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Abstract- The relation between deposition parameters, 
microstructural and magnetic properties are influencing the 
reversal mechanism of sputtered Co-Cr thin films having 
perpendicular anisotropy. Three Co-Cr films with perpendicular 
coercivities (Hu) of 11, 90 and 170 kAlm are investigated. 
Besides the Hc.l seveml other parameters were studied by VSM, 
SEM, NMR, MFM, AFM, selective etching, such as the Hufl\ , 
Cr-segregation, domain structure, column sizes, etc. 

The anomalous Hall effect (AHE) has been used to record the 
hysteresis curves of sub-micron Hall crosses. This very sensitive 
technique in combination with e-beam lithography and ion-beam 
etching resulted in the recording of AHE hysteresis loops with 
dimensions of the Hall crosses as small as 0.3 x 0.3 J.Ul12• The 
AHE-loops of three samples, with less than 60 columns, show 
ditT.erent magnetic properties and the total number of steps 
measured in the hysteresis loop was 5 times the number of 
columns. The different reversal mechanism observed by the AHE 
are related to differences in microstructure, coercivity and domain 
size. The analysis of AHE hysteresis loops we conclude that 
magnetic units on the limit of superparamagnetism could be 
present in Co-Cr. The obtained results have been used as input for 
our model for micromagnetic simulations. Micromagnetic 
simulations shows that the initial layer and the exchange coupling 
of the initial layer with the columns has a large effect on the 
magnetisation reversal processes in the film. 

Key words: perpendicular recording, Co-Cr sputtered film, initial 
layer, magnetisation reversal, magnetic structures, Anomalous 
Hall Effect, micromagnetism. 

I. INTRODUCTION 

Magnetic recording has been the dominant recording 
technology for infonnation storage since the invention of 
the computer. The demand from the user is for more 
compact infonnation carriers and more over smaller 
formats are useful and can be produced more cheaply. For 
such developments knowledge and expertise of the many 
relevant subjects are needed such as the mechanics of the 
recording system, the intelligent electronic system, the 
development of new materials and designs for heads and 
media and last but not least a better knowledge of the 
interface between head and medium. The combined 
approaches of all the research have led to the commercial 

available densities > 1 Gbitlinch2 using longitudinal 
magnetic recording (LMR) systems. Since 1992, the 10 
Gbitlin2 longitudinal recording, having bit areas less than 
0.I .... m2, has been discussed [1]. To reach this goal drastic 
scaling-down of the track pitch, bit-cell length, head gap, 
medium thickness and head-medium spacing have been 
made. Although perpendicular recording has not been used 
commercially its potential is very promising. Based on the 
published results [2-5] one can conclude that it is still a 
potential candidate for the super high density recording 
application. Based on the trend of increasing densities for 
PMR an area density of more than 300 Gbitlin2 will be 
available in the 21st century as predicted in [6]. This 
statement was based on computer simulation [7]. 
In fig. 1 one track with written bits are given for the LMR 
and PMR modes. 

bitcell area transition 

a)LMR 

b)PMR 

Figure 1: An isolated recorded track with written bits for 
IMR (a) and PMR (b) in a medium having a thickness (0) 
and a track width (tw), recorded wavelength (2), linear bit 
length (bl), recorded transition and bitcell area [8}. 
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In both cases the area density is given by the product of the 
linear bit density and the track density. Higher density 
means creating narrower tracks and more compact bits. For 
LMR the magnetisation vector forms a head-on state of 
transition which results, for thin film media in a saw-tooth 
shaped transition. Medium noise, mainly originating from 
the transition becomes larger at higher densities [9]. In the 
case of PMR the anti-parallel magnetisation in the adjacent 
bits are responsible for a significant reduction of the 
demagnetising field especially at higher densities. In an 
optimised single layer Co-Cr medium the signal to noise 
ratio has been increased [10] and it is also reported in 
general that the noise becomes lower in the case of high 
densities [9]. After searching the published results in the 
literature one can find that ratio bitlength/medium 
thickness (bl / 8) for Co-Cr-(X) thin film media in LMR is 
about 10-20 and for PMR about 1/3-1/S. From this data it 
can be concluded that media with a perpendicular 
anisotropy can be made with larger layer thickness which 
are favourable for higher densities (higher signal, easier 
preparation conditions and smaller crystal size in relation to 
the critical volume for superparamagnetic behaviour). In 
the case of LMR densities around 10 Gbitlin2 one of the 
problems will be the thermal stability of the recorded bits 
[11]. In the case of PMR the ratio KVlkT is much larger 
than for LMR media This means that PMR is very stable 
in thermal fluctuation [12]. Typical values for LMR as well 
as PMR materials are given in [13]. The SNR ofPMR with 
weak exchange interaction are much higher than those of 
LMR, despite the larger grainsize of the PMR media Also 
in the case of PMR the Hc is not a very important 
parameter for high densities because there is no strong 
relation between this parameter and the linear density as 
there is in the case ofLMR. In [14], read/write experiments 
are given from the combination single-layered 
perpendicular media (Co-Cr-Pt; Co-Cr-Pt-Ta) and ring-
type heads. In the case of contact recording using a narrow 
gap head (gap length < 0.2 ~m) DSO (the linear recording 
resolution) 300 kFCI is confirmed (implying a bit length of 
63 nm). Track density can be 2S kTPI. It is concluded [14] 
that taking into account medium noise and overwrite 
characteristics, signal processing, and bit stability, this 
single layered/ring head system indicates a possibility of 10 
Gbitlin2 • This density is also claimed by [IS] using a MIG 
ring head in combination with a double layered medium 
( hard Co-Cr layer with a soft magnetic back layer). High 
output and high linear density recording of over 300 kFRPI 
was obtained by using Co-Cr-(Nb, Ta, Pt) media in 
combination with a Single Pole Tip (SPT) head with pole 
thickness of 0.2 ~ [16]. Also it is demonstrated that a 
high linear density of 1040 kFRPI (bit length: 24 nm) can 
be obtained and an areal density of 29.6 Gbitlin2 has been 
verified. Before this can be used commercially better write 
and read performances of the head must be realised as well 
as further reduction of the medium noise. For the 

