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Abstract---Recently it has been shown that the areal density of Co-Cr media for perpendicular recording using a single pole head 
can be in the order of 5-10 GbitJ inch2 [1]. In this laboratory demonstration a track pitch of 0.5 Ilm (50 kTPI) and a bit length of 260 
nm (lOO kFRPI) was achieved. Using the same recording set-up, in this paper a MFM image is shown using 300 kFRPI linear bit 
density and a track width of 0.4 Ilm. With these densities, microstructural features like columnar size, compositional separation of Co 
and Cr, magnetic coupling and reversal behaviour become more and more important. This paper presents experimental results 
obtained from Co-Cr thin films by using MFM, study of artificially etched micro-strips and measuring anomalous Hall effect from 
submicron structures, as well as results obtained from magnetostatic and micromagnetic simulations. 

I. INTRODUCTION 

Exponential increase in recording density has resulted in 
bit dimensions that approach the fundamental structural 
dimensions (i.e. columnar I crystal size and surface topo-
logy) and intrinsic magnetic dimensions ('domains'). Be-
cause of the strong relation between the micro-structure 
and micromagnetic behaviour, the macromagnetic charac-
terisation by VSM and torque measurements are no longer 
sufficient to understand the micromagnetic behaviour. To 
bridge the gap between micro- and macroscopic behaviour 
in the case of Co-Cr thin film media for perpendicular re-
cording, we started a systematic study which consisted of 
three complementary experimental parts, i.e. a) investiga-
tion of the relation between shape and magnetic behaviour 
in artificially etched 'bits', b) measurement of the switch-
ing behaviour of individual magnetic entities in sub-mi-
cron Hall-crosses, and c) observation of micro-structure 
and written bits by AFM and MFM. Results from these 
mesoscopic measurements serve as input for micromag-
netic simulations. In this paper an overview of these sub-
jects will be given by presenting experimental data mainly 
obtained from Co-Cr sputtered thin films having a strong 
perpendicular anisotropy based on highly c-axis textured 
hcp-structure. All samples show a columnar morphology 
with a columnar diameter of app. 117th of the film thick-
ness. 
Although the presented results are obtained from Co-Cr 
samples used for perpendicular recording applications 
they can be also of interest for the nowadays used Co-Cr-
X I Cr (X=Ta,Pt etc.) high density longitudinal media, in 
spite of the absence of a perpendicular demagnetising field 
in these media. This demagnetising field plays an impor-
tant role in the magnetisation reversal in Co-Cr media 
with perpendicular anisotropy. In our opinion it is still not 
clear how the magnetisation is reversed and what exactly 
the influence from micro-structure and morphology on the 
reversal is. The magnetic uncoupling of the columns by 
the column-boundaries and the compositional separation 
in the columns itself are playing a key role in the behavi-
our, but there are not many consistent experimental data 
available showing what is really happening on the scale of 
the current bit size dimensions. Although we also do not 

have this data available, we have made a start to try to 
find a more consistent relation between micro-structural 
properties, macroscopical magnetic measurements, infor-
mation on mesoscopical scale and micromagnetic simula-
tions. This paper presents some first results. 

11. STUDY OF SHAPE ANISOTROPY BY ARTIFICIALLY ETCHED 
MICRO-STRIPS 

The influence of bit size and shape on magnetic behaviour 
of perpendicular magnetic media is investigated by artifi-
cially etching micro-strips. In this way the demagnetising 
field is manipulated whereas the intrinsic properties like 
saturation magnetisation Ms and crystal anisotropy Kt are 
unaffected. Objective is to extract information on the role 
of demagnetisation in reversal processes and to relate this 
to magnetic behaviour of written bits. At the same time 
stray field measurements are performed which are compa-
red to written bits and stray field calculations. 
The Co-Cr films were RP sputtered from alloyed targets 
(Cr content: 19, 21 and 23 at.%) under optimised condi-
tions [2]. Photolithography was performed, using a posi-
tive resist (Shipley S1400-31), and ion beam milling 01acc 
= 500 V, Icath = 12.5 mA, Ar flow = 200 sccm) which 
caused no annealing effects on the Co-Cr. The patterned 
Co-Cr exhibits a bit-shaped structure. The strip width and 
length are in the order of 1 to 5 !lm and the period is 
varied in both x- and y-direction. In fig. 1 a SEM 
photograph shows a typical example. All samples exhibit 
a uniaxial anisotropy perpendicular to the substrate which 

