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Abstract
Using the highly sensitive anomalousHall effect we have been able tomeasure the reversal of a single
magnetic island, of diameter 220 nm, in an array consisting ofmore than 80 of those islands. By
repeatedly traversing the hysteresis loop, wemeasured the thermally induced fluctuation of the
switching field of the islands at the lower and higher ends of the switching field distribution. Based on a
novel easy-to-usemodel, we determined the switchingfield in the absence of thermal activation, and
the energy barrier in the absence of an external field from thesefluctuations. Bymeasuring the reversal
of individual dots in the array as a function of temperature, we extrapolated the switching field and
energy barrier down to 0 K. The extrapolated values are not identical to those obtained from the
fluctation of the switching field at room temperature, because the properties of themagneticmaterial
are temperature dependent. As a result, extrapolating from temperature dependentmeasurements
overestimates the energy barrier bymore than a factor of two. To determine fundamental parameters
of the energy barrier betweenmagnetisation states,measuring thefluctuation of the reversal field at
the temperature of application is therefore to be preferred. This is of primary importance to
applications in data storagea andmagnetic logic. For instance in fast switching, where the switching
field in the absence of thermal activation plays amajor role, or in long termdata stability, which is
determined by the energy barrier in the absence of an external field.

1. Introduction

Sufficiently smallmagnetic elements have only two stablemagnetisation states, separated by a an energy barrier.
Atfinite temperature, the system can spontaneously jump fromone state to the other. If we lower the energy
barrier by an externalmagnetic field, the time before jumping reduces until it is limited by spin dynamics.

To understandmagnetisation reversal, for instance for application in non-volatile data storage, we need to
know the height of the energy barrier and how it changes with an externally applied field.We are particularly
interested in (a) the height of the energy barrier in the absence of an external field and (b) thefield required for
reversal in the absence of thermal energy. These fundamentally important properties of the energy barrier are
surprisingly difficult to determine experimentally.We have two parameters to playwith: temperature and time.

In temperature dependentmeasurements, onemeasures hysteresis loops over awide temperature range
[1, 2]. From the temperature dependence of the switchingfield, one can calculate the height of the energy barrier.
Thismethod, however, suffers from the fact thatmaterial properties are temperature dependent. Aswe show in
this paper, an estimate of the energy barrier from extrapolation of temperature dependentmeasurements can
lead to large errors.

It is therefore in principle better to determine the properties of the energy barrier at room temperature,
which is usually done by observing the hysteresis loop under different field ramp rates [3–6]. However, this is
experimentally challenging. On the low side, field ramp rates are limited by the total time required for the
measurement. On the high side, the ramp rate is limited by the power required to build up the field in a short
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time. Usually a combination of equipment is used, where the low ramp rates (0.01–10 mT s−1) aremeasured in a
vibrating samplemagnetometer (VSM) [7] and the high ramp rates (kT s−1 toMT s−1) using pulsed fields [8].
The intermediate region is difficult to address.

Non-volatile data storagematerials need to retain themagnetisation state over years, and therefore require
high energy barriers. In order to avoid excessively high temperatures or longmeasurement times, both the
temperature and time dependentmeasurements need to be combinedwith an externalmagnetic field lowering
the energy barrier. The onlyway to determine the energy barrier in the absence of amagnetic field is to employ a
model relating the height of the energy barrier to the external field. An analyticalmodel for thefield dependence
of the energy barrier of sub-micronmagnetic discs with perpendicular anisotropy is discussed in the theoretical
section of this paper.

Recently, we proposed a novelmethod to determine the energy barrier at room temperature [9, 10]. Rather
than increasing thefield at different ramp rates, we repeatedly reverse themagnetic islands at the same ramp rate.
On every attempt, the contribution of the thermal energy in the systemwill be slightly different, leading to a
fluctuation of the switchingfield between attempts.Withmanymeasurements, we obtain a thermal switching
field distribution (SFDT), fromwhich the switchingfield in the absence of thermalfluctuations (Hn

0) and the
energy barrier in the absence of an external field (DU0) can be determined3. A similar approachwas used to
study domainwall pinning by Yun et al [11].

In this paper, we extended our anomalousHall effect (AHE) setupwith a cryostat to enablemeasurements in
a temperature range from10 to 300 K. This allows us to compare our novel statisticalmethodwith temperature
dependentmeasurements of the switchingfield. To illustrate that indeed the temperature dependentmethod
suffers from the changes inmaterial properties, wemeasured the temperature dependence of the saturation
magnetisation ( ( )M Ts ) and effective anisotropy ( ( )K Teff ) byVSMand torquemagnetometery.

OurmodifiedAHE setup allows us to perform repeated experiments at 10 K aswell as at room temperature.
In this waywe can determine the changes in the energy barrier with temperature, which can be related to changes
in the nucleation volume andwall energies using our novel analyticalmodel.

Theseobservations areof importance for applicationsusingpatternedmagnetic elements.One example is bit
patternedmagneticmedia,which is oneof thepossible solutions topostpone the superparamagnetic limit that current
harddisk technology is approaching.Theheightof the energybarrier, and its relation to the externalmagneticfield,
determines the long termstability of thedata.Aproblemthat still needs tobeovercome is the large variation in the
required switchingfieldbetweenelements [12]. This switchingfielddistribution is probably causedby an intrinsic
anisotropydistribution that is alreadypresent beforepatterning [13, 14]Ourmethodprovides insight into the variation
of the energybarriers between the islands, and therefore indirectly into the variation in the anisotropy.