predicted area density of more than 300 Gbitlin2 the bitsize 
will reduced drastically and must be in the order of SOxSO 
nm2• To achieve such densities the knowledge about the 
micromagnetic behaviour in relation to the measured 
macro-magnetic parameters and the microstructure of the 
medium becomes more and more important. Beside many 
others the magnetisation rotation on local scale plays an 
important role. 

11. MACRO-ME SO-MICRO MAGNETIC PROPERTIES 

In order to understand the relation between the 
macromagnetic properties (e.g. hysteresis loop properties 
such as Ms, Mr, Hc measured with Vibrating Sample 
Magnetometer), micromagnetic properties (obtained by 
simulation and calculation) and mesoscopic properties 
obtained by experimental methods (Lorentzmicroscopy, 
Magnetic Force Microscopy (MFM) and Anomalous Hall 
Measurements (AHM» it must be realised that they are 
operating at a variety of length scales. Starting at the 
atomic level the interaction phenomena between spins and 
orbit, magnetic exchange interactions and dipole-dipole 
interactions must be considered (micromagnetic 
behaviour). Moreover the thin film media discussed here 
are composed of small crystallites consisting of a 3D 
periodic arrangement of (magnetic) atoms (mesoscopic 
behaviour). In the simplest case, each magnetic atom has 
the same local environment in which the neighbouring 
atoms (magnetic or otherwise) form a spatial configuration 
of a particular symmetry. A typical thin film medium for 
high density recording consists of individual magt:!etic 
crystals. When a VSM hysteresis loop from a typical 
sample (e.g. S x S mm2 

) is measured, a hysteresis curve of 
IS 000 interacting crystals is obtained assuming a size of 
40nm. 
If a typical bit size (see fig. 1) for such media is about 3 ~ 
m2 the recorded information is obtained from 2S00 crystals. 
Due to the complexity of the problem only a few hundred 
columns can be simulated even with the most advanced 
supercomputers. Consequently, there is a gap between 
micromagnetic simulations and the macromagnetic 
properties obtained by experimental methods (e.g. 
hysteresis loop). Therefore, is it necessary to develop 
experimental methods from which magnetic and 
microstructural information from smaller volumes can be 
obtained. Only then is it possible to find a more definitive 
relation between the microstructure, local chemical 
composition and the magnetic behaviour on a length scale 
more related to high density recording. Given 10 Gbitslin2 

the fundamental structural dimensions (crystal size and 
surface topology), intrinsic magnetic structures (domains) 
and the bit dimensions are approaching similar sizes. In the 
case of the SOxSO nm2 bitsize only about 2S crystals are 
available which means that micromagnetic simulations 
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become more and more realistic in relation with the 
recorded bitsize. 
In 1987 we studied the reversal mechanism of Co-Cr 
sputtered films having a perpendicular anisotropy by 
calculating the H.:1.1lIt and observing the domain pattern of 
the samples with Kerr microscopy [17,18]. From this study 
it has been shown that samples with lI.:J.lHk = 0.02 have 
long stripe domains. Short stripes occur for a values around 
0.05 and short stripes or a so-called dotlike domain pattern 
are present in samples with H.:l.lHk > 0.1. The values us~d 
for this classification have been obtained from macroscopIc 
magnetic measurements of large samples with VSM and 
torque-magnetometer. Micromagnetic simulations have 
also been carried out and especially the simulations in 
which there is exchange between Co-Cr crystals were in 
good agreement with the experimental hysteresis loops 
[19]. The micromagnetic approach to this problem. is 
severely limited by the number of Co-Cr columns which 
can be simulated. The 'meso' -magnetic behaviour of the 
samples is studied by using a very sensitive technique: the 
anomalous Hall effect (AHE) applied on submicron Hall-
crosses [20]. This technique offers us the possibility to 
bridge the gap between the macro magnetic and the 
micromagnetic behaviour responsible for the reversal 
mechanism. The AHE results are compared with simulated 
hysteresis curves obtained with an array of 5 x 5 columns. 
To get more inside about the reversal behaviour of small 
areas of Co-Cr we have selected three samples with 
different values for H.:1.1lIt. 

ID. PREPARATION OF THE Co-Cr SAMPLES 

the %Cr are determined from sputter time and target 
composition is given in Table 1. 