Fig. 1. SEM photograph ofpattemed Co-Cr micro-strips. 
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is larger than the (diminished) demagnetisation (Q>I). A 
more detailed description of the magnetic properties is 
given in references [3,4]. 
In order to understand the magnetic behaviour of a ferro-
magnetic body (or written bit) it is essential to know the 
field the magnetisation M experiences inside the ferro-
magnetic body. This internal field Hint is given for the 
perpendicular direction (z-axis) by: 

(1) 

where Hext is the externally applied field and Nz is the 
demagnetisation factor, i.e. the volume average of the de-
magnetising field. Due to this demagnetisation the hys-
teresis curve becomes sheared, as is indicated in fig. 2. 
Here a typical example of the demagnetising influence on 
the shearing of the perpendicular loop is shown for an as-
sputtered sample and a corresponding patterned Co-Cr 
sample. Both curves show a similar shape, however, the 
as-sputtered sample exhibits less shearing of the curve (Nz 
= 1). The observed decrease in shearing with Nz is in 
qualitative agreement with eq. 1, from which it is 
concluded that the susceptibility X depends on [5]: 

(2) 

We investigated this relation also quantitatively by measu-
ring the demagnetisation factor. This was obtained by 
comparing torque measurements of patterned samples to 
their corresponding as-sputtered samples [3] so that the 
shape anisotropy contribution was isolated from the other 
anisotropies present in the material. It appeared that eq. 2 
is correct in first approximation. Also the increase in re-
manence and change in stripe-out field could be under-
stood from eq. 1, leading to the conclusion that the mag-
netic behaviour of the assembly of micro-strips can be well 
understood from a mean internal field description. 

Also time dependent VSM-measurements were performed 
to provide additional information on the relation between 
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Fig. 2: Perpendicular hysteresis curves for Co-Cr micro-
strips (dashed line) and its corresponding reference sam-
ple (solid line). 

demagnetisation and the reversal process. The time de-
pendence is characterised by the magnetic viscosity para-
meter S which is directly associated with the microscopic 
structure of materials and with the processes responsible 
for magnetisation [6]. Therefore these macroscopic mea-
surements should result in information on microscopic en-
tities such as the magnetic activation volume, and thus on 
the influence of demagnetisation on magnetisation rever-
sal. 
The magnetic after-effect describes the relaxation of a me-
tastable system towards a more stable state. It has its ori-
gin in thermally activated transitions over energy barriers, 
which is given for a single barrier by the Arrhenius-Neel 
law. When a dispersion of energy barriers is present in the 
material, however, the decay in magnetisation is generally 
described by the logarithmic relation: 

M(t) = M(O) + SIn(t) (3) 

where M is the perpendicular magnetisation at time t, or 
at the start of the measurement (t = 0). The coefficient of 
magnetic viscosity S exhibits information on the fluctua-
tion field Hf which represents a fictitious field needed to 
reverse the thermally activated volumes. For samples 
where the demagnetisation factor Nz is not equal to zero 
the magnetic viscosity is related empirically to this fluctu-
ation field through the equation [7]. 

where X.tot denotes the total volume susceptibility mea-
sured as the change in intensity of magnetisation per unit 
change of applied field, and X.rev denotes the reversible 
component. From eq. 4 it can be seen that for materials 
exhibiting a negligible reversible component of the sus-
ceptibility, the last two terms equal one. When Hr is an in-
trinsic material property this implies that the magnetic 
viscosity exhibits a linear relation with the total suscepti-
bility. Consequently S will increase with decreasing Nz 
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Fig. 3: The coefficient of magnetic viscosity as a function 
of the total susceptibility, measured at zero applied field. 
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"" "" 
Fig. 4. Magnetic stray field gradient measured by MFM above a written bit track (left), above micro-strips (center) and 
above magnetostatically simulated micro-strips (right). 