A second example is the patternedmagnetic elements inmagnetic randomaccessmemories (MRAM) or
magnetic logic, which suffer from the thermally activated variations in the switchingfield [15, 16]. Ourmethod
allows the determination of the switchingfield in the absense of thermal fluctuation at room temperature. To
study ultra-fast switching, this value needs to be known in order to determine the increase in switchingfield due
to reversal dynamics [17, 18].

2. Theory

2.1. Switchingfield and energy barrier
From statisticalmeasurements of the switchingfield of a single island it is possible to determine the energy
barrier in the absence of an externalfield (DU ) and the switching field in the absence of thermal fluctuations
(Hn

0). In the following, we derive the basic theory for linking these values to themeasured distribution of the
switchingfield of an individual island.

2.1.1. Thermally induced reversal
Consider a system, like a single domainmagnetic island, that has two energyminima, separatedby an energy barrier
offinite heightDU .Due to thermalfluctuations, there is a chance that the system jumpsbetween the energy
minima.We assume this probability canbedescribedbyArrhenius statistics. At timeτ=0 s, the system is in one
energyminimum.Theprobability that the systemhas jumped to theother energyminimumincreaseswith time:

t t t= - -( ) ( ) ( )P 1 exp , 1sw 0

t =
D⎜ ⎟⎛

⎝
⎞
⎠

( ) ( )
f

U H T1
exp

,

kT
, 20

0

3
Wepreviously used Hs

0 andE0 for these parameters.

2

New J. Phys. 19 (2017) 093019 J dVries et al



where f0 is the frequency (Hz) at which the system tries to attempt to overcome the energy barrier, k is
Boltzmann’s constant (1.38×10−23 J K−1) andT the temperature (K).

When taking a hysteresis loop of ourmagnetic islands, we slowly rampup the field from some negative field
value, where all islands are in the same state,-Hsat in small stepsDH andmonitor the reversal of the
magnetisation in the islands after each step for a waiting time tD .We assume that thewaiting time is short
enough tomake it very unlikely that therewill bemultiple reversals, back and forth between the energyminima.
In this case, the probability that themagnetisation in the island switches at afield valueH is the chance that it
switches within thewaiting time (equation (1)), multiplied by the chance that it has not yet switched before,

 òt t tD = D - ¢ D ¢
-

⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( ) ( )H P p H H, 1 , d . 3

H

H

sw sw sw
sat

In the above, psw is the corresponding probability density function (mA−1). This implicit equation can be
reformulated explicitly if we assume the field steps are so small that we can define a continuous field ramp rate

t= D D - -( )R H Am s .1 1 In that case, the probably density function becomes [9]
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Weexplicitly take into account that the energy barrier is dependent on the temperature at which the
distribution ismeasured, because of the variationwith temperature of themagnetic properties of thematerial.
However, the crucial information required is the exact way inwhich the energy barrier,DU , decreases with a
decrease in strength of the appliedfield. The relation between the energy barrier and the applied field depends
strongly on theway the islands reverse theirmagnetisation direction. In the followingwewill describe two
extrememodels: coherent rotation and domainwall creation and propagation.

Figure 1. SEMpicture of aHall cross structurewithmagnetic islands on top, indicating the direction of the current (I), magneticfield
(B) andmeasuredHall voltage (V ). The inset shows a zoomof the area withmagnetic islands before patterning of theHall-cross.

Figure 2. (a)The simplestmodel discussed assumes that themagnetisation M coherently rotates away from the easy axis Keff over an
angle θ if the appliedfield H is increased. (b)Rather than assuming coherent rotation, it ismore realistic to assume creation and
propagation of a domainwall.We assume a square island of area 2L2, intowhich a domainwall propagates from a corner over a
distance x.

3
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2.1.2. Field dependent energy barrier: coherent rotation
In the coherent rotationmodel (Stoner–Wohlfarth), we assume that the spins in the island remainparallel during
rotation. Thismodel iswell described [19], but repeatedhere since it defines an upper limit to the switchingfield
that shouldbe compared to alternativemodels. Themodel assumes an effective anisotropy Keff (J), which tries to
align the spins parallel to the easy axis at an angle θ, and an externalfieldH that tries to align the spins along thefield
direction (figure 2). The total energy of the system is the sumof the anisotropy and the externalfield energy

q m q= +( ) ( ) ( )U K M H Vsin cos J , 5I eff
2

0 s

WhereV is the sample volume, Ms the sample’s saturationmagnetisation (Am−1), and m0 the vacuum
permeability ( p´ -4 10 7 TmA−1). The extrema in the energy function can be found by equating to zero the
derivative of the energywith respect to θ, which leads to q = 0 for theminimumand

q
m

=( ) ( )
M H

K
cos

2
6max

0 s

eff

for themaximumenergy. The energy barrier is the difference between themaximumandminimum,

D = -
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟( ) ( )U H K V

H

H
1 7I eff

I,n
0

2

with the switchingfield

m
= -( ) ( )H

K

M

2
A m . 8I,n

0 eff

0 s

1

Weuse the upper index 0 to indicate the switching field in the absence of thermalfluctuation. Since all spins in
the island switch in unison, the switching volume [Vsw] is equal to the island volume [V].

2.1.3. Field dependent energy barrier: domainwall motion
For the 220 nm islands thatwemeasured, the coherent rotationmodel is too coarse an approximation. It ismore
likely that reversal starts in a small regionwith lowanisotropy, followedby thepropagationof a domainwall through
the island [20–22]. The theoretical background for this reversalmechanismhas beenbeautifully explainedbyAdam
andco-workers [23] in their bubble growthmodel. Their approach, however, lacks the simplicity of the Stoner–
Wohlfarthmodel.We thereforemodified their circular geometry to a square shape,while keeping the essence of their
model. In contrast to the approachbyAdam, this simplifiedmodel leads to a closed formsolution. Even thoughour
islands are circular, not square, the predicted trendswill be very similar. In the following,wedescribe thisdiamond
model, anddiscuss its implications for awall energy density that is either constant or varieswithposition.

