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Shift registers based on magnetic domain wall
ratchets with perpendicular anisotropy

J. H. Franken*, H. J. M. Swagten and B. Koopmans

The movement of magnetic domain walls can be used to build a
device known as a shift register, which has applications in
memory’ and logic circuits?3. However, the application of mag-
netic domain wall shift registers has been hindered by geometri-
cal restrictions, by randomness in domain wall displacement and
by the need for high current densities or rotating magnetic
fields. Here, we propose a new approach in which the energy
landscape experienced by the domain walls is engineered to
favour a unidirectional ratchet-like propagation. The domain
walls are defined between domains with an out-of-plane (per-
pendicular) magnetization, which allows us to route domain
walls along arbitrary in-plane paths using a time-varying
applied magnetic field with fixed orientation. In addition, this
ratchet-like motion causes the domain walls to lock to discrete
positions along these paths, which is useful for digital devices.
As a proof-of-principle experiment we demonstrate the continu-
ous propagation of two domain walls along a closed-loop path in
a platinum/cobalt /platinum strip.

Although later abandoned, magnetic shift registers were already
under consideration in the early 1970s (refs 4,5). Since then, exciting
developments in spintronics have led to nanometre-sized versions
that are at present subject to active investigation. One prominent
example is the magnetic racetrack memory!, in which the magnetic
domain walls are driven by current instead of magnetic fields. A key
motivation for using current lies in the fact that two neighbouring
domain walls will move towards one another when a field is
applied, erasing the bit stored between them as they annihilate.
However, sending large currents through tiny wires raises practical
issues, primarily related to heating®. Currents are not required in
the ‘domain wall logic’ scheme??, which uses a carefully shaped
permalloy track capable of storing, moving and performing logic
operations on magnetic domain walls, using in-plane rotating
magnetic fields as a clock. However, this scheme imposes very
strong geometrical constraints, and rotating in-plane fields are
particularly hard to integrate into a chip.

Our approach makes use of materials with perpendicular
magnetic anisotropy (PMA), which exhibit narrow domain walls
(~10 nm), allowing for a higher storage density compared with
in-plane magnetized materials. The key is to create a domain wall
ratchet. In other words, the domain wall should move easily in
one direction, while motion is blocked in the other’~'3. Some
means by which to achieve this have been proposed for in-plane
magnetized systems, including using the stray field of nearby
magnetic elements'?!®, non-uniform transverse magnetic fields'*
or geometrical variations’. However, these effects are rather
weak compared with the strong anisotropy field in PMA materials.
To carefully control domain wall motion in PMA ratchets, we there-
fore chose to engineer the domain wall energy landscape directly by
modulating the magnetic anisotropy. Ion irradiation using a focused
ion beam (FIB)!>!¢ provides an elegant way to tune this parameter

Figure 1| Domain wall ratchet shift register. a, Magnetic nanostrip with
perpendicular magnetic anisotropy exhibits magnetic domains with a
magnetization (M) pointing up (red) or down (blue). The energy landscape
Epw (green) experienced by the domain walls (yellow beads) can be
engineered by irradiating the strip with gallium ions (Ga™*) of varying
intensity. b, Force exerted on the domain walls by a positive (pink) applied
magnetic field (H) pushes the domain walls together, while a negative
(violet) field pushes them apart. By applying a positive and then a negative
pulse of appropriate length, both domain walls move to the left. ¢, Possible
implementation in a memory device. Loops are used to conserve the data
indefinitely. A global magnetic field can be used for all loops, or each loop
can be addressed individually. Data input/output can be integrated, for
example by placing a magnetic tunnel junction at a single position along each
track, where the track acts as a free layer. Alternatively, writing schemes
involving the magnetic field can be devised, for example by engineering a
position where the domain wall nucleation field is reduced, such that a brief
increase in the field amplitude can write a bit at this position.

on a nanometre scale!’"!?. Figure 1 presents the ion irradiation
pattern on a magnetic nanostrip. Higher irradiation doses lead to
lower PMA and therefore a lower domain wall energy, giving the
desired sawtooth-like potential landscape for the domain walls.
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Figure 2 | Demonstration of the ratchet effect in a platinum/cobalt/platinum strip. a, A 1-um-wide strip is patterned with a linearly increasing gallium
irradiation dose (red indicates maximum) in 5 pm periods. Kerr microscopy snapshots are taken between 6 mT sinusoidal field pulses with a half-period of
T="50 ms. b, Domain wall position as a function of pulse number under various pulse durations T. ¢,d, Different effect of positive (¢) and negative (d)
field pulses. In ¢ it is shown that the domain wall pins at a random position after each positive field pulse. A much higher negative field was necessary

in d to achieve any domain wall motion, and the domain wall position clearly locks to the steep energy barriers.