(see fig. 2). This results in a larger time dependence for 
patterned perpendicular media in comparison to their as-
sputtered equivalents. This is visualised in fig. 3 where 
two series of hard magnetic Co-Cr films (120291 and 
140391) are patterned into different shapes and therefore 
Nz. Their susceptibility and magnetic viscosity is measu-
red and is shown to exhibit a linear relationship with Nz 

Besides the magnetic behaviour inside the micro-strip also 
the magnetic stray fields outside the strips was measured. 
This serves the purpose of investigating the stray field for 
well-characterised micro-shapes as a function of varying 
magnetic properties. The objective was to relate the results 
of these well-defined structures to written bits and similar 
shapes. The stray field was revealed by Lorentz microsco-
py and MFM. Because the results of the former are publi-
shed elsewhere [8] only the MFM results will be shown. 
In fig. 4 a typical example of the stray field above micro-
strips (1J.1m width and 10 J.1m long) and written bits (bit 
wave lenght is 4 J.1m) is shown. Except for a remanent 
domain structure present in the written bit sample, the 
stray fields of both figures show a clear resemblance. This 
resemblance is to be expected from magneto-static consi-
derations because written bits are equivalent to micro-
strips where the gaps in between the strips are filled with 
a reversed magnetisation (see fig. 1). Whereas the intrin-
sic behaviour of the micro-strips could be understood from 
mean field theory we also calculated the stray field by 
considering the strips as being uniformly perpendicular 
magnetised. In the right figure of fig. 4 the simulated 
equivalent is shown. This simulation also confirms that in 
a first approximation the micro-strips (and written bits) 
can be understood from a mean field theory. 

Ill. STUDY OF REVERSAL BY ANOMALOUS HALL 
MEASUREMENTS AND MICRO-MAGNETIC SIMULATION 

Anomalous Hall effect (AHE) measurements are applied 
on very small Co-Cr Hall-samples. With suitable e-beam 
lithography and ion-beam etching, the measurement area 
can be made as small as 300 nm2 [9]. By recording AHE-

loops of these samples, the reversal can be clarified up to a 
great extent. For this purpose, we used the step size distri-
bution in the measured hysteresis loop [10]. To interpret 
the measured hysteresis loops, simulations are necessary 
to check whether intuitive models are correct or need ex-
tension. Micromagnetic simulations are believed to be 
most suitable for this task, because they start with basic 
principles (exchange, magnetisation, anisotropy and mor-
phology) and yield hysteresis loops and magnetisation pat-
terns. The morphology, the texture and the composition 
are incorporated into the model by varying the exchange, 
the magnetisation and the anisotropy locally. 

A Co-Cr sample with a Cr-content of 23 at. % is sputtered 
on a Si-substrate covered with a thin layer of SiOz. The 
unetched sample has an Ms of 321 kAlm and a perpendi-
cular coercivity He of 93 kAlm. The film thickness is 200 
nm and the average column size at the surface is 60 nm. 
The samples are etched to a Hall cross geometry with a 
central area as small as 300 nmz [11]. The measurement 
area contains approximately 40 columns. The largest part 
of the Hall voltage comes from the central area of the 
sample of 300 nmz [12]. 
In the anomalous Hall effect measurement set-up, a cur-
rent is sent through the sample, and the voltage perpendi-
cular to the current, the Hall voltage, is measured in an 
externally applied field. The hysteresis loop of an etched 
sample together with an unetched sample is shown in fig. 
6 [9]. 
The influence of the small Hall cross geometry results in a 
less shearing of the Hall loop and to an incease of the co-
ercivity bij 16 % [9]. Less shearing is caused by a decrease 
of the demagnetisation factor Nz with the Hall cross size 
as has been shown for the microstrips in fig. 2. The in-
crease in coercivity is probably caused by more pinning 
points on the edges of the cross which makes reversal by 
domain wall movement more difficult. 
From MFM-images of the same material it has been 
shown that the domainsize in the remanent state is around 
150 nm which indicates that app. 4 domains are present in 
the Hall cross in the remanent state. 
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Fig. 5. The normalised AHE hysteresis curves of the 
unetched (solid curve) and of the etched sample with a 
Hall cross of 0.3 X 0.3 f1m (dots), with in the inset an 
enlargement of the steps observed in the etched samples. 