2.1.3.1. The diamondmodel
Consider a squaremagnetic element of thickness t and area 2L2, with an out of plane easy axis (figure 2). The
magnetisation in the element is pointing downwards, and an opposing fieldH is applied. Reversal starts by
introduction of a domainwall at position x=0. The total energy of the system is the sumof thewall energy,
proportional to thewall length and thewall energy densityσ (J m−2), with the external field energy, which is

Figure 3.Energy (in units of kT at 300 K) versuswall position, for a field below HL where nucleation occurs at x=L (label ‘a’), and for
a field above HL where nucleation occurs at <x L (label ‘b’). To generate this plot, we have used the values given in table 1.
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proportional to the area of the reversed domain and the externalmagnetic field. For x L,

s m
s m

= - -

- - - >

( )
( ) ( ) ( )

U x t M Ht x L x L

L x t M Ht x L x L

2 2 for

2 2 2 for . 9

II 0 s
2 2

0 s
2 2

The force on the domainwall is the negative derivative of the energywith respect to thewall position x.
Nucleation of a domain occurs when the force changes sign, which is when the derivative passes zero. Thefield at
which this occurs, HII,n

0 , is defined as the nucleation field. In the absence of pinning sites, so in a perfectly
homogeneousmaterial, the domainwall will continue to propagate until themagnetisation in the island is
reversed completely. In this case the nucleation field is equal to the switchingfield. In reality the domainwall
might be trapped [22], and next to a nucleationfield therewill be one or several domainwall depinning fields
before the island switches. This case is not considered here.

2.1.3.2. Constant wall energy
Wefirst consider thewall energy density to be independent of position (s s= 0). Equating to zero the derivative
of the energywith respect to x, we obtain, for thewall position at which nuclation occurs,

s
m

= ( )x
M H2

. 10max
0

0 s

Weassume x Lmax , which implies that equation (10) is only valid for

 s
m

= ( )H
M L

H
2

. 11L
0

0 s

For <H HL, nucleationwill occur if thewall reaches thewidest part of the diamond, so =x Lmax .
Figure 3 shows the energy versus thewall position, for both situations. At lowfields (10 kAm−1 in the

graph), nucleation occurs when thewall reaches thewidest part of the triangle, i.e., at =x Lmax . At highfields
<x Lmax . As can be seen, the height of the energy barrier,DU , depends on the location of themaximum

energy, xmax.Wemust consider two cases.
RegimeA, =x Lmax , H HL At lowfields, H HL, thewallmust propagate all theway to thewidest part of

the diamond for nucleation. In this case, =x Lmax and the height of the energy barrier is

sD = - = -
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟( ) ( ) ( ) ( )U H U L U L t

H

H
0 2 1 . 12IIa II II 0

II,n
0

The energy barrier is plotted as a function of the field infigure 4, we are considering region ‘IIa’here. The red
dashed line shows the extrapolation of the energy barrier for values above HL.

Figure 4.Energy barrier (in units of kT at 300 K) versus applied field. Forfields below HL, nucleation occurs when thewall reaches the
widest part of the diamond (regime ‘IIa’). For larger fields, nucleation is reached before thewall reaches thewidest part (regime ‘IIb’).
But inmodel IIb, the energy barrier never decreases to zero (magenta line). Only if the domainwall energy density is assumed to
increase linearly from zero from the edge of the island over a distancew, is a reasonable switchingfield obtained (model III, which is
valid for >H Hw). The dotted line at 40 kT indicates the energy barrier which can generally not be overcome in normal experimental
conditions. To generate this plot, we have taken the values given in table 1.
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The nucleation field in the absence of thermal activation is equal to

s
m

= ( )H
M L

, 13IIa,n
0 0

0 s

which is the intersection of the red dashed linewith theH-axis. This nucleation field is twice the value of HL, so if
there is no thermal activation, this nucleationmechanismwill never occur. Themaximumfield at which reversal
in this regime can take place is at =H HL, where the energy barrier sD =U L tIIa 0 . Using realistic values
(table 1), this energy still is around 800 kT, so for our situation nucleationwill not occur in regime IIa. The next
question is therefore whether nucleation can occur at all before thewall reaches thewidest part of the diamond.

Regime B, <x Lmax , >H HL At applied fields above HL, nucleation occurs before thewall reaches the
widest part of the diamond, <x L, and the energy barier equals

s
m

D = - =( ) ( ) ( ) ( )U H U x U
t

M H
0

2
. 14

o
IIb II max II

0
2

s

The decrease in the energy barrier with increasing applied field strength is shown infigure 4, indicated by the
solidmagenta line ‘IIb’. The energy barrier never decreases to zero, so = ¥HIIb,n

0 . By thermal activation
however, nucleation can occur at afinitefield, inwhich case the switching volume is

Table 1.Parameters used to generate the graphs of
figures 3–8.

Ms 829 kA m−1 kT 25.84 meV

s0 3.43 mJ m−2 f0 109 Hz

Keff 386 kJ m−3 R 50 A ms−1

L 50 nm HL 32.9 kA m−1

t 20 nm HI,n
0 741 kA m−1

w 16 nm HIII,n
0 206 kA m−1

Figure 5.Thermally activated switching field distribution for a domainwallmovementmodel using a constant wall energy. The
switching fields for this oversimplifiedmodel are unrealistically high, since they are higher than the nucleation field for coherent
rotation in the absence of thermal activation (line at 740 kA m−1).

