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Localized domain wall nucleation dynamics in asymmetric ferromagnetic rings revealed
by direct time-resolved magnetic imaging

Kornel Richter,! Andrea Krone,! Mohamad-Assaad Mawass, -2 Benjamin Kriiger,l Markus Weigand,2
Hermann Stoll,2 Gisela Schiitz,? and Mathias Klaui'-?

Vnstitute of Physics, Johannes Gutenberg University Mainz, Staudinger Weg 7, 55128 Mainz, Germany
2Max Planck Institute for Intelligent Systems, Heisenbergstrasse 3, 70569 Stuttgart, Germany
3Graduate School of Excellence Materials Science in Mainz (MAINZ), Staudinger Weg 9, 55128 Mainz, Germany
(Received 8 April 2016; revised manuscript received 27 June 2016; published 27 July 2016)

We report time-resolved observations of field-induced domain wall nucleation in asymmetric ferromagnetic
rings using single direction field pulses and rotating fields. We show that the asymmetric geometry of a ring allows
for controlling the position of nucleation events, when a domain wall is nucleated by a rotating magnetic field.
Direct observation by scanning transmission x-ray microscopy (STXM) reveals that the nucleation of domain
walls occurs through the creation of transient ripplelike structures. This magnetization state is found to exhibit a
surprisingly high reproducibility even at room temperature and we determine the combinations of field strengths
and field directions that allow for reliable nucleation of domain walls and directly quantify the stability of the
magnetic states. Our analysis of the processes occurring during field induced domain wall nucleation shows
how the effective fields determine the nucleation location reproducibly, which is a key prerequisite toward using

domain walls for spintronic devices.
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I. INTRODUCTION

Ferromagnetic rings are of particular interest due to their
flux-closure state that is stray-field free and thus have a
ground state configuration with particularly high stability
[1,2]. This makes them a promising candidate for development
of nonvolatile data storage devices with switching based
on domain wall (DW) dynamics [3-6], where reproducible
domain wall nucleation paves the way to reliable switching.
However, to switch between the two possible vortex states used
for data storage (clockwise and counterclockwise) directly,
circular magnetic fields would be needed, which are difficult
to generate [7]. A simpler and more accessible method is to
switch with a homogeneous field from vortex state to the
“onion state” with two domain walls [8] and then back to
the vortex state with opposite chirality [8], which was also
investigated theoretically in detail in Ref. [9]. For memory
devices, it has been shown that magnetic rings down to
sub-100-nm diameter show the two-step switching [10] that
we investigate here, so that fundamentally the basic effect will
also occur for smaller lateral sizes that are more relevant for
highly integrated devices, while the devices for many sensors
based on domain wall motion [11] are in the micrometer regime
that we study here. General so far, these different switching
processes occurring in rings have only been investigated in
detail quasistatically [12]. And in particular the stability of
the vortex state has not been quantified for the relevant ring
geometries and the dynamics of switching from the vortex
state including the key time scales is also largely unexplored.

First, the process of the switching from the onion to the vor-
tex state occurs by domain wall motion and this has been stud-
ied in detail previously [7]. However, for the second step, the
critical process of DW nucleation from the vortex state needed
to switch to the onion state has not been investigated in real
time and the dynamics have not been ascertained. In particular,
as nucleation processes tend to depend on defects and thermal
excitation that the reliability and reproducibility of these
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processes is not clear. Furthermore, this issue is compounded
in simple symmetric rings, where demagnetizing fields do not
depend on the applied field direction so that the nucleation po-
sition can be poorly defined. This leads to domain wall nucle-
ation and propagation that is dependent on small variations in
the local magnetic properties related to defects or edge rough-
ness [13], leading to a large distribution of the nucleation fields.
So in order to use devices with switching by domain wall nu-
cleation, the dynamics needs to be understood and controlled
and the stability of the vortex state needs to be determined.