When a positive field is applied, a force is exerted on the domain
walls, pushing them towards one another to minimize the Zeeman
energy, —u,M-H. However, the sudden step in anisotropy provides
an energy barrier, prohibiting the left domain wall from moving
to the right. By appropriate timing of the field pulse, the right
domain wall will move to a new position within the next ratchet
period. A subsequent opposite field pulse will then move this
domain wall back to its new base position, and the left domain
wall will propagate. As long as the distance between two domain
walls is at least two periods, an a.c. field can be used to propagate
both domain walls in the same direction, while providing discrete
positions where the domain walls will stop, which is crucial in a
digital device. To prevent data loss at the ends of the strip, one
simply makes a loop in which data can propagate indefinitely.

This scheme has some unique and powerful advantages when
implemented in a memory device. Because the magnetization is per-
pendicular to the plane, we have complete freedom to route our
domain walls within the film plane, thereby allowing the creation
of loops to propagate data indefinitely. In contrast to in-plane rotat-
ing fields?, a perpendicular magnetic field is easy to produce, for
example from the Oersted field of current lines coplanar to the mag-
netic structure. A possible implementation in a two-dimensional
memory architecture, including read and write access, is presented
in Fig. 1b. In the remainder of this Letter we focus on the principal
feature of this device, demonstrating the unidirectional propagation
of multiple domain walls.

A first test of the working principle of our device is presented in
Fig. 2a. After preparing a domain wall in a patterned platinum/co-
balt/platinum strip, sinusoidal pulses with amplitude 6 mT and
period T=50ms were applied, and the magnetic state was
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imaged after each pulse. The domain wall, initially at x = 0, moves
a distance —5 wm with each pulse, corresponding to the period
and direction of the ratchet landscape. This illustrates that we
have successfully created a ratchet: the time-average magnetic field
is zero, but the domain wall still moves to the right and locks to dis-
crete energy minima after each pulse. Figure 2b shows the domain
wall position as a function of pulse number under various pulse
durations T. Optimal motion over four periods is observed for
T=50 ms. After four periods the domain wall is blocked by a
random pinning site and does not easily move beyond —20 pum.

To elucidate the different effects of positive and negative fields on
domain wall propagation, measurements with unipolar field pulses
were also performed. In Fig. 2c, low field pulses of 5.25 mT were
applied in the easy propagation direction. Rather than reverting to
the engineered energy minima, the domain wall stays at arbitrary
positions after each pulse due to the random pinning potential of
the material, which is superposed on the engineered potential. In
Fig. 2d, a significantly higher opposite field of —6.75 mT was
applied to move domain walls against the ratchet direction. As
expected, the domain wall now tends to stop at discrete pinning pos-
itions that block its motion.

We then applied the demonstrated ratchet functionality in a shift
register, where it is vital to propagate multiple domain walls without
annihilation. We therefore created ring structures consisting of eight
ratchet periods and studied the simultaneous motion of two domain
walls around the ring (Fig. 3). Instead of defining the rings lithogra-
phically, we used a unique technique that we call magnetic etching
(see Methods). After nucleating a pair of domain walls, field pulses
of alternating polarity were applied, and the configuration imaged
after each pulse is shown in Fig. 3b. It can be seen that, each time,
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Figure 3 | Proof-of-principle operation of two domain walls in a circular loop. a, Kerr microscopy image of the initial magnetic state of a ring with two
domain walls (blue and red lines), with the colour overlay indicating the FIB dosage. A magnetic loop is created by high-dose irradiation of the surrounding
areas (purple). Eight ratchet potentials are defined within the loop at the same time, by subtle dose variations. The background of the positively saturated
remnant state was subtracted from the image to improve contrast, so that black means negative magnetization and grey means positive magnetization (on
the ring) or zero magnetization (outside of the ring). The dosage is indicated with a separate colour bar for each contrast level. b, Magnetic state and fitted
domain wall positions after consecutive positive and negative ramped field pulses (15.8 mT, 73 ms). ¢, Domain wall position as a function of pulse number
showing near perfect discrete propagation of both domain walls over two full loops.

one of the domain walls moves anticlockwise to a position within
the next segment, whereas the other domain wall locks back to
the base position of the current segment. The detected positions
of both domain walls are plotted as a function of pulse number in
Fig. 3c. The domain walls complete two full loops around the
track without annihilating, demonstrating the feasibility of
our approach.

