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Head-to-head domain-wall phase diagram in mesoscopic ring magnets
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The nanoscale spin structure of head-to-head domain walls in mesoscopic ferromagnetic rings has
been studied by high-resolution nonintrusive photoemission electron microscopy as a function of
both ring width (100ï730 nm) and fil thickness (2ï38 nm). Depending on the geometry, two types
of head-to-head domain walls are found (vortex and transverse walls). The experimental phase
diagram, which identifie the transition between the wall types, is compared to analytical
calculations of the energy and micromagnetic simulations, which are found to agree well with the
experimental results.
Domain walls are one of the fundamental features of
magnetic systems and although a reasonably good under-
standing of the different types of domain walls occurring in
the bulk and continuous film (Bloch, N®el, etc.)1 has been
developed, domain walls that are geometrically confine in
magnetic nanostructures have only recently become the fo-
cus of intense interest.2ï5 Due to geometrical constraints, dif-
ferent types of walls (such as 180Á head-to-head walls) oc-
cur, and the spin structure of these walls can be dominated
by the geometry rather than by the material properties as in
the case of the bulk.3,5ï9 This means that the domain-wall
properties can be easily tailored by changing the geometrical
parameters, and also by, e.g., including notches.8,10 From a
fundamental physical point of view, the domain-wall types
result from a minimization of the energetics governing the
magnetization configuration in small magnetic structures
(exchange, magnetostatic, and anisotropy). Thus, studying
the geometry dependence of the domain-wall types, provides
a deeper insight into the interplay between the different en-
ergy terms. Micromagnetic calculations allow these energy
contributions to be quantifie and comparison with the ex-
periment leads to a better understanding of the energy land-
scape involved (the formation of domain walls sometimes
includes nucleation or pinning processes, which leads to
multiple local energy minima). Theoretically, two types of
head-to-head domain walls (transverse walls and vortex
walls) were predicted and systematically studied by
McMichael and Donahue11 but so far no systematic experi-
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mental results have been made available for comparison and
to check the validity of the calculations.

From an applications point of view, spintronic devices
with switching via current-induced (rather than fiel in-
duced) head-to-head domain-wall propagation are currently
being heavily investigated, since they entail simple fabrica-
tion combined with possible fast and reliable switching.12,13

The performance of these devices depends crucially on the
type and spin structure of the domain walls and thus a thor-
ough understanding of the domain-wall evolution with
changing geometrical parameters is necessary to develop and
optimize these devices.

To study the transition between the two types of head-
to-head domain walls, ring structures are a useful geometry
since they allow the creation and selective positioning of
domain walls by saturating a ring along a certain direction.
After relaxing the fiel to remanence, most rings will exhibit
a head-to-head and a tail-to-tail wall positioned along the
direction the fiel was applied.2,14ï16 This magnetization con-
figuratio has been termed the ñonionò state and is found to
be a stable state in rings in addition to the flux-closur vortex
state.2,7,14ï16 This straightforward manipulation of domain
walls in rings is in sharp contrast to the case of straight
geometries, where it is difficul to control the position of a
domain wall using a uniform external field Our method of
creating the domain walls yields very reproducible domain-
wall types, which we confirme here by establishing that the
domain-wall types are always the same for a certain ring
geometry even if the fiel is applied along different direc-
tions. Other methods, such as injecting domain walls from
pads into straight wires with constrictions to pin the domain
walls, have shown to sometimes yield different domain-wall

spin structures for the same wire geometry, depending on the

http://apl.aip.org/
http://kops.ub.uni-konstanz.de/volltexte/2011/12636
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-126367


5638
exact geometry of the constriction and also on the shape and
connection of the wire and pad.17

In this letter, we report the results of a combined experi-
mental and theoretical study of the transition between the
vortex and transverse wall types as a function of the geo-
metrical parameters. We show that the transition can be ex-
plained by the interplay of the energy terms involved, and
comparison with micromagnetic simulations and analytical
calculations allows us to evaluate the energy landscape.

