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Antivortex domain walls observed in permalloy rings via magnetic force microscopy
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Magnetic domain walls in patterned permalloy ring elements of different widths and thicknesses have been
probed by magnetic force microscopy and micromagnetic simulations. We report the experimental observation
of antivortex structures in single-layer magnetic rings, previously only theoretically predicted. Furthermore,
vortex-antivortex chains are observed on occasion in wider rings that prefer a circulating flux closure state. It
is possible that they are pinned transient states of the relaxation path from the magnetically saturated to the
circulating flux closure state. Similar tendencies are seen in micromagnetic simulations implying that vortex-
antivortex pair nucleation and annihilation are fundamental parts of the said relaxation. Finally we present a
phase diagram of different domain-wall configurations as a function of ring width and thickness.
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Microscopic ferromagnetic rings have attracted a broad
interest and are currently the subject of intense research be-
cause they can easily be switched between different domain
configurations with in-plane magnetic fields.'> Furthermore,
the possible magnetic domain configurations can be con-
trolled by varying the ring dimensions. Different types of
magnetic domain walls are known to exist in thin-film rings
and strips: the transverse (symmetric and asymmetric) and
vortex types.®!” Within the class of vortex types, the most
commonly reported one in rings is the single-vortex (V*)
wall structure. In rings, domain walls occur in pairs, consti-
tuting what is known as the onion state.!' The onion state is
typically nucleated upon application and removal of a satu-
rating in-plane magnetic field. In addition, there is the circu-
lating flux (CF) closure state whereby the magnetization
curves along the entire perimeter of the ring.'> Recently, the
two-vortex (2V*) wall structure, which occurs in thicker and
wider rings, was observed by magnetic force microscopy
(MFM)."® Micromagnetic simulations by Park et al.'? also
suggest that walls having both V* and antivortex (V~) struc-
tures (Fig. 1)'*!> may exist in rings but these were not ob-
served experimentally. Similar predictions for magnetic
strips have been made by McMichael and Donahue.® Klaui et
al.'% reported on the transformation of V* to 2V* wall struc-
tures with a V= structure in between in NiFe wires upon
injecting a spin-current. It was recently found by micromag-
netic simulations that formation and annihilation of V*V~
pairs is a fundamental process in nanoscale magnetization
dynamics and that the annihilation can cause burstlike dissi-
pation of exchange energy released as spin waves.!”"!” Such
processes were proposed as the basis for spin-wave radiators
in future logic devices.’® Experimentally, the dynamical
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FIG. 1. Schematic diagrams showing (a) V™ and (b) V* struc-
ture. In the center of each configuration the magnetization tilts out
of plane.
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properties of a V™ trapped in between two V* structures in a
permalloy platelet were measured by Kuepper et al.?!

We report herein the experimental finding of V™ structures
at remanence in single-layer magnetic rings, in particular the
V*V-V* configuration, i.e., two V* structures with a V- in
between (Fig. 4). Furthermore, V*V~ chains are seen on oc-
casion in wider rings. We speculate that that these are tran-
sient states formed during relaxation from magnetic satura-
tion to the CF state but have been pinned due to defects. If
s0, it is possible that the formation of V*V~ pairs is a funda-
mental part of the said relaxation, at least for certain ring
dimensions. In addition, we map remanent configurations as
a function of ring thickness and width.

Arrays of Au(2 nm)/NigyFe,,(L=30,40,50,60,70 nm)
rings were defined on thermally oxidized Si substrates by
electron-beam lithography and lift off. The outer ring diam-
eter was kept constant at 2 um. Arrays in adjacent rows
differed only in ring width w (from 200 to 700 nm in steps of
100 nm). The deposition of the metal layers was carried out
in a single growth run at room temperature by electron-beam
evaporation under ultrahigh vacuum conditions using a shut-
ter mask at a growth rate of approximately 1 A/min moni-
tored by a precalibrated quartz microbalance. The base pres-
sure of the system was 4 X 107'0 mbar, while during the
growth the pressure was maintained at 1 X 10~ mbar. Inter-
ring spacings were kept at 10 wm in all arrays (Fig. 2). The
magnetic microstructure was imaged at remanence by MFM
in the tapping-lift mode, detecting the phase shift. The probe