The loop in fig. 5 (solid line) shows many more large dis-
crete magnetisation changes (steps) as there are columns 
and a more or less continuous magnetisation change be-
tween the steps. Further, changes with a negative LU1 (see 
the inset of fig. 5) can be seen. Only a few large steps cor-
responding to the switching of one column are found, but 
most steps are smaller than 2 % of Ms, corresponding to 
less than half a column. The Johnson noise of the sample 
is the main source of noise and is estimated to correspond 
with 0.001 Ms in the Hall-loop. 

The measured hysteresis loops are decomposed as follows: 
The changes in magnetisation LU1 after each field step are 
categorised into five different classes: 

I. LU1 > 0.003 Ms (equiv. to volumes> (30 nm)3), 
IT. 0.003 Ms> LU1 > 0.001 Ms, 
ill. 0.001 Ms> LU1 > 0, 
IV.O > LU1 > -0.001 Ms and 
V. -0.001 Ms> LU1. 

The steps of the different classes are put together to a 

1.0 
Hall loop 

I 
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Stepsize-distinguished Partial Hysteresis loops (SPH). The 
superposition of the SPH's from class I, IT and ill yields a 
loop with a 'saturation magnetisation' of 1.3 Ms. The Hall 
loop together with the SPH's are shown in fig. 6. The 
shapes of the SPH's are very different. 
Loop I in fig. 6a, consisting of LU1's from class I, is an 
almost ideal hysteresis loop of a particulate medium with 
perpendicular anisotropy and a sharp Switching Field 
Distribution. The loop shows the usual shearing due to 
demagnetisation, a sharp onset of magnetisation reversal, 
and only a small 'tail', a decrease of the slope at the end of 
magnetisation reversal. The coercivity is 10 % higher than 
the coercivity of the original hysteresis loop. Loop n, 
consisting of LU1's from class IT, . is clearly different. It 
shows a gradual onset of magnetisation reversal, no tail, 
and a coercivity which is about half of the film coercivity. 
The loop consistong of negative changes above the noise-
level (V in fig. 6b) has the same properties as loop IT, 
except for the lower saturation value The loops consisting 
of magnetisation changes below the noise level (ill and 
IV) show hysteresis and saturation. We tend to attribute 
this at least partly to magnetisation reversal. 
The number of magnetisation changes of class I is 155, 
much larger than the number of columns in the measure-
ment area. This indicates that the column is not the small-
est magnetic unit in this particular Co-Cr film. A micro 
structure which could explain this is the CP structure [13], 
where small Co-rich platelets are embedded in a Cr-rich 
matrix inside the column. The small changes can be ex-
plained by reversible rotation of regions with in-plane ani-
sotropy [14], which have no perpendicular anisotropy. The 
negative LU1's might indicate the presence of magnetic 
volumes at the limit of superparamagnetism. According to 
the step size, their volume could be around (20 nm3). 
When using the Neel-Arrhenius law for time decay in par-
ticle assemblies 1It=1O-9 exp(K}V/kT) [15] the estimated 
superparamagnetic limit of Co-Cr is (8 nmi when using a 
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Fig. 6. The original Hall loop and the various Stepsize-distinguished Partial Hysteresis loops (SPH's). 

- 496 -



relaxation time t of 100 s and an anisotropy constant Kt of 
1.6.105 J/m3• For particulate media, it is also observed that 
the mentioned formula does predict the so called acti-
vation volume, which is much smaller than the particle 
volume [16]. The magnitude of the SPH of class V can be 
an indication for the volume fraction of magnetic units at 
the superparamagnetic limit. With a micrornagnetic 
model, the influence of some microstructural parameters 
on the observed magnetic behaviour are investigated. 

