic materials Fe, Co and Ni the Stoner condition is fullfilled, while for 
the transition metal Cu, Cr and Ru it is not. A schematic representation of the resulting 
band structures is given in figure 4.1. The band model of ferromagnetism can explain quite 
naturally the observed non-integral magnetic moments per atom in Fe (2.2µB), Co (1.7µB) 
and Ni (0.6µB ), as can be seen from the figure. 

The magnetic moments of the different atoms in these materials add together to form 
the total magnetization. Due to crystal symmetry this magnetization may have preferential 
orientations ("easy axes") and non-preferential orientations ("hard axes") along which the 
magnetization can be aligned by an external applied magnetic field. When applying a 
magnetic field along an easy axis, the magnetization will saturate at relatively low fields, 
while along a hard axis, the field necessary to saturate the magnetization usually is much 
higher. This property is expressed by the anisotropy energy of the material. We will see 
below that other sources of anisotropy also exist. Therefore this kind of anisotropy will be 
refered to as "crystal anisotropy" or "volume anisotropy". 

4.1.3. Thin films 

Coming from bulk behavior, we will now discuss the influence of reducing the dimensions to 
those of thin films on the magnetic properties. The most noticable difference between bulk 
materials and thin films is the breaking of symmetry; the dimension perpendicular to the thin 
film is much smaller than the dimensions in the film plane, increasing the relative importance 
of the surface relative to the bulk contribution. This is expressed by an additional term in 
the anisotropy energy of the material, called "surface anisotropy". Also a demagnetization 
contribution can be expected as a result of the reduced dimension perpendicular to the film 
plane, as expressed by the "shape anisotropy". 

The surface contribution arises as a result of the essentially different environments of 
surface atoms with respect to bulk atoms. The surface atoms miss neighbors at one side, 
which has a substantial effect on their magnetic properties. This results in a preferential 
orientation for the magnetization for the surface atoms, perpendicular to the surface. But 
because surface atoms will have little effect when the films are thick, this effect will only 
become noticable in very thin films (few A). 

The shape contribution to the magnetic anisotropy is related to the outer boundaries of 
the sample. The influence of the outer boundaries is expressed in a demagnetization field, 
fid = -N · M, where N is the so-called form factor, which only depends on the exact form 
of the sample. On only a few cases N can be calculated analytically. For a sphere N = ~ 
for all directions of the magnetic field. In the present case of a thin film, N = 1 when the 
field is perpendicular to the film plane and N = 0 when the field is in the plane of the 
film. The corresponding energy is relatively large and will cause the magnetic moment to 
be preferentially in the plane of the film, for the thicknesses applied here. 
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Figure 4.2. Multilayer consisting of ferromagnetic (F) and nonmagnetic (N) layers of tliicknesses 
t f and tn. Tlie magnetic moments of tlie ferromagnetic layers are represented by arrows and can 
be aligned parallel or anti parallel by changing tlie nonmagnetic layer tliiclrness tn. 

4.1.4. Multilayers 

When thin films are stacked to form multilayers, new and exciting properties arise. For 
instance, multilayers consisting of ferromagnetic layers separated by nonmagnetic layers 
(see figure 4.2) exhibit an oscillatory exchange coupling between the ferromagnetic layers 
as a function of the thickness tn of the nonmagnetic interlayers (first discovered in Fe/Cr 
multilayers [1], followed by many other multilayers, see for instance [18]). This means that 
the succesive ferromagnetic layers may be aligned parralel or antiparallel depending on tn 
in zero magnetic field. An associated phenomenon is the so-called giant magnetoresistance 
(GMR) or spin-valve effect [2]. It turns out that the resistance of a multilayer depends on the 
relative orientation of the magnetic moments of the succesive ferromagnetic layers, i.e. the 
resistance is low when the magnetic moments are aligned parallel, whereas the resistance is 
high when the moments are antiparallel. So, in the case of an antiferromagnetically coupled 
system we can induce a (large) change in the resistance by just applying a magnetic field 
sufficiently large to overcome the antiferromagnetic coupling. 

The theory for the interlayer coupling is not yet fully understood, but some features 
can already be made clear. First, the coupling energy may oscillate with various periods 
(not necessarily one), associated with extremal spanning wave-vectors of the Fermi surface 
of the nonmagnetic interlayer material (see figure 4.3). The Fermi surface connects all 
points in the reciprocal or k-space with the Fermi energy (E1 ). This behavior can be put 
into a simple physical picture of a quantum well and standing waves. The multilayer is 
considered to be a potential landscape with potential steps at each interface between a 
ferromagnetic and nonmagnetic layers. An electron at Fermi energy (only electrons at the 
Fermi level are believed to have a net contribution to physical properties, al other energies 
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Figure 4.3. Cross section of the Cu Fermi surface with associated extremal vectors (arrows) 
responsible for the interlayer exchange coupling across Cu interlayers grown in the (111) and (100) 
orientation. The shaded part represents the occupied electron states. (figure taken from {3}) 

contributions tend to cancel in integrations) will be reflected at these interfaces and form 
standing wave patterns. Only at discrete distances of the interfaces these standing waves 
will be in resonance, leading to a large coupling energy [19]. For the sake of simplicity, most 
of the time an infinitely high potential barrier is assumed at the interface between the ferro
and nonmagnetic layers, confining the electrons in the nonmagnetic layers. 

At the interfaces the scattering wave-vector must be perpendicular to the plane of the 
interface. Since the wave vector of both the incoming and the reflected wave have to be a 
part of the Fermi surface, the scattering wave vector must be one of the spanning vectors of 
the Fermi surface. In theory, this could be all the scattering vectors, but all these different 
standing wave patterns tend to cancel out, unless the scattering vector is an extremal vector 
(meaning that the length of these wave vector in first order perturbation is constant, see 
figure 4.3). Therefore, the coupling energy will oscillate with a period associated with the 
extremal wave vectors of the Fermi surface of the nonmagnetic material. 

The phase of the coupling is believed to be associated with the boundary conditions at 
the interfaces. At these interfaces a phase shift between the incoming and outgoing wave 
can arise, affecting the separation distance required for resonance. The strength (amplitude) 
of the coupling is up to now not well understood. The general trend is that the coupling 
strength decreases as the distance between the ferromagnetic layers is increased. 
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4.2. Resistivity of ferromagnetic alloys 

Resistivity in metals is a consequence of the scattering of charge carriers (electrons) with 
each other, impurities or other scattering centers. Elastic collisions with electrons will not 
contribute to the resistivity, for the total momentum of all the electrons will be conserved. 
Resistance occurs in non momentum-conserving collisions (i.e. when momentum is trans
ferred from the electron subsystem to other subsystems, like the lattice). This can occur 
when electrons collide for example with impurities in the crystal, lattice vibrations (phonons) 
or spin waves (magnons). 

The different contributions to the resistivity can be analyzed conveniently by means of 
"Matthiessen's rule" [20]. This rule expresses that the total resistivity of a crystal can be 
found by simple summation of the different contributions. While phonons and magnons are 
only created at elevated temperatures, the lattice imperfection contribution can be found 
as a residual resistivity at zero temperature. Because the lattice imperfection contribution 
is temperature independent, the other contributions can be found by taking the difference 
between the resistivity at elevated temperatures and the resistivity at zero temperature. This 
model works well for many metals, but deviations have been found in diluted ferromagnetic 
materials [21-24]. 

In scattering processes, electrons change from an occupied state to a free state. Electrons 
at the Fermi energy will have the highest probability for scattering, since they can change 
from one state to another with very little energy change. The number of scattering events 
will therefore be largely determined by the density of states (DOS) at the Fermi energy. As 
has been shown in the previous section, the DOS in ferromagnetic materials is not the same 
for both spin directions due to exchange splitting, while for most other metals it is. To take 
this effect into account, the different spin directions have to be treated independently. This 
has been worked out by Fert [22] and is called the "two-current model". 