IV. MACROSCOPIC MAGNETIC PARAMETERS 

The VSM-hysteresis curves from the three samples both 
perpendicular and in-plane are given in fig. 2. . 
The differences in lI.:J. can immediately be observed ID the 
perpendicular curves. 
The in-plane curves also show differences, especially near 
the crossing of the x-axis (at H = H.:) where for the S2 
sample a large contribution from an initial layer (IL) can be 
observed (in-plane component of the magnetisation). The 
volume of the IL can be estimated by comparing the height 
of the jump with the height of the total loop. The IL of SI 
and S3 is about 10% and for sample S2 about 16% of the 
total loop. The H.:l. can be determined both from the 
perpendicular VSM and the AHE loops, and as expected 
the results show similar values. The calculated H.:l.lHk 
predicts according to the theory [18] for the low coercive 
sample SI a stripe domain pattern and for the other two 
samples a dotlike domain pattern. The macroscopical 
parameters obtained by several techniques are listed in 
table l. 

Coercivily, magnetisation and reversal behaviour 
The coercivity is a very important parameter for magnetic 
recording but it is very difficult to understand the physical 
background. First of all, the coercivity is an extrinsic 
parameter and is strongly influenced by the microstructural 
properties of the layer such as crystal size and shape, 
composition and texture. These· properties are directly 

Three Co-Cr samples with different deposition parameters related to the preparation conditions. Material choice and 
are prepared to obtain various microstructures and chemical composition (and inhomogeneities) are 
morphologies. The major difference was the substrate responsible for the Ms of a material and this is also an 
temperature (Ts) during deposition as it is known that this influencing parameter of the :final Hc. It is difficult to 
paranteter influence~ the film growth in such a way that discriminate between all these parameters and to 
large differences in structure and magnetic properties understand the coercivity origin in the different thin-film 
occur. This resulted in samples with low, medium and high materials in detail. Ideal SDP which switches coherently, 
coercivity, hereafter expressed as SI, S2 and S3 H.: = Hb if a field is applied in the ea~ axis direction. 
respectively. The low (SI) and high (S3) coercive films are Depending on various factors incoherent switching occurs 

,prepared by rf-magnetron sputtering at a substrate and the H.: decreases. Even in a matrix of particles, with 
temperature of re~vely'40°C and 150°C. The medium magnetostatic interaction, the coercivity will be influenced. 
H. film was rf-sputtered at RT. All samples have been Multidomain particles and thin films will switch by 
deposited on Si-substrates which were covered first with an damain-wall motion and again the coercivity decreases in 
oxide layer of about 70 nm (Si02). After deposition (and comparison with the H

k
• In addition, for thin films surface 

etching for the sub-micron samples) the wafers were cut and interface properties have an influence on H.:. The above 
into 1 x 1 cm

2 
samples for measurement. leads to the assumption that H.: can only be determined by 

A summary of the macroscopic magnetic parameters means of the macroscopic hysteresis loop in combination 
measured by VSM, AHE and torque, the thickness t and with the theory of micro magnetism [21]. 

Table 1: Macroscopical parameters measured by VSM, AHE and torque, the thickness t and the %Cr are determined from 
sputter-time and target com~ltIon 

HcJJHk Sample t %Cr Ms Hc.l(VSM) Hc.l (AHE) Hk IL 
[nm] [target] [kAlm] lkAlmj [kNm] [kA/m] [vol.%] 

SI 320 22 236 13 11 244 11 0.04 
S2 200 23 329 89 91 306 16 0.29 
S3 320 22 428 173 169 501 10 0.34 
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Figure 2: The perpendicular and in-plane hysteresis curves 
of the three samples measured with a VSM 

The reversal of the magnetisation is a basic principle of 
magnetic recording. The predominant mechanisms (domain 
wall motion and rotation) are strongly detennined by the 
material and its dimensions. Knowledge of the 
microstructural properties of the material is indispensable. 
In the first place the size and shape of the magnetic unit 
(crystal, column) plays an important role. In SDP the Hc 
increases to a maximum at a critical particle-size diameter. 
If the particle size increases, incoherent switching 
mechanisms like curling, buckling and fanning are used 
when the single domain particle (SDP) diameter is 
decreased, it finally becomes super-paramagnetic. At this 
stage the reversal takes place by thermal agitation which 
again leads to a lower Hc. Further increase in the diameter 
results in a multidomain particle (MOP). Magnetic thin 
films with a polycrystalline structure are strongly exchange 
coupled and consequently their magnetisation reversal will 

take place by domain-wall motion. In this case the Hc is 
detennined by pinning mechanisms of the domain wall. 
These mechanisms are detennined by the magnetically 
inhomogeneous regions like columnar boundaries, 
chemical inhomogeneities, stacking faults etc. The H., for 
polycrystalline thin films have been discussed in detail in 
[22]. 

