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(57) Abstract: A method of storing one or more bits of information comprising: forming a magnetic bubble; and storing a said bit
of information encoded in a typology of a domain wall of said magnetic bubble. Preferebly a bit is encoded using a symmetric
topological state of the domain wall and a topological state including at least one winding rotation of a magnetisation vector of the
domain wall. Preferably the magnetic bubble is confined in an island of magnetic material, preterably of maximum dimension less
than 1 pm.
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MAGNETIC MEMORY DEVICES AND SYSTEMS

FIELD OF THE INVENTION

This invention relates to techniques for storing information using magnetic bubbles.
Embodiments of the application have applications in data storage, in particular because
they offer a technique for switching very fast between two or more distinct states.
However embodiments of the techniques we describe may also be employed for other
applications, for example tagging, in particular of very small entities such as chemical

or biological entities - cells, molecules and the like.

BACKGROUND TO THE INVENTION

There are many prior art documents which relate to the use of magnetic bubbles to
store information. One of the main ideas in the field was to use many bubbles on the
same medium, finding techniques to keep them separated enough but stable, and to

move them around to induce data/logic operations.

Background prior art can be found in: US4068220, US3793639, US3842407,
US3936883, US3689901, US3935594, US3793640, US5392169, US4085454,
US3996577, US4181977, US4974200, US4001794, US5050122, US4926377,
US5260891, US5023473, US5910861.

Further background prior art is mentioned in the list of references at the end of the

description.

By contrast preferred embodiments of the techniques we describe employ patterned
media, more particularly nanostructures where each structure comprises an actual
physical bit of information. We have previously demonstrated that high perpendicular
anisotropy nanostructures such as nano-dots can provide stable bubbles without the
need for an additional external bias field. In some of the nanostructures we describe
substantial magnetic isolation between the domains is achieved by providing a

sufficient inter-dot distance.
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Particular reference can be made to C. Moutafis et al, Phys. Rev. B 76, 104426 (2007),
which describes the fabrication of high-quality circular FePt nanodots. As explained in
the Experimental Methods section of the paper: Films of FePt in the tetragonal L1,
phase were patterned into arrays of circular dots. The thin films were prepared using
UHV magnetron sputtering apparatus - an Fe seed layer 1 nm thick and a 40 nm thick
Au(001) buffer layer was deposited on MgO(001) single crystal substrates at room
temperature followed by a 50 nm thick FePt(001) layer epitaxially grown at 300° C on
the Au buffer layer. The film composition (Fe ., Pt, ) was determined by electron probe
x-ray microanalysis. The dot arrays were fabricated using electron beam lithography
and Ar ion milling, giving arrays of dots with lateral sizes D=0.5,1,2and 5 xm and
a spacing between dots approximately equal to their lateral size. Triple-domain states
comprising concentric rings with alternating magnetization were observed. A numerical

study confirmed the range of stability of the observed magnetic states. Figure 1 shows

the predicted phase diagram in parameter space for varying dot thickness ¢ and radius

R (both in units of exchange length £, , assumed 4.0nm for these FePt dots). The

regimes where the single-domain, the monobubble and the three-ring states are

energetically favourable are indicated for thickness in the range 5(, <t <12.5(_ (or

20nm <t <50 nm).

SUMMARY OF THE INVENTION

According to a first aspect of the invention there is therefore provided a method of
storing one or more bits of information, the method comprising: forming a magnetic
bubble; and storing a said bit of information encoded in a topology of a domain wall of

said magnetic bubble.

In preferred embodiments a bit is encoded using S=0 and S=1 states of the domain
wall, the S=1 state comprising a symmetric state of the domain wall, the S=0 state
including a topological defect, in embodiments a winding rotation of a magnetisation
vector in moving around a border of the bubble defined by the domain wall. In

embodiments a bubble is substantially circular, but this is not essential.

Changes in the dynamical response of the S=1 and S=0 bubble as well as their

corresponding switching are not limited to a specific magnetic field form or to a
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magnetic field as an external probing. An external probing with charge current or spin-
polarised current could also induce such changes. More than one magnetic field form
can be envisioned/implemented and corresponding current based changes can also be
achieved. Thus one can potentially modify the nature of the pulses for better/more
efficient/faster dynamics and switching; one could also use another probing-like

current.

Preferably the magnetic bubble is confined in an island of magnetic material, for
example an FePt nano-dot, in particular with perpendicular anisotropy. Thus in
embodiments the bubble is substantially stable without the application of a bias field.
Each island may store only a single magnetic bubble, although each may bubble
encode one or more bits (depénding upon the topological states employed). In
embodiments a value of a bit may be changed by applying a magnetic field gradient

pulse to the bubble.

In a related aspect the invention provides a magnetic storage device for storing one or
more bits of information, the device comprising: a plurality of islands of magnetic
material; a plurality of magnetic bubbles, at least one per said island; wherein said bits
of information are stored encoded in a topology of a domain wall of said magnetic
bubble.

In some preferred embodiments an island of the magnetic material has a maximum
dimension of less than 1um. In embodiments bits of information are stored encoded in
a topology of a domain wall of said magnetic bubble and/or with the additional use of
higher order bubbles like the three-ring state and/or the single domain.

The invention still further provides a method of reading a bit of information, the method
comprising applying a magnetic field to induce different dynamic responses from said
topology of said domain wall, and detecting a said dynamic response to identify a said
topology of said domain wall of a said magnetic bubble and hence deduce a value of a

stored said bit of information.

In embodiments of the method the topological state of the domain wall may be
interrogated by applying a field gradient pulse or by applying a magnetic field to cause
rotation of a topological defect (where present), and detecting such rotation for

example via its AC field. Additionally or alternatively a field may be applied to change



WO 2009/141667 PCT/GB2009/050569
4

size of a magnetic bubble to identify whether or not a topological defect is present

and/or the type of defect.

In a still further aspect the invention provides a device for reading a bit of information,
the device comprising: means for applying a magnetic field to induce different dynamic
responses from said topology of said domain wall; and means for detecting a said
dynamic response to identify a said topology of said domain wall of a said magnetic

bubble and hence deduce a value of a stored said bit of information.

In embodiments the dynamic response may be detected by its electrical signature, in
for example by means of magnetoresistive measurements. In embodiments applying an
oscillating magnetic field tuned to the S=1 bubble's eigenfrequency would induce a

regular/periodic motion with a corresponding electrical signature..

In embodiments of the above-described methods and devices a pair of conductors may
be provided, one to either side of a magnetic bubble or island/nano-dot for reading

and/or writing a topological state of a domain wall of a magnetic bubble.