This model can be explicitly retrieved from the classical Boltzmann Transport Equa
tions (BTE). Since this is not necessary for a good physical picture, a simplified derivation 
will be treated here. After its introduction, the model is applied to magnetic multilayers, in 
order to explain the general trend in the temperature dependence of the magnetoresistance. 

4.2.1. The two-current model 

The two-current model can be retrieved by considering the momentum for each of the two 
spin-channels ("up" and "down"). For each spin direction, conservation of momentum must 
hold. Therefore, the rate of creation of momentum, by acceleration of electrons of mass m 
by an electrical field E, has to be balanced by the relaxation of momentum by scatter
ing. Scattering can occur between an electron and the lattice (electron-lattice scattering) 
or between two electrons (electron-electron scattering). Further, spin-conserving and non 
spin-conserving (spin-flip) collisions can be distinguished. Electron-lattice collisions reduce 
the momentum of the total electron sub-system, while electron-electron collisions tend to 
equalize the momentum difference between the two different spin-channels, but keeping the 
total momentum of the electron sub-system constant. 

The rate of loss of momentum is equal to the product of the scattering rate 1/T and the 
average momentum mv lost in each collision. This can be expressed by the equations 



4.2 Resistivity of ferromagnetic alloys 

(a) JJJ' J?!. 

~:o 
(c) JJJ' 

2 

A P:t ~ 
2 2 2 

~ 
2 

P.t 
2 

37 

i 

r 
Figure 4.4. Schematic representation of the result obtained for the resistivity of ferromagnetic 

materials within the two-current model (a); In (b) the limit for zero spin-flip scattering is shown; In 
( c) the limit for infi.nit spin-mixing is shown, meaning infi.nit temperature or anti parallel alignment. 

( 4.la) 

( 4.1 b) 

where Ta (a =j, l) is the average time for an electron between collisions with spin
conserving scattering centers (lattice and phonons), while TH is the average time between 
collisions of electrons of opposite spin or non spin-conserving scattering centers ( magnons). 
The (temperature dependent) scattering rates are related to the resistivities Pa by 

m 1 
Pr(T) = -2 · -(T)' ne T1 

m 1 
P1(T) = - 2 • -(T)' ne T1 

m 1 
Pn(T) = - 2 · (T)' ne T11 

( 4.2a) 

( 4.2b) 

( 4.2c) 

where n is the electron density for each spin channel. The total resistivity can now be 
obtained by solving eq. (4.1) and substitution of the average electron velocities in p(T) = 

E/(i1 + i1). By using (4.2) and ia = -neva it is found that 

p(T) = P1(T)p1(T) + Pn(T) [p1(T) + P1(T)] _ 
Pr(T) + P1(T) + 4pn(T) 

(4.3) 

This result can be illustrated by the resistor scheme of figure 4.4( a). In this figure, also 
two limiting cases can be seen clearly. In the low-temperature limit, when there is no spin 
mixing (Pn = 0), the total resistivity is found to be the resistivity of both spin channels in 
parallel (p- 1 (T) = Pr1 (T) + P!1 (T), see figure 4.4(b) ). In the high-temperature limit, with 
ultimate spin mixing (Pn ---+ oo ), the resistivity is found to be essentially the sum of both 
spin channels in series (p(T) = HP1(T) + P1(T)], see figure 4.4(c)). 
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4.2.2. Temperature dependence 

To model the temperature dependence of the total resistivity, the several contributions to the 
resistivities must be best separated. The contributions to the resistivity can be generally 
separated into two categories, i.e. temperature independent and temperature dependent 
ones, which will be shortly discussed below. 

Impurity scattering Impurities in multilayers exist by lattice imperfections and interdif
fusion of atoms from one layer to another. Scattering at impurities is thought to be 
independent of temperature and always spin conserving (at least for impurities of tran
sition metals, and when spin rotating spin-orbit scattering processes can be negected). 
This means that impurity scattering will dominate the low temperature behavior, when 
thermally excited scattering processes are relatively rare. When spin-mixing impurity 
scattering is neglected, this leads to two non-interacting spin currents. This is the 
limit to which most of the models for magnetoresistance are restricted. 

Thermally excited scattering Most other scattering processes are thermally excited. 
Examples are electron-electron, electron-phonon and electron-magnon interactions. 
For all these scattering processes it is necessary to have free electron states available 
for electrons to scatter to and also the number of phonons and magnons present is 
important. It turns out that these interactions lead to resistivity contributions pro
portional to T'"Y at low temperatures, where ~ < I < 3, depending on the different 
scattering processes ( 2 for magnon scattering processes), and proportional to T at 
elevated temperatures (see for instance [20,24-26]). 

To discriminate between impurity and thermal contributions to the resistivity, the resis
tivities will be written as 

( 4.4a) 

( 4.4b) 

Pu(T) = P~1(T), ( 4.4c) 

and ratios a for impurity scattering and µ for thermal scattering, along with the average 
resistivities pimp and pth(T) are defined as 

imp 

a=~ 
- imp' 

Pr 
(4.5a) 

( 4.5b) 
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imp_ 1 ( imp+ imp) 
P = 2 Pr Pt ' ( 4.5c) 

( 4.5d) 

When eq. ( 4.4) and eq. ( 4.5) are substituted in eq. ( 4.3) a general formula for the resis
tivity can be found by considering p~mp ~ p~h(T) (low temperature limit). 

[ (a - µ )2 l [a - 1 J 
2 

ti(T) - p(T) - p(O) = 1 + (a+ l)2µ · Pr(T) + a+ l · P~1(T), ( 4.6) 

where p(O) and pr(T) are given by 

imp imp 

(O) _ Pr P ! _ 2a . imp 
p - imp+ imp - (1 + a)2 p ' 

Pr P! 
( 4.7a) 

2µ th( 
(1+µ)2·p T), ( 4. 7b) 

With eq. ( 4.6) a large number of diluted magnetic alloys has been examined and satisfac
tory described. Values for a and µ have been tabelized in for instance [24] for different kinds 
of diluted ferromagnetic materials (fraction of diluting material is typically a few percent). 

4.2.3. Application to multilayers 

In this section, an attemp will be made, with the two-current model as described above, 
to interpret the temperature dependence in the magnetoresistance of multilayers (for the 
origin of magnetoresistance, see below). Since multilayers are not bulk diluted ferromagnets, 
this will an approximation and can only validated by experimental results. The model 
is applicable to the situation where the electron mean free path is much larger than the 
bilayer thickness. In this case the ferromagnetic material can be regarded as an alloy of 
ferromagnetic and nonmagnetic material. It may be possible, however, that the multilayer 
nature is not a fundamental problem for this model. 

Another consideration is, that in the derivation of the two-current model, the average 
velocities have been taken constant (independent of the position in the material). This must 
also hold for multilayers and is generally forfilled when the individual layer thicknesses are 
much smaller than the spin-flip diffusion length [27]. Since the spin-flip diffusion length is 
always larger than the electron mean free path, this condition is not necessary in the limit 
mentioned above, but as one tries to generalize the here presented model for smaller electron 
mean free paths (taking into acount the multilayer nature), this will be a more fundamental 
limitation. 
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To simplify the notation, straightforward generalizations of eq. ( 4.5) for the case of 
multilayers will be used, notated with overlined variables (to show that they are averaged 
values). 