Critical size for a forromagnetic entity 
There are various critical dimensions for a ferromagnetic 
entity in relation with its magnetic behaviour. The precise 
size depends on the shape and the material. First of all the 
critical boundary between SDP and MOP (at a diameter of 
about 0.1 J..1m). The domain structure lowers the 
magneto static energy but increases the exchange energy 
caused by the domain walls. The reversal in such particles 
mainly takes place by domain-wall motion. At a certain 
smaller diameter the SDP switching mode changes from 
coherent into one of the incoherent modes (critical size in 
the order of 15 nm). Another critical dimension appears 
between the ferromagnetic and the superparamagnetic state 
of the particle; in other words the thermal activation energy 
kT exceeds the particle anisotropy energy barrier. When 
using the Neel-Arrhenius law for time decay in particle 
assemblies 1/'t= 10-9 exp(Ku V IkT) [23] the estimated 
superparamagnetic limit of Co-Cr is ( ~ 440 nm3

) when 
using a relaxation time 't of 100 s and an anisotropy 
constant Ku of 1.6.105 J/m3. For particulate media, it is also 
observed that the mentioned formula does predict the so-
called activation volume, which is much smaller than the 
particle volume [24]. A typical critical diametec for 
materials mostly used in recording media (given a certain 
thickness) is about 5nm. The reversal of the magnetisation 
in this type of particle is the result of the thermal motion. 
Consequently the intrinsic coercivity strongly depends on 
the particle diameter and can be described by a model 
given in [25]. For more detail description please refer to 
[26]. 

V.CHEMICAL MICROSTRUCTURE 

To obtain high coercivity in a continuous thin film of Co-
Cr the grains must be magnetically isolated from each 
other. The accepted mechanism is the compositional 
separation (CS) by a non-ferromagnetic Co-Cr composition 
(at % Cr >26 ). Beside the columnar boundaries CS can 
also be found in the column itself Maeda [29] first 
introduced the so-called chrysanthemum-like pattern (CP). 
A simple schematic structure (see fig.3) of sputtered Co-Cr 
films consisting of equal-sized columns is used as a model 
for showing the possible chemical structures. Figure 3a 
shows the microstructure with equal column size and shape 
and a columnar boundary. In this case, the interaction 
between the columns occurs by exchange and 
magnetostatic interactions. The boundary can only hinder 
the movement of the domain wall which means in principle 
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an increase in Hc. For higher H.,'s we need to break up the 
exchange forces between the columns. This can be realised 
by CS or separation (by voids) of the columns, which has 
been shown also in the case of Co-Cr-X media for LMR. In 
the case of CS a non-ferromagnetic Cr-rich composition is 
present between the columns (fig. 3b). The more 
complicated CP structure of one column in combination 
with a Cr enriched column boundary is shown in fig. 3c. 
This type of complicated structures have many 
consequences for the switching behaviour of the 
magnetisation and, moreover, for the coercivity. The spatial 
periodicity of CS in sputtered Co-Cr layers on top of soft 
magnetic Ni-Fe layers is in the range of 3-7 nm [29]. There 
are many different possible explanations of such a CS 
structure (which has never been observed in Co-Cr bulk 
alloys) in the literature. [30-38]. Most consistent wor~ in 
this field has been published by [39-43]. Results obtaIned 
by APFlM (Atom Probe Field Ion Microscope) have shown 
how the concentration fluctuations in the grains (columns) 
are distributed [37, 44, 45]. Over a distance of 40 nm in the 
planar direction of a Co-Cr column differences of 30 at % 
Cr and 7 at % Cr have been measured. The latter 
composition is ferromagnetic while the composition above 
26 at % Cr is paramagnetic. The fluctuations are less than 
lOnm. 
In order to determine the CS structures in more detail also 
extended polarised dependent x-ray absorption fine 
structure measurements of Co-Cr sputtered films have been 
performed [46]. Fourier transforms of the Co and Cr 
EXAFS data illustrate an unambiguous anisotropy in Co 
and Cr atoms local environments between the in-plane and 
out-plane structure. 
A fitting analysis of the Fourier near neighbour peak of the 
Co and Cr EXAFS data indicates that a large percentage of 
the Co atoms exists in clusters, while the Cr environment is 
anisotropic with a greater number of Cr-Cr pairs parallel to 
the film plane. The EXAFS data were subjected to analysis 
procedure as given in [47]. The results cab be summarised 
as follows. The first shell surrounding of the Co atoms 
shows Co-Co co-ordination numbers greater than that 
expected for a randomly mixed alloy. These results 
demonstrate the presence of Co enriched regions within the 
films. Similarly, analysis of the first shell surrounding the 
Cr atoms shows a Cr-Cr co-ordination number greater than 
expected for a randomly mixed alloy as well as an increase 
in the Cr-Cr co-ordina- tion number in the plane of the 
film. This results is consistent with previous studies that 
suggested the presence of a thin Cr-rich region orien~ed 
parallel to the film plane, possibly between stacked Co-nch 
platelets which make up the columns. 

Figure 3: Model ofCo-Cr sputtered PMR medium in which 
the morphology is determined by the type of compositional 
separation (CS). Fig a) shows the ideal columnar 
morphology, b) the CS in the columns (CP structure) as 
well as at the boundaries c) CS only on the column 
boundaries (see also figure 4) [28 J 

The reversal of the magnetisation depends on the exchange 
and magneto static interactions between the columns or 
cluster of columns. For a reasonable SIN it is necessary to 
have at least 100-200 of these magnetic entities in a bit. 
Smaller bit sizes consequently need smaller individual 
switching units. In order to understand the magnetisation 
reversal in a small bit (e.g. 10 Gbitslin2 ) the question arises 
whether the hysteresis loop (measured with a Vibrating 
Sample Magnetometer; VSM) is still the . 
most relevant magnetic characterisation for understanding 
reversals on this scale. New approaches are necessary to 
bridge the gap between micro- and macroscopic behaviour. 