The performance statistics of one ratchet ring are studied as a
function of the pulse parameters in Fig. 4. By separating the statistics
of forward and backward motion, we can identify the forward
motion as the bottleneck in ratchet performance; the success of
backward motion is close to unity in the entire parameter range
(Fig. 4b). Averaged over all events, an optimal forward success
ratio of ~80% is observed in Fig. 4a. As expected, the optimal
length of the field pulse decreases as the field amplitude is increased.
The maximum average success is limited to 80% due to random
growth variations in the sample, leading to slightly different
optimal pulse parameters for each of the eight individual ratchets.
There are also some ratchets that have lower success over the
entire parameter range, for example because of a relatively hard
pinning site that hampers forward motion. In Fig. 4d.e, it is
shown that both the forward (Fig. 4d) and backward (Fig. 4e)
success rates of a selected single ratchet segment (indicated in the
insets) can be brought close to unity. Therefore, limited success is
not a principal problem but is rather a matter of engineering the
material so that all ratchets show a larger overlap in their
operating range.

The combined forward/backward success plotted in Fig. 4c
closely resembles the forward statistics in Fig. 4a, as expected

given the high success of backward motion. The optimal period as
a function of amplitude fits well to a power law (see Methods).
Figure 4f shows the average distance d (expressed in number of
ratchet periods) traversed by a domain wall during a forward
pulse, with a darker colour indicating a larger distance. It is seen
that if the field pulse is too long or too high, the domain wall can
move on average by more than two periods, which means a
ratchet period is skipped. We find that over the entire field
range, success is optimal if the period is tuned to move the
domain wall (on average) by d= 1.5, which is intuitive as this
average domain wall displacement coincides with the centre of
the success range (1 <d <2).

In conclusion, we have experimentally demonstrated a field-
driven domain wall shift register by engineering a ratchet potential
in a platinum/cobalt/platinum nanotrack. The demonstration of
unidirectional domain wall motion changes the current paradigm,
which excludes simple magnetic fields as a driving force.
Furthermore, in most of the reported work on (current-driven)
domain wall motion, the domain wall positions are random, but
in our scheme domain walls efficiently lock to discrete positions.
However, the data rate of a future memory device is limited by
the domain wall speed divided by the ratchet period. In our
proof-of-principle experiment, domain wall speeds were limited to
~100 pm s~ ' by the slow electromagnet we used, but fast motion
of >100 m s~ ' is feasible, simply by using higher, shorter pulses
to change from the creep regime to the flow regime of domain
wall motion®. To confirm that the principle still holds in this
regime, a micromagnetic simulation was performed on a nanowire
with a ratchet period of 100 nm and with 8 ns, 50 mT field pulses,
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Figure 4 | Statistics of ratchet operation as a function of pulse duration and amplitude. a, Success ratio of forward domain wall displacement to a position
within the next ratchet period, averaged over all measured events. b, Success of backward domain wall motion; in nearly all cases the domain wall locks to
the base of the period it was previously in. ¢, Composite success of both forward and backward motion after a pair of positive and negative pulses. The
statistics are clearly dominated by the success of forward motion. The white line is a fit through the optimal points. d,e, Similar to a and b, but only showing
the statistics of motion of one selected ratchet segment on the ring (defined in the insets). f, Average distance travelled by a domain wall in response to a
forward pulse. In f, the colour code represents the number of ratchet periods d over which the domain wall has moved. The white line representing optimal

success coincides with d ~ 1.5 periods over the entire parameter range.

yielding stable ratchet operation (Supplementary Movie S1). Like
any domain wall shift register, the bit size is ultimately limited to
a few times the domain wall width to ensure a stable configuration
(therefore ~50 nm in platinum/cobalt/platinum).