gn Det WD Exp 1 10um
X __SE 44 1

FIG. 2. (Color online) SEM micrograph of a (w,L)
=(500 nm, 60 nm) ring array with the coordinate system used in
the text marked out.
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tips were commercial low-moment tips, magnetized along
+z. Prior to imaging, all arrays were subjected to a saturating
in-plane magnetic field of 5.2 kOe along +y. Tip perturba-
tions, i.e., effects on the sample’s magnetic structure from
the tip’s stray field, were systematically monitored by scan-
ning along both *y directions and at times by scanning
along different angles and lift heights, /,, varying between
70 and 35 nm. As an aid to interpreting experimental images,
we computed MFM contrast maps from micromagnetically
obtained magnetization distributions and compared to ex-
periment. The magnetization configurations were calculated
using the Object Oriented MicroMagnetic Framework
(0OMMF) package.?? Typical material constants for permalloy
were chosen: 800 kA/m, 13 pJ/m, and O, corresponding to
the saturation magnetization, exchange stiffness constant,
and magnetocrystalline anisotropy constant, respectively.
The discretization cell size was 5 X 5 X Az nm?, where Az is
the thickness of the discretization cell along z [in two-
dimensional (2D) cases Az=L]. All calculations were done at
zero temperature. The procedure for obtaining the static
magnetization distributions was by arranging spins close to
V*, 2V* and V*V-V* configurations, then using the
conjugant-gradient minimization scheme to reach a local en-
ergy minimum. From the magnetic configurations, MFM
contrasts were obtained by calculating the phase shift mea-

sured by the microscope AdDx7-VF,, where 71 is collinear
with the direction of the MFM cantilever oscillation?® and

F,=n-F, where F is the force on the tip. We employed the
point-probe approach,?* using the dipole contribution.?>-?
For simplicity, we let 7=Z (neglecting any tilting of the
cantilever?), i.e., ﬁ'ﬁFn=(ﬁ/ﬁz)Fz. The MFM tip was ap-
proximated by a rigid magnetic point dipole 7, with its mo-
ment solely along +z (m,,=m,,=0), located at the (imagi-
nary) distance . with respect to the tip apex along z. Writing
(9/dz)F. in terms of (#*/dz°H,.), AD is expressed as (in
degrees)?°

Tk

AD =

) 180Q[ -

asz,z]

Moy,
4 (912

where Q=230 is the measured quality factor of the cantile-
ver, k=2.8 N/m is the cantilever spring constant, m, =3
x 1077 Am?, and H,_ is the sample’s stray field. Since the
coating geometry and effective magnetic volume of the tip is
unknown, &, cannot be calculated theoretically and thus acts
as a fitting parameter. However, since we require only a
qualitative determination of the MFM contrast, a systematic
variation in &, was not performed. Furthermore, tip-induced
perturbations were not taken into account in the calculations.
Finally, the scan heights &, were considered large enough so
that each computational cell in the computed magnetization
distribution could be treated as a cell-centered point dipole
(i.e., the field at a point on the MFM scanning plane is the
superposition of dipole fields from all cells).

From three-dimensional (3D) micromagnetic simulations,
we find that the magnetization distributions investigated here
are not homogeneous along z, where the magnetization twists
around the vortex and antivortex cores [Figs. 4(e)—4(g)].
However, resulting differences in computed MFM contrasts
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FIG. 3. (Color online) (a) Experimental MFM image of 2V*
walls in a (w,L)=(400 nm, 60 nm) ring, ~,=55 nm. (b) Com-
puted 2D magnetization distribution with core polarizations marked
out. (¢) Computed MFM contrast of (b), #,=55 nm, §,=40 nm.

from 3D and 2D representations are negligible [Figs. 4(b)
and 4(d)]. Furthermore, specific features, useful to further
clarify the experimental magnetic structure, are the bridge-
like contrasts appearing between regions separating V* and
V= structures. If properly resolved in the experiment, they
can be used to directly determine the core polarization, i.e.,
the direction (*z) of the out-of-plane component in the cen-
ter of a V* and a V- (see Fig. 1). This is demonstrated in Fig.
3. The combination of core polarizations in Fig. 3(b) is the
one resolved in the experiment since it is the only combina-
tion for which the computed bridgelike features [Fig. 3(c)]
match the experimental ones [Fig. 3(a)].

In the experimental procedure, it is important to note that,
for the determination of the stability of the domain walls
(i.e., the range of w, L values where the CF state is not the
preferred one), the sensitivity to the tip’s stray field differs
for various ring sizes. First, as w and L increase, the demag-
netizing energy will increase until domain walls can no
longer be sustained and the CF state is the only one the
system will choose.’® Second, even within the same array,
different rings may have different boundary roughness,
meaning different domain-wall coercivities. It was observed
that some rings were switched into a CF state by the tip and
it is even possible that the tip’s stray field may switch a ring
before it has been imaged. The risk of such cases should
increase as w and/or L increases. Thus, it is difficult to de-
termine the domain-wall stability by MFM without perform-
ing a systematic study of tip effects, using different tips with
various magnetic moments.

