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Abstract

Magnetic dot arrays with perpendicular magnetic anisotropy were fabricated by patterning
CogoPtyg-alloy continuous films by means of laser interference lithography. As commonly seen
in large dot arrays, there is a large difference in the switching field between dots. Here we
investigate the origin of this large switching field distribution, by using the anomalous Hall
effect (AHE). The high sensitivity of the AHE permits us to measure the magnetic reversal of
individual dots in an array of 80 dots with a diameter of 180 nm. By taking 1000 hysteresis
loops we reveal the thermally induced switching field distribution SFDy of individual dots
inside the array. The SFDr of the first and last switching dots were fitted to an Arrhenius model,
and a clear difference in switching volume and magnetic anisotropy was observed between dots

switching at low and high fields.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

To continue the areal density growth in magnetic recording
beyond the limits set by thermal fluctuations, bit patterned
media are required in which each bit is a single domain
nanomagnetic dot. An important parameter of patterned media
is the switching field distribution (SFD) of the array of dots.
In order to achieve error-free writing in high density magnetic
data storage, it is important for all dots to reverse magnetization
at the same external field. However, experimentally much
broader distributions are found than what is expected for such
highly exchange coupled systems [1].

In order to understand the origins of these large variations
in switching fields in an array, we investigate the switching
behavior of individual dots. The switching field of an
individual dot varies slightly each time a hysteresis loop is
measured. Besides the SFD of the ensemble of dots in the
array, the individual dots show a thermally induced SFD
(SFD1). When the SFDr is measured, it can be used to
determine the height and shape of the energy barrier between
the two stable magnetic states in the dots.
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To measure the reversal of the nanometer sized dots inside
the array, a very sensitive magnetometry technique is required.
Techniques that are sensitive enough to sense individual dots
include uSQUID operated at cryogenic temperatures [2] and
magnetic force microscopy (MFM) [1]. Anomalous Hall effect
(AHE) measurements are very sensitive, can be operated in
a wide temperature range including room temperature and
do not require extensive sample preparation. This method
has previously successfully been applied to measure single
nanodots [3-5] and dot arrays [3, 4, 6-8]. Detection of the
reversal of individual dots inside an array, however, requires
a very low noise measurement, and has—to our knowledge—
not been reported up to now. In this work, AHE is used for
the first time to measure the SFD of a single dot in an array
of about 80 CogoPtyy 180 nm dots. By careful optimization of
the setup, it is possible to repeatedly measure the switching of
a single dot and determine SFDt. The results can be used to
model the switching behavior of single dots inside the array.
Instead of measuring on 80 single dot crosses (only one dot
per Hall cross) to obtain information about weak and strong
dots, our alternative is to measure on an array of 80 dots
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where it is possible to pinpoint the weakest and strongest dots
directly and measure their SFD. The method of using AHE
measurements on arrays of magnetic dots therefore provides
a practical approach to investigate the origins of the SFD in
patterned magnetic films.

In the following, we first discuss the experimental
preparation and measurement conditions and continue with the
results of measurements on the complete array and of single
dots within the array. Subsequently the Arrhenius model that
was developed to fit to the measurements is discussed and
applied to the thermal SFDr of two dots switching at different
fields.

2. Description of sample and AHE measurement

Magnetic polycrystalline CogoPtyo alloy 20 nm thin films with
high perpendicular anisotropy were deposited at room temper-
ature using magnetron co-sputtering on Ru(20 nm)/Pt(10 nm)/
Ta(5 nm) buffer layers on a thermally oxidized Si substrate.
The structure and magnetic properties of these thin films have
been studied in previous works [7, 9]. The hcp-CoPt(002)
plane is epitaxially grown on the (002) plane of the Ru buffer
layer, and has a full-width angle distribution of 2.8° at half-
maximum. TEM analysis revealed that the CoggPtyo alloy film
has a mean grain diameter of 14 nm.

The magnetic easy axis of the film is perpendicular to the
film plane with a saturation magnetization M; and an intrinsic
anisotropy constant K, (=K. + % proM?) of 1200 kA m™!
and 1.30 x 10° J m~3 respectively, as determined by using a
vibrating sample magnetometer and a torque magnetometer.

Laser interference lithography was used to create a dot
array etch mask of positive resist [10]. This resist pattern
was transferred into the magnetic CoggPtyo layer by means of
ion beam etching. The dot diameter is about 180 nm and the
periodicity of the array 600 nm.