SEM and NMR results 
The chemical inhomogeneities of the three samples were 
studied by the 57CO spin-echo NMR technique [48] and by 
selective chemical etching of the Cr and successive SEM-
observations [27]. In fig 4 SEM-images of sample SI (a,b), 
S2 (c,d) and S3 (e,f) are given before and after chemical 
etching (right). The white stripes within each crystal are 
thought to correspond with dissolved highly Co-rich 



a) b) 

c) d) 

e) f) 

Figure 4: SEM-images o/sample SI (a, b), S2 (c, d) and S3 (e,j): as deposited (left) and after chemical etching (right) 
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and the dark areas correspond with passivated Cr-enriched 
regions. In figure 3.d and 3.f there are faint stripes visible 
in S2 and S3 after seven hours of chemical etching of the 
samples. This is also an indication for compositional 
separation and the presence of a chrysanthemum pattern 
(cp-) structure. On the other hand sample SI shows no 
chemical inhomogeneities inside the columns, even after 14 
hours of etching. This confirms the NMR-results for this 
sample with a homogeneous Cr distribution. The NMR 
measures the hyperfine field interactions or the resonance 
frequencies of the material and is used here to study the 
compositional inhomogeneities. A spin-echo spectrum of 
Co-Cr consists of a main line frequency (M) and of 
satellites. The main line frequency arises from Co nuclei 
which have only Co atoms as nearest-neighbours (NN), for 
example, the hyperfine field of a Co nuclei in pure fcc Co 
has a main line frequency of 217 MHz and for pure hcp Co 
of 225.5 MHz, the exact frequency depends on the crystal 
structure, morphology and chemical inhomogeneities. If the 
Co is diluted by Cr «1-2 at.% Cr), beside the main line 
frequency the first satellite peak (Sat!) appears in spectrum 
at 177 MHz and is caused by Co nuclei which have one Cr 
atom at the NN site. A second satellite line (Sat2) appears 
at about 130 MHz for Co nuclei with two Cr atoms at the 
NN sites (at about 5 at. % Cr), etc. To apply this technique 
the -frequencies of the peaks in the measured spectrum are 
compared with those of powdered samples with a known 
composition. From figures 5 blc it can be seen that both 
samples S2 and S3 show a main line frequency (M) of 
respectively 207 and 213 MHz, characteristic for the 
presence of highly enriched Co-areas. S2 has components 
with 90% Co and S3 with 97% Co. On the other hand 
sample SI has no M-peak above the 150 MHz which 
indicates that there are no Co-enriched areas and that there 
is a homogeneous distribution of the Cr through the 
sample. Consequently, this observation of CS shows Co 
and Cr-rich regions in one crystal which means that such a 
film can consists of ferromagnetic regions smaller than one 
column. The Co and the Cr-rich components are strongly 
influencing the (micro) magnetic behaviour of the film. 

In Table 2 together with some structural and magnetic 
properties also the NMR data is given. The domain size 

determined by the MFM of S2 and S3 are respectively 147 
and 258 om. Together with the column size it can be 
estimated that the number of columns for one domain in the 
remanent state is about 5 and 14 for these two samples. 
Unfortunately it was not possible to measure the 
domainsize of the low coercive sample SI. The magnetic 
tip influences the magnetisation beneath the tip too much, 
even when the tip was replaced by a magnetic tip with 
asoft magnetic layer of Ni/Fe. From this sample a Kerr 
image was recorded which showed long stripe domains. 

VI. ANOMALOUS HALL MEASUREMENTS ON SUB-
MICRON SAMPLES 

With conventional techniques, such as VSM or Kerr it is 
not possible to observe the micromagnetic switching of 
individual columns in a hysteresis loop. The maximum 
sensitivity of a commercial VSM is typical in the order of 
10-7 kAhn, whereas the magnetic moment involved in the 
switching of one Co-Cr column is in the order of 10-12 

kAlm. With the AHE technique a sensitivity of 10-14 kAlm 
can be reached. The principle of AHE measurements on 
submicron Hall samples in Co-Cr was first used in 1987 by 
Webb and Schultz [49]. Their samples had thickness of 1-
1.4 ~ and a smallest Hall cross size of 0.7 ~. 
Our samples were prepared bye-beam lithography and ion-
beam etching. Using this process samples with a smallest 
Hall cross dimensions of 0.3 x 0.3 ~2 could be prepared. 
A description of the anomalous Hall measurement set-up is 
given in [20]. Figure 6 shows a drawing of the Hall cross 
with a limited number of columns inside the measured area. 
We will discuss first some aspects of the recorded 
hysteresis loops which are the result of the smaller 
dimensions of the Hall cross. As can be seen from fig.4b 
relative large areas of the Co-Cr cross have been removed 
by etching which reduces the perpendicular component of 
the demagnetising factor (NJ inside the Hall cross and 
therefore the recorded hysteresis loops will become less 
sheared. This problem has been discussed in [50]. To check 
the validity of this method samples with various 
dimensions have been analyses and also noise analysis of 
the measuring method have been carried out [50]. The total 

Table 2: Summary of the microscopical parameters with t the film thickness, D the column size and M the main line 
frequency 

Sample t D M(NMR) %Co stripes domain size 
[om] (SEM) [MHz] enriched visible (MFM) 

[om] (NMR) after [om] 
etching? 

