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Abstrat. The domain on�guration of miron-sized permalloy ellipses was studied

under the inuene of an in-plane rotating magneti �eld using magneti fore

mirosopy. The �eld amplitude was hosen suh that when the �eld is applied parallel

to the long axis of the ellipses they are saturated, but when the �eld is perpendiular

to the long axis they exhibit multi-domain states. The rotation angle for nuleation

and annihilation of domains was determined for di�erent magnitudes of the applied

magneti �eld and for two di�erent lateral sizes of ellipses, 6 �m�2 �m and 3 �m�1 �m.

It was found that both nuleation and annihilation our over a range of angles for

both lateral sizes of ellipses. Saturated states are stable for a wider range of angles for

larger values of the applied �eld.
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1. Introdution

The separation of biomoleules from a heterogeneous suspension using magneti partiles

is a well-established tehnique in life sienes. The surfae of the magneti partiles is

funtionalized, so that they bind seletively to spei� target moleules and an be

separated from the suspension through the use of an external magneti �eld. [1, 2℄ One

limitation of this tehnique is that the partiles and therefore the target moleules, are

separated in large numbers. We have previously shown how it is possible to ontrol the

movement of single magneti partiles making use of lithographially de�ned arrays of

magneti ellipses.[3℄ Knowing how the domain struture hanges in a rotating �eld is of

great importane for the further development of this type of appliation. Furthermore,

it is of fundamental interest for a better understanding of domain proesses in small

magneti elements. Stati measurements of the angular dependene of the swithing

�eld have been made by others. [4, 5℄ These studies infer the domain struture from

a omparison of the experimentally obtained hystereti behaviour with theory[4℄ or

simulations[5℄. However, no diret measurements of the domain struture is made by

these authors.

In this artile we report on a study of the domain struture of permalloy ellipses

with aspet ratio 3:1 in a rotating in-plane applied magneti �eld. For the partile

transportation appliation [3℄ elements that an exhibit either multi-domain states or

saturated states, depending on the magnitude and diretion of the applied �eld, are

required. Ellipses of two di�erent lateral sizes have been studied, 6 �m�2 �m and

3 �m�1 �m. The larger size is that of the ellipses urrently used in the transportation

of single magneti partiles, beause of the partile size used. An interesting question

is if this programmable transportation is also possible for smaller element/partile

ombinations.

2. Experiments

Samples with elliptial permalloy, Fe

20

Ni

80

, elements of aspet ratio 3:1 were fabriated

using e-beam lithography, thermal evaporation and a lift-o� tehnique on silion

substrates. The studied ellipses were of two lateral dimensions 6 �m�2 �m and

3 �m�1 �m, both with a thikness of approximately 50 nm. The ellipses were

arranged in two di�erent patterns, one where adjoining ellipses have their long axes

along perpendiular diretions and one where all ellipses have parallel long axes, see

�gure 1. In the latter ase, the inter-elemental distanes are of a size where the elements

an be assumed to be non-interating. [6℄

The magneti domain struture of the ellipses was studied with a Nanosope

TM

Dimension 3100 magneti fore mirosope (MFM) in tapping/lift mode, using standard

ommerial magneti probes. Measurements were made at ambient temperature in

air. Magneti �elds were applied in-situ using two perpendiular eletromagnets. Two

di�erent types of MFM measurements in an applied magneti �eld were made. Starting
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Figure 1. The two di�erent studied arrangements of the ellipses. a) shows

the so-alled stairase pattern where adjoining ellipses have their long axes along

perpendiular diretions and b) shows the arrangement with no horizontal ellipses.

Figure 2. A zero-�eld MFM image of the 6 �m�2 �m ellipses with perpendiular

neighbours showing three di�erent multi-domain states. The ellipse in the upper right-

hand orner is in a double diamond state and the lowest horizontal ellipse is in a ross-

tie state. The other three ellipses exhibit the diamond state, with one or two ross-ties.

out with demagnetized elements, the �eld was applied parallel with the long axis of the

ellipses to determine the swithing �eld from multi-domain states to saturated states.

The so determined swithing �eld was then applied and rotated one full revolution taking

MFM-images every 5

Æ

. This was repeated for a �eld equal to

p

2 times the swithing

�eld. The rotation angles at whih multi-domain states were nuleated and annihilated,

respetively, were determined for both �eld magnitudes and for both ellipse sizes.

Miromagneti simulations for 3 �m�1 �m�50 nm ellipses were performed using

the Objet Oriented Miromagneti Framework, OOMMF. [7℄ The parameters used were

the default settings for permalloy, i.e. M

s

=860 kA/m, A=13 pJ/m and K

1

=0 J/m

3

.