Figure 6. In thefinal version of the diamondmodel, we assume that the domainwall energy increases linearly with distance, as it
propagates into the square island, up to x=w (seefigure 2).
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s
m

= = ( )V x t
t

M H4
. 15sw max

2 0
2

0 s
2 2

Figure 5 shows the calculated switchingfield distribution formodel II at room temperature. All switching
fields are above 800 kAm−1. The coherent rotationmodel would give a switching field of 741 kAm−1, which
would therefore be the preferred reversalmode, similar to the reversalmodel discussed in [23]. For our set of
parameters, neither regime ‘IIa’ or ‘IIb’ results in realistic switching fields and thismodelmust be discarded.

Figure 7.Energy as a function ofwall position, assuming a linear increase of wall energy density for <x w . For <H HL, the
maximumenergy is foundwhen thewall reaches thewidest part of the diamond (x = L). For < <H H HL w , themaximumenergy
lies between x=w and L. For >H Hw , the energy barrier is located at x=w, until it disappears at the nucleation field HIII,n

0 .

Figure 8.Top: comparison of the thermally activated switchingfield distributions of the three differentmodels. Themodel based on
creation and subsequent domainwallmovementwith a constant wall energyσ (red curve II) results in switchingfields that are even
higher than for a coherent rotationmodel (black curve I). However, when assuming a domainwall energy density that increases
linearly as thewall enters the island,more realistic switchingfields are obtained (blue curve III). Bottom: zoomof the distribution for
the final diamondmodel (III). See table 1 for parameters used.
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2.1.4. Linearly increasing wall energy
Since the constant wall energymodel above leads to unrealistic values for the nucleation field, we assume awall
energy that increases with position. The simplest assumption is a linear increase, over a distancew (figure 6).

When <x w, the domainwall is in the linearly increasing part, and the energy as a function of wall
position is

s
m

s
m= - - = - +⎜ ⎟⎛

⎝
⎞
⎠( ) ( )U tx

w
M tH x L t

w
M H x2 2 2 constant. 16III

2 0
0 s

2 2 0
0 s

2

For >x w, the energy is as before inmodel II. By equating to zero the derivative with respect to x, we obtain
the nucleationfield in the absence of thermal activation:

s
m

= ( )H
M w

. 17III,n
0 0

0 s

The result is similar tomodel IIa (equation (12) and (13)), with L replaced byw. Following the analogue to
the line of argument formodel IIa, we can discriminate three regions, separated by HL (equation 11) and

s
m

= = ( )H
M w

H

2 2
. 18w

0

0 s

III,n
0

An example of the energy function is shown infigure 7. For <H Hw, themaximum energy is found at
< <w x L, andwe have the situation ofmodel II. As discussed before, nucleation in this regime does not occur

for realistic temperatures. However, for < <H H Hw III,n
0 , unlike regime IIb, themaximumenergy is always

found at x=w. This is due to the quadratic nature of the energy function for <x w. At =H HIII,n
0 , the energy

function becomes flat, and the energy barrier disappears.
The energy barrier that is of interest to us is found at =x wmax ,

sD = -
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟( ) ( )U H t w

H

H
2 1 19III 0

III,n
0

= D -
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟ ( )U

H

H
1 200

III,n
0

and is displayed togetherwithmodel II infigure 4. In contrast tomodel II, the energy barrier nowdecreases to
zero and nucleation can occur at realistic conditions.

Since the energy barrier is always located at =x wmax , the switching volume is simply

= ( )V w t. 21sw
2

This diamondmodel has simple equations for the energy (equation (16)) and energy barrier (equation (19)),
nucleation field (equation (17)) and volume (equation (21)). For simplicity wewill use in the remainder of this
paper

= ( )H H . 22n
0

III,n
0

The diamondmodel introduces a new parameterw, which is the length over which the domainwall energy
increases as thewall enters the island. The rate of increase in domainwall energy s w0 determines the
nucleation field. A reduction in the domainwall energy near the edge of the island is not unrealistic. It could, for
instance, be caused by a region of reduced anisotropy at the edge of the island, due to etch damage for instance,
or by afinite wall width. If we take a reasonable value forw, 16 nm,we obtain a quite acceptable value for the
nucleation field, as can be seen infigure 8, which also illustrates how, bymoving from the naivemodel with
constant domainwall energy to the edge of the island (red curve II) to amore realisticmodel with reduced
domainwall energy (blue curve III), the nucleation field can be brought below the values for the coherent
(Stoner–Wohlfarth) rotationmodel (black curve I).

Under realistic experimental conditions at room temperature, it is very unlikely that energy barriers ofmore
than 40 kT are overcome by thermal activation. As illustrated byfigure 4, we can safely assume that the energy
barrier decreases linearly with the applied field (n=1 in our earlier work [9]). This is confirmed by figure 8,
which shows that switching below 194 kAm−1 in this example is very unlikely. Fromfigure 4we can observe that
nonlinear effects start at energy barriers above approximately 400 kT.Onewould therefore have to raise the
temperature by a factor of ten before any nonlinearfield dependence could be observed.