SI 320 60 <150 Bulk no -
S2 200 75 207 90 faint 147 
S3 320 70 312 97 faint 258 
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Figure 5: NMR-spectra of the three samples SI (a), S2 (b) 
andS3 (c) 

number of measuring points was 4000 for each ARE-loop, 
resulting in a 9 hour recording time for each loop. Based on 
this extensive research all data given below can be 
considered as relevant. In fugure 7 the ARE-loops are 
shown for the three samples with an enlargement of a 
typical area in the steep part of the loop. These graphs 
show that there are only steps in the ARE hysteresis curve 
for the S2 sample. The largest jumps correspond with the 
switching of one average sized column. Between the jumps 
a there is an area in which the Hall voltage is almost 
constant ('plateau'). A closer look at this area (figure 8) 

reveals that there is also an increase in the signal in this 
part of the curve. From an enlargement of this 'plateau' it 
can be calculated that the slope is 30 times the slope of the 
Hall curve in saturation. 
This means that this effect is not caused by the normal Hall 
effect but by a very small increase in the ARE voltage for 
these very small field steps The noise in the curves was 
measured by determining 4x the rms noise at saturation 
which contains about 95% of all data points and is about % 
of the total signal (100% = 2xM.) [50]. As the number of 
columns in the centre of the Hall cross in this sample is 
about 25, and most of the ARE-signal is derived from the 
Hall cross weexpect that the number of jumps would be 

a) --c..c> -.> 
..... 1 .... 

Figure 6: The Hall pattern used for the sub-micron Hall 
structures: a) a 1.0)( 1.0 cm2 Hall sample with the contact 
points and the contact paths, b) a detail of the Hall cross, 
c) the centre of the Hall cross with Co-Cr columns and the 
active area (w is the size of the Hall cross) 

about 25 if the reversal would take place by the switching 
of the individual columns independently of each other. To 
studythe behaviour of the switching units in more detail 
several statistical analyses were carried out. 
The hysteresis curves were recorded many times and the 
field values of the large steps were studied as a function of 
the applied field. This distribution of the stepsizes as a 
function of the applied field shows that there are significant 
differences in successive measurements with the same 
sample. A typical example shows that even for the two 
branches in the same loop that the distribution is different 
for the ascending and the descending branch and that most 
of the large steps occur around the coercive field. The 
largest steps around 2-3 % of 2Ms correspond with one 
column. As can be seen from the ARE curves in figures 
7a,b and 7e,fthere are no steps observed in the low and the 
high coercive samples. We think that the reason is that 
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Figure 7: Anomalous Hall effoct hysterises loops (left) and details of these loops (right) of the samples SI (a. b), S2 (c, d) 
and S3 (e, j) respectively 

Table 3: Stepsizes for the Classes used to classify the 5 SPH-Ioops. 
Class stepsize [% of 2Ms1 Specification 

I AM> 0.3 large pos. step 
2 0.1 < AM < 0.3 small pos. step 
3 0.0 < AM < 0.1 very small pos. step 
4 -0.1 < AM < 0.0 very small neg. step 
5 AM < -0.1 small neg. step 
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that sample SI has such a low coercivity that the domain 
wall motion takes place very gradually with a change in the 
field that no steps occur.above the noise level. For the high 
coercive film S3 we propose that the reversal takes place 
by the rotation of very small units cross)inside the Co-Cr 
columns and that those units are exchange decoupled and 
switch independently from each other. 

Stepsize distinguished Partial AHE loops (SPAHE-Ioops). 
To study the AHE-hysteresis curves in more detail each 
AHE-curve was divided into 5 separate curves. Each curve 
contains only the steps with a certain stepsize and each of 
these Stepsize distinguished Partial Anomalous Hall Effect 
loops (SPAHE-Ioops) can be considered as the hysteresis 
loop of all the magnetic 'volumes' within a certain range 
[50). Each range of jumpsizes is denoted by a Class, and 
those classes are defined in table 3, where AM is the 
change in magnetic moment of each step. 
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Figure 8: Enlargement of figure 7d, shOWing the increase 
in Hall voltage on the 'plateau'. 