When current flows through a material and an external
magnetic field is applied, a Hall voltage is generated
perpendicular to the current flow and perpendicular to the
applied magnetic field; the magnetization of ferromagnetic
materials generates an extra Hall voltage, called the anomalous
Hall effect (AHE) [11, 12]. For a current in the x direction, the
Hall voltage in the y direction will only depend on the external
field H and material’s magnetization M in the z direction

I,
Vy = (woH Ry + MoMst)T, (D

where f, Ry and R; are the material’s thickness, and the normal
and anomalous Hall coefficients, respectively. Generally,
RO < Rs-

In our AHE measurements, the conducting buffer layers
function as electrodes, and are patterned into square Hall
crosses. Figure 1 shows a SEM picture of a dot array on top
of a 4 um wide square Hall cross. A portion of the current
flowing through the buffer layers also flows through the dots
and generates an AHE voltage depending on the magnetization
of the dots. The measured Hall voltage Vy is the sum of the
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Figure 1. SEM and MFM images of the 4 um wide Hall cross
connecting to the dot array. The central area of the cross covers about
80 dots, which have a mean diameter of 180 nm and thickness of

20 nm. The MFM image shows that only the dots on top of the Hall
cross are magnetic.

Hall voltage from the buffer layers Vi, and the Hall voltage
from the dots, and can be written, to a first approximation, as:

Vi = Vour + Z SCxiy yi) - Vi (2)

all dots

where S is a spatial sensitivity function—maximum in the
central area of the cross—similar to the one defined by Webb
and Schultz [13], and V} the Hall voltage from dot i at
location (x;, y;). The normal Hall coefficient R, of the
buffer layers and the dots is much smaller than the anomalous
Hall coefficient R, of the dots. Therefore, Vi, is mainly
determined by the perpendicular component M of the dot’s
magnetization, and the contribution to Vs from the stray field
of the dots is very small compared to the voltage from the
dots. In the magnetically saturated region, where the Hall
contribution of the dots is constant, V},,s depends linearly on the
applied field H, and can be subtracted from the measurement
by fitting a straight line to the measured Vj.

All measurements were done at controlled room
temperature and, unless stated otherwise, the magnetic field
is applied perpendicular to the Hall cross plane. By carefully
optimizing the measurement setup it was possible to measure
very close to the theoretical noise limit of the Hall cross. The
AHE measurements were carried out using a 1 mA AC current
at 833 Hz and a lock-in amplifier with 300 ms integration
time; every 3 s a measurement is taken and the external field is
increased according to the desired sweep rate.

3. Measurements on a dot array

3.1. Angular dependence of coercivity

In figure 2, AHE voltage curves of a continuous film (a)
and a 180 nm dot array (b) are plotted as functions of
the applied magnetic field. After patterning, the coercivity
increases from 19 to 300 kA m~!, but remains lower than the
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Figure 2. AHE hysteresis curves for (a) continuous film and
(b) 180 nm dots array of CogoPtyy film (measured at room
temperature and for an applied magnetic field perpendicular to the

film plane).
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Figure 3. Switching field of continuous film and 180 nm dot array
versus the angle 6 between the applied field direction and film
normal. The dashed line shows the angular dependency as expected
for domain wall motion (DW). The solid line is a ‘guide to the eye’.

anisotropy field H determined from the effective anisotropy
constant (540 kA m~!). To obtain more information about
the switching mechanism, measurements with different angles
for the applied magnetic field have been done by using
the AHE measurement method. In figure 3, the measured
coercivity H. is plotted against the angle 6 between the
applied field direction and film normal. The coercive field?
corresponds to the average switching field of the dot array.
For the continuous film, the switching field as a function of
applied field angle 6 is proportional to 1/cosé (dashed line
‘DW’), indicating that magnetization reversal is controlled by
domain wall motion [14], as expected. After patterning, the
180 nm dots array exhibits a Stoner—Wohlfarth-like angular
dependence with a minimum close to 45°. However, deviations
from the coherent rotation model are observed since the curve
shows an asymmetry which can be reproduced by the modified
Kondorsky model in which wall motion and coherent rotation

3 Value of applied field for which the Hall voltage, after correction of the
offset and NHE voltage, is zero.

Magnetic field (kA/m)

Figure 4. Three overlying AHE curves of the 180 nm CogyPtyy dot
array. The linear NHE voltage and the DC offset voltage of 520 uV
have been subtracted from Vy. The step size in magnetic field from 0
to 550 kA m~!is 80 A m~!, resulting in a magnetic field sweep rate

R of 50 Am~! s~!. The inset shows a magnification of the
measurement, clearly showing steps and plateaus, caused by the
magnetization reversal of single dots.

are combined [15]. From MFM measurements on a single
180 nm dot, we conclude that a single dot without applied
magnetic field has a homogeneous magnetization. Although
during switching the magnetization can be non-homogeneous,
after switching the dot magnetization is single domain.