The invention also provides a mechanism (method and apparatus) for reading
information that includes a storage (“free”) layer where topological magnetic states, in
particular as described, here are formed; a reference layer; a non-magnetic layer;

electrodes of various possible geometries for electrical current injection.

BRIEF DESCRIPTION OF THE DRAWINGS.

These and other aspects of the invention will now be further described, by way of

example only, with reference to the accompanying figures in which:

Figure 1 shows a predicted phase diagram in parameter space for varying FePt dot

thickness ¢ and radius R (both in units of exchange length ¢_, ).

Figure 2a shows magnetic imaging of a dot with diameter D-500nm in the monobubble
state. The difference in contrast reveals two domains of anti-parallel out-of-plane

magnetization.
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Figure 2b shows monobubble state on the left; a unichiral bubble with winding number
S=1. On the right we have the resulting bubble with S=0. In the top right part of the
circular domain wall the 360° degrees "defect" is visible. Red and blue signify out-of-

plane parallel magnetization.
Figure 2c shows an example implementation of a reading mechanism.

Figures 3a and 3b show bubbles with (a) N =1 and (b) N =0. Only the domain wall is
shown. We suppose that the magnetization points "down” inside the wall while it points

"up” outside it.

Figure 3c shows the orbit of the bubble under an external field gradient (6) with

g =-0.0025 . The solid line shows the coordinates (R ,R ) of Eq. (8). The dashed line
shows the coordinates (X,Y) of Eq. (7). The circles mark the bubble position at times
which are multiples of 5.337,(15ps) . The arrows indicate the point where the field is

switched off.

Figure 3d shows snapshots from the simulation for a bubble with N =1 under external
field gradient (6) with g =-0.0025 . They show the bubble (a) at the dot centre (at time

7 =10), (b) when the external field is switched-off [t = 44.57,(200ps) ], and (c) when

this has completed a cycle around the dot centre [ =267, (1200ps) ].

Figure 4 shows the trajectory of the bubble under external field gradient (6) with

g =—0.025 . The solid line shows the coordinates (R, R ) of Eq. (8). They have been
traced until = =85.57, when we have switching. The dashed line shows the

coordinates (X,Y) of Eq. (7), which have been traced until z =4327,.

Figure 5 shows snapshots from the simulation for a bubble under external field gradient
(6) with g =—-0.025. (a) A remanent N =1 bubble in the dot center (7 =0), (b) the

instant just before the wall unwinding [z = 837, (375 ps) ] where the arrow indicates the

area where the VBLs have developed, and (c) the instant just after the wall unwinding
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[z =85.57, (385 ps) ] where the arrow indicates the same area as in the previous entry.

(d) A N =0 bubble as a remanent state (at the end of the simulation).

Figure 6 shows blow-ups of a part of the bubble which contains Bloch lines for (a)

Figure 5b and (b) Figure 5c (the arrows correspond to those in Figure 5).

Figure 7 shows the trajectory of a N =0 bubble which is subject to an external field (6)

with g =-0.025. The field is switched off at 7 = 557,(250ps) . The bubble switches to a
N =1 bubble at 7 =987,(440ps), which is indicated by the arrows. We plot both the

coordinates (8) (solid line), which are defined only after the switching for N =1, and the

coordinates (7) (dashed line). The total simulation time is 7 = 555.57,(2.5ns).

Figure 8 shows snapshots from the simulation for a bubble under external field gradient
(6) with g =-0.025. (a) Aremanent N =0 bubble in the dot center (at 7 =0), (b) the

instant just before the wall unwinding where the arrow indicates the area where the

VBLs have developed [7 = 95.5 7, (430ps) ], and (c) the instant just after the walll

unwinding where the arrow indicates the same area as in the previous entry

[z =987, (440ps)]. (d) The final results of the simulation, i.e., a static N =1 bubble.

Figure 9 shows blow-ups of a part of the bubble corresponding to (a) Figure 8b and (b)

Figure 8c (the arrows correspond to those in Figure 8).

DETAILED DESCRIPTION AND PREFERRED EMBODIMENTS

Broadly speaking we will describe topological switching of magnetic elements for
memory applications. The techniques we describe provide a novel way of encoding
and reading information on ferromagnetic elements in the nano-scale regime.
Applications relate to the field of magnetic memory and in particular MRAM-type
memories. Embodiments of the invention also address needs where coding
information on a nano-sized element can provide benefits, for example for magnetic

tagging of biological molecules. Embodiments of the technique offer the potential for:
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(i) ultra-fast switching mechanisms (ii) multi-bit information encoding, and (iii) dense

recording.
Some advantages of the technique in relation to the prior art are as follows:

) Switch is faster by an order of magnitude, 100 nanoseconds (ns) - > a few ns;
(i) The magnetic states are stable in equilibrium without need of stabilising field,;
(iii) Film preparation has less requirements (no need for exchange couple layer);
(iv) Patterned media offer physical separation of magnetic domains;

(v)  Two concepts for a reading mechanism are suggested.
Some further distinctive characteristics of our system are as follows:

We switch between bubbles of different topology (winding number) for example
between S=1 and S=0. We do not need a bias field because the bubbles we employ
can be stable in nanostructures with suitable characteristics. We employ the bubble
itself, more particularly the domain wall of the bubble, to hold information.
Embodiments of the techniques we describe do not require domain propagation -
although in one of the reading techniques we describe there is some domain motion,
this is small, in particular due to confinement within the nano-dot. Preferred
embodiments employ sub-micrometre nano-dots, potentially even sub 500 nm, 200 nm
or 100 nm, which is useful for dénse information encoding. In embodiments of the
nanostructure each bit is physically separated from the others. Moreover the magnetic
bubbles do not need to propagate; they exist within the nano-dots and dynamic
responses induced by interaction with the bubbles are achieved via conductors parallel
to the nano-dots. Thus, for example, in embodiments of the technique we describe

there is actual interaction of a low current with the magnetisation in the dot.

In a bubble with S=0 changing the size/diameter of the bubble will make the "defect" in
the wall rotate, and the frequency of this rotation can be detected. In an S=1 bubble,
although the change in its size could give changes in a reading electrical signal. This
would not provide a signal at a frequency of a rotating "defect" since an S=1 bubble
does not have such a signature. Embodiments of the techniques do not need to use
the bubble's stray fields for reading/sensing or for writing. Again, as previously noted,
we do not need a bias field to maintain the bubbles on the dot after finishing operations
on them: "data" (that is bubble states) are stable and retained; a bubble domain wall of

a bubble in a nano-dot constitutes one or more bits of information.
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We describe an ultra-fast mechanism to switch between two different magnetic

configurations/states on a time scale of nanoseconds.