In multilayers, two different situations must be considered. The ferromagnetic layers 
may align parallel or anti-parallel. This gives the opportunity to determine the constants a 
andµ: by comparing the differences. 

a. Anti-parallel (AP) alignment In this situation the electrons of both spin directions 
will on the average have the same resistance. Since we are dealing with the limit of long 
electron mean free paths, the electrons will sample multiple bilayers before they are scattered. 
This situation corresponds to the ultimate mixing limit in the two-current model, while also 
the constants a-AP = 1 and µAP = 1. The spin-dependent resistivities can then be written 
as (compare with eq. ( 4.4) with the given constants) 

( 4.8) 

To analyze the experimental data, it is convenient to define the term .6. AP (T) (compare 
with eq. ( 4.6)) 

( 4.9) 

b. Parallel (P) alignment Here, spin up and spin down electrons will not have the 
same resistance. This situation can be treated identically as the situation for bulk diluted 
ferromagnets, when taking a-P = a and µP = µ. The resulting expressions for the spin 
dependent resistivities become (compare with eq. ( 4.4)) 

P(T) - 2 . -Pimp+ 2 . -Pth(T) 
Pr - (1 +a) (1 +µ) ' ( 4.lOa) 

p(T) _ 2a . -imp+ 2µ . -th(T) 
Pt - (l+a) p (1+µ) p . ( 4.lOb) 

In analogy, .6.P(T) is defined as (compare with eq. (4.6)) 

P P P( ) [ (a- µ)
2

] 2µ -th( ) [a - 1]
2 

( ) ( ) .6. (T) - p (T) - p 0 = 1 + (a+ l)2µ · (l + µ) 2 • p T + a+ l · Pli T 4.11 

By inserting eq. (4.9) in eq. (4.11) a relation can be found between the resistances and 
the spin mixing resistance. 



4.3 Magnetoresistance 41 

4.3. Magnetoresistance 

A material is magnetoresistive when it displays a change in its resistivity in an applied 
magnetic field. Magnetoresistivity in normal metals has been long known, but the effect is 
usually small (few tenths of percents or smaller). A larger effect can be obtained in a fero
magnet, by changing the direction of the current with respect to the internal magnetization. 
This effect is called the anisotropic magnetoresistance (AMR) effect and is sufficiently large 
in some materials (few percent) at low enough fields (30 Oe) for application purposes, i.e. 
in read-sensors for harddisks-heads and DCC recorders. 

In multilayers however, we have mentioned earlier that there may be another source for 
the magnetoresistance, called the "spin-valve" effect, or giant magnetoresistance (GMR) 
effect, which can be as large as a hundred percent or more. Throughout this report, the 
GMR is defined as 

MR = Ro - Rsat' 

Rsat 
( 4.12) 

where Ro is the resistance in zero applied magnetic field and Rsat is the resistance in 
large applied magnetic field (saturation), corrected for a linear decrease in resistivity at large 
field, due to the other magnetoresistance contributions (usually negligible when compared to 
GMR). This is the most common definition found in literature, but also another definition 
is used, where the denominator is replaced by the resistance in zero applied magnetic field. 
The correction is not always used in literature, but this deviation is small for the results 
presented in this report. 

In this subsection, the mechanism for the GMR effect will be explained, while the other 
sources for magnetoresistance will be ignored (for review on AMR, see for instance ref. 
[28,29]. As has been shown in the previous subsection, the resistance in ferromagnetic 
materials can be modelled in many cases satisfactory with a two-current model, with different 
resistivities for the different spin directions. The difference in resistivity for each spin channel 
is determined by the relative orientation of the spin with respect to the local magnetization 
of the material. This model can also explain the "spin valve" effect, which causes the giant 
magnetoresistance effect. 

The GMR effect will occur in multilayers when the individual magnetic moments of 
the layers can be switched from an antiparallel to a parallel alignment. In the antiparallel 
alignment (see figures 4.4(c) and 4.5(a)), the electrons with both spin direction will on the 
average have the same resistivity. Thus, the resulting resistivity will be the mean resistivity 
of the two spin channels. In the parallel alignment (see figures 4.4(b) and 4.5(b)), the 
electrons with spin up will have a different resistivity from the spin down electrons (say 
lower), so that most current will be carried by electrons of spin up. This spin direction will 
"short circuit" the whole multilayer, leading to a lower total resistivity. 

To interpret this effect, different kinds of models have been proposed. The most com
mon models can be classified as semi-classical models based on the Boltzmann Transport 
Equations (BTE), as developed by Carnley and Barnas [30] as an extention of the classi
cal Fuchs-Sondheimer theory for electrical transport in metals [31,32]. These models are 
widespread, because of their simple mathematics. A second class of models can be re
ferred to as quantum models, which are based on assumptions about fundamental scattering 
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Figure 4.5. Simple picture for the origin of the "spin-valve" magnetoresistance effect. In the an
tiparallel alignment (a) both spin channels have the same resistivity, while in the parallel alignment 

(b ), the spin up channel wi11 "short circuit" the multilayer. 

processes. These models are much more complicated and have been developed by various 
groups, using different assumptions. The most profound models have been proposed by 
Zhang, Levy and Fert [33], based on the Kubo formalism, Vedyayev and Dieny [34], also 
based on the Kubo formalism and Bauer [35], based on the Landauer-Biittiker scattering 
formalism. These models may accomodate ab initio bandstructure calculations. A review 
of most theoretical models combined with experimental results is given in [16]. 

All proposed models show the same fundamental properties of the magnetoresistance, so 
a description of all models is not necessary and beyond the scope of this report. Here, the 
semi-classical approach, based on the BTE will be discussed, for both the CIP as the CPP 
measuring geometry, taking no spin-flip scattering in account. Such a description is only 
valid at low temperatures, where spin-flip scattering may be neglected. 

4.3.1. CIP Boltzmann model 

In this subsection a simple Boltzmann model is presented, contains all the general features 
of the CIP magnetoresistance. The model will use the BTE as a starting point and solve this 
equation for each individual layer for both spin directions (which are considered independent, 
which is valid at low temperatures). The electrical field E is applied along the x direction, 
while the layers are stacked along the z direction (see figure 4.6). 

In the Boltzmann model the distribution of electrons of spin O" for each state at position 
r with velocity vis described by the distribution function Fa(r, v, t). The Boltzmann theory 
states that, in the stationary situation, the total number of electrons in each state does not 
change, 

dFa 
dt (dFa) _ (dFa) = O, 

di E di col 

(4.13) 

where the first term is the perturbation caused by the applied electrical field, creating 
a non-equilibrium situation due to acceleration of elctrons, whereas the second term is due 
to relaxation mechanisms (collisions), driving the distribution function back to the ground 
state at zero electrical field (Fermi-Dirac distribution). These terms can be written as 
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Figure 4.6. Reference frame for the CIP Boltzmann model. 
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( 4.14a) 

(4.14b) 

where E = tm*v2 is the energy (by taking the effective electron mass m* constant, 

parabolic energy bands are assumed, like in the free-electron model [20]), j 0 = (exp( '~i) + 
1)-1 is the Fermi-Dirac distribution function (solution in zero electrical field), 9a is the 
perturbation as a result of the applied electrical field (ga = 9a ( z, v) = Fa - j 0 ~ j 0

) and 

T;
1 is the scattering rate. Solving eq. ( 4.13), taking into account eq. ( 4.14) and ~~ = - :'n,~, 

this yealds (in first order approximation in ~) 

( 4.15) 

The solution of eq. ( 4.15) (in layer p and for iJ in the positive ( +) or negative (-) z 
direction) becomes 

eE ,\P a j 0 
[ _ z ] 

9p±a(z, iJ) =~.-a 1 + Ap±ae >.~cose ' 
m VJ Vx 

( 4.16) 

where Ap±a is an integration constant, which may depend on iJ and is determined by the 
boundary conditions, () is the angle between the velocity iJ and the z axis and ,\~ = v1T: is 
the electron mean free path in layer p. A distinction between electrons with positive and 
negative velocities is made, because the direction of these electrons is opposite when they 
cross an interface. At the interfaces the electrons can be diffusively scattered, reflected or 
transmitted unperturbedly. In literature [30], it is argued that electrons can only be reflected 
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by diffuse back-scattering, so these electrons will not contribute to the perturbation function 
g(J'. The boundary conditions are 

( 4.l 7a) 

( 4.17b) 

(4.17c) 

( 4.17d) 

where Tim is the probability for "coherent" transmission for spin up (down) electrons 
through the interface at position zp, where the interfaces are labeled · · · , (p-1 ), p, (p+ 1 ), · · · 
in order of increasing z. At the outer borders only diffuse scattering is assumed. The reversal 
of magnetic moments in the antiparallel arangement can be taken into account by assuming 
an extra interface in the middle of a nonmagnetic layer, where all up electrons become 
down electrons and vice versa (new quantization of the spins). The total current J can now 
be found by intergrating g for all situations over all velocities v and the total film in the 
z-direction: 

( 4.18) 

The magnetoresistance can now be calculated from the resistivities 0'-1 for both ferro
and antiferromagnetic arrangements. On the basis of this model, numerical calculations 
have been carried out to find the general trend in the magnetoresistance as a function of the 
ferro- and nonmagnetic layer thicknesses and the number of repetitions (see figure 4. 7) on a 
model system of 200 A Cu+ N · { tc0 A Co+ icu A Cu} + (50-tcu) A Cu. The parameters 
used in these calculations are ,\Cu= 205 A, ,\f0 = 140 A, ,\f0 = 10 A, T1 = 1 and T1 = 0.2, 
which were obtained by Dieny et al. [36] from measurements done at T = 1.5 K. 