In this paper we use tailored asymmetric ferromagnetic
rings that introduce spatial variations to demagnetization fields
and allow us to engineer the position of nucleation events that
occur in particular positions of the ring. Our time-resolved ob-
servation of the nucleation process of domain walls reveals that
the nucleation process runs through the creation of transient
ripplelike structures characterized by periodically alternating
magnetization directions. These previously neglected transient
ripple patterns show a surprisingly high reproducibility and
set the time scale of the nucleation process. Analyzing the
relevant torques acting on the local magnetization reveals that
the position of localized nucleation is not governed by a spatial
distribution of local fluctuations of magnetic anisotropy, but
the geometric shape of the sample allows us to engineer the
nucleation event at a selected position of the ring. Finally,
to ascertain the stability of the vortex state against external
magnetic fields, we employ specially engineered rotating
nucleation fields. We show that in such a setup, the stability
of the vortex state is governed not only by the field strength
but in particular by the relation between the sense of rotation
of the applied field and the chirality of the initial vortex state,
which has previously been neglected.

II. EXPERIMENT

Ferromagnetic NigygFeyo rings with an outer diameter of
5.5 um, aninner diameter of 4 ym, and a thickness of 30 nm are
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FIG. 1. (a) Optical image of the as-prepared sample containing asymmetric rings with 300 nm width in the narrowest part. The ring studied
here is placed below the crossed striplines used to generate in-plane magnetic field. The inset shows the angle notation. (b) The rotating
magnetic field is generated through sinusoidal currents with 90° phase shift in each of the striplines.

prepared by electron beam lithography and a lift-off process.
In order to ascertain the influence of the ring asymmetry on the
nucleation process, a series of asymmetric rings with different
widths in the narrowest part are used, ranging from 100 to
500 nm in 100 nm steps. The field excitation is provided by a
series of copper striplines deposited on top of the asymmetric
ring [Fig. 1(a)] [14,15]. The two crossed striplines allow us
to apply field pulses in any direction in the plane as well as
rotating fields [Fig. 1(b)].

To analyze the reliability of the nucleation event and
reproducibility of the ripple creation, we employ scanning
transmission x-ray microscopy (STXM) [16] at the BESSY
II synchrotron in Berlin. Besides having high temporal and
spatial resolution, we additionally take advantage of the pump
and probe scheme of this setup to determine the reliability. The
samples are periodically excited by magnetic fields with more
than 10° repetitions during the recording of a movie. Thus,
the grayscale of resulting magnetic contrast naturally carries
information on the reproducibility and reliability of dynamical
processes, which is a key to studying the applicability
for devices. X-ray magnetic circular dichroism (XMCD) is
used as a contrast method to detect surface magnetization.
This contrast mechanism is sensitive to the magnetization
component parallel to the wave vector of incident light [17].
Since for in-plane magnetized samples and normal incidence
of the circularly polarized light this component is zero, we tilt
the whole setup vertically with respect to the beam by 30 deg.
Thus, the resulting magnetic contrast is proportional to the
horizontal component of magnetization.

III. RESULTS

We start by investigating domain wall nucleation dynamics
using a uniform magnetic field pulse along a selected direction.
This leads to a switching from the vortex to the onion state
presented in Fig. 2. As seen, the whole switching event runs as
a series of three successive magnetization processes. First, we
see the (i) development of ripplelike magnetization pattern
[see Fig. 2(b)], which is proceeded by the (ii) formation
of two domain walls and reverse magnetization domain
[Fig. 2(c)] followed by (iii) domain wall propagation towards
the field direction in order to minimize the Zeeman energy

[Figs. 2(d)-2(f)]. Therefore, the overall reproducibility of the
switching process from the vortex to the onion state in given
by reliability of all the involved processes.

The process of domain wall nucleation starts by the abrupt
perturbation of the circular magnetization direction occurring
ataposition of approximately 30 deg [see t = 4 nsinFig. 2(b)].
In this position the local magnetization spontaneously splits
into small regions with alternating radial components of
the magnetization, resulting in the appearance of transient
ripplelike structures. Such metastable magnetization states
have previously been studied statically or on slow time scales
and are referred to as concertina pattern, or as an oscillatory
buckling mode [18-20]. They consist of interacting low-angle
Néel domain walls that stabilize their mutual distance by
dipolar interactions [19]. A perpendicular orientation of ripples
with respect to the average magnetization can be explained by
smaller surface magnetic charges as compared to a longitudinal
orientation. The appearance of magnetic ripples is sometimes
expected to result from local magnetic anisotropy variations
[21,22] characteristic for polycrystalline deposited thin films
or resulting from edge roughness. However, micromagnetic
simulations and theoretical calculations [19,21] show that
metastable ripples can have a largely magnetostatic origin as
well. As shown in Fig. 2(b), the spatial orientation of the ripples
leads to enhanced periodicity for a smaller effective width of
ring, which agrees with previous observations in wires with
varying cross sections [23,24].