It shouldbenoted that from the energy barrier atH=0,DU0 wecan obtain theproduct s w0 (equation (19)),
whereas from the nucleationfield in the absence of thermalfluctuation, Hn

0, we can obtain the ratio s w0

(equation (17)). Since both parameters are obtained from thefit of themodel to the thermal switchingfield
distribution curves, thedomainwall energy andnucleation volume can bedetermined independently.
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m
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D ( )w
U

t M H2
, 23
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0
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0
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U M H
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. 24o

0
0 s n

0

The nucleation volume can therefore also bewritten as

m
= =

D ( )V w t
U

M H2
. 25sw

2 0

0 s n
0

2.2. Temperature dependence of themagnetisation and anisotropy
Material parameters such as saturationmagnetisation andmagnetic anisotropy constant are temperature
dependent. To obtain an estimate for themagnitude of this effect whenwe cool down to low temperatures in our
experiments, we assume a simple Brillouin theory (taken from [24]with J= 2) for the temperature dependence
of the saturationmagnetisation.

c
c

= -⎜ ⎟⎛
⎝

⎞
⎠( ) ( ) ( )M T M 0

5

4
coth

5

4

1

4
coth

4
, 26s s

where the value ofχ can related to theCurie temperatureTc using

c=
⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )M T M

T

T
0

2
. 27s s

c

The value ofχ can be obtained graphically or by symbolicmathematicalmanipulation software.We use this
model to extrapolate themeasured values of ( )M Ts to ( )M 0s .

We assume that the totalmagnetic anisotropy Keff has two contributions: the demagnetisation energy
( )K Td , which is equal to m M1 2 0 s

2, and an intrinsic anisotropy ( )K Tu . Depending on themechanism causing
the intrinsic anisotropy, themagnetisation dependence can be on the order of Ms

2 (e.g. for crystalline anisotropy
[25]) all theway up to order Ms

3 for pure surface anisotropy [26]. Therefore wemodel the temperature
dependence of the effective anisotropy as

a a= -( ) ( ) ( ) ( )K T K K0 0 . 28n
eff u d

2

With n=2 or 3 and

a c
c

= -⎜ ⎟⎛
⎝

⎞
⎠ ( )5

4
coth

5

4

1

4
coth

4
. 29

3. Experimental

3.1. Preparation of the thinmagneticfilm
Themagneticmultilayer samples are prepared by cleaning á ñ100 p-typewafers and stripping them the native
oxide. A thermal oxide layer of 50 nm is grown by an LPCVDprocess. The SiO2 acts as an insulating layer
between the conductingmetal layer and the bulk silicon. Amulti-target DC sputtering system is used to deposit
allmetal layers in one single runwithout breaking the vacuum. The thickness of each layer is controlled by
opening and closing the shutters in front of the sputter guns. The base pressure of the systemwas lower than
0.5 μPawith deposition pressures of 1 Pa for the Ta layers and 0.8 Pa for theCo and Pt usingAr gas.

The seedlayers for themultilayer samples consist of 5 nmTa and 25 nmPt. A bilayer of 0.3 nmCo and
0.3 nmPt is depositedwith 34 repetitions resulting in a 20(1) nm4magnetic layer. The capping for the samples
consists of 3 nmPt, which prevents oxidation of theCo.

3.2. Patterning of arrays of islands
Laser interference lithography is used to create a pattern in a photoresist layer, which acts as an etchingmask.

The pattern isfirst transferred into the bottom anti-reflective coating (BARC) byO2 reactive ion beam
etching. The BARC layer (DUV-30 J8) improves the resist pattern by limiting standingwaves caused by
interference of the incomingwaveswith reflections from themetal layers. The pattern is then transferred into
themagnetic layer byAr ion beam etching (IBE). All etching steps were performed in anOxford i300 reactive ion
beam etcher.

4
The value inbetween brackets is the uncertainty on themeasured value in terms of the last digit, so 20(1) nm=20±1 nm. Similarly

75.08(2) kA m−1=75.08±0.02 kA m−1.
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After etching, the resulting samples have a Ta/Pt seedlayer withmagnetic islands on top. The average
diameter of the islands is approximately 220 nmwith a centre-to-centre pitch of 600 nm.

A lithography process is used to defineHall cross structures in a layer of photoresist, similar as in our
previouswork [9]. TheHall cross structures are transferred into the insulating layer using Ar IBE to ensure that
during theHallmeasurement, the current only runs through a small ensemble of islands.

The resulting structure consists of a conductingHall cross of Ta/Ptwithmagnetic islandswith a diameter of
220 nmand a pitch of 600 nmon top as shown in the SEMmicrograph infigure 1.

3.3. Temperature dependent AHE
The anomalousHallmeasurements are performed in anOxford superconductingmagnet. Using a temperature
controller and a cryostat, themeasurements are taken between 5 and 300 K. Themagnetic field is applied
perpendicularly to the sample plane. AnAC current at a frequency of 12333 Hz is applied to theHall cross, and
theHall signal ismeasured using a lock-in amplifier.

Figure 9.Top: upward branch of AHEhysteresis curves at room temperature and 10 Kof an array of 80 islands, compared to aVSM
hysteresis curve of a 8×8 mmsamplewith almost 200million islands at room temperature. Bottom: in theAHEmeasurements,
switching of individual islands can be observed.We comparedweak islands, that switch at low fields, to strong islands switching at
high fields.
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For the statisticalmeasurements offigure 10, the switchingfield ismeasured over 150 times. During the
acquisition, the temperature variation from the setpoint is less than 0.1 K. Themeasurements are performed
with afield sweep rateR of 39 Am−1 s−1 at 300 K and 3.9 Am−1 s−1 at 10 K.

Since the variation of the switching fieldwith temperature differs between islands, the order of switching can
changewith the temperature. This is especially true forweak islands.We took great care to avoidmix-ups by
comparing the step heights in the hysteresis loops, so that the islandwemeasure at 10 K is the same island as the
onewemeasure at 300 K. Since themechanismwhich causes theweak and strong island to differ is expected to
be the same for each island, an accidentalmix up between two islandswith similar switchingfieldwill have
limited effect on thefinal results. The switchingfields of a strong island are separated further apart, and a change
in reversal order is unlikely.

For the temperature dependentmeasurement, shown infigure 11, thefield is swept between sample
saturation levels at a constant rateR of 39 Am−1 s−1. The temperature is kept constant during themeasurement
and deviations from the setpoint are less than 0.5 K at the switching event.