The predictions from the Boltzmann model for the CIP-MR can be summarized as fol
lows [16,37]: 

1. The magnetoresistance decreases as the nonmagnetic layer thickness increases. This 
expresses the decrease of electrons traversing from one ferromagnetic layer to another 
without scattering. Also a contribution can be expected from the relative reduction of 
spin-dependent scattering, be it in the bulk of the magnetic layers or at the interfaces. 
This can be looked upon as "shunting effects" (see figure 4. 7 (a)). 

2. The magnetoresistance exhibits a maximum as the ferromagnetic layer thickness is 
increased, when bulk spin-dependent scattering is dominant. The maximum appears, 
because of the relative increase of the bulk spin-dependant scattering contributions. 
At large thicknesses, however, part of the ferromagnetic layer becomes inactive because 
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Figure 4. 7. Predictions for the CIP-MR in Co/Cu multilayers obtained from the Boltzmann 
model for the dependence on the (a) nonmagnetic (tcu), (b) ferromagnetic (tc 0 ) layer thicknesses 
and (c) the number of repetitions (N ). The parameters used were obtained by Dieny et al. [36} 
from measurements done at T = 1.5 K (see text for details). 
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electrons cannot traverse from one layer to another anymore, so these do not have a 
contribution to the magnetoresistance (this is also a shunting effect). 

The location of the maximum in a thick multilayer will be determined mainly by the 
shortest electron mean free path, while for thicknesses below this length, part of the 
electrons will never feel the ferromagnetic layer and will consequently not contribute 
to the magnetoresistance. 

3. The magnetoresistance decreases monotonically as the (ferromagnetic) layer thickness 
increases, when spin-dependent interface scattering is dominant. This occurs, since the 
"density of interfaces" decreases, thus the relative number of spin-dependent scattering 
reduces. 

4. The partial contributions from spin-dependent bulk (2) and interface scattering (3) 
are almost additive. At low magnetic layer thicknesses, this leads to predominantly 
interface scattering, while at large thicknesses the bulk contribution will dominate (see 
figure 4. 7(b)). 

5. As the number of repetitions is increased, the magnetoresistance will increase, while at 
large repetition numbers, it will saturate. This expresses the influence of the outer bor
ders of the film relative to the electron mean free path and also the relative decreasing 
influence of shunting effects by the buffer layer (see figure 4.7(c)). 

4.3.2. CPP model 

In the CPP geometry, the BTE will be very similar to the one in the CIP geometry, but 
now an extra (cylindrical) symmetry is introduced, the electrical field is now parallel to the 
stacking direction. Also spin accumulation effects at interfaces has to be taken into account. 
It can be shown that this leads to an enhanced spin dependent interface resistance [27 ,38]. 
This makes an analytical treatment of the problem possible, leading to an equivalent, two
current, resistor scheme [8,27], in analogy with the two-current model for bulk ferromagnetic 

1 

materials. This model is valid in the limit of long spin-flip diffusion lengths with respect 
to the electron mean free paths, as is generally the case in metallic multilayers at moderate 
temperatures. 

In the two-current model the total resistance is the sum of the resistances of both spin 
currents in parallel (like in figures 4.4 and 4.5), where both spin currents can be treated 
independently. In order to make the equations symmetrical, the asymmetry constants /3 
and I are introduced: 

i(!) - 2 PJ 
PJ - 1 + (-)/3' ( 4.19a) 

ARl(!)=2 AR1n 
Jn 1 + (-)!' (4.19b) 

where /3 is related to a, defined in eq. ( 4.5), by a = ~:g and/ could be related to a similar 
term for interface scattering, which is not treated in the temperature dependence model. 
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A Rjn is the spin-dependent interface resistivity (in f2m 2
) for the interface between the ferro

and nonmagnetic layers. For the nonmagnetic layers no spin dependence is assumed in the 
resistivities (i.e. /3 = 0) and the bulk resistivities are given by Pn for the nonmagnetic and 
PJ for the ferromagnetic layers. 

In the antiparallel alignment the total resistance (RAP) per area (A) for N bilayers is 
given by 

( 4.20) 

where t f(n) is the thickness of the (non-)magnetic layer. Use is made of pj = HP}+ PJ) = 
1 ~/,2 and a similar relation for Rjn· In the parallel alignment the result is more complicated, 
so first the resistance for each spin channel is calculated 

( 4.21a) 

(4.21b) 

where the +(-) identifies the resistance for the spin up (down) channel. Adding these 
resistances in parallel leads to 

[ ] 

2 
*t + 2 AR* 

A Rp = A RAP - N 2 • /3 p f f / Jn 
ARAP 

( 4.22) 

Now the CPP-MR can be calculated for all arangements and, as can be shown, is inde
pendent of the number of repetitions (N) and the area (A). The dependence on the various 
layer thicknesses is shown in figure 4.8 for Co/Cu multilayers. The parameters used in these 
calculations are PJ = 8.60 µf!cm, /3 = 0.50, Pn = 0.67 µf2cm, A Rfn = 0.50 ff2m2 and 
/ = 0. 76 which were obtained by Schroeder et al. [8] from measurements done at T = 4.2 K. 

The general features of the CPP-MR can be summarized as follows: 

1. The magnetoresistance decreases monotonically on increasing layer thicknesses. The 
decrease is however not as pronounced as in the CIP geometry (figures 4.7 and 4.8 do 
not have the same horizontal scale). 

2. The absolute values for the magnetoresistance are larger in the CPP geometry than 
in the CIP geometry and are independent of the number of repetitions. This is caused 
by the absence of a parallel, "shunting", buffer layer. Also the electrons necessarily 
have to traverse all the interfaces. 

3. The data from the CPP magnetoresistance can be used to separate the relative contri
butions from the bulk and the interface spin dependent scatterers more easily, leading 
to a more fundamental understanding in the origin of the magnetoresistance. This can 

be done by investigating the parameter JRAP(RAP - RP)= N(/3pjt1 + 21ARjn) as 
a function of the individual layer thicknesses. 
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Figure 4.8. Predictions for the CPP-MR in Co/Cu multilayers obtained from the two-current 
model for the dependence on the (a) nonmagnetic (tn) and (b) ferromagnetic (t f) layer thickness. 

The parameters used were obtained by Schroeder et al. [8} for measurements done at T = 4.2 K 
(see text for details). 



49 

5. Experimental results and discussion 

In this section, the obtained experimental results will be shown and discussed. The results 
can be roughly classified into two categories. First, a overview will be presented of the CIP
MR experiments. For this geometry, the magnetoresistance is measured as a function of the 
ferromagnetic and nonmagnetic layer thickness, and the number of repetitions. Also the 
influence of the bufferlayer has been examined. The samples presented here are all grown 
by sputter deposition and have all been characterized by XRD and VSM measurements 
on their crystallographic and magnetic properties. To study the temperature dependence, 
magnetoresistance measurements have been carried out for some samples, for temperatures 
as low as 4.2 K. Also the saturation magnetic moment and the temperature dependence of 
the interlayer exchange coupling has been studied, using the SQUID magnetometer. 