The used micromagnetic model [17], consists of particles 
(Co-Cr columns) in the shape of cubes of (50 nm)3 which 
are subdivided into cubic elements of (5 nm)3 with uni-
form magnetisation. Exchange between the particles is 
modelled by assigning an exchange to a few randomly 
chosen element-pairs which are on the particle bounda-
ries. The initial layer, as present in our Co-Cr, is modelled 
by assigning an in-plane easy axis to cubes of 8 elements 
in the bottom two rows of elements in the model. These 
cubes are exchange coupled to the particle they belong to. 
This partly overcomes the well-known problem of a too 
high HJHk in micromagnetic simulations [18] since it re-
duces the coercivity by more than 30 %. Further reduction 
of the coercivity can be obtained by assuming that small 
regions have a higher Kt andlor a lower Ms, such that 
saturation of the entire film is not saturated below reason-
able fields used in a measurement set-up. These regions 
serve as nucleation centres for magnetisation reversal 
[19]. Because the Hall-measurements prove that the aver-
age magnetic unit size is not equal to the column size, 
each column is modelled as a Co-poor matrix with 3 Co-
rich platelets. The platelets extend throughout the film 
thickness, the lateral dimensions are 10 x 40 nm2• Subdi-
vided in this way, the ratio between Co-rich and Co-poor 
material is app. 112. 

Typical simulated in-plane and perpendicular hysteresis 
loops of a 25 particle cluster are shown in fig. 7.The initi-
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Fig. 7. Simulated in-plane and perpendicular (outer loop) 
hyteresis loops. See text for parameters. 
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Fig. 8. Decomposition of a simulated hysteresis loop. 

allayer volume is 12 %, the hard nucleation centres have 
a fourfold Hk ' the Co-rich platelets are assumed to have 
an Ms of 500 kAlm and a Kt of 160 kJ/m3• For the Co-
poor matrix these values are 300 kAlm and 50 kJ/m3• The 
coercivity is 110 kAlm, there is a modest shoulder present 
which is not seen in highly segregated films, but for the 
rest there is close resemblance in shape with experimental 
loops. The stepsizes show that platelets predominantly 
switch independently. 
Decomposition of the perpendicular loop op fig. 7 is 
shown in fig. 8. The class-threshholds are: I ilM>O.03 Ms, 
II 0.03 Ms >ilM>O.003 Ms and ill 0.003 Ms >ilM. It can 
be seen that the loop with the larger steps shows the same 
sharp onset of reversal and the loop with the smaller steps 
a gradual one, resembling the experimental result well. 

IV. MAGNETIC FORCE MICROSCOPY 

For a more detailed study of the Co-Cr-X layers with per-
pendicular anisotropy Magnetic Force Microscopy (MFM) 
studies are carried out. Easy sample preparation and the 
achieveabale resolution make this method very suitable. 
Our MFM set-up is based on a Michelson type interfero-
meter for cantilever deflection detection [20]. We use 
magnetic tips made from magnetically coated carbon 
needles which are grown in an electron beam on the end 
of a tungsten wire cantilever [21]. This set- up allows to 
resolve magnetic details smaller than 30 nm.[20] 
High density written bits on a Co-Cr-Ta hard disk with a 
bit length close to or even smaller than the size of the in-
trinsic domain structure are used for our study. The Co-
Cr-Ta layer had a thickness of 70 nm and was grown on a 
7 Ilm thick underlayer of NiFe. The columnar diameter of 
the Co-Cr-Ta is about 10 nm. By single pole head bit 
tracks of up to 500 kfrpi (kilo flux reversals per inch) have 
been written on this disk on tracks of 30 Ilm and 0.4 Jim 
width. Both disk fabrication and bit writing have been 
carried out in Tohoku University Sendai, Japan [1,22]. 

- 497-



Fig. 9. Overview over a group of o. 4 J1Tn wide tracks. 