3.2. Steps in AHE voltage due to single dots

Figure 4 shows three of 1000 repeated magnetization versus
field measurements. The measurements start at negative
saturation and were taken at a low magnetic field sweep rate
(50 Am~! s7!) and at room temperature. The measurements
show several steps and plateaus which are reproducible in step
size and position (see inset in figure 4) and could correspond
to the reversal of individual dots in the array. Moreover,
the number of steps corresponds well with the number of
dots in the central area of the cross, as expected. MFM
measurements, done after the detection of a step in the Hall
voltage, show that this step indeed corresponds to the reversal
of an individual magnetic dot. These measurements were
repeated several times and indicate that each step in the Hall
voltage corresponds to the reversal of the same individual dot
for all measurements (figure 5). Therefore, the use of the AHE
makes it possible to measure the switching field of different
individual dots in a large array.

An important result is that different switching field values
are obtained for the same dot from one measurement to
another. This variation in switching field, observed for all dots,
is thermally induced (illustrated in figure 6). At 0 K, individual
dots always switch at the same applied magnetic field value H?
which cancels the energy barrier separating the two stable state
of their magnetization (figure 6(a)). At elevated temperatures,
the thermal energy kg7 becomes sufficient to overcome this
energy barrier and the magnetization can be reversed for a
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Figure 5. MFM images of a dot array measured after the detection of the first step (a) and the two first steps (b) in the Hall voltage. Upon
detection of the first or second step, the magnetic field was ramped back to zero, after which the MFM measurement was performed. The
steps in the Hall voltage always correspond to the reversal of the same dots. One can notice a bigger voltage step size for the switching of the

second dot because the sensitivity is higher near the Hall cross center.
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Figure 6. Sketches of several overlying curves showing the temperature effect on switching the field of one dot, and three experimental curves
obtained for the first switching dot. (a) 7 = 0 K; (b) 7 > 0 K; (c¢) experimental.

magnetic field value lower than HSO. Because of the thermal
fluctuation, the switching field varies from measurement to
measurement (figure 6(b)), which is in good agreement with
the experimental observation (figure 6(c)). The SFDr of
individual dots was obtained from these measurements for
comparison with the switching model.

4. Model for thermally induced switching field
distributions

A straightforward Arrhenius-based model is used in order
to calculate SFDt. The model excludes the influence of
neighboring dots due to stray field interactions, since we
assume the reversal order of dots to be identical for every
sweep. The stray field of neighboring dots is on the order of
1 kA m~! [16], which is much smaller than the differences in
switching fields for the first and last switching dots.

The probability Psz(At) that the magnetization of a dot
has not switched after a time At is given by [2]:

Ps(Ar) = exp(—At/t(H, T)), 3)
Ev(H
T(H,T) = f; "exp ( ,?;T )) : )

where fj is the attempt frequency (assumed to be close to
10° Hz [17]), E, is the energy barrier, kg is Boltzmann’s
constant and 7 the absolute temperature.

For the experiments, the applied magnetic field H is
ramped with a rate R and the probability density pgw(H, T)
that a switching occurs at a magnetic field H is given by [18]:

_Jo —Ev(H)
pSW(Hv T) - eXp ( kBT )
L(H)) dh]

R
kg T

H
X exp I:—%/O exp(

(&)
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Figure 7. Histograms of 1000 measured switching fields H of the
first weak dot and last strong dot. The lines are the probability
density functions as obtained by fitting the model to the
measurements. (a) The first weak dot. (b) The last strong dot.

This switching field distribution (SFDt) can be estimated
experimentally with the switching field histograms obtained by
measuring the field value several hundred times for which a dot
reverses its magnetization.

The energy barrier En(H) is field dependent, and is
commonly described by

H n
Ev(H) = Eo <1 - FP) ; (6)
where Ej is the energy barrier height without an externally
applied field, and H? the switching field at T = 0 K [19].
The exponent n has an upper limit of 2 under conditions of
pure coherent rotation (Stoner—Wohlfarth model), an external
field aligned with the easy axis of magnetization and at 0 K. At
elevated temperatures [20] or fields not aligned with the easy
axis [21] the exponent is less than 2. The exponent n has a
lower limit of 1 in the case of a thin film element which is
much larger than the domain wall thickness, and in which the
pinning of the domain wall is so weak that the wall does not
bend under application of an external field [22]. For stronger
pinning, the exponent is larger than 1.
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Figure 8. The values for Ey and H? as a function of exponent n,
obtained by fitting the model to the measured SFDy. The curves for
the energy barrier are almost identical, while the value of H? is
larger for the last strong dot than for the first weak dot by more than a
factor of 4.