3.4.Magnetic characterisation
The temperature dependence of the saturationmagnetisation of the continous, unpatterned film ( ( )M Ts ) is
determined using aVSM.The sample temperature is regulated using aflowof nitrogen cooling gas and a heater
element.

The effective anisotropy at room temperature is determined by a home built torquemagnetometer. ADMS
VSM-10 is used to determine the temperature dependence of the effective anisotropy from the saturation field,
using the torquemeasurement at room temperature as scaling factor.

4. Results

4.1. Temperature dependent reversal
Figure 9 shows the upgoing part of the hysteresis loop taken byAHEon the array of approximately 80 islands at
room temperature aswell as 10 K.When the temperature is decreased, the switchingfield increases. TheAHE

Figure 10.Histograms of the switching field of over 150 reversal incidents of a weak and strong islandmeasured at 10.0(1)Kand 300.0
(1)K.The bins are normalised to the total amount of reversals, so that the integral under the curves equals one. Thewidth of each bin
in the histogram is 0.16 kAm−1.
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measurements are compared toVSMmeasurements at room temperature of an 8×8 mmsample with almost
200million islands. To enable comparison, the loopswere scaled to the saturationmoment. The switchingfield
distribution in theVSM loop is higher, which can be attributed to the largermeasurement area.

TheAHEhysteresis loop shows small steps, which are caused by the reversal of individual islands. The the
field ramp rate is adapted in such away that we capture a switching event of aweak island, switching at low field,
and a strong islandwith a high switching field. To save time, the intermediate field range is traversedmore
quickly. Figure 9 shows four zooms, for aweak and a strong island at 10 and 300 K.

4.2. Temperature dependence of the thermal switchingfield distribution
Figure 10 shows the thermally activated switchingfield distribution at 10 and 300 K for one of thefirst islands
that switches (weak) and one of the last islands (strong)when ramping the field from—Hsat to Hsat. During
cooling, two effects occur. In the first place, the average switchingfield increases. Secondly, thewidth of the
distribution decreases dramatically.We can quantify this by dividing the full width at halfmaximumof the
distributions (DH ) by thefield at which themaximum in the distribution occurs (HM). These values are
tabulated in table 2 for themeasurements on both the strong andweak island. The relative distributionwidth
DH HM drops by one order ofmagnitudewhen the temperature is decreased to 10 K,which illustrates that the
origin of the variation in switching fields is indeed thermalfluctuation. The same observation has beenmade for
75 nmdiameter Co/Nimultilayered islands [27].

The distributions arefitted to equation (4), withDU0 and Hn
0 as fitting parameters. The results of the fit are

given in table 3 under the caption ‘Statistical fit’.When decreasing the temperature from300 to 10 K, the
switchingfield in the absence of thermal activation Hn

0 increases. The increase ismore substantial for theweak
island (40%) than for the strong island (9%). The observed increase in the average switchingfield in figure 10 is
therefore not only caused by a reduction of thermal energy, other effectsmust also be taking place.

For bothweak and strong islands, the energy barrierDU0 decreases upon cooling (by a factor of 2.7 and 3.7
respectively). From the values ofDU0 and Hn

0, we can calculate the domainwall energy s0 and thewidth of the
region of reduced domainwall energyw, using the diamondmodel for reversal (equations (23) and (24)). The

Figure 11.Temperature dependent average switchingfield for aweak and a strong island using temperature dependent AHE
measurements. The lines are fitted using equation (4)with the energy barriers given by equation (19), under the condition that the
switching volume Vsw (equation (25)) is independent of temperature.

Table 2.Values for the full width at halfmaximum
(DH ) divided by thefieldwith the highest occurence
( )HM as ameasure for the thermal switching field
distribution.

10 K 300 K

Weak DH (kA m−1) 0.29 1.97

HM (kA m−1) 84.7 34.7

DH/HM 0.0034 0.057

Strong DH (kA m−1) 0.23 1.60

HM (kA m−1) 184 153

DH/HM 0.0012 0.010
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substantial decrease in the energy barrier seems to be caused by a strong decrease inw (a factor of two), with its
ensuing decrease in the switching volume (w t2 ), and, butmuch less so, by a decrease in the domainwall energy
(20%–50% respectively).

4.3. Temperature dependence of average switchingfield
In addition to distributions at 10 and 300 K, we used theAHE to estimate the average switchingfield from single
hystersis loops. Figure 11 shows the temperature dependence of the average switchingfield of one strong and
twoweak islands. Themeasurements are fitted to the theory from equation (4), using the energy barriers for the
diamondmodel (equation (19)) and under the restriction that the fitting parameters do not changewith
temperature. Thefigure shows that the actual temperature dependence of the strong island is slightly lower than
predicted by themodel, whereas that of theweak islands is slightly higher. This is an indication that assuming the
temperature independence of thematerial parameters is incorrect.

Thefitting parametersHn
0 andDU0 are tabulated in table 3 under the caption ‘Temperature Fit’. The values

of Hn
0 agreewell with those obtained from the distributions at 10 K, but are higher than those obtained at 300 K.

The energy barrier estimated from the temperature dependence of the average switching field is, however,much
larger than that obtained from the distribution at 10 K. This again clearly demonstrates that assuming
temperature independentmaterial parameters leads to incorrect conclusions about the thermal stability of the
islands. The value of the energy barrier of the strongest island is in agreementwith that estimated byKikuchi et al

Figure 12.Temperature dependence of Ms from temperature dependent VSMmeasurements on the continuous film and afit using
equations (26)and (27). Theσ lines indicate the 68.2% confidence intervals.