As seen in Fig. 2, the reproducibilities of the processes in-
volved differ. Interestingly, the transient ripples magnetization
pattern exhibits higher reproducibility than the formation of the
domain walls. While the boundaries of ripples are well visible
and separated [Fig. 2(b)], the spin dynamics during domain
wall generation in Fig. 2(c) leads to a monotonous blurred
contrast in the whole half-ring. Such poor reproducibility of the
domain wall formation is then also responsible for fluctuations
of the time at which both domain walls align with a field
direction. This can be observed as the progressive increase of
grayscale contrast of the vortex wall [Figs. 2(d)-2(f)], while
the apparent position of domain wall does not change. As seen
in Fig. 2, the development of ripples and their transformation
to domain walls [Figs. 2(a)-2(d)] takes more than one half of
the overall switching time (30 ns), thus governing the overall
switching time [Fig. 2(c)]. Therefore, the initial stages of the
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FIG. 2. (a)—(f) Switching from the vortex by the creation of the onion state by a pulse of a static magnetic field with an amplitude of
2.6 kA /m. The ferromagnetic ring with 100 nm width in the narrowest part is used for the experiment. The magnetization direction contrast is
shown by arrows at the bottom. The magnetization direction in the domains (domain wall) is depicted by dashed arrows (white arrows) in (f).
(g) The excitation process consists of applying a 37 ns long nucleation field pulse for the switching to the onion state. This is then followed by

the switching back into the vortex state with the original chirality to enable a pump-probe measurement (not shown).

switching (development of ripples and formation of domain
walls) are the most important factors that influence the overall
reproducibility and time scales of the switching process from
the vortex to the onion state.

Having established the dynamics of the wall nucleation,
we next probe the stability of the vortex state. To this end
we use magnetic fields in all directions, which is realized
by a rotating magnetic field. Figures 3 and 4 compare the
switching process from an initially CCW magnetized vortex
state by using CW and CCW nucleating field rotation with
the same field amplitude. For a CW rotating magnetic field
[Fig. 3(a)], the process of domain wall creation runs through
the asymmetric appearance of a ripplelike structure, similarly
to Fig. 2(b) in the half-ring magnetized in the opposite direction
with respect to the applied field. Magnetic ripples spread across
arelatively large area of 4 um in the energetically unfavorable
half of the vortex state, until they reach the inner edge of
the ring in the widest part [Figs. 3(b) and 3(c)]. The torque
acting on the magnetic moments is at this position highest
due to the higher curvature of the inner perimeter edge of
the ring as compared to the outer one. Then, the magnetic
ripples lead to the nucleation of the domain wall and a reverse
magnetic domain (black magnetic contrast) that begins to
spread. However, the domain wall never reaches the outer ring
edge, and the reverse domain collapses again [Fig. 3(c)] into
the original vortex state. The collapse of the reversed domain
takes place by radial motion of domain wall towards the inner
edge of the ring. By comparison of domain wall positions
at t+ = 30ns and ¢t = 38 ns, the domain wall velocity can be
estimated to around 40 m/s showing that domain walls can be
displaced by the internal fields surprisingly rapidly. We see that

due to the sense of field rotation and the initial vortex chirality,
the rotating field as it continues to rotate does not stabilize the
reverse domain. Thus the vortex state is particularly resistant
against fields that rotate against the magnetization direction of
its vortex state.