The other part of the results has been obtained from CPP-MR experiments, using an 
MBE grown sample. For this geometry, only the magnetoresistance could be measured di
rectly. All other measuring techniques (XRD, VSM, SQUID) did not support the larger 
samples used for this geometry (after the microstructuring process the amount of magnetic 
material left in each structure was too little for detailed experiments on the magnetic proper
ties and also the structure size was too small for XRD measurements). Therefore, magnetic 
and structural properties have been taken from reference samples, grown together with the 
original sample. 

5.1. Current-in-plane experiments 

As stated above, CIP experiments have been performed on samples with varying thicknesses 
of the nonmagnetic and ferromagnetic layer, as well as with varying number of repetitions. 
Also the influence of the bufferlayer has been examined, which turns out to effect the mag
netoresistance more than can be expected from just an increase of "shunting" by this layer. 
This can be explained in terms of differing growth conditions for different bufferlayer thick
nesses. The bufferlayer layer is needed for a good (100)-texture of the multilayer, while 
also the flatness of the interfaces is influenced by this layer. For thin Cu bufferlayers, the 
multilayer will grow in (111 )-texture, while for thick bufferlayers, the interface roughness 
becomes increasingly larger, giving rise to a spread in the layer thicknesses and hence to a 
spead in the exchange coupling energies (some areas may even be of different sign). Ther
fore an optimum must be searched. All the samples used in these studies were grown by 
sputter deposition using standard growth conditions, see section 2.1.2. The multilayers were 
deposited on 4x12 mm2 Si(lOO) substrates with the following specifications: 

Si(lOO) + tbA Cu+ N · { tmA Co+ tnA Cu}+ soA Au, 

where tb, tm and tn are the thicknessses of the bufferlayer, the ferromagnetic layer and 
the nonmagnetic spacerlayer, respectively, and N denotes the number of repetitions. The 
default values for tb = 200 A, fort f = 16 A and N = 50. When these numbers are different, 
this will be mentioned explicitely in the following. 
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Figure 5.1. X-ray diffraction results for the multilayer periods, as a function of the specified layer 
thiclrnesses, (a) for the nonmagnetic layer thickness and (b) far the ferromagnetic layer thickness 
and (c) the number of repetitions, for several series of samples grown by sputter deposition in one 
run. The lines are linear fits through the data (see text). 
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Figure 5.2. The saturation magnetic moment (Ms) as a function of the number of repetitions. 
The samples are the same as in figure 5.l(c). 

5.1.1. X-ray diffraction 

In section 2.2.l is explained how one derives the multilayer period and the growth tex
ture from XRD measurements. Figure 5.1 shows the multilayer period as a function of 
different parameters: (a) the spacer layer thickness (tn, N = 110), (b) the ferromagnetic 
layer thickness (t1) and (c) the number of repetitions (N). The solid lines corresponds to 
linear fits through the data. This leads to: in (a) to a ferromagnetic layer thickness of 
13±3 A (16 A specified) and a slope of 0.96±0.08 (1); in (b) to a nonmagnetic layer thick
ness of 19.3±0.4 A (20 A) and a slope of 0.95±0.02 (1) and in (c) to a multilayer period of 
35. 7±0.3 A (36 A). These values are within 5% of their nominal values, which is taken as 
the standard error in these experiments. From the position of the main peak, the texture 
of the samples was determined. For all samples discussed in this report, the texture was 
predominantly (100), with no measurable fractions of other orientations. 

5.1.2. Magnetization 

Apart from X-ray analysis, the average ferromagnetic layer thickness can also be de
termined from the total magnetic moment of the sample. For the case of varying number 
of repetitions (N), for example, the saturation magnetic moment (Ms) as a function of N 
is depicted in figure 5.2. When the total magnetic moment is known and also intrinsic 
saturation magnetization for the material is known, the magnetic layer thickness can be 
calculated straightforward. This method is not as accurate as the X-ray measurements, due 
to for example diminished magnetic moments at interfaces, diffusion of magnetic atoms in 
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Figure 5.3. Magnetization hysteresis loops for different orientations for the applied magnetic 
field with respect to the long edge of the sample. The applied magnetic field is always in the 

multilayer plane. The sample under study consists of 200 A Cu + 50 { 16 A Co + 20 A Cu } + 
50 A Au. Simular results are obtained from another sample. 

the nonmagnetic material and experimental errors (not all of the magnetic moment of the 
sample is measured by the pick-up coils), but deviations are within the error bars and, by 
relating backwards, the intrinsic saturation magnetization could be determined to within a 
few percent difference from literature values. The method has not been used for thickness 
calibrations (XRD values are more reliable), but is merely used to examine the variation 
in the growth rate of the cobalt target, as is expressed by deviations from a straight line 
(which are small in figure 5.2). 

For bulk fee-cobalt, it is known that the magnetic easy axes are along the (111) directions, 
while the magnetic hard axes are along the (100) axes, due to crystal symmetry [39]. This 
is determined by the sign of the spin-orbit coupling in a cubic lattice (this is the so called 
uni-axial symmetry). When a thin cobalt layer is formed, the magnetic easy and hard axes 
will be projected in the layer of the film (easy axes become in the (110) direction and hard 
axes stay in the (100) direction), due to the shape anisotropy (see section 4.1.3). Therefore 
in our samples, the saturation field should be smaller for the applied field along the (110) 
direction ( ±45° rotated with respect to the long sample edge) than for the applied magnetic 
field along the ( 100) direction (long and short edge of the sample). As can be seen from 
figure 5.3, this is the case for our multilayers. The magnetoresistance measurements have 
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Figure 5.4. The temperature dependence of the saturation magnetic moment is shown (a), to
gether with two hysteresis loops (b) at 5 and 300 K. The datapoints in (a) can be fit with a line, 
with a slope of -10-4 K- 1 . The hysteresis loops coincide almost perfectly, indicating that the 

interlayer exchange coupling does not depend on temperature. The sample shown here is grown 
by MeMuLa, but simular results have been obtained for sputtered samples. 

all been performed with the applied magnetic field along the short edge of the sample, i.e. 
along a magnetic hard axis. 

Because the CPP-MR measurements are concentrated on the temperature dependence of 
the magnetoresistance, it is also useful to obtain information about the magnetic properties 
like the exchange coupling and the saturation magnetic moment as a function of temperature. 
As is shown in figure 5.4( a), the temperature dependence of the saturation magnetic moment 
is negligible (at least for a substantial influence on the magnetoresistance ), meaning that 
the Curie temperature for these multilayers is still well above room temperature. Also the 
effect on the exchange coupling or the fraction of the sample exhibiting AF-coupling is nihil, 
as could be concluded from comparison of hysteresis loops for different temperatures, see 
figure 5.4(b ). 

5.1.3. Magnetoresistance 

The magnetoresistance at room temperature has been measured as a function of the param
eters tf, tn and N, using different series of samples for each experiment. For some samples, 
also the temperature dependence is measured, for comparison with the corresponding CPP
MR experiments (which will be discussed in section 5.2). 

In figure 5.5 the room temperature CIP magnetoresistance as a function of the nonmag
netic layer thickness ( tn) is presented, for fixed magnetic layer thicknesses (t f = 16 A). The 
number of repetitions ranges from 80 to 110, which apperantly has no substantial effect 
on the magnetoresistance, as will be shown below, because the resistance behavior of the 
multilayer dominates the contribution of the top and bottom layer. The first peak was not 
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Figure 5.5. The room temperature GIP magnetoresistance as a function of the nonmagnetic 
layer thickness (tn) is shown. The samples consisted of tb A Cu + N { 16 A Co + tn A Cu } + 
50 A Au, where tb is 200 (squares) or 300 (triangles) and N ranges from 80 to 110. The lines serve 
as a guide to the eye. 

observed for multilayer with a 300 A Cu bufferlayer. This can be explained by pinholes, 
due to a non-uniform film quality at low nonmagnetic layer thicknesses. Due to pinholes, 
the magnetic layers will behave ferromagnetically, also at low fields. Therefore, no antifer
romagnetic alignment will exist and no large magnetoresistance will be measured. In the 
second peak, the nonmagnetic layer thickness is thick enough to prevent pin-holes to form, 
so here a large magnetoresistance can be measured also for the samples with a 300 A Cu 
bufferlayer. 