Bubble domains were recently identified on technologically relevant high perpendicular
anisotropy nano-dots. In Ref [1] it was showed that the bubble domains could be
stabilised in elements with very high perpendicular anisotropy materials, without a need
for a bias field (Figure 2a). We called this state the monobubble state, comprising of a
circular magnetic bubble with an axially symmetric domain wall confined in the middle
of the dot.

Bubbles appear primarily in materials with perpendicular anisotropy. They are
cylindrical domains of out-of-plane magnetization anti-parallel to its surrounding
magnetization. A domain wall between the two domains delineates the bubble. Bubbles
have been extensively studied in films [2-4] and their potential for devices has been
actively explored [e.g. 3]. The internal structure of the bubble domain wall hides extra
degrees of freedom [3, pp 507] that can be exploited for memory-based applications [5-
71.

Different kinds of bubbles can be identified depending on the structure of their domain
wall; that is the winding (number of revolutions) of the magnetization vector as we
move around the wall. A measure of the topological structure of these domains is the
so-called winding number S [2]. A large number of distinct bubble domains are
accessible and would behave differently dynamically under the same external probing
[2, 8]. Effectively this means that we can encode/write information on a bubble’s

domain wall.

Recent remarkable advances in fabrication allow for the making of magnetic elements

with sizes ranging from hundreds to tens of nanometres.

We have shown experimental evidence for the monobubble state [1] on an element
with very high anisotropy and we have identified computationally a mechanism to
switch from a bubble with winding number S=1 (state A) to a bubble with winding
number S=0 (state B) (see Figure 2b) and back, by effectively introducing a “defect” on

a bubble’s domain wall in an ultra-fast process.
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Writing

By applying a field gradient along the diameter of a dot in the monobubble state we
induce the dynamic response of the bubble. The field gradient can be achieved by
current pulses in two conductors/wires on each side of the dot. By fine-tuning the
strength and the duration of the pulse we can create a distinct bubble with different
topology, which stabilises in the centre of the dot in equilibrium. The S=1 bubble has an
axially symmetric wall. The bubble with winding number S=0 is no longer axially
symmetric but a small part of the wall, as we move around it, includes a 3600 degrees

rotation of the magnetization vector; we could also call this a “defect/kink”.

This kind of state emerges clearly in elements in our simulations and has previously
been described theoretically and experimentally [2-4] in films. It has been shown to
behave differently dynamically than the S=1 bubble in Ref. [4].

Example: We have a dot with the following geometrical and materials characteristics: a
diameter D = 160 nm, thickness t=32 nm, uniaxial anisotropy constant Ku= 1.3x106
J/m and saturation magnetization Ms = 106 A/m. The strength of the employed field
gradient is approx. [-0.5 Ms:0.5 Ms] across the dot radius.

We apply a field gradient pulse, across the dot’s diameter, which we call for convention

the x-axis. The pulse is t=45 picoseconds long.

The S=1 bubble starts moving at an angle to the field gradient and we observe
changes in the local topological density. In approx. half a nanosecond the global
topology has already changed into S=0. The new bubble though needs some time
before it relaxes in the centre of the dot. The whole procedure including the relaxation
period, for the above dot and pulse characteristics is approx. 5 nanoseconds (The

actual switch process is sub-nanosecond long).

It should be noted that we can tune the field gradient pulse strength and duration as
well as the dot’'s diameter and thickness in order to exhibit the same mechanism with

lower field strengths.

Reading
A magneto-resistance read approach is suggested. A low current passed through the
dot when in state S=1 or state S=0 would give an electrical signature. These two states

would behave differently under the same external probing and thus give a distinct
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electrical response. There are two novel suggested mechanisms to deduce the state

on the dot:

We start with a simple field gradient pulse that can be applied with the same set-up we
use for the writing. The S=1 bubble would move at angle with the applied field gradient
(bubble skew deflection) while the S=0 bubble would move across the field gradient.
This should give a different electrical response. When the pulse stops, the S=1 bubble
would exhibit a regular orbit (a damped periodic motion) back to its equilibrium point in
the centre of the dot. For the dot characteristics described above, this would
correspond to a frequency of approx. 1Ghz (the S=1 bubble's eigenfrequency), while
the S=0 bubble would exhibit a non-regular orbit.

A simple out-of-plane uniform bias field, depending on its direction, would expand or
shrink the bubble until the new equilibrium position is reached. We can thus -at will-
increase or decrease the size of the bubble switching on and off a simple field. We
observe on simulations that in the S=0 bubble the “defect’ on its wall would rotate
across the wall during the application of the field, that is during the expansion or
shrinking of the bubble. This rotation can be reversed as many times as needed to
sustain a regular behaviour that should lead to a corresponding electrical signature with
some form of regular/periodic characteristics. At the same time exciting the S=1 bubble
in its eigenfrequency with an oscillating (e.g. in-plane) magnetic field would also sustain

a regular/periodic motion with a corresponding electrical signature.

An example implementation of a reading mechanism can be seen in Figure 2c. A
multilayer sandwich-type structure for a magnetic random access memory architecture
is proposed. The structure includes a magnetic storage (free) layer (3), a non-magnetic

layer (spacer) (2) , a magnetic reference layer (pinned or hard magnetic layer) (1).

The spacer can include materials like Al203, Cu. The free (storage) layer is a
ferromagnetic circular dot like (but not limited to such a geometry). The reference (hard
or pinned) layer is magnetised along z- axis (either towards the positive or the negative
z-axis; any choice can be made initially, but then the layer's magnetisation direction will
be fixed). One possibility is for it to be thicker in order for the magnetisation to be

strongly aligned towards the z-axis.
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In the storage (free) layer a bubble state will exist. When electrical current flows
through the device there will be a certain magnetoresistance signature. This can be
influenced by the external magnetic field. By exciting the S=0 bubble with a uniform
pumping perpendicular magnetic field there will be rotation of the Bloch-lines along the
bubble’s domain wall giving a corresponding frequency in the electrical signature. The
same field in the S=1 bubble would give a different electrical signature due to the lack
of the Bloch lines pair. In addition, the eigenfrequency of the S=1 bubble can be

excited in order to get a distinct electrical signal from this state.

Spin polarised current can be used to induce the aforementioned changes through the
spin-torque effect instead or assistive to using the magnetic field. The current could
also be used to nucleate a reverse domain which should give a stable bubble for the

right dimensions based on our calculations.

The electrical current passing through the multilayer structure is sandwiched between

two electrodes (e.g. Cu) through which the electrical current passes.

The structure can also include an extra layer of perpendicular magnetised spin.

Advantages and improvements over existing methods, devices or materials

We can now perform topological switching on a bubble in a finite geometry (elements)
due to the advent of advanced micro-fabrication techniques. What is more, bubbles in
nano-elements can be stabilised in equilibrium without the need of a bias perpendicular
out-of-plane field, as was the case in films. Bubbles beforehand were considered stable
in a certain bias field interval [4, pp 588]. This reduces the need for an extra

component; no need for an additional permanent magnet on the device.