We now flip the rotation direction and rotate the field along
the chirality of the CCW vortex state next. Figure 4 shows
the nucleation event when the sense of the field rotation is the
same as the (CCW) magnetization rotation of the initial vortex
state. The nucleation event starts by a rapid development of
magnetic ripples in the half-ring with magnetization oriented
opposite to the field direction [i.e., around 160 deg position
in Fig. 4(c)]. For this combination of magnetization and field
rotation, the field amplitude is strong enough to lead to a fast
growth of the reversed domain. In the middle of the onion state
formation [Fig. 4(d)] there are one tail-to-tail domain wall
aligned to the field direction and one head-to-head domain
wall in the widest part of the ring. Further relaxation of the
system leads to the onion state formation [Fig. 4(e)], where
both domain walls propagate with a rotating magnetic field
[Fig. 4(f)].

The observed behavior highlights that not only the ampli-
tude and the frequency of rotating nucleation magnetic field,
but a relation between sense of rotation of magnetic field
and vortex chirality must be chosen judiciously in order to
successfully switch from the vortex one to the onion state.
This result has major implications for the design of magnetic
devices employing rotating fields as for instance widely used in
sensors [25], since the influence of the rotation field frequency
on both domain wall dynamics and nucleation process must
be taken into account.

30 ns 38 ns
< =gl (<  —)

FIG. 3. Spin dynamics of the vortex state with CCW circulation driven by CW rotating magnetic field with an amplitude of 3.2 kA/m
at 10 MHz frequency. A ferromagnetic ring with 300 nm width in the narrowest part is used for observation. (a) Initial vortex state of the
magnetization configuration. (b) Ripples are formed preferably at the part of the ring that needs to change the magnetization direction during
the switching. (c) DW nucleation and simultaneous reversal of part of the ring magnetization starting at the widest part from the inner edge of
the ring structure.
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FIG. 4. Formation of the onion state by CCW field rotation. The ring is initially in vortex state with CCW magnetization. (a)—(d) Ripple
formation and nucleation of domain walls. (e) and (f) The rotation of the walls after the onion state is nucleated. Observation is performed
using ferromagnetic ring with 300 nm in the narrowest part. Excitation is done by magnetic field (depicted by black arrow) with the amplitude

of 3.2 kA/m and 10 MHz frequency.

Finally, we analyze the nucleation event theoretically to
understand the origin of the dynamics including in particular
the position where it occurs. We examine the relevant magnetic
torques acting on the local magnetization. If an external
magnetic field Hexerna 1S applied to a ferromagnetic ring in
the vortex state, the local magnetization M experiences a
torque, which rotates the magnetization to align it with the
local effective magnetic field:

T =—yM X (Hexeh + Hstray + Hexternal) = —yY M X Hegy.
(H

Thus, the local torque acting on the magnetization depends
on the strength of the local effective field (H.s) and the angle of
misalignment. For ferromagnetic rings in the vortex state, both
vary as a function of the position. While the direction of the
exchange and external fields are relatively straightforward, the
stray fields are given by surface magnetic charges generated
by magnetic moments misaligned from the circular direction
parallel to the outer ring perimeter. Moreover, if a rotating
field is used, the spatial distribution of the stray field is time
dependent and due to the complex shape of ring structure,
it cannot be estimated analytically. So to understand the role
of asymmetric ring geometry [9] in the nucleation process, a

series of micromagnetic simulations have been carried out to
spatially resolve the effective field and the resulting torque.

Figure 5 compares time evolution of magnetization dy-
namics and relevant local effective magnetic fields during
the nucleation process. At the beginning of the field rotation
[Fig. 5(a) at t = 20ns], the effective field is perpendicular to
the local magnetization only along the field direction, which
could lead to a largest torque at this position. However, the
amplitude of the effective field is minimal there. Our analyses
show that the position of highest torque in the vortex state is
misaligned from the applied field direction and it is situated in
the energetically unfavorable half-ring with opposite direction
of magnetization with respect to the applied field [see black
ellipses in Fig. 5(b)]. Thus, the maximum of torque in the
system is not at the position of a 90 deg angle of misalignment,
but dominated by the high amplitude of the effective field,
which originates from the stray field that emerges from the
particular shape of the sample and can thus be tuned by the
shape.