As can be seen from the figure, an oscillatory behavior with a period of about 10 Ain the 
magnetoresistance is present, corresponding to the experiments for the exchange coupling 
between two cobalt layers separated by a copper spacer layer (see for instance [3]). The first 
two maxima, one at tn ~ 10 A and one at tn ~ 20 A, correspond to the peaks positions 
found in literature [40-42] and correspond to the maxima in antiferromagnetic coupling 
between the ferromagnetic layers. The magnetoresistance is small in the area between the 
two peaks, because here, the coupling between two ferromagnetic layers is ferromagnetic. 
For spacerlayer thicknesses larger than 30 A, the ferromagnetic layers become decoupled and 
a general decrease in magnetoresistance is expected. 

The absolute value of the magnetoresistance in the first peak ( ~ 50%) is comparable with 
the one obtained by Mosca et al. [40], but slightly lower as obtained by Parkin et al. [41,42], 
who have measured magnetoresistances as high as 65 % in the first peak. For the second 
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Figure 5.6. The dependence of the magnetoresistance on the fraction of the film exhibiting 
antiferromagnetic coupling, as determined from the remanent magnetic moment. The datapoints 
are taken from the samples in the first antiferromagnetic peak. 

peak, the obtained magnetoresistance is larger as both other results. 

For the samples exhibiting the large magnetoresistance ratios in the first antiferromag
netic peak, the fraction of the film exhibiting antiferromagnetic coupling was determined 
from the remanent magnetic moment (see section 2.2.2). It is found in literature, that for 
samples with all other specifications the same, the magnetoresistance is linearly dependent 
on the fraction antiferromagnetic coupling (interface roughness) [43]. As can be seen from 
figure 5.6, this relation also holds for the samples presented here. The magnetoresistance 
ratio extrapolated to 100% antiferromagnetic coupling is approximately 65%, i.e. the maxi
mum magnetoresistance ratio that Parkin et al. [41] have reported. 

The samples with large antiferromagnetic volume fractions are mostly found for a large 
antiferromagnetic coupling strength. However, the samples will not always be fully antifer
romagnetically coupled due to two reasons. 

First, due to interface roughness, a spread will be present in the spacerlayer thickness of 
the sample, resulting in regions with different exchange coupling. Since the first antiferro
magnetic peak is very sharp, also ferromagnetically coupled regions will be present. When 
the average spacerlayer thickness corresponds to the maximum antiferromagnetic coupling, 
these regions will be relatively rare (the thickness range around the peak position will also 
have antiferromagnetic coupling), while for average spacerlayer thicknesses with lower cor
responding coupling constants, the thickness range with ferromagnetic coupling is closer; 
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therefore the fraction antiferromagnetic coupling will decrease for spacerlayer thicknesses 
away from the coupling peak. 

The second reason can be found in the strength of the antiferromagnetic coupling. When 
regions exist with strong antiferromagnetic coupling, these will cause the magnetic moments 
of adjecent regions, with a coupling constant too small to have anti parallel alignment of their 
own, to have their moments antiparallel, due to the strong ferromagnetic exchange within 
one ferromagnetic layer. 

In figure 5. 7, the dependence of the magnetoresistance on the magnetic layer thickness is 
shown, for samples with a 20 A Cu spacerlayer and a 200 A Cu bufferlayer. The magnetore
sistance exhibits a peak at t f ~ 15 A, which is an indication for the shortest electron mean 
free path in the multilayer (i.e. A f0

, see section 4.3 and [37]). From independent resistivity 
measurements on cobalt samples at room temperature [44], it can be deduced, with the help 
of the classical formula p-1 = ne2 ,\/mv1, that the average electron mean free path in cobalt 
IS 

,\co=~ (,\?o + ,\fo) ~ 51 A, (5.1) 

where the two spin channels are assumed independent and additive, so that 



5.1 Current-in-plane experiments 

200 A Cu + N { 16 A Co + 20 A Cu } + 50 A Au 

40 

• • • 
~ 30 • --Cll 
u 
c 

"' .. 
II) 

'iii / 
2! 

20 0 /; .. 
Cll I c 
en I "' :E I 

I 
I • 

10 
/, • 

0 

0 40 80 

Number of repetitions 

• data 

-- resistor fit 

- - - Boltzmann 
calculations 

120 

57 

• 

160 

Figure 5.8. The dependence of the magnetoresistance on the number of repetitions. The data
points are represented by the circles and are corrected for the fraction antiferromagnetic coupling. 
The solid line is a fit obtained by the resistor model and the dashed line represents Boltzmann 
model calculations (see text for details). 

(5.2) 

according to the definition in eq. (4.5). Remember, however, that these experiments are 
not performed at zero temperature, for which the assumptions of independent spin channels 
are valid. As a result of spin mixing contributions, the found value for a is lower than found 
for measurements at 4.2 K. 

To analyze the dependence of the magnetoresistance on the number of repetitions (see 
figure 5.8), use is made of a simple model to fit the data, called the resistor model [45]. In 
this model, the intrinsic magnetoresistance for a multilayer is independent of the number of 
repetitions (only true for large enough multilayer thicknesses), but due to shunting effects 
in bottom and top layers, the measured magnetoresistance is reduced. The total measured 
resistance will be the resistance of N bilayers in parallel exhibiting the intrinsic magnetore
sistance plus a shunting contribution (without magnetoresistance) as a result of the top and 
bottom layers 

(5.3) 
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where Rm is the measured resistance, Rb the resistance of one bilayer and Rs the resis
tance of the shunting layers. When the intrinsic magnetoresistance is called MR, and the 
actually measured magnetoresistance, called MR', are compared, we find 

1 MR' - 1 + MR . { 1 N . Rs } + - 1 + MR + N . _&___ + Rsat ' 
Rsat b 

b 

(5.4) 

where R'bat is the resistance of one bilayer in large applied magnetic field (saturation). 
The only two parameters in this formula are the intrinsic magnetoresistance MR and the 
ratio of the resistances of the bilayer (multilayer) and the shunting layers. The last parameter 
can be obtained by analyzing the conductivity of the multilayers at large applied fields as a 
function of the number of repetitions (not shown). This yields 

Ps 6.7 µDern 
-t ~ n ~ 0.4, 
P'ba 16.9 µ cm 

(5.5) 

where a correction has been applied for the dimensions of the samples. This ratio is 
conform the literature values (these lead to a ratio of 0.5, which may be reduced by "spin 
valve" effects, which increase the resistivity of the multilayer), but the individual resistivities 
are larger (four times for the shunt resistivity and five for the multilayer) than their bulk 
values. This can be explained by taking into account an increase in the resistivity of thin 
films with partly diffuse interfaces [31]. The resistor fit in figure 5.8 has used MR= 0.47 
( 4 7%) as the other free parameter. The fit from the resistor model is inaccurate for small 
number of bilayers, when the multilayer thickness is still smaller as the longest mean free 
path. Therefore Boltzmann calculations have been carried out to verify the resistor fit. It 
could be shown that the resistor fit always can be scaled, by use of the free parameters to 
overlap the Boltzmann calculations at not to small N (i.e. N 2: 5, corresponding to 180 A, 
which is larger than ,\Cu= 147 A, see below). 