Hsu [5,6] uses an exchanged coupled layer or ion-implanted film. The exchange-
coupled layer or the ion-implantation is used for the suppression of hard magnetic

bubbles. Hard magnetic bubbles have closely packed topologically defects around their

domain wall, which would be unfavourable for applications. In our case this is not

needed.
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Both S=0 and S=1 states in Refs [5,6] are statically stable only for a certain range of in-
plane field. In our case, once the transformation has occurred, there is no need for a
field but the states remain stable without external bias. A combination of an in-plane
field and domain wall velocity is used for the switching and beyond a critical value only
the S=1 bubble is stable [5,6]. In our case, the bubbles are stable in equilibrium. This is

a crucial advantage.

Here we have an ultra-fast process. In Refs [5,6] 100 nanosecond long current pulses
are used. Here the relevant time scale is a few nanoseconds. An ultra-fast mechanism
was identified to switch from state A to stage B and back which is in the range of
nanoseconds. For comparison, DRAM, one of the faster memory types has read/write

times form 30ns to 50ns [e.g. U1].

The simulations supporting this application involve nano-elements (nano-dots) of
diameter D = 160nm. It is known that smaller dots can sustain a bubble domain, e.g. a
bubble state with a diameter approx. 100 nm has been calculated to be stable [9]. Each
dot would be the main component around which a device will be fabricated. For
reference, for a cell of current commercial state-of-the art MRAM cell, the minimum
feature is defined by an 180nm-generation technology while the size of the actual cell

spans 20 to 30 F2 (F, is minimum cell feature and it equals 400 nm).

Non-volatile memory and data retention without power

Patterned media offer themselves for natural separation of bubbles that facilitate
minimising interactions in relation to the film case. Interaction for a strictly data storage

scheme would be undesirable.

Potentially more than two states can be accommodated, by injecting more defects in
the wall and by exploiting the three-ring state and the single-domain state, [1]. Clear
potential for multi-bit element / tag. It should be noted that we are not limited by the use
of the FePt material (CoPt would also be a suitable candidate). By varying the
anisotropy and the size of the dot we can explore the appearance of the mechanism for
nanostructures and time-scales of various size and length. It is an advantage of FePt
that by heat-treating it we induce better regularity in its lattice and tune its anisotropy.
Similarly, by exploring different materials (e.g. Co or Ni) we can achieve different

anisotropies. By changing our fabrication we can make dots of different lateral size and
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thickness. It should also be noted that we are not limited on the geometry of the
elements; in fact the states observed are generic of the system and should manifest

themselves on, e.g. square dots, ellipses, hollow geometries etc.

Dynamics and switching processes for magnetic bubbles in nanoelements

We have studied numerically the dynamics of a magnetic bubble in a disc-shaped
magnetic element which is probed by a pulse of a magnetic field gradient. Magnetic
bubbles are nontrivial magnetic configurations which are characterized by a topological
(skyrmion) number N and they have been observed in mesoscopic magnetic elements
with strong perpendicular anisotropy. For weak fields we find a skew deflection of the
axially symmetric N =1 bubble and a subsequent periodic motion around the center of
the dot. This gyrotropic motion of the magnetic bubble is shown here for the first time.
Stronger fields induce switching of the N =1 bubble to a bubble which contains a pair
of Bloch lines and has N=0. The N =0 bubble can be switched back to a N =1
bubble by applying again an external field gradient. Detailed features of the unusual
bubble dynamics are described by employing the skyrmion number and the moments

of the associated topological density.

Magnetic bubbles are observed as spots of opposite magnetization in an otherwise
uniformly magnetized film. The statics and dynamics of magnetic bubbles are complex.
One of the most interesting phenomena is their response to an external
inhomogeneous field. In a counterintuitive way, they are deflected at an angle to an
external magnetic field gradient. This is directly connected to their nontrivial topological
structure. They carry a topological number called the skyrmion number which enters in

a collective coordinate description of bubble dynamics.

Single magnetic bubbles can be sustained in disc-shaped magnetic elements with
perpendicular anisotropy. Although these have the same gross features and the same
topological structure as their counterparts in films, their statics is significantly different.
Magnetic bubbles in disc elements are sustained without an external field and they may
be ground magnetic states for magnetic elements of appropriate sizes. A detailed study
of magnetic bubbles in FePt nanodots [ibid] was carried out using numerics and
Magnetic Force Microscopy (MFM) imaging of arrays of dots with various diameters. In

particular, almost circular magnetic bubbles confined in the center of the dots were
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observed as a common bidomain state in sufficiently small dots. Tridomain states
which have the form of concentric rings with alternating magnetization were also

observed, and they can be interpreted as multidomain magnetic bubbles.

Magnetic vortices are spontaneously created in magnetic elements with no or a small
magnetic anisotropy. The dynamics of vortices has been observed in time-resolved
experiments which revealed the profound role of the vortex polarity on their dynamics.
This means that the vortex topological structure is closely related to their dynamics, as

also noted above for magnetic bubbles.

We now describe bubble dynamics in magnetic nanoelements. The observations of
magnetic bubbles of various topological structures suggest that perpendicular
anisotropy dots can be used to significantly widen the scope for dynamical experiments
in ferromagnetic elements, beyond the current work on vortex dynamics. We expect an
unusual dynamical behavior. The dynamics of bubbles should be expected to bare
similarities to that of vortices because they both carry a nonzero skyrmion number. It is
one of the aims of the present work to emphasize that similarities in dynamics can be
traced to similarities in topological structures. Our study of the details of bubble
dynamics in magnetic nanoelements is motivated by interest in fundamental processes
in the magnet as well as by the potential of magnetic elements for technological

applications.

We discuss the bubble skyrmion number and its relation to dynamics, then we present
our results on the dynamics of a bubble with skyrmion number unity and show that it
exhibits gyrotropic motion, then we show that a bubble with skyrmion number unity can
be switched to a different bubble with skyrmion number zero, then we show that a
bubble with skyrmion number zero can be switched back to one with skyrmion number

unity.