Table 3. Switchingfield Hn
0 and energy barrierDU0 in the absence of

thermalfluctuations determined from thefits to the thermal dependence of
the switching field (infigure 11) and fromfitting the statistical
measurements of the reversal of aweak and a strong island at 10 and 300 K
(figure 10). From these values we can estimate the domainwall energy s0

and thewidth of the reduced domainwall energy regionw (figure 6). The
values in parentheses show the 95%confidence intervals obtained from the
fit (Hn

0 andDU0) and combinedmeasurement parameter errors (w
and s0).

Temperature fit Statistical fit

Weak I II 10 K 300K

Hn
0(kA m−1) 75.08(2) 93.14(1) 87.28(3) 53.6(1)

DU0 (eV) 1.28(1) 2.0(7) 0.65(1) 1.74(1)
w (nm) 7.9(3) 9(2) 5.2(3) 11.0(5)
s0 (mJ m−2) 0.65(1) 0.9(2) 0.50(2) 0.64(4)

Strong I 10K 300K

Hn
0 (kA m−1) 183(2) 185.52(2) 168.24(8)

DU0 (eV) 2.7(4) 1.78(1) 6.74(3)
w (nm) 7.4(9) 6.0(3) 12.2(5)
s0 (mJ m−2) 1.5(2) 1.20(5) 2.22(9)
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[28] (5.5 eV) on a 300 nmdiameter island prepared from a [Co(0.9 nm)/Pt(2 nm)]3multilayer. The estimate for
the nucleationfield in the absence of thermal fluctuations is 0.4 MAm−1, which is higher by a factor of two than
that in our experiment. The difference could be caused by the better defined interfaces, due to the thicker Co
layer, and the reduced number of bilayers. One should however also take into consideration that in their work, a
coherent rotationmodel was assumed, which leads to higher values for the estimate of the energy barrier and the
switchingfield [9].

4.4. Temperature dependence of thematerial parameters
To gain insight into the temperature dependence of thematerial parameters, wemeasuredVSMhysteresis loops
from170 Kup to room temperature. From these loops the saturationmagnetisation and anisotropy are
estimated.

4.4.1. Temperature dependence of the saturationmagnetisation
Figure 12 shows that indeed the saturationmagnetisation decreases slightly with increasing temperature. The
curve is fitted to the Brillouin function (equations (26) and (27)), withfitting parameters the Curie temperature
(Tc) and the saturationmagnetisation at 0K ( ( )M 0s ). TheCurie temperature is estimated to be 684(58) K,which
is in agreementwith previous studies of Co/Ptmultilayers [29, 30]. The value of ( )M 0s is estimated to be
888(9) kAm−1. To estimate the errors of the fit, aMonte Carlomethod is used, wherewe assumed sT =7 K and
s ( )M Ts

=10 kAm−1.
From thefit we can conclude that the saturationmagnetisation decreases by about 7%when increasing the

temperature from10 to 300 K. By itself, this is not sufficient to explain the large variation in Hn
0. Shanet al [31]

report amuch stronger decrease inmagnetisation, by 22%, for a similar Co layer thickness, butmuch thicker Pt
thickness (1.5 nm). The dependence theymeasured however does not resemble a Brillouin function.

It any case, it is clear that themagnetisation changes, andwemay expect that othermaterial parameters
change aswell. Therefore, we also estimated the anisotropy from theVSMhysteresis loops.

4.4.2. Temperature dependence of the anisotropy
Figure 13 shows the anisotropy of the continuous film as a function of the temperature, obtained byVSM, using
a room temperature torquemeasurement for calibration. Equation (28) isfitted to themeasured ( )K Teff with
thefitted parametersTc, ( )M 0s and ( )K 0u , where the value of the exponent n is either of the two extremes. Given
the uncertainty in the estimate of the anisotropy, and the limited temperature range, it is impossible to
determinewhich exponent is correct. Table 4 shows thefitted parameters for both cases. To obtain an estimate
of themeasurement errors in the fitted parameters, again aMonte Carlomethod is used, for whichwe assumed
the uncertainty in the temperature to have a standard deviation of 3.5 K, and 6 kJ m−3 in the values of Keff .

The exact value of the exponent in equation (28) has very little effect on the estimate of the anisotropy and
magnetisation of thefilm. Assuming the exponent to lie somewhere between the two extrema, the fitted value of

( )M 0s =0.87(4)MAm−1 is equal, within the estimation error, to the value found from extrapolation of the
( )M Ts curve (0.888(9)MAm−1, see figure 12). The similarly estimated value of ( )K 0u is 0.90(3)MJm−3.

Figure 13.Temperature dependent anisotropyVSMmeasurements and torquemeasurement at room temperature on the continuous
film. The theoretical fits are created using equation (28) for exponent n=2 or 3. Theσ lines indicate the 68.2% confidence intervals of
the fits.
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The value of the exponent does however have a significant effect on the estimate for theCurie temperature
Tc. The estimatedCurie temperature for n=2 is, within themeasurement error, equal to the estimate we
obtained from the temperature dependence of themagnetisation (684(58) K), which is in agreementwith
previous studies. This suggests that the intrinsic anisotropy in the film (Ku) is rathermore proportional to Ms

2

than to Ms
3. This seems to indicate that the origin of the perpendicular anisotropy is not only due to interface

anisotropy. Awider temperature rangemight help to narrowdown the estimates, but it should be noted that at
temperatures above 500 K, theCo/Pt interfaces start tomix.