Field-driven memory has many advantages, such as a potentially
low power dissipation per operation® and much longer device life-
time, which is limited by electromigration when charge currents
are used. However, the discrete nature of our device is also beneficial
when any other driving force is used, and could also be applied in
current-driven shift registers using spin transfer torque or the
recently discovered spin-orbit torque*"*2. Using a.c. currents, the
induced torques could lead to ratchet propagation of domain
walls in a fixed direction between two contacts. Here, it would be
particularly powerful if one could invert the ratchet direction
during operation, so the bits could simply be shifted back and
forth past a central reading head. This requires a programmable
domain wall energy landscape, which could be realized using the
recently demonstrated electric field control of domain wall motion®.
Another interesting next step would be to integrate logic functionality
similar to the in-plane domain wall logic scheme’, to create a fully
magnetic memory and logic device from PMA materials.
Furthermore, rather than finding use in computer-related applications,
the stray fields of propagating domain walls could also be used as a
particle conveyor belt in chemical/biosensors?*?>.

Methods

The 1-pm-wide platinum (4 nm)/cobalt (0.5 nm)/platinum (2 nm) strips of Fig. 2
were produced by electron-beam lithography (EBL), sputtering and lift-off, followed
by a gallium ion FIB irradiation step. The perpendicular anisotropy of this material
as a function of gallium dose has been measured in ref. 19. The gallium dose was
increased from 0.05 x 10"* ions cm ™ ? to 0.5 x 10"? ions cm > over a distance of

5 wm. This optimal gallium dose range is a balance between achieving an anisotropy
step that is sufficiently high to achieve domain wall pinning and maintaining a high
enough nucleation field to prevent spontaneous nucleation of domains by
propagation pulses. To initialize a domain wall, a short high negative field pulse was
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applied to a positively saturated wire, reproducibly creating the configuration seen in
the first Kerr microscope image.

For the ratchet rings, we started from an unpatterned tantalum (15 nm)/
platinum (4 nm)/cobalt (0.5 nm)/platinum (4 nm) film, with the thick tantalum
seed layer serving to improve the growth quality and significantly increasing the
range of gallium doses that could be applied before the perpendicular magnetization
was destroyed. We used a technique that we call magnetic etching, which allowed us
to fabricate devices simply from a homogeneous film in a single gallium irradiation
run. A magnetic ring was ‘etched’ by irradiating the surroundings (dark purple
region in Fig. 3a) with a relatively high gallium dose of 25 x 10" ions cm ™2,
enough to destroy the magnetic anisotropy, but not enough to physically remove a
significant amount of material. Within the ring, a much lower dose was used, which
linearly increased from 0.02 x 10" to 1.1 x 10"* ions cm ™~ ? in each of the eight
segments in the clockwise direction, favouring domain wall propagation in the
anticlockwise direction. This pattern was designed using line segments of constant
dose pointing radially outward, separated by 40 nm. In principle, this yielded a
slightly higher dose in the inner boundary of the ring compared to the outer
boundary, as the distance between the dose lines was smaller closer to the centre.
A preparatory pulse was then applied to create two domain walls at random
positions. A sequence of 32 field pulses (as used in Fig. 3) was repeated for 286
period/amplitude combinations, and each combination was repeated 10 times. This
yielded nearly 100,000 images, from which the domain wall positions were detected
using a MATLAB script. From this list of domain wall positions we were able to track
the distance moved by the domain walls after each pulse and determine whether the
domain wall behaviour was successful or not (Fig. 4). Forward success is defined as
motion to a position within the next ratchet period, and backward success by a
domain wall remaining in position within the current ratchet period following a
backward directed field pulse. Composite success indicates that a domain wall
consecutively experiences successful forward and backward motion. For optimal
success in ratchet rings, longer pulses or higher field strengths are required than
were used in the experiment on straight strips shown in Fig. 2. This is a consequence
of the different material used (the tantalum seed layer increases the anisotropy,
which decreases the domain wall speed in the creep regime), the ramped pulse shape
(where the maximum field strength is applied only very briefly) and possibly the
different lithography method (EBL versus FIB magnetic etching).

The fit (white line in Fig. 4c) throu%h the optimal period as a function of
field amplitude H is of the form T, oc e A7 where = 2.2 and C is a constant. It is
hard to ascribe a physical mechanism to exponent w. For domain wall motion under
a constant field through a uniform medium, u = 0.25 is expected in the low-field
creep regime?*2°, However, our field pulse is ramped, and the exact shape of the
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domain wall potential in the ratchet is a complicating factor, because a linear
irradiation gradient does not necessarily lead to a linear potential landscape. For
each of the individual ratchets, we find a different u ranging between 1.5 and 2.8, so
this parameter is strongly related to the local material structure.
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