The system was regarded as two dimensional and the disretization ell size was set

to 5 nm�5 nm�50 nm. The �rst step was to ompute a zero �eld ground-state, by

relaxing the system in zero-�eld from an initially random spin on�guration. Two

di�erent ground-states were found and the applied magneti �elds required to saturate

these di�erent states were determined using the zero-�eld ground-states as the initial

on�gurations. Simulations where an in-plane rotated magneti �eld has been applied

to 3 �m�1 �m�50 nm ellipses have been reported on elsewhere. [8℄

3. Results

Several di�erent experimental zero-�eld domain strutures were found in the MFM

measurements. In �gure 2 �ve 6 �m�2 �m ellipses an be seen, three showing diamond
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Figure 3. Two di�erent ground-states for a 3 �m�1 �m ellipse from the OOMMF

simulations, both with three vorties. a) shows a double diamond struture and b)

shows a double ross-tie struture.

strutures with one or two ross-ties, one showing a multiple ross-tie struture and

one showing a double-diamond struture. These domain strutures are also observed

in the 3 �m�1 �m ellipses. The ourrene of di�erent domain states is not due to

imperfetions in the elements. The same element an exhibit di�erent multi-domain

states, in di�erent �eld yles, whih has been observed previously for 2 �m�1 �m

ellipses [9℄ as well as 1.47 �m�0.64 �m and 1.47 �m�0.75 �m ellipses [10℄. Thus the

edge roughness of a partiular element seems to be of minor importane for the zero

�eld multi-domain state attained. Rather the loal �eld landsape and history seem to

be the deiding fators.

The ellipses of lateral dimension 6 �m�2 �m beome saturated, or nearly saturated,

at a �eld B=5 mT applied along their long axes. In the 3 �m�1 �m ellipses this ours

at B=9 mT. However, some ross-tie strutures remain to higher �elds in both lateral

sizes of ellipses. The ellipses with diamond strutures are saturated at lower applied

�elds than those with pure ross-tie strutures. The fat that a larger �eld is required

to saturate smaller ellipses is expeted from simulations. [11℄

The simulation results for the 3 �m�1 �m ellipses show two di�erent ground-

states. Both have three vorties, but the sense of rotation around them di�ers yielding

a double diamond state and a double ross-tie state, see �gure 3. This is in good

agreement with the MFM-measurements, whih show several di�erent zero-�eld states

among others a double diamond state and a multiple ross-tie state. The simulations

yield E

tot

= 3:6 kJ/m

3

for the double ross-tie state and E

tot

= 3:1 kJ/m

3

for the

double diamond state, making the double diamond state the more favourable. The

double diamond state is (nearly) saturated at a �eld of 10 mT applied parallel to the

long axis of the element, while the double ross-tie state beomes (nearly) saturated at

a �eld of 16 mT, whih agrees with the MFM-measurements where the ross-tie states

are stable in higher �elds than the diamond states.

The MFM-measurement in a rotated in-plane applied magneti �eld showed the

same qualitative behaviour for both sizes of ellipses. For the pattern with perpendiular

ellipses the �eld was initially applied along the long axes of the horizontal ellipses. (This

diretion was de�ned as 0

Æ

.) The horizontal ellipses were saturated while the vertial

ellipses exhibited multi-domain states, see �gures 4a and 5a. Upon rotation of the �eld,
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Figure 4. MFM images of the 6 �m�2 �m ellipses in an applied magneti �eld of

5 mT of di�erent angles. The arrows indiate the applied �eld diretion. 0

Æ

is de�ned

as the diretion parallel with the long axes of the horizontal ellipses. In a) the �eld

is applied at 0

Æ

and the horizontal ellipses are saturated, while the vertial ellipses

exhibit multi-domain states. The �eld is rotated and in b) at 60

Æ

the vertial ellipses

show distorted multi-domain states. One of the horizontal ellipses has been swithed

to a multi-domain state, but the other one is still nearly saturated. In ) the �eld is

applied at 65

Æ

and the vertial ellipses have all swithed to nearly saturated states. On

further rotation of the �eld to 75

Æ

in d) the horizontal ellipses exhibit multi-domain

states, while the vertial ellipses are (nearly) saturated.

the multi-domain states in the vertial ellipses were distorted, see �gures 4b and 5b, and

were eventually annihilated, see �gures 4 and 5. Table 1 gives the mean value for the

annihilation angle for the di�erent magnitudes of the applied �eld and the di�erent sizes

of ellipses. Further rotation leads to nuleation of multi-domain states in the horizontal

ellipses, see �gures 4d and 5d. The mean value of the nuleation angles are listed in

table 1. Previous miromagneti simulations for a 3 �m�1 �m ellipse show a similar

behaviour: the element swithes from a nearly saturated state to a multi-domain state

as the applied �eld is rotated 90

Æ

, starting parallel with the long axis of the ellipse. [8℄

The behaviour of the domain on�guration on rotating the �eld depends, not

surprisingly, on the magnitude of the �eld. For the larger �eld the (nearly) saturated

states exist in a broader interval of angles than for the smaller �eld, see �gures 4 and 5

as well as table 1. The annihilation ours at a smaller angle for the higher �eld and the

nuleation ours at a larger angle, for both sizes of ellipses. For the smaller �eld some

of the ross-tie strutures remain, even with the �eld applied parallel with the long axis

of the ellipse. This is not the ase for the larger �eld, where all of the ellipses beome

saturated when the �eld diretion is parallel with the long axes.