In figure 5.8, Boltzmann calculations according to section 4.3.1 are represented by a 
dashed line for N ~ 30. For larger N, the numerical algorithm became unstable, as a result 
of the combination of relative small mean free paths and a thick film. As can be seen, the 
Boltzmann calculations represent the resistor fit quite well. For the Boltzmann calculations, 
use is made of the parameters Tr = 1, meaning that for up-electrons there is no difference 
in Fermi energy for the different layers, a = 6, according to the data for the dependence of 
the magnetoresistance on increasing magetic layer thickness, ,\Co = 51 A and ,\Cu= 147 A, 
taken from independent resistivity measurements performed by Dieny et al. [44], while T1 
has been used as the only free parameter. The best fit was obtained for T1 ~ 0.1, i.e. twice 
as low as found by Dieny et al. [36] for measurements at 4.2 K. 

From the above it can be concluded that both spin dependent interface scattering 
(Trf T1 ~ 10) and spin dependent bulk scattering (Ay 0 

/ .\f0 = a ~ 6) are present. The Boltz
mann model with the present parameters is not sensitive to variations in a, but sensitive to 
the value for Ti. From these measurements, with according fits, no definite conclusions can 
be drawn with respect to the relative contribution of bulk and interface scattering processes. 



5.2 Current-perpendicular-to-plane experiments 59 

5.2. Current-perpendicular-to-plane experiments 

Along with the experiments with the current in the plane of the layers (CIP geometry), 
also experiments have been performed for the current perpendicular to the layer of the 
plane ( CPP geometry). As argued in section 4.3.2, larger magnetoresistance values can be 
expected for this geometry, due to spin-accumulation at interfaces, leading to large spin
dependent interface resistivities. Also the effects of shunting become less apparent, since all 
electrons have to traverse the whole multilayer, so all electrons will contribute to the mag
netoresistance. Another major advantage is the possibility for analyzing systematically the 
fundamental processes leading to the giant magnetoresistance effect, see for instance [8,11]. 

For the measurements in the CPP geometry, it is necessary to produce pillar like struc
tures as described in section 3. During this process, a large part of the samples have been 
lost. In the early stages of the development of the process, this was due to unknown pa
rameters, like etch-rates and chemical reactions. When these original problems were solved, 
however, still a large part of the samples did not survive the micro-structuring process, due 
to fundamental problems in the process. In this report, only one sample will be discussed, 
for which the results are likely to be reliable [6,46]. This sample has been grown on the 
MeMuLa MBE-apparatus and has specifications: 

Si(lOO) + 3000 A Cu+ 250 · { 12 A Co+ 11 A Cu}+ 3000 A Au. 

The interlayer of 11 A Cu corresponds to a position slightly above the first antiferromag
netic coupling peak and should result in large magnetoresistance effects. The corresponding 
CIP-sample, which was used to study the magnetic and crystallographic properties has a 
bufferlayer of only 300 A Cu, a top layer of 50 A Au and 180 repetitions. As determined 
by X-ray diffraction, the sample shows preferential (100) growth with a multilayer period 
of 22.6 A, within experimental error from the specified value. The magnetization measure
ments showed that only one third volume fraction of the sample exhibited antiferromagnetic 
exchange coupling. The temperature dependence of the saturation magnetic moment and 
two hysteresis loops at different temperatures have already been shown in figure 5.4. 

5.2.1. Magnetoresistance 

The temperature dependence of the magnetoresistance for two typical pillar structures is 
shown in figure 5.9, together that of the corresponding CIP-sample. As can be expected, the 
magnetoresistance decreases with temperature, after a small increase at low temperatures 
(see discussion below). The CPP-MR is larger than the CIP-MR by a factor of two, almost 
independent from the temperature. The temperature dependence of the resistance for the 
CPP-samples is discussed in more detail below. 

From figure 5.9 it can also be seen, that the magnetoresistance data obtained from the 
pillar structures have rather large error bars, not due to the resistance measurements itself, 
but due to residual resistances in contact leads or oxidized interface layers. Therefore, a lot 
of samples have been measured (at room temperature and 4.2 K), to gain a reduction in the 
error bar. The results are shown in figure 5.10, where the resistance change ( dR = Rsat - Ro) 
is plotted as a function of the resistance at high fields (Rsat)· Pillar-like structures have been 
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Figure 5.9. The temperature dependence of the magnetoresistance for two samples with 11 A Cu 
interlayers; squares represent the CPP-MR data, while the circles are data from the corresponding 
GIP-sample. 

fabricated with three different surface areas, therefore, three dots or groups of dots could be 
anticipated, which is not the case in the figure. This can mean that the pillar-area definition 
is not very accurate. 

The magnetoresistance is defined as the ratio between the maximum resistance change 
and the resistance at high field, so this would yield a straight line in figure 5.10 with a 
slope equal to the intrinsic magnetoresistance. For the samples measured at 4.2 K, the 
slope corresponds to a magnetoresistance ratio of 82%. For the measurements at room 
temperature, the slope corresponds to a magnetoresistance ratio of 4 7%. For large saturation 
resistances (meaning small pillar dimensions), the data divert from the line towards smaller 
magnetoresistance ratios. This may imply that, for the smallest pillar structures, the pillar 
structure is not as well defined as for the larger pillars. 

The measured resistances may have in principle contributions not only from the mul
tilayer, but also from the contact leads or other non-ideal contacts, leading to unwanted 
residual resistances. A residual resistance could appear as a cut-off on the horizontal axis 
for zero resistance change when this resistance is not proportional to the size of the pillar 
(for example, this would be the case for resistances in the contact leads). As the data can be 
well fitted with a straight line through the origin, these kind of resistances are not present in 
these samples. When contact resistances are present in the pillar itself, however, these will 
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scale with the dimensions of the pillar in the same way as the resistance of the multilayer 
itself (see section 3.2). These contributions are not distinghuisable from the resistance of 
the pillar and will lead to a smaller slope (and therefore a smaller magnetoresistance) in 
figure 5.10. The magnetoresistance ratios reported here, will therefore be a minimum value 
for the actual magnetoresistance. 

From the pillar model (see section 3.2) a relation between the resistance change and the 
area of the pillar can be deduced. For the geometry without the optional trenches (geometry 
I) this yields (from eq. (3.10)) 

jj.RI . R2 = jj.C. (R/km)Io(R/km) 
measure 7r 211 ( Rj km) ' (5.6) 

where km is the average of k for the parallel and antiparallel situation and /:).C = dp/:).pp 

is the difference between C in these situations. For the geometry with the optional trenches 
(geometry II), a similar relation can be deduced from eq. (3.16) 

II 2 (L/km) 
jj.Rmeasure. L = jj.C. sinh(L/km) (5.7) 

Therefore, the resistance change is averaged for the three different areas and plotted as 
a function of the area in figure 5.11. The fit in this figure is from the pillar model, assuming 
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that no trench is present (using eq. (5.6) with ~C = 250 mf!µm 2 and km = 0.4 µm). A 
trench was made during the micro-structuring process, however, but did apparantly not have 
the desired effect. When the trenches are being etched, the laser used in this process, has 
to stay a small distance (few µm) from the pillar, because this would otherwise melt and 
destroy the pillar. This distance may be large enough for the case of Co/Cu multilayers to 
have a radial spread in the current distibution in the top and bottom contact leads. This 
would yield an effective measuring geometry without a trench, which should show a different 
dependence in figure 5.11 than the geometry with a trench (this would have an decreasing 
dependence). 

For the same pillars, in the Fe/Cr multilayers, however, the trench appeared to have 
functioned all right [6]. This difference can be ascribed to difference in resistivity for the 
contact electrodes relative to the multilayer (see section 3.2, where it is pointed out that for 
the highly resistive Cr bottom electrodes of the Fe/Cr multilayers, the spreading effect is 
much more extended as in the low resistive Cu electrodes of the Co/ Cu multilayers). 

The found value of ~C corresponds to a resistivity change of 54 µDern, which is much 
larger (about seven times) than the results obtained from the CIP measurements (~Pb ~ 
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8 µDern). This is not expected to be a result of residual resistivities, since only the difference 
in resistance is taken. Other factors, like current redistribution within the body of the pillar 
when the resistivity of the pillar changes relative to the contact leads (due to the magnetic 
field) or a dramatic increase in resistivity due to spin-accumulation effects, might explain 
this result. 