We begin by describing the observation of V™ structures in
ring elements. Representative configurations were found for
(w,L)=(400 nm, 60 nm) (Fig. 4). The structure on the top
part of the ring in Fig. 4(a) displays contrast indicative of a
V*V-V* structure.'*!> Indeed, setting a configuration in the
micromagnetic simulations close to a V*V~V* distribution on
the top part (and a 2V* wall at the bottom) and putting the
core polarizations appropriately, the resulting local minimum
state [Fig. 4(b)] is in excellent agreement with the MFM
image [Fig. 4(a)]. Here, the V*V-V* configuration and a 2V*
wall coexist in the same ring, which was the case for the
majority of observations with V*V~V* structures. Scanning at
various angles and lift heights did not alter or erase this
structure. We thus verify through this direct observation pre-
vious predictions of the occurrence of V™ structures in ring
elements.'> Comparisons made between Figs. 4(c) and 4(d)
enable us to assign the correct core polarization to the ex-
perimental image. Instances of the pure case with two
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FIG. 4. (Color online) (a) Experimental MFM image of a (w,L)=(400 nm, 60 nm) ring with a V*V~V* configuration on the top part
and a 2V* wall on the bottom part, 1,=35 nm. (b) Corresponding 2D magnetization distribution superimposed on the computed MFM
contrast (2D) (h,=35 nm, &,=40 nm). (c) Blow up of the V*V-V* structure in (a). (d) Computed MFM contrast from 3D calculation
(h,=35 nm and 6,=40 nm) with core polarizations marked out assigned to (c). (e)—(g) The magnetization distribution around the vortex/
antivortex cores of the V*V~V* structure on the top, middle, and bottom plane, respectively, of the 3D calculation.

V+*V-V* structures were scarce. Either states with two 2V*
wall structures (such as in Fig. 3) or the case in Fig. 4 were
observed for this ring size. Comparing computed energies
between the states in Fig. 3(b) and Fig. 4(b) we find the
former to be ~3.6 percent lower in energy, meaning the 2V*
wall structures are slightly preferred for this ring size. For
L=50 nm and 200=w =400 nm, we find predominately
V* walls in each ring (similar to Ref. 13). A tendency starts
toward 2V* wall structures for L>50 nm and 200=w
=500 nm with the special cases of V*V~V* configurations at
(w,L)=(400 nm, 60 nm). Interestingly, clear cases as in
Fig. 4 are only found for rings with (w,L)

=(400 nm, 60 nm). This does not necessarily mean that it
is an isolated (w, L) point, but can also mean a narrow (w,L)
range for such structures. Therefore, a refinement of (w,L)
steps is necessary to resolve this matter. At (w,L)
=(500 nm, 50 nm) we start to see V* and 2V* wall struc-
tures trapped in the same rings, indicating that we are close
to a boundary line in the magnetic phase diagram. This
makes the domain walls more sensitive to tip perturbations.
However, once formed, the walls do not transform due to tip
effects (excluding cases when a ring is pushed into the CF
state). For rings of w=600 nm it is noticed that the occur-
rence of CF states increases dramatically to the point of
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FIG. 5. (Color online) Experimental MFM images of V*V~ chains in (a) (w,L)=(600 nm, 50 nm). (b) (w,L)=(700 nm, 40 nm). (c)
(w,L)=(700 nm, 50 nm). (d) Snapshot of a simulated magnetization configuration in the ring in (c) during relaxation to the CF state with

its computed MFM contrast, discretization: 4 X4 X L nm?.
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domination and observations of V*, 2V* and V'V V* wall
structures are rare. This is supported by micromagnetic com-
putations whereby for w=600 nm, only three ring
dimensions—(w,L)=(600 nm, 30 nm), (600 nm, 40 nm),
and (700 nm, 30 nm) having V*, 2V*, and V* wall structures,
respectively—were sustainable. Experimentally, we do find
corresponding occurrences as seen in the simulations for
such wide rings, although since they are very easily switched
to CF states by the tip (making it difficult to conclude the
dominant type of domain wall) we assign to them the CF
state with respect to the MFM tip. Moreover, fascinating
configurations comprised of V*V~ chains are found on occa-
sion in (w=700 nm, L=40,50 nm) and (w=600 nm, L
=50 nm) rings (Fig. 5), although the majority of them are in
the CF state, as also found in the micromagnetic simulations.
We simulated the relaxation from saturation to the CF state
for a (w=700 nm, L=50 nm) ring [first saturating along
+y with 5.2 kOe (a=0.9), then relaxing in zero field («
=0.1), solving the Landau-Lifshitz equations]. A snapshot
during the relaxation is shown in Fig. 5(d). Notice the for-
mation of V*V~ pairs, similar to Fig. 5(c). Therefore, we
propose that these observed configurations are transient
states that have been pinned by defects when relaxing from
saturation to the CF state. If so, then they are snapshots of
part of the relaxation process. Elaborating on this idea, it is
then possible that formation and annihilation of V*V~ pairs
plays a fundamental role in the relaxation process, at least for
these wide rings. The observed domain-wall types in the on-
ion state as a function of w and L are shown in Fig. 6.
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FIG. 6. (Color online) Observed states as a function of
(w,L).

In summary, we have experimentally verified the occur-
rence of the predicted V™ wall structures in single-layer ring
elements. Furthermore, observations of V*V~ chains in wider
rings opens the possibility that formation and annihilation of
V*V~ pairs constitute fundamental parts of the relaxation
path from the saturated to CF state at least for the ring sizes
in Fig. 5. Finally, a phase diagram of different onion-state
domain walls as a function of w and L is presented.
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