Because we are measuring at room temperature and the
dots under investigation are not perfect Stoner—Wohlfarth (SW)
particles, and because there will be a distribution in easy axes
from particle to particle, n is certainly lower than 2. On the
other hand, since the dots are not large elements with weak
pinning of domain walls (DW), n is certainly higher than 1.
The calculation of the exact field dependence of the energy
barrier requires numerical simulation [23] and is beyond the
scope of this publication. Therefore we propose n to be a
phenomenological parameter of which we only consider the
extreme cases n = 1 (DW) and n = 2 (SW).

5. Switching field distribution of a single dot

Increasing field AHE measurements from negative saturation
were repeated 1000 times at room temperature with R =
50 Am~'s™'. Some dots switch at low fields and others
at relatively high fields; we call these ‘weak’ and ‘strong’
dots, respectively. Here we focus on the SFDy of the first
‘weak’ dot (smallest switching field) and the last ‘strong’ dot
(largest switching field) in order to determine the origin of the
large difference between their average switching field value,
132 and 545 kA m~! respectively. In figure 7, histograms
of the measured SFDt of both dots are shown, together with
the results of fitting our model to the measurements for n =
1 and 2. The model’s distributions coincide well with the
experimental SFDt. Unfortunately, fits of equal quality can
be found for every n between 1 and 2, thus it is impossible to
directly infer the value of n from these measurements. Figure 8
shows the fit result values as a function of exponent 7.

From E and HSO , the activation volumes for reversal can
be calculated using M, = 1.2 MAm™' (table 1). For the
domain wall propagation model (n = 1), the Barkhausen
volume is [22]

Eo

V=r—"—, 7
2/,L0MSHSO ( )
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Table 1. The values for E, and HS0 from figure 8. The bottom rows
show the switching volumes calculated from (7) and (8).

Weak dot Strong dot
Eo/kgT n=1 228+3 230+£2
n= 631+t 14 612+9
HS0 kAm™) n= 148.54+0.3 617.24+0.6
n= 165.1+0.5 689.5+1.4
1% n= (13 nm)? (8 nm)?
n= (28 nm)? (17 nm)?

whereas for the SW model (n = 2), the nucleation volume V
and the effective anisotropy constant K are [24]

2E MH?
V=" K = Moy (8)
,U.OMSHSO 2

6. Discussion

Within the framework of our simple model, the difference
in switching fields between the weak and strong dot in our
experiment is caused by a difference in the energy barriers.
This difference can be caused by a difference in switching
mechanism n, switching volume V, or switching field at 0 K
HY?. Since the SFDy is equally well fitted by any value of n
between 1 and 2, we cannot determine all three parameters.
We can however discuss the two extreme cases n = 1 and 2.

If we assume that the dots reverse by the same switching
mechanism (identical values of n), the energy barriers E( of
the first and last switching dot are almost identical (figure 8).
The difference in switching fields at room temperature is then
caused by a difference in switching field at 0 K (H, SO) by a factor
of 4 (table 1). As a result, the switching volume of the weak
dot is larger than that of the strong dot by a factor of about 4 as
well.

On the other hand, if we assume that the switching
volumes are almost identical, n for the weak dot has to be
closer to 1, and n for the strong dot closer to 2, indicating a
difference in reversal mechanism. Again, we must conclude
that there is a difference in H? by at least a factor of 4.

The difference in H? can be caused by a difference in
magnitude or direction of anisotropy. This anisotropy has
various origins, both intrinsic to the material (crystal, stress)
and caused by the shape of the elements. Previous studies on
CoPt/Ru patterned films have shown that the SFD of dot arrays
is well explained by a c-axis distribution [25], leading to a
variation in the direction of intrinsic anisotropy, and therefore
to a variation in the total effective anisotropy of the dots. We
cannot fully exclude, however, that the variation can also be
caused by other factors such as etch damage or redeposition
during the etching of the dots.

The calculated switching volumes can be compared to
physical parameters. From TEM observations the average
grain diameter is found to be 14 nm [7]. With a film thickness
of 20 nm, the average grain volume is (15 nm)3, which is in
excellent agreement with the calculated values in table 1.