The size of the intrinsic domains measured next to the bit 
tracks is about 150 nm. For bit densities of about 200 
kfrpi, the bit length (127 nm) will become smaller than 
the intrinsic domain size. Consequently, the bits can not 
be expected to stay as they have been written. The 
influence of the magnetic relaxation in the material after 
the writing head has passed will increase when the bits are 
made smaller. 
Fig. 9 shows an overview over a group of 0.4 !lm wide 
tracks on the disk. The writing densities of the tracks are 
10, 50, lOO, 200 and 500 kfrpi from top to bottom. The 
500 kfrpi track (bit-length 51 nm) is not visible in this 
image, even with higher magnification and smaller tip-
sample distance no difference between this track and the 
surrounding domain structure could be found. 
Fig. 10 gives a zoom in at the 200 kfrpi track, measured at 

.00 

1.00 

Fig. 10.200 kjrpi bit track on a Co-Cr-Ta disk. 

.00 

o o 1.00 2.00 
Fig. 11. Side border of a 30 J1Tn wide 300 kjrpi bit track. 

a smaller tip- sample distance, which clearly shows how 
the individual bits differ because of the relaxation process 
after bit writing. The side border of the track is not 
straight any more because some bit domains are connected 
to the outside domain pattern. These two effects will cer-
tainly contribute to the media noise of this disk when the 
bits are read back. 
Fig. 11 shows the side border of a 30 !lm wide 300 kfrpi 
bit track (bit-length 85 nm). Since the image is not as 
clear as others it will be explained in more detail here. 
Since the scan is only 2x2 !lm2 wide it shows only a small 
part of the 30 !lm wide track. The stripe structure in the 
lower part of the image represents the bits. It is clearly 
visible that they are smaller than the intrinsic domains in 
the upper part of the image. Because of the relaxation 
processes, which takes place in the decreasing head field 
after the writing head has passed by, each bit is not a 
single domain but consists of oppositely magnetised 
domains perpendicular to the track direction. Since a 
magnetic read head will integrate over the whole track 
width the signal is still reproduceable but the noise will 
increase. 
Another interesting aspect is that the side border of the 
track becomes a smooth transition between off-track do-
mains and written domains. Some written bits continue 
outside the domain structure. 

v. CONCLUSIONS AND SUMMARY 

From the influence of bit size and shape on magnetic be-
haviour of perpendicular magnetic media it is concluded 
that for Co-Cr micro-strips with dimensions down to one 
micron its behaviour can be well-understood from mean 
field considerations. This means that in a first approxima-
tion the influence of magnetic micro-structure can be 
disregarded for magnetic stray-field interpretation. For 
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magnetic (bit) shapes in the order of the magnetic micro-
structure however an anomalous behaviour is to be 
expected. 
ARE 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 
distinguishable magnetic volumes 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. We observed five steps of ap-
proximately one column, the rest of the steps is smaller. 
From the presence of negative LlM's and their distribution 
along the hysteresis loop we conclude that magnetic units 
on the limit of superparamagnetism could be present in 
Co-Cr. Magnetic viscosity measurements and temperature 
dependent hysteresis measurements will have to give more 
information about this. 
The micromagnetic simulations indicate that the idea of 
nucleation of magnetisation reversal due to a rather wide 
distribution of anisotropy might be considered. Due to the 
resemblance in shape of hysteresis loops and SPHs with 
mostly reasonable parameters it seems that a micromag-
netic model is suitable to describe and (in the near future) 
predict magnetisation processes in thin film media like 
Co-Cr for PMR 
With MFM we have studied written bits in a Co-Cr-Ta 
lNiFe layer up to recording densities of 300 kfrpi (89 nm 
bit length). Since the bits are smaller than the intrinsic 
domain structures (150 nm) here the bit shape is strongly 
influenced by relaxation processes in the decreasing field 
of the magnetic write head. These processes will deter-
mine the maximum reachable writing densities on these 
materials and are strongly determined by the micromagne-
tics of the switching process. 

Summarising, the behaviour of Co-Cr down to a scale of 1 
Jim can be understood from mean field theory. Below this 
scale, the steps of various size in Hall measurements show 
that discreet behaviour is present due microstructural 
properties like grain sizes and exchange inhomogeneity. 
Micromagnetic simulations show that we are beginning to 
understand what is happening on the sub-micron scale. 
The MFM results show that Co-Cr-Ta thin film is 
suitable for 100-200 kfrpi recording. For higher bit 
densities media with smaller intrinsic domain sizes are to 
be designed. 
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