Bubble dynamics and topology
The dynamics of the magnetization vector M is given by the Landau-Lifshitz (LL)

equation with a Gilbert damping term. We suppose a material with saturation

magnetization M, exchange constant 4 and a uniaxial perpendicular anisotropy with

constant K . In a rationalized form the LL equation can be written as

?:—aﬂ’}’l){f-ﬂ% mx(mxf),
T

(M
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f=Am—-0m, é,+h+h

ext ?

where m= M/M_ is the normalized magnetization, A= H/M_and h = H

ext

/M are

the normalized magnetostatic and external fields, O = 2K/(,uOMSZ) is the quality factor,

and ¢, is the unit vector in the third (z ) magnetization direction (taken to be the easy

axis). If o is the dissipation constant then «, =1/(1+a*),a, = a/(1+a?) . The length

and time units in Eq. (1) are

o =24/ M), 7y =1/(yM,), @

where y is the gyromagnetic ratio, and we will present our results in these units.

In the next sections we perform numerical simulations based on the LL equation using

the OOMMF micromagnetics simulator. [12] We typically use the parameter values
M, =10° A/m, A=10""J/m, K =1.3x10° J/m, which give

L,=4nm, 7,=45ps, O=2.1 3
These correspond to FePt, although the anisotropy value lies in the lower limit for this

material. Our results (when quoted in units of (_,7,) are independent of the specific

numerical values.

A magnetic bubble is a circular domain of opposite magnetization in an otherwise
uniformly magnetized film perpendicular to the film surface. In a magnetic element of
sub-micrometer dimensions such a circular domain can be spontaneously created in
the center of the particle and it is a remanent state. The magnetic bubble has a
nontrivial topological structure which is only revealed when we consider the in-plane
magnetization components, or, in other words, the domain wall between the bubble

domain (which we shall consider to point “down”, i.e., m =(0,0,—1)) and the periphery
of the particle (which we shall consider to point “up”, i.e., m=(0,0,1)).

The complexity of the magnetization configuration can be quantified by a topological

invariant called the skyrmion number. This is defined as

1 1
N =— Jndxdy, n=—¢g, (0,mx0,m) m, 4
sy, n=s,, @mxo,m @
where ¢, is the antisymmetric tensor (4, =1,2) and » is a fopological density which

is integrated over the plane. The integration gives an integer value for N in the case of
an infinite two-dimensional medium where the magnetization m goes to a constant
value at spatial infinity. We expect a deviation from this rule for the present case of a
magnetic element. For the purposes of the present paper we shall consider that the
plane of integration is the top surface of a disc element. The result for N depends in

general on the choice of the plane of integration. However, we expect that the
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magnetization vector takes the value m ~ (0,0,1) on the side surface of the particle.

This would guarantee that the integral given in Eq. (4) will be almost independent of the
plane of integration and the value of N will be close to an integer. Indeed, N is very
close to an integer for materials with very strong anisotropy, as is the case in the
present work. In the case of weaker anisotropy significant deviations from an integer
value may occur depending on the specific parameters of the system. A non-integer
value of N may not change significantly the picture for bubble dynamics, but it would

make the theoretical analysis more complicated.

The magnetic bubbles observed previously are most likely axially symmetric, according
to symmetry and energy arguments, and they therefore have N =1. Such a bubble is
shown in Fig. 3a. A different bubble with N =0 is shown in Fig. 3b, and the differences
in the domain walls of the two bubbles are clear. It is useful to note here that the
skyrmion number of a vortex takes half-integer values. This is N =+1/2 for almost all
vortices commonly observed in magnetically soft dots, where the sign depends on the

vortex “polarity” (that is, the direction of the magnetization in the vortex center).

The skyrmion number N is directly related to the magnetization dynamics as has been
seen in many experiments. This effect has been studied where a collective coordinate
model for bubble dynamics is expressed with the use of the “gyrocoupling vector”,
whose length is a quantity proportional to N . The dynamical properties of topological
solitons in two-dimensional ferromagnets with uniaxial anisotropy was later considered.
Furthermore, the skyrmion number has direct implications for the unambiguous
definition of conservation laws (e.g., the linear momentum) for the Landau-Lifshitz
equation. The profound effect of the skyrmion number on vortex dynamics can be seen

in recent experiments. For example, the effect of vortex polarity has been studied

In the literature extensive use has been made of a topological number called the
winding number S'. This gives the number of times that the magnetization vector winds
around a full circle as we trace a circle around the center of a vortex or a bubble. For
simple structures (like vortices, or the bubbles studied in this paper) S is related to N
in a simple way, i.e., N=-1/2Sp, thatis N depends both on S as well as on the

vortex or bubble polarity p . For more complicated topological solitons there is no

simple relation between the two topological numbers.
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Gyrotropic Dynamics of the N =1 bubble
We perform numerical simulations based on the LL equation using the OOMMF

micromagnetics simulator. We simulate a magnetic bubble in a disc-shaped magnetic

element with diameter D =40/(_ (160nm) and thickness ¢ =8/{_ (32nm). We

discretize space on the (x,y) plane using a lattice spacing 6x=05y=0.4(_(1.6nm)

and assume uniform magnetization along the axis of the disc, which is taken to be in
the third (z ) direction. We start the micromagnetics simulator using as an initial
configuration a crude model fora N =1 bubble. In terms of the components of the
magnetization in cylindrical coordinates this is

(0307_1); /)_<_Ra;

(mp,mg,m;) =4 (0,1,0), Re <p <Ry, (5)
(050: J-)i PERb,

where p is the radial coordinate, Raand Ro are constants and they have typically been
chosen as Ra= 0. 4D and Ro= 0. 55D. It points “down” in the dot center, “up” in the dot
periphery, and azimuthally in the domain wall between the two domains, which is
located atRa< p < Re. In our first numerical simulation, we evolve Eq. (1) in time using
a large dissipation constant and we eventually obtain a static magnetic bubble as a
remanent state. This is a circular domain at the center of the dot, which is surrounded
by a domain wall. The magnetic configuration is axially symmetric, i.e., the

magnetization components m,,,m,,m, depend on the cylindrical coordinates p and z

only. Such a configuration has a skyrmion nhumber N =1 and it is shown in Fig. 3a.

We aim to study the dynamical behavior of the magnetic bubble described in the
preceding paragraph. For this purpose we apply an external magnetic field pointing
along the perpendicular direction z . The simplest choice would be a uniform external
field, but this would merely make the bubble shrink or expand. [9] Here, we rather aim
to study the bubble motion when this is shifted from its equilibrium position at the dot
center. This can be achieved by an external magnetic field gradient, as has been
shown in the work for magnetic bubbles in continuous films. We choose a field with a
gradient along the x direction, i.e,

hext = (O’ O’ hext)’ hext = gx’
where g is the dimensionless strength of the gradient. Such a field generates a

corresponding gradient of the external field energy. One would expect a translation of

©®
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the bubble along the field gradient, i.e., along the x direction. The detailed numerical
simulation does, however, show quite different dynamics than this expectation as will

be explained in the following.