5.Discussion

Whenwe apply the diamondmodel to themeasured thermally activated switching field distributions, we
conclude that difference between islands is primarily caused by a difference inwall energy s0, andmuch less due
to a difference in transition regionw.Why the domainwall energy varies between islands cannot be determined
fromAnomalousHallmeasurements only. A possible cause for a reduction inwall energymight be edge damage
caused by the ion beam etching process, leading tomixing between theCo and Pt layers and loss of interface
anisotropy. Also edge roughness caused by the lithographymight play a role, since it will strongly influence the
way the domainwall enters the island.

Based on previous reports and our observations, we can conclude that both themagnetisation and
anisotropy decrease with increasing temperature. It is very unlikely that the exchange constantA increases, since
it generally decreases withmagnetisation [32]. Since thewall energy is proportional to AKu , it should decrease
as the temperature increases. This is in contradictionwith the fit to the distributions, fromwhichwe conclude
that thewall energy increases by 20%–50%. The origin of this apparent discrepancy should be the subject of
further study.

In addition to amoderate increase in the domainwall energy, our simple diamondmodel predicts a strong
increase of the switching volumewith increasing temperature. If the region of reducedwall energyw is somehow
related to thewall thickness (proportional to A Ku ), wewould also expect a large variation in thewall energy
(proportional to AKu ). However, this is not the case. Ifw is due to etch damage during the fabrication process
or edge roughness, there is a possibility that the temperature dependency remains, or even increases. This point
also deserves further investigation.

The interpretation of the thermally activated distributions depends on having goodmodels for the thermal
stability (equation 4) and the relation between the energy barrier and the strength of the appliedfield
(equation 19). Since themodel for thermal stability is well established, and fits almost perfectly to the
distributions, we assume that it is correct. Our diamondmodel is simple, but amore elaboratemicromagnetic
model, along the lines of Adam [23], will not resolve the above contradictions since it is based on the same
assumptions and differs only in amore realistic island shape and anisotropy distribution. For furher refinement,
onemight have to include the possibility that reversal can take place overmultiple pathways [33], each of which
can have a different temperature dependence.

It is without doubt, however, that the temperature dependence of thematerial parameters is substantial.
Determining the energy barrier from the distribution of the switchingfields of the individual islands at the
temperature of interest is therefore to be preferred.

6. Conclusion

Bymeans of the very sensitive AHE, we have been able tomeasure the reversal of individualmagnetic islands of
diameter 220 nm in an array of approximately eighty islandswith a centre-to-centre pitch of 600 nm. By
traversing the hysteresis loopmore than 150 times, we have observed that the switching field of an individual

Table 4. Fitted parameters for the
temperature dependence of the effective
anisotropy (figure 13), assuming the
effective anisotropy is proportional to Ms

2

or Ms
3.

n=2 n=3

Ku (MJ m−3) 0.91(2) 0.89(2)
Ms (MA m−1) 0.89(2) 0.86(2)
Tc (K) 679(15) 872(20)
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island fluctuates by about 10 kAm−1.When reducing the temperature, this variation for a single island decreases
significantly, which proves that the cause of the fluctuations is thermal energy in the system.

From the distribution in switchingfields of a single island, we can estimate the switchingfield in the absence
of thermalfluctuations,Hn

0, and the energy barrier at zerofield,DU0. This estimate requires amodel that relates
the decrease in the energy barrier with an increase in the externally applied field.We developed a simple
‘diamond’model, based on creation and the subsequent propagation of a domainwall. Reasonable nucleation
fields can only be achieved if we assume the domainwall energy to increase from zero as thewall enters the
island, up to amaximumvalue after a certain distancew from the edge of the island.

From themodelfit to the thermal switchingfield distributions, we estimate thatHn
0 decreases when the

temperature increases from10 to 300 K. The temperature dependence ismore prominent forweak islands
(approximately 40%), than for strong islands (approximately 10%). The energy barrier on the other hand has a
much stronger dependence (it increases by a factor of three to four). Translated to the parameters of the
diamondmodel, the increase in the energy barrier ismainly due to an increase in the switching volume (w t2 ),
which increases by a factor of two, andmuch less due to an increase in the domainwall energy (s0), which
increases by 20%–50%.

The switching field in the absence of thermal energy,Hn
0, does not necessarily have to be identical to the

switchingfieldmeasured at 0 K, since thematerial parameters will vary with temperature.Whenwe extrapolate
the switchingfield to 0 K, wefind values that are almost identical toHn

0 measured at 10 K, which is substantially
higher than theHn

0 measured at 300 K. The energy barrier determined from the dependence of the switching
field on temperature is also strongly overestimated, by at least a factor of two for theweakest island and 30% for
the strongest compared to themeasurement at 10 K.

That thematerial parameters do varywith temperature is illustrated by temperature dependent VSM
measurements, which show that themagnetisation decreases by 7% and anisotropy by 16%when increasing the
temperature from10 to 300 K.

However, whichevermethod is used, the value ofw is similar for weak and strong islands and varies from5 to
12 nm. The domainwall energy forweak islands (0.5–1 mJ m−2) is clearly lower than that for strong islands
(1.2–2.3 mJ m−2).Within the framework of ourmodel, wemust therefore conclude that the variation in the
switchingfields between islandsmust be caused by variations in domainwall energy.

Ourwork demonstrates that detailed observations of the fluctuations in the switchingfields of individual
islands allows us to determine the basic parameters of the energy barrier betweenmagnetisation states, such as
the height of the energy barrier (important for thermal stability) and thefield required to overcome this barrier
in the absence of thermalfluctuations (important for ultra-fast switching). In contrast to temperature dependent
measurements, which rely on the assumption that thematerial parameters are temperature independent, our
method allows us to determine these parameters at any temperature. This is important, for instance, for
applications working at room temperature, such as data storage in bit patternedmedia,MRAM, andmagnetic
logic circuits.
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