In figure 9 the division of an AHE curve of sample S2 in 5 
SPH-Ioops is shown for the loop in figure 7c, with the 
division in classes as given in table 3. According to this 
table the loops of Class 1 contain the large steps, Class 2 
the small steps, negative steps. Class 3 and 4 the small 
positive and negative steps and also noise, and Class 5 the 
small Class 1 contains the 'large' (irreversible) steps of 
volumes > 30 run3. Table 4 gives the results of one 
classification of a typical hysteresis loop. From this table it 
can be seen that Class 5 has about 5%, this corresponds 
with steps in the 'reverse' direction, but Class 1 has the 
largest component with almost 60% (59.6% and 58%). As 

class 4 has only 24%, we can assume that the noise is a 
minor component in the hysteresis curve as class 4 contains 
both the noise and a reversible component of the 
magnetisation. The loop of class 1 has the largest coercivity 
and the He decreases for the loops which contain the 
smaller volumes but does not become zero, not even for 
Class 4 and 5 (see last row of table 4). This indicates that 
these loops have also a significant magnetic origin, as mere 
noise would not result in a coercivity for these loops. 
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Figure 9: a) SPH -loop of sample S2 (with w = O.3J.l1n) 
with the classification according to table 4 and b) detail of 
a 

Table 4: The % of 2Ms for a typical AHE-loop of sample S2 for the ascending branch and descending branch and the He 
0 fth . di 'dual SPH I em V1 - oops 

Sample S2 Class 
1 2 3 4 5 

Ascending branch [%1 59.6 28.1 40.6 23.8 4.8 
Descending branch 1%) 58.0 31.4 40.0 23.9 5.7 

Hc [kA/m] 145 117 33 43 70 
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VII. MICROMAGNETIC SIMULATIONS 

Micromagnetic simulations are believed to be most suitable 
for understanding the magnetisation process on a 
micromagnetic level, because they start with basic 
principles (exchange, magnetisation, anisotropy and 
morphology) and yield hysteresis loops and magnetisation 
patterns. The reversal of a small number of columns which 
can be measured by the anomalous Hall effect gives us the 
opportunity to compare and evaluate these results with 
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computer simulations. The computer model has been 
Figure 10: Model structure of 25 Co-Cr colums. Each 
column consists of small elements (cubes). The column 
have been modified with an initial layer (grey) at the 
bottom having an in-plane anisotropy 

described in [19,51,52]. This model takes account of the 
external field, the anisotropy energy, the demagnetising 
energy and the exchange coupling. The Landau-Lifschitz 
equation is solved to obtain the dynamic magnetisation 
process. The Hall cross was simulated by an array of 5 x 5 
exchange decoupled particles (columns) as given in fig 10. 
Each column was divided in 6 x 6 x 18 cubic cells with cell 
dimensions of 8.5 nm3• The particles are magnetostatically 
coupled and in this case no exchange coupling between the 
columns was considered. The field step between two 
successive points is 1.6 kNm. In these computer 
simulations we studied the influence of an initial layer (IL) 
of 0%, 2% and 8% of the total sample volume on the 

. hysteresis loop. In the remaining of this paper we will call 
these samples A, B and C respectively. The initial layer was 
simulated by assigning a random in-plane magnetisation to 
a certain number of cubic cells in the lower 2 rows of the 
particles near the substrate. In real samples this component 
can be part of an initial layer and/or distributed throughout 
the sample. As macroscopical input parameters for our 
simulation model we used realistic parameters obtained by 
VSM and torque <Ms = 400 kNm and K} = 1.6 X 105 11m3). 

Except for the IL the sample has a perpendicular anisotropy 
with a spread in easy axis of 1.8° from the film normal. 
In figure 11 the three simulated hysteresis curves are 
presented. Several changes can be observed with the 
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Figure 11: Simulated hysteresis loops for an array of 5 x 5 
Co-Cr columns with an IL volume of 0% (a), 2% (b) and 
8% (c) 

increase in IL volume. Starting from the saturated state the 
drop in magnetisation with decreasing field takes place 
much earlier with the presence of the IL. The value of the 
reverse field at which the first large step occurs 
(corresponding with the switching of one or more columns) 
is also much lower for the samples with an IL. The total 
contribution of the small (reversible) parts of the 
magnetisation, before the first large step takes place is 2.5, 
3.9 and 10.6 % respectively for sample A, Band C. Also 
can be seen from the size of the large steps that the number 
of columns which switch independently is 14 and 10 for 
samples B and C and only 3 for sample A. The largest 
number of columns switching together in one fieldstep is 5 
for sample A and both 3 for samples B and C. Remarkable 
changes for the coercivity (410, 403 and 310 kAIm) and the 
saturation field (760, 750 and 620 kNm) only occur for 
sample C with the large IL component of 8%. From these 
data we conclude that the presence of a large IL or in-plane 
component of the magnetisation facilitates the reversal, 
lowers the coercivity and results in the switching of smaller 
units (less switching of more than one column at a time). 
The results of all the simulations presented in [50]. 
The 'plateaux' in figure 12 which is an enlargement of a 
part of the curve of figure 11 (c) shows significant 
similarities with the 'plateau' in figure 8 of sample S2. The 
gradual decrease (or increase) of the magnetisation can be 
seen, only there are no 'reverse' steps and there is of course 
no measurement noise. For a larger IL component the 
increase of the magnetisation per unit of the applied field of 
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Figure 12: 'Plateau' in the simulated hysterises curve of 
figure 11 (c) 