We should to follow the bubble position in order to measure the effect of the external
field gradient. There is no obvious absolute measure of this position, but various
measures can be defined. A relatively simple one is given by the following moments of

the magnetization:

XY ,[x(mz—l)dV, v Iy(mz-l)dV’ o
I(mz -DdV _[(mz -HdV
which give the mean position of the bubble domain (where m, =-1, M, =-M ).
Another measure of the bubble position is defined as [14]
R = _[xndV’ Ry _ IyndV’ ®
,[n dv In dav

where 7 is the topological density defined in Eq. (4). Egs. (8) give the location of the
nontrivial topological structure of the bubble. This is the guiding center of the bubble.
The latter definition is obviously only valid when N # 0. The moments of the
topological density (8) are significant for the dynamics as they are proportional to the
components of the linear momentum of the magnetization field within the LL equation.
Their short-time behavior gives a qualitatively correct description of the unusual skew

deflection of magnetic bubbles under a field gradient.

In the series of numerical simulations which we present in the following we use as an
initial condition the static magnetic bubble in the dot center which we have previously
found. We apply the external magnetic field (6), choose a realistic dissipation constant
a =0.01, and follow the dynamics of the bubble in time, as given by the LL equation

(1). The strength of the field gradient, in this simulation, is chosen to be g =-0.0025.
This value practically means that the external field is 4, = 0.05M at the left end of

the dot (at x =-D/2=-20(_ ), and it is gradually reduced to become 4, =-0.05M
at the right end of the dot (at x = D/2 =20(_, ) The field is applied for a time period of

7=44.57,(200ps) and it is then switched-off completely.

The bubble orbit as given by the moments of the magnetization (7), and also by the
moments of the topological density (8) is shown in Fig. 3c. During the application of the



WO 2009/141667 PCT/GB2009/050569
19

external field, the moments (7) give a skew deflection of the bubble with respect to the
field gradient towards the first quadrant. The moments (8), indicate more clearly a

motion along the direction perpendicular to the field gradient during the initial stages of

the simulation. It is impressive that R, appears to follow a rectilinear motion for times

7 <117, (50ps) with a measured velocity

/R dR |
aR, ,—* |~ (0.0,0.095) be . ©
dr ~ dr 7,

This dynamical behavior is in accordance with N. Papanicolaou and T. N. Tomaras,
Nucl. Phys. B, 425 (1991); and S. Komineas and N. Papanicolaou, Physica D , 81
(1996) (though these refer to infinite continuous films). The approach of these
references has produced formulae for the initial velocity (at 7 = 0) of the bubble. We

reproduce these formulae in the present notation for convenience:

dR, gv dR, gu

(10)

=-a, s o, ,
dr 47Nt dr 4rNt
where 7 is the film thickness, u is the total magnetization in the third direction, and v

is essentially the anisotropy energy:

H= I(mz—l)dV, v=%j(l—mf)dV. (11)
All quantities are measured in units (2). In order to find numerical values, we substitute
in (11) the configuration of the static bubble and find y/f =—815,v/t =41. We then

obtain

dR
R, ,—|= (0.00008,0.16)&, (12)
dr ~ dr 7,

which clearly gives a deflection of the bubble perpendicular to the direction of the field
gradient. The velocity dR /dz is much larger than dR /dr because ¢, > a, (for
a =0.01), and because the bubble total magnetization x (which is proportional to the

bubble area) is much larger than its anisotropy energy v (which is proportional to the

length of the bubble domain wall).

Result (12) gives correctly the tendency of (R, R,) to move along the y direction,

although the calculated velocity value is about 60% in error. However, one should keep
in mind that Egs. (10) were derived for infinite films and they hold only at the very

beginning of the process.
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When the external field is switched-off at 7 =44.57, (200ps) the bubble is in the first

quadrant at (R, R,)=(2.1,2.5)¢ . , while (X,Y)=(1.3,1.6){_ . We then observe an

almost circular motion of the (R, R,) orbit of the particle with a radius ~ 3/, . The type
of motion for (X,Y) is more involved and its trajectory is roughly a pentagon, as seen
in Fig. 3c. The period of this almost periodic motion is approximately 7' =230z, (1nsec)

(i.e., frequency f =1GHz).

The bubble, certainly, does not move as a rigid body around the dot center. The details
of its motion can be seen in the three snapshots presented in Fig. 3d. The initial state is
shown in Fig. 3da. (This is the same configuration as in Fig. 3a except that the whole
element is shown now.) Fig. 3db shows the configuration at time 7 =44.57,, that is at
the end of the application of the external field. While the bubble preserves its general
structure it has apparently shifted to the first quadrant. Fig. 3dc shows the bubble at
time 7 =267, (1200 ps) when it has almost completed a full circle. The deformation of
the bubble is small and also the details of the domain wall structure are preserved.

However, such a coherent motion does not happen for large field gradients as will be

explained in the next section.

We have also repeated the simulation with a stronger field gradient g =-0.005. The
results are similar to those described in the preceding paragraphs. The initial velocity
for the bubble is now dR /dr =0.19, i.e., twice the value given in (9). Thus the bubble
velocity seems to be proportional to g in agreement with the prediction of Eq. (10).

The bubble is later set in a circular motion around the center of the dot. The period of

this motion is similar to that given in the g =-0.0025 case (i.e., T ~1nsec), although

we obtain a displacement of the bubble from the dot center significantly larger, roughly
twice that shown in Fig. 3c.

Switching of the N =1 bubble

We further study the response of the magnetic bubble to field gradients larger than

those used in the previous section. We typically use in this section a large field gradient

strength g =-0.025 . The field is applied only until 7 =107, (45ps) . At initial times the

coordinate R, is rapidly increasing while R, remains almost zero for 7 <107,. This
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motion is shown in Fig. 4. We observe a linear increase of R, until the field is switched
off. The measured velocity dR /dr =1.0 is approximately 10 times larger than the
velocity found for g =—0.0025 in the previous section. This shows that dR /dr is
proportional to g . The velocity predicted by Eq. (10) is dR /dr =1.6, and it is roughly
in agreement with the numerical results (as discussed in the g =-0.0025 case).

The position vector (X,Y) is displaced from the origin by a small distance ~1¢__, as
seen in Fig. 4. This is a much shorter distance than that observed in the previous

section (see Fig. 3c). This is because the field gradient is now applied for a much

shorter time. Unlike the velocity for (R, R)), the velocity for the coordinates (X,Y) is
apparently not proportional to the strength of the field gradient g.