Annihilation and nuleation our over a range of angles for both lateral sizes of

ellipses, in large as well as small applied �elds. The mean values and its distribution

an be seen in table 1 and �gure 6. As mentioned above, di�erent multi-domain states

beome saturated at di�erent �eld magnitudes, so a range of swithing angles is to be

expeted. It is also possible that the edge roughness inuenes the swithing �eld so

that eah type of multi-domain state swithes over a range of angles. [12℄

The pattern with only parallel ellipses shows the same behaviour with (nearly)

saturated and multi-domain states as the pattern with perpendiular ellipses in a rotated

in-plane magneti �eld. The nuleation angle is not a�eted by the removal of the

perpendiular ellipses. However, the annihilation ours at a higher angle when the
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Figure 5. MFM image of the 6 �m�2 �m ellipses in an applied magneti �eld of 7 mT.

The arrows indiate the applied �eld diretion. a) shows the domain struture with

the �eld applied along the long axes of the horizontal ellipses. This diretion is de�ned

as 0

Æ

. Here the horizontal ellipses are saturated and the vertial ellipses exhibit multi-

domain states. In b) the �eld has been rotated to 35

Æ

and the multi-domain states in

the vertial ellipses are distorted. The horizontal ellipses are still (nearly) saturated.

The �eld is rotated further in ) to 40

Æ

. Here the distorted multi-domain states of the

vertial ellipses are annihilated, while the horizontal ellipses maintain their (nearly)

saturated states. In d) the �eld is rotated to 80

Æ

and multi-domain states are nuleated

in the horizontal ellipses.

Table 1. The mean values of the angle for annihilation and nuleation of multi-

domain states for the stairase pattern. Note that the annihilation angle refers to the

vertial ellipses while the nuleation angle refers to the horizontal ellipses. Both the

annihilation and the nuleation our over a range of angles, see �gure 6.

lateral size B (mT) annihilation nuleation

6 �m�2 �m 5 50

Æ

63

Æ

6 �m�2 �m 7 38

Æ

74

Æ

3 �m�1 �m 9 57

Æ

63

Æ

3 �m�1 �m 13 43

Æ

75

Æ

30 40 50 60 70 80
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35
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θ (degrees)

 Annihilated
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Figure 6. The distribution of angles for annihilation and nuleation of multi-domain

states for the 6 �m�2 �m ellipses in the stairase pattern. G shows the fration of

ellipses, in whih the multi-domain states were annihilated or nuleated at di�erent

angles, �, of the applied magneti �eld of B=7 mT. Note that the annihilation angle

refers to the vertial ellipses while the nuleation angle refers to the horizontal ellipses.
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perpendiular ellipses are missing.

4. Disussion

The domain on�guration of both sizes of ellipses show the same qualitative behaviour

in rotated magneti �elds. This indiates that it is possible to use the 3 �m�1 �m

ellipses in transportation lines for single magneti partiles, if partiles of appropriate

size an be obtained.

Several di�erent types of multi-domain states are seen, both in experiments and

simulations. There is also agreement between experiments and simulations on the

magnitude of the saturating �eld, and that the ross-tie struture is stable to higher

�elds than the domain strutures.

Both annihilation and nuleation of multi-domain states our over a range of

angles. This is partially due to the fat that di�erent types of multi-domain states

swith at di�erent �eld magnitudes. However, even a single type of multi-domain state

swithes over a range of angles.

There is a broader interval of angles in whih saturated states are stable for the

higher applied �elds than for the lower applied �elds for both lateral sizes of ellipses.

This is expeted sine the omponent parallel with the long axis is large enough to

sustain or reate a saturated state for a broader interval of angles at a higher applied

�eld.

The �eld omponent parallel with the long axes of the ellipses at the mean angle for

annihilation is slightly larger for the larger applied �elds. For nuleation the opposite

is true so that for the mean angle of nuleation the �eld omponent parallel with the

long axes of the ellipses is slightly smaller for the larger applied �elds. However, the

di�erenes are small; the angle for whih the �eld omponent parallel with the long axis

of the ellipses would be the same for the smaller and larger applied �elds lies within the

range of angles for swithing. This is true for both annihilation and nuleation.

The annihilation proess involves displaement and annihilation of domain

walls/vorties, while the nuleation proess ours via non-uniform spin rotation and

vortex nuleation. These proesses have been theoretially and experimentally studied

for arrays onsisting of irular permalloy dots, [6℄ and a lear e�et of inter-dot

magnetostati interation was evidened for both proesses. In our ase, we only

�nd an e�et of inter-element magnetostati interation for the annihilation proess,

whih is here tentatively attributed to the stairase pattern geometry and the resulting

non-uniformity of the inter-element magnetostati interation �eld; the non-uniform

interation �eld aids in the displaement and annihilation of domain walls, while the

same non-uniform �eld will have little or no e�et on the stability of originally uniformly

magnetized elements. This will be further investigated in the future.
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