Also the value of km is larger than can be expected (about 0.9 µm, with the parameters as 
obtained from the CIP experiments). This could result from the obtained larger resistivity 
of the pillar (but this effect is not large enough), but most probably from the assumption in 
the model that the current in the interior of the pillar will only flow perpendicularly to the 
layer planes and flow out radially in the contact leads. From the finite element simulations 
it is clear that the current will also have a radial contribution in the interior of the pillar, 
which leads to an increase of km to the order of the multilayer thickness (in this case between 
0.57 µm, which is the thickness of the multilayer, and 0.41 µm, the thickness of the multilayer 
on the reference sample, used in the fabrication process). 

5.2.2. Temperature dependence 

In section 4.2.2, relations have been derived for the temperature dependence of the resis
tances for parallel ( eq. ( 4.11)) and anti parallel ( eq. ( 4.9)) alignment of the succesive magnetic 
moments in multilayers. From these relations it can straightforward be deduced that 

[
O'. - 1 ]-

2 
{ p AP [ (a - fi)

2 l 2fi } Pn(T) = O'. + 1 . ~ (T) - 2~ (T). 1+(a+1)2µ . (1 + µ)2 ' (5.8) 

which enables us to determine estimated values for Pn(T), a andµ from the magnetore
sistance data. Eq. (5.8) is found to be rather independent of a for our results, therefore 
the value of a has been estimated independently from the Bauer conduction formula [35] 
and the measured magnetoresistance at low temperatures. The Bauer conduction formula 
is given by 

Q(N) ( N ) ( N ) 
2 

( N ) QO = 1 - 2 Na + 2 Na . ln 1 + ; ' (5.9) 

where N denotes the total number of interfaces of the structure, G~N) the conductivity 
for this structure for spin (}", G0 is the intrinsic (Sharvin) conductance of a perfect pillar con
sisting of one metal of the multilayer only (no impurities, this is a geometrical effect) and Na 
is the mean-free-number of traversed interfaces between two scattering events (comparable 
to mean free path when multiplied by the averaged layer thickness). From this formula, 
the magnetoresistance can be calculated, using ~R = t.lf~?, where flG(N) = G~N) - G~_~), 

F GAF 

G (N) - G(N) G(N) d 1 - 1 ( 1 1 ) 
(A)F - (A)F,T + (A)F,l an N"!F' - 2. Nr + N! . 

This yields a relation between the magnetoresistance and a combination of a = NT/ N l 
and N /N. In the limit of very thick multilayers (large N) this results in a value a~ 5.5 for 
the maximum measured magnetoresistance of about 90%. When the fraction antiferromag
netic coupling is anticipated· and 260% magnetoresistance is used, this yields a ~ 10. 
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Figure 5.12. Temperature dependence of the resistances obtained from perpendicular magne

toresistance measurements. In (a) the variation of the resistance with temperature is plotted on a 
logarithmical scale to show the T 2 behavior of electron-magnon scattering. In (b) and ( c) the spin 
dependent and spin-mixing resistivities are shown for the fi.t parameters as indicated in the inset 
(also see text). 
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The value of µ is chosen in such a way, that the resulting values for p 11(T) are non
negative and the curve should start horizontal at zero temperature. For the case with 
a = 5.5, µ ~ 10 is obtained, while for a= 10, µ ~ 9.5 is found. The results are shown in 
figure 5.12(b) and (c). In figure 5.12(a), ~P(AP)(T) are shown on a logarithmic scale. As 
can be seen, this dependence is, to a good approximation, quadratic below 100 K, indicating 
electron-magnon scattering. Above 100 K, the dependence becomes linear. 

Sinceµ is (equal to or) larger than a, this can explain the increase in magnetoresistance 
in the low temperature range seen in figure 5.9 by a enhancement of spin dependent scat
tering. At more elevated temperatures, this effect is reduced by the increase of spin-mixing 
contributions. To compare the results with the CIP-MR experiments, we can calculate 
O'.eff = P1(300 K)/ Pr(300 K) for the CPP geometry, using the obtained a and µfrom the 
temperature dependence data. This yields 4 ::; aeff ::; 8, for the uncorrected and corrected 
fit respectively. This value is comparable with the the one found for the CIP-MR exper
iments (but now both interface and bulk scattering are taken into account). The larger 
magnetoresistance for the CPP-MR must thus be explained in terms of a larger part of the 
electrons contributing to the magnetoresistance (no shunting effects), rather than a larger 
spin-asymmetry. 
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6. Conclusions 

In this final section, the most important conclusions of the experiments will be summarized 
and some general comments will be made. Also suggestions for future research will be 
presented. 

For the CIP-MR measurements, several experiments have been carried out. The mag
netoresistance dependence on the layer thicknesses and the number of repetitions has been 
examined. The best results have been obtained with multilayers grown on a 200 A Cu 
bufferlayer. With this bufferlayer, the first and second antiferromagnetic peak show mag
netoresistance ratios as high, or higher, as reported in literature, while for the 300 A Cu 
bufferlayer, the first peak is not found, probably due to increasing interface roughness. From 
the ferromagnetic layer thickness dependence together with independent resistivity measure
ments, the bulk spin-dependent scattering parameter a ~ 6 could be estimated. 

By comparing the data of the number of repetition dependence with theory (both the 
resistor model and Boltzmann Transport Equations), it can be concluded that the interface 
spin-dependent contributions are very important (TrfT1 ~ 10). The numerical evaluation 
of the Boltzmann model showed that the resistor model is valid for multilayer thicknesses 
larger than the largest mean free path in the system. The resistivities, used in the resistor 
model, are, however, larger than the bulk values. This can be explained by enhancements 
of the resistivities by diffuse back-scattering at interfaces. 

As for the CPP-MR experiments, we have succeeded in the fabrication of the first pil
lar like structures for temperature dependent CPP-MR experiments in Co/Cu multilayers. 
These kind of experiments are still unique in the world, although several groups are working 
on it, while experiments at 4.2 K are also performed at Michigan State University [8], using 
superconducting contact electrodes. The micro-structuring process, for the case of Co/Cu 
multilayers, is optimized during the last year and is now almost a standard process. The 
process is still very delicate, however, caused by strain in the multilayers, which is released 
during the fabrication process and results in high loss rates. 

For a more thorough investigation of the CPP-MR, more samples will have to be mea
sured, varying the basic parameters, such as the layer thicknesses. From comparison of 
multilayers with different number of repetitions, also contact resistances may be estimated. 
Efforts in this direction are already being undertaken. It might also be interesting to inves
tigate other multilayer systems. A further effort should also be done in investigating other 
methods for perpendicular resistance measurements. These should be easier to realize and 
with a considerable reduction in fabrication time. These might eventually lead to practi
cal applications (which is Philips' main motivation for this kind of research), for which the 
present structures are unsuitable. 

From comparison of the results from CIP-MR and CPP-MR, a drastic increase in re
sistivity can be noted for the CPP-MR experiments. This is caused by an extra interface 
resistance, due to spin-accumulation effects, which are only present in the CPP geometry. 
It should be mentioned that also the group at Michigan State University [8] have reported 
enhanced resistivities at low temperatures, although not as much as we have found. The 
extra high value could be the result of still unknown contact resistances. The fact that the 
magnetoresistance is enhanced when measured in the CPP geometry, can be best explained 
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by a larger fraction of the conduction electrons contributing to the effect, i.e. no shunting 
effects, since no large change in the spin-dependent resistivity ratio has been found (compare 
o: ~ 6 (only bulk scattering and only scattering in the magnetic layers) from the CIP-MR 
experiments at room temperature to 4 :::; Oeff :::; 8 (both bulk and interface scattering in the 
whole multilayer) from the CPP-MR temperature dependence experiments extrapolated to 
room temperature). For a more detailed evaluation of the difference between the CIP-MR 
and the CPP-MR, a deeper analysis method should be devised. 
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