After the external field gradient is switched off the position of the bubble, measured by

(R, R,), takes a sharp turn and appears to start a cyclic motion around the dot center

similar to what was described in above. On the other hand, the coordinates (X,Y)
follow a non-regular path close to the dot centre. Figure 5 shows snapshots of the
simulation. At some later time significant gradients of the magnetization vector develop

at the bubble domain wall. For example, at 7 =837, (375ps) (Fig. 5b) a part of the wall
includes so-called vertical Bloch lines (VBLs). At 7 =85.57,(385ps) an abrupt change

of the magnetization occurs at the region of the domain wall where the VBLs had
developed. This is accompanied by a burst of spin waves. Fig. 5¢ shows the bubble
after the domain wall has changed. Fig. 6 shows magnifications of a part of the bubble
corresponding to Figs. 5b,c. A pair of VBLs is now part of the domain wall.

Configurations with VBLs have been studied within the context of bubbles in films as‘
reviewed in Ref. malozemoff. A pair of VBLs can be winding, when the magnetization
winds 27 as we move across them in the domain wall, or non-winding when the
magnetization has a local net winding of zero (including a 7 and —z winding as we

move across the wall). The pair in Fig. 6b is a winding pair.

The transformation of the initial VBLs to a single pair of VBLs is a discontinuous
process. Such discontinuous processes are normally impossible to induce because an
infinite energy barrier would have to be overcome. In magnetic systems the energy

barrier would be due to the exchange energy at regions with large magnetization
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gradients. However, the exchange energy of a two-dimensional magnetization
configuration (e.g., a pair of VBLs) as this is shrinking is a finite constant. This is due to
the scale invariance of the exchange energy in two dimensions. Since the bubble is a
quasi-two dimensional magnetic configuration the exchange energy in the region of the

approaching VBLs will not give an infinite energy barrier.

We should note here that a discontinuous change of the magnetization cannot, in
principle, be described by micromagnetics on a discrete numerical mesh. However,
since in the present case no singularities in the energy are involved, one could argue,
at least heuristically, that the numerical solution on the discrete lattice does simulate
correctly the process which actually occurs in the atomic lattice of the material. Such

discountinuous changes have been reported in experiments in films.

Although the magnetic bubble seems to remain intact in the dot even after the
modification of the domain wall, a dramatic change has indeed occurred at the
microscopic level. To show this we calculate the skyrmion number (4) of the
magnetization. This is very close to unity for the initial bubble and it remains almost

constant until the discontinuous change of the magnetic configuration occurs. At time
7 = 85.57, the skyrmion number N changes almost instantly to a value close to zero.
Thus the discontinuous nature of the process of the annihilation of VBLs is reflected in
an abrupt change from N =1 to N =0. The magnetic bubble with N =0 is essentially
different than the initial bubble with N =1.

The coordinates (R,,R,) do not give a well-defined measure of the bubble position for
N =0 since the denominators in Eq. (8) vanish. The bubble position can be followed
by the coordinates (X,Y) which are shown'in Fig. 4. These take small values and they

follow an orbit which is complicated and not a periodic one. That is, there is no trace of
a gyrotropic (circular) motion of the bubble around the dot center, in contrast to the
case of the N =1 bubble. We relegate further discussion of this point until the end of

the next section.

For longer times the system will relax to a remanent state due to dissipation. Since, the

relaxation process with our standard dissipation constant & = 0.01 takes prohibitively
long simulation time, we actually use (for times well after 7 =85.57,) a large o =1

only for the purpose of quickly finding the remanent state. The process of Fig. 5
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eventually relaxes to an almost cylindrical bubble with N = 0 in the dot center shown in
Fig. 5d. The domain wall of the latter bubble is shown more clearly in Fig. 3b, where a
pair of winding VBLs is seen. The two VBLs apparently attract each other due to their
magnetostatic field. We further discuss the details of the N =0 bubble in the next

section.

In conclusion, the application of a strong magnetic field gradient on a dot which is in a
bubble state with N =1 has eventually switched it to a bubble with N = 0. We add that

the field gradient value g =-0.025 used in this section is indicative. We have also tried
a field gradient g =—0.0125 and have obtained the switching process. Furthermore,
we have achieved switching events while keeping the same field gradient (g =—-0.025)

but for different field pulse durations.

Switching of the N =1 magnetic bubble into a N =0 bubble has apparently been
observed for the first time in Ref. hsu74. A garnet film was used which was exchange
coupled to a magnetic layer. Apart from the bias field (which is necessary in order to
sustain a bubble in a film) an in-plane field was applied. On top of these fields,

100nsec long pulses of a field gradient perpendicular to the film were applied which led
to bubble switching. In other experiments with bubbles in continuous films changes of
bubble dynamics have been observed which have been attributed to changes of the

bubble skyrmion number.

Switching of the N =0 bubble
The N =0 bubble was shown to be a remanent magnetic state. The N =1 bubble has
energy E=2.797x107°J while the N =0 bubble has E =2.824x107'°J. Thus the

latter is an excited metastable state. Its domain wall contains a pair of winding VBLs
which are located close together. Magnetic charges are accumulated around the VBLs,

thus creating a strong magnetostatic field in their vicinity.

We study in this section the dynamics of a N =0 bubble in a nanodisc, following a
procedure analogous to that above. We perform numerical simulations using the
remanent bubble state, in the dot center, with skyrmion number N =0 (i.e., the state

shown in Fig. 5d and in Fig. 3b). We apply a strong field gradient (6) with g =—-0.025.
The field is switched off at time 7 = 557,(250ps) . We observe that the bubble is

displaced from the center of the dot. The orbit of the bubble as given by the moments



WO 2009/141667 PCT/GB2009/050569
24

of Egs. (7) is shown by the dashed line in Fig. 7. It moves in the first quadrant under

the influence of the field.

The structure of the bubble domain wall is getting increasingly complicated under the
influence of the field gradient as the pair of winding VBLs are drifting around the wall.

The complicated dynamics of the domain wall continues even after the field is switched

off. Fig. 8 shows snapshots of the simulation. At time 7 =95.5 7,(430ps) we observe

that the two VBLs come close together (Fig. 8b) and thus large magnetization gradients
develop in a very short region of the domain wall (indicated by an arrow). Fig. 9a shows

a magnification of the part of the domain wall which contains the pair of VBLs. This

leads to annihilation of the pair of VBLs as shown in Fig. 8c at time 7 =98 7,(440ps).

Fig. 9a shows that the VBLs have become adjacent just before the annihilation while
Fig. 9b shows a magnification of the part of the domain wall where the VBL pair

annihilation took place.

The annihilation of a pair of winding VBLs is a discontinuous process. As also
mentioned in the previous section, such a process should be possible in the present

two-dimensional bubble configurations.

The discontinuous nature of the process of annihilation of the pair of winding VBLs is
reflected in an abrupt change of the skyrmion number from N =0 to N =1 which

happens precisely at the time of the annihilation of VBLs.