As we have seen, the nucleation process of the onion state
starts by the ripple formation and the consequent formation
of two domain walls [ = 31—37ns in Fig. 5(a)]. Residual
domains with the magnetization aligned antiparallel [blue
color in Fig. 5(a) at t = 37ns] to the CCW magnetization
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FIG. 5. Micromagnetic simulation of the domain wall nucleation by 10 MHz counterclockwise rotating magnetic field in an asymmetric
ring with 500 nm width in the narrowest part. The amplitude of the nucleation field is 2 kA /m and the starting angle of the magnetic field is
90°. The orientation of the local fields is depicted by the direction of black arrows, while the field amplitude is imaged by the length of the
arrows. (a) Time evolution of magnetization dynamics. (b) Snapshots of the effective field. The position of maximum torque is indicated by a

black ellipse.
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FIG. 6. Location of ripple creation as a function of CCW rotating
field amplitude and ring asymmetry. Simulation and experimental
data are obtained from the nucleation events originating from the
rotating field. We use the angle definition from Fig. 1(a). The starting
orientation of the nucleation field is 90°.

impede the formation of the onion state. These residual do-
mains are then annihilated over 12 ns and the further evolution
of the onion state formation is characterized by the relaxation
of both domain walls towards the field direction. Thus, the
development of magnetic ripples and the transformation into
the stable domain wall structure takes more than 80% of total
nucleation time and thus these previously neglected processes
govern the time scale of the whole switching event. It is
worth noting that even when changing the asymmetry of
ferromagnetic rings, the ripple creation and development of
domain wall spin structure take approximately the same time.

As noted above, the position of the ripple creation, and
thus, the nucleation event is never aligned with an external
field direction. Figure 6 systematically compares the position
of ripple creation for several combinations of frequencies and
amplitudes of field rotation. As seen, for a given frequency,
the higher amplitude of the rotating field results in faster
ripple creation after field excitation, and thus, the nucleation
event occurs at lower angles. Changes of the position of
ripple creation with varying frequency are however not very
significant. The same behavior can be seen when varying the
asymmetry of rings. For a smaller asymmetry of rings (i.e., the
width in the narrowest part is larger), the position of nucleation
event occurs at smaller angles. As noted above, the nucleation
process of domain walls and the development of magnetization
ripples is governed mostly by stray fields emanating from
the curvature of the ring structure, so the effect of varying
ring asymmetry on location of ripples creation is negligible
as the curvature of structure is not changed significantly by
changing the width of the narrower and wider part of the ring.
The total nucleation time of the onion state is not strongly
dependent on the ring asymmetry either, since the processes

PHYSICAL REVIEW B 94, 024435 (2016)

occurring during the nucleation are similar and both domain
walls have to propagate along the same total distance (one
half of a ring perimeter). Thus, the total nucleation time is
mostly given by the amplitude of the driving field and not by
the geometry at least within our probed range. So for potential
applications requiring a localized nucleation with high spatial
precision, this must be taken into account and by tuning the
external field and the geometry the nucleation spots can be
engineered.

IV. CONCLUSION

In conclusion, we determine the dynamics of the switch-
ing processes occurring associated with the nucleation of
domain walls. We study in particular the vortex to the
onion state switching in asymmetric ferromagnetic rings using
unidirectional field pulses and rotating fields. Time-resolved
observation of this switching from the vortex state to the
onion state reveals that the process of domain wall nucleation
runs through creation of a transient ripplelike magnetization
pattern. Such a magnetization pattern is characterized by high
reproducibility and long lifetime, thus governing the time of
the overall switching process. By comparing different field
sequences, we show that the vortex state is particularly resistant
to a field that rotates against the magnetization direction
of the initial vortex state. By analyzing the effective fields
in micromagnetic simulations we show that the nucleation
event occurs in the energetically unfavorable half-ring and its
position is given by stray fields emerging from the sample
shape. Our results show that the nucleation while being very
reproducible depends in a complex fashion on the shape and
details of the external field. This means that one needs to
take into account all these factors to understand the switching,
which however then allows one to actually engineer the
switching dynamics. As curved geometries are widely used
for instance in sensor devices based on domain our results
represent a key step for the design of such future devices.
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