the 'plateau' is larger. We also divided the curves into 
separnte curves with different stepsizes in the same way as 
has been done in figure 9 for a real Co-Cr sample. A 
typical example is shown in figure 13 for sample C. 
The curves with reserve steps (Class 4+5) as shown for the 
real AHE measurement are not present, resulting in only 
three SPH-Ioops. For all the three samples the coercivity of 
the Class 3 loops is much lower than for the Class 1 and 2 
loops. This is in agreement with measurement results and 
an indication that the small an in-plane components are 
responsible for the Class 3 contribution to the total 
hysteresis loop. Unfortunately the model is not 
sophisticated enough to stimulate the more complicated cp-
structure of sample S2 and S3. Because the AHE 
measurements prove that the average magnetic unit size is 
not equal to the column size, each column can be modelled 
as a Co-poor matrix with 3 Co-rich platelets (Also 
indicated in fig.3b). Although the parameters used are not 
completely equal to the dimensions and distribution of the 
CS they show reasonable agreement with the experimental 
AHE loop [8]. 

VIII. DISCUSSION AND CONCLUSIONS 

The reversal mechanism of Co-Cr sputtered films has been 
studied intensively during the last decades by 
micromagnetic simulations either by macroscopic magnetic 
measurements. From this it is very difficult to decide 
whether the reversal takes place by domain wall motion or 
by a rotation of the magnetisation. In this paper we studied 
three Co-Cr films with different coercivities (11, 90 and 
170 kNm) and different microstructural properties. The 
measurements on the three 'large area' samples and the 

AHE measurements on the submicron samples reveal that 
the reversal mechanism is different on both a 
macroscopical and on a 'meso'-scopical scale. The low 
coercive sample SI has a low H.:J.lHk value corresponding 
with a stripe domains in the remanent state. The AHE 
measurements show no jumps as the reversal takes place by 
a continues domain wall motion in very small steps. 
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Figure 13: SPH-Ioop of the simulated hysteresis curve of 
sample C ((1) = switching of more than 1 column, (2) = 

switching of one column, (3) = switching of units smaller 
than one column). 

Sample S2 shows small jumps in the AHE-curve, - the 
largest comparable to the reversal of one column, and also 
a very gradual increase in Hall signal which can be 
attributed to a combination of domain wall motion and 
rotation of (parts of) a column. The high coercive film S3 
has probably a reversal mechanism by rotation of the 
magnetisation of very small volumes. This is in agreement 
with the microstructure as has been shown by NMR and 
SEM-imaging after selective chemical etching (cp-structure 
and high compositional separntion (CS». More evidence 
was also found in the literature by NMR [e.g. 39J, APFIM 
[e.g.45J, SANS [9J and EXAFS [e.g. 46]. They found that 
the magnetic unit for Co-Cr films with a high CS was 
smaller than that of a grain. From the results of the 
computer simulations we have seen that an initial layer (or 
in-plane) component lowers the coercivity and the 
saturation field and facilitates the reversal of smaller units 
[50]. If the real Co-Cr sample has a cp-structure the in-
plane components (magnetic and non-magnetic) are also 
distributed inside the columns making the reversal of parts 
of the colunm more probable [8]. This makes it more likely 
that in the case of a CP structure the reversal can take place 
by the switching of small units, smaller than one column as 
we have seen for the AHE measurements. A more 

- 28 -



sophisticated computer model is necessary to simulate the 
cp-structure. We have also seen that the 'plateau' in the 
real AHE measurement has much resemblance with the 
simulation and that the slope can be attributed to the 
reversal of very small magnetic volumes. Good agreement 
was also found for the hysteresis loops which were divided 
into loops with large medium and small steps (SPH-loops). 
Most significant result here was that the coercivity of the 
Class 3 loops was much smaller than for the Class I and 2 
for both the measurement and the simulations. Sputtered 
Co-Cr crystalS/columns are divided into smaller 
ferromagnetic structures than the columnar dimensions. 
Anomalous Hall measurements showed that the analysis of 
hysteresis loops of sub-micron Co-Cr samples on the basis 
of the measured magnetisation changes yields information 
on magnetic volumes that can be distinguished in the 
sample. The size of the measured discrete magnetisation 
changes shows that the average magnetic unit in Co-Cr is 
considerably smaller than one column. A density of 12 
Gbitlin2 for PMR hard disk has been observed and indicates 
that there is an interaction between the magnetisation 
fluctuations beside the track and the written bit. The 
magnetisation fluctuations measured with MFM are related 
to clusters of Co-Cr columns. The magnetic structures 
measured are always larger than the average columnar 
diameter. To obtain sharp tracks the size of the intrinsic 
magnetic structures beside the track should be smaller than 
the linear bit length. The microstructure and morphology 
are very important for the new class· of high density 
recording media. Magnetic properties which should be 
optimised are the coercivity, the remanence, the film 
thickness and columnar size and shape. The sharpness and 
shape of the written transition are determined by the grain 
morphology, magnetic coupling of the texture of the grains. 
The particular behaviour will be finally limited by the 
superparamagnetism. With respect to perpendicular 
recording, high linear-bit densities have been demonstrated 
on laboratory scale, achieved by recording a medium 
consisting of Co-Cr-Ta on a soft magnetic undedayer with 
a special single-pole head. The ultimate density of a bit 
area (2500 nm2 ) is predicted with bit lengths smaller than 
50nm. 
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