The N =1 bubble is located off-center, at the moment of its creation. The trajectory of
the bubble as given by Eq. (7) and by Eq. (8) is shown in Fig. 7. We observe that once
the skyrmion number becomes unity the bubble starts a circular motion around the dot
center. The bubble motion is damped due to dissipation, it follows a spiraling orbit and
it eventually remains static at the dot center. It is remarkable that the bubble motion is

reflected in a rather smooth circular trajectory for the moments of the local vorticity
(solid line) compared to an angled (nearly pentagonal) curve for the moments of m,
(dashed line). The frequency of rotation is approximately 1 GHz. The above findings

concerning the circular motion of the N =1 bubble are fully consistent with the results

described above.
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The results of the present and the previous sections indicate differences between the
dynamics of the N =0 and the N =1 bubble. We have shown that the N =1 bubble,
when this is not in the dot center, goes on a gyrotropic motion as seen in Fig. 3c and in
Fig. 7. The behavior of a N =0 bubble is however less clear. We have described
above that the N =0 bubble created during a dynamical process does not undergo a
circular motion around the dot center. We did not clearly observe a gyrotropic motion
for the N =0 bubble in this section either. Further numerical simulations support these

findings.

We have thus presented a numerical study for the unusual dynamical behavior of a
bubble in a magnetic nanoelement under an external magnetic field gradient. It has
been shown that a bubble with skyrmion number N =1 is deflected at an angle to the
field gradient. The details of this skew deflection of the bubble confirm previous
theoretical studies. When the external field is switched off the bubble is set on a
gyrotropic motion around the center of the nanoelement. Previous experimental and
theoretical studies on this subject refer to the dynamical behavior of magnetic bubbles
in infinite films. The present study has applied the idea of an external magnetic field

gradient in the context of a magnetic bubble in a nanoelement.

A strong enough field gradient was shown to affect the bubble structure profoundly and
it induced a switching of the N =1 bubble to a bubble with skyrmion number N =0.
The latter is shown to be a remanent state of the magnetic system. Application of a
similar field gradient to the N =0 bubble induces a switching back to the original N =1
bubble. The ultra-fast switching between the two bubbles is achieved for times below
one nanosecond which could prove to be a significant advantage for applications.
Although the two bubbles look very similar regarding their perpendicular component of
the magnetisation they are essentially different magnetic states. We did not observe a
simple gyrotropic motion of the N =0 around the center of the nanoelement. However,
the detailed features and especially the dynamics of this bubble need further

investigation.

A dramatic difference between the dynamics of bubbles with N =0 and N =0 is
anticipated. Furthermore, the skyrmion number has direct implications for the
unambiguous definition of conservation laws (e.g., the linear momentum) for the

Landau-Lifshitz equation. Egs. (10) have been derived based on the latter theory. Their
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denominators vanish for N =0 thus implying that this should be treated as a separate

special case.

This work (and aspects and embodiments of the invention) extend to other topological
magnetic states such as magnetic bubbles. While almost all vortices observed so far
have the same magnetization configuration, bubbles may have a variety of topological
structures. This enriches the subject significantly and opens new possibilities not only
for theoretical and experimental work but possibly also for technological applications. A
systematic study for the excitation spectrum of bidomain and multidomain bubbles

shows several interesting resonances indicating a variety of dynamical behaviors.
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CLAIMS:

1. A method of storing one or more bits of information, the method comprising:
forming a magnetic bubble; and
storing a said bit of information encoded in a topology of a domain wall of said

magnetic bubble.

2. A method as claimed in claim 1 wherein said storing comprises storing said bit
encoded using S=0 and S=1 status of said domain wall, in particular wherein said S=1
states of said domain wall, wherein said S=1 state comprises a symmetric state of said
domain wall and said S=0 states includes at least one winding rotation of a
magnetisation vector of said domain wall in moving along a border of said bubble

defined by said domain wall.

3. A method as claimed in claim 1 or 2 further comprising confining said magnetic

bubble in an island of magnetic material.

4, A method as claimed in claim 3 wherein said confining is such that said bubble
is substantially stable without application of a bias field.

5. A method as claimed in any preceding claim further comprising changing a
value of a said bit of information by applying a magnetic field gradient pulse to said
magnetic bubble.

6. A magnetic storage device for storing one or more bits of information, the
device comprising:

a plurality of islands of magnetic material,

a plurality of magnetic bubbles, at least one per said island;

wherein said bits of information are stored encoded in a topology of a domain

wall of said magnetic bubble.

7. A magnetic storage device as claimed in claim 6 wherein said bits of
information are stored encoded in said topology of said domain wall of said magnetic

bubble using at least one of a three-ring state and a single domain.
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8. A magnetic storage device as claimed in claim 6 or 7 further comprising a
mechanism to apply a magnetic field gradient pulse to said magnetic bubble to change

a value of a said stored bit.

9. A method or magnetic storage device as claimed in any preceding claim
wherein a said magnetic bubble or, when dependent on claim 3 or 6, a said island of

magnetic material has a maximum dimension of less than 1 um.

10. A method of reading a bit of information, in particular stored using the method
or device of any one of claims 1 to 9, the method comprising applying a magnetic field
to induce different dynamic responses from said topology of said domain wall, and
detecting a said dynamic response to identify a said topology of said domain wall of a

said magnetic bubble and hence deduce a value of a stored said bit of information.

11. A method of reading a bit of information as claimed in claim 10 wherein said

detecting a said dynamic response is by means of magnetoresistive measurement.

12. A method of reading a bit of information as claimed in claim 10 or 11 wherein
said applying of said magnetic field comprises applying a magnetic field to cause
rotation of a topological defect in said domain wall, and wherein said detecting of said

dynamic response comprises detecting said rotation.

13. A method of reading a bit of information as claimed in claim 10, 11 or 12
wherein said applying of said magnetic field comprises applying a field to change a size
of a said magnetic bubble.

14. A method of reading a bit of information as claimed in any one of claims 10 to
13wherein said applying of said magnetic field comprises tuning said magnetic field to an

eigenfrequency of said S=1 state of said domain wall.

15. A method of reading a bit of information as claimed in claim 10 or 11 wherein
said applying of said magnetic field comprises applying a field gradient puise.

16. A device for reading a bit of information in particular stored using the method or

device of any one of claims 1 to 9, the device comprising:
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means for applying a magnetic field to induce different dynamic responses from
said topology of said domain wall; and
means for detecting a said dynamic response to identify a said topology of said

domain wall of a said magnetic bubble and hence deduce a value of a stored said bit of
information.

17. A method or device as claimed in any preceding claim further comprising a pair
of conductors one to either side of a said magnetic bubble or island for writing or

reading a topological state of a said domain wall of said magnetic bubble.
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