The grains are however strongly exchange coupled, and
the switching volume could extend over more grains. One

might argue therefore that the switching volume is not linked
to the grain size, but proportional to the exchange length,
or better the characteristic length /. defined by Hubert [26,
section 3.7.3c] in his analysis of domains in films with high
perpendicular anisotropy:

Yw

l.= 9
c 2K, (%a)
Yw =4/ AK, (9D)
1 2
K; = EMOMS, (9¢)
where the wall energy y4, can be calculated from the exchange
constant A = 9.5 pJ m~! [27] and the intrinsic anisotropy

constant K,,. From the average intrinsic anisotropy of the film
(1.3 MJ m~?) we calculate the characteristic length to be 8 nm.
This gives a minimum diameter for bubble domains of about
30 nm, which is on the order of the calculated values in table 1.
So changes in grain size or critical length scale could both be
at the origin of changes in the switching volume.

If we assume that changes in grain size are at the origin of
the changes in switching volume, and we further assume that
the grains extend through the complete film, the grain diameter
varies from 5 to 10 nm for n = 1, and from 16 to 34 nm for
n = 2. However, dots with the highest switching fields have
the smallest grains, which seems unlikely.

We could assume on the other hand that changes in
anisotropy cause changes in switching volume. For equal
values of n, HSO is 4.2 times larger for the last dot than for
the first dot. Assuming that K,, is proportional to H?, the
characteristic length /. of the last dot equals more than two
times the /. of the first dot, which is in good agreement with
the calculated values for the difference in switching volumes
in table 1. It should be noted, however, that the energy barrier
Ey is not solely determined by the intrinsic anisotropy K,,
since during switching the external stray field energy will
also be reduced. An exact calculation will require detailed
micromagnetic knowledge on the reversal process, which
surpasses the scope of this paper. Compensating for this effect,
however, will always lead to larger calculated differences in
switching volume.

Summarizing, it is plausible that the calculated differences
in switching volume are caused by a difference in critical
length scales, caused by a difference in effective anisotropy
between the weak and strong dot.

Additional experiments are required to further unravel
the origins for the variation in switching fields between dots.
The AHE measurement method presented here provides a
powerful tool. A comparison of the temperature dependence
of the switching fields is planned for future work and will
provide more information about the difference in reversal
mechanisms between the dots, as the temperature dependence
of the switching field increases with 7.

7. Conclusion

Using the anomalous Hall effect, it was possible to measure
the perpendicular magnetization of a dot array of about 80
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dots with diameters of 180 nm with high signal to noise ratio.
This enables field measurements with multiple passes with
low drift. At low and high switching fields, switching of
individual dots is clearly observed. Hall voltage and MFM
measurements indicate that these dots switch in a fixed order
and that the variation of the switching field of individual dots
can be measured. This switching field distribution (SFDr)
of a single dot is caused by thermal activation, and provides
information on the energy barrier height.

The SFDry of single dots fits very well to an Arrhenius
type model, with energy barrier E,, switching volume V
and a phenomenological parameter n representing the reversal
mechanism as input. The value of n lies between 1 and 2.
When the reversal mechanism is similar to coherent reversal,
the value of n is close to 2. For domain wall motion, the value
of n decreases towards 1. Unfortunately, it is not possible to
infer the value of n from the SFDry, because parameter fits of
equal quality can be found for every n between 1 and 2.

Two dots were investigated in more detail, a ‘weak’ dot
switching at 132 kAm~' and a ‘strong’ dot switching at
544 kA m~". Interpretation of the AHE measurements leads to
two opposite scenarios explaining the difference in switching
fields. Assuming that the reversal mechanisms of both dots
are identical (same value of n), the difference in switching
fields between the dots must be caused by the fact that the
weak dot has a switching field at 0 K which is a factor of 4
lower than that of the strong dot. On the other hand, if we
assume that the switching volumes are identical, the difference
in switching fields must be caused by differences in reversal
mechanism, where the strong dot tends more towards coherent
rotation. In this case the weak dot has a switching field at 0 K
which is at least a factor of 4 lower. The real situation will
be between these opposites, but we must conclude from our
simple model that there must be a difference in the magnitude
of the effective anisotropy between the two dots. It is plausible
that the calculated difference in switching volumes between the
dots is caused by a change in magnetic characteristic length
scale due to a difference in effective anisotropy, although we
cannot completely rule out variations in crystal size.
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