Arrays of polycrystalline Co rings with 1.65 mm outer
diameter, widths W of 110 nmï730 nm, and thicknesses t
between 2 nm and 38 nm were fabricated by electron-beam
lithography with lift off as described in Refs. 18 and 19. An
edge-to-edge spacing of 3.5 mm was used in order to prevent
dipolar interactions. A scanning electron microscopy image
of rings fabricated with this technique (albeit with a narrower
spacing, which allows us to show a number of rings with
high resolution) is presented in Fig. 1(a). To determine the
domain-wall type, the ring arrays were directly imaged with
nonintrusive x-ray magnetic circular dichroism photoemis-
sion electron microscopy (X-PEEM). In X-PEEM, the yield
of secondary electrons created by excitation with circularly
polarized light depends on the dot product P ĿM of the he-
licity P and the magnetization direction M. The secondary
electrons are used for imaging by a photoemission electron
microscope (PEEM) and the yield difference is visible as
magnetic contrast in the images.20 To understand the contri-
bution of the different energy terms, micromagnetic simula-
tions were computed using the OOMMF21 package. The pa-
rameters used are: Ms=14243103 A/m, A=3.3
310ī11 J /m, a damping constant of 0.01, and a cell size of
2ï5 nm. In Fig. 1(b), a PEEM image and the corresponding
micromagnetic simulation of a narrow and thin ring exhibit-
ing transverse walls are shown. The triangular structure char-
acteristic of a transverse wall is clearly visible and compari-
son with the micromagnetic simulation yields good
agreement. Compared with transverse walls in straight wires,
where the triangular structure is symmetry breaking and thus
prone to irregularities,11 here, the symmetry-breaking curva-
ture removes this extra degree of freedom leading to a very
reproducible spin structure. As seen in Fig. 1(c), a wide and
thick ring exhibits vortex walls. The vortex structure leads to
an unambiguous circular blackïwhite contrast that allows us
to easily identify this type of wall. Again, micromagnetic
simulations reproduce the spin structure very well.

The geometry dependence of the domain-wall type is

FIG. 1. (a) Scanning electron microscopy image of part of an array of
polycrystalline Co rings (outer diameter D=1.65 mm, width W=530 nm and
thickness t=34 nm). High-resolution PEEM images and corresponding mi-
cromagnetic simulations of parts of Co rings with W=260 nm, t=10 nm
exhibiting transverse walls (b) and W=350 nm, t=34 nm exhibiting vortex
walls (c). The greyscale bar and the arrows indicate the magnetization
directions.
determined by the interplay between the different contribut-
ing energy terms: Exchange, magnetostatic (stray fiel ), and
magenetocrystalline anisotropy (which is averaged out to
zero in these polycrystalline rings). Comparing the two
domain-wall types qualitatively, it is obvious that the trans-
verse wall has a high stray-fiel energy, while the vortex wall
has less stray fiel but it has a vortex core, which is highly
energetic due to the exchange interaction between strongly
twisted spins. Since the exchange energy is linear in the fil
thickness, while the stray-fiel energy increases quadratically
with fil thickness, thin film favor transverse walls, while
in thick-fil structures vortex walls are expected.11 More-
over, the stray fiel energy of the transverse wall increases
more strongly with increasing width than the exchange en-
ergy of the vortex wall; so that narrow rings exhibit trans-
verse walls, while in wide rings vortex walls are expected.11

Since our micromagnetic simulations suggest that the
curvature of the ring (effectively the outer diameter) has little
influenc on the wall type for the geometries investigated
here (which allows us to compare our experimental results to
calculations for, e.g., straight geometries), we have fixe the
outer diameter to 1.65 mm and varied the other two geo-
metrical parameters, which are fil thickness and ring width.
The analysis of the spin structure of ring arrays with 40
different combinations of thickness and width leads to the
quantitative phase diagram of the transition between vortex
and transverse walls shown in Fig. 2(a), where indeed trans-
verse walls are observed for thin and narrow rings and vortex
walls for wide and thick rings. In Fig. 2(b), the experimental
phase boundary (black solid line) is compared with a theo-
retical calculation (black dotted line). In the theoretical cal-
culation according to Ref. 11, the energy for a vortex and a
transverse wall is computed for a given geometry and the
phase boundary where both energies become equal is found
to be of the form t3W=C3d2 with d as the exchange

FIG. 2. (a) Experimental phase diagram for polycrystalline Co rings with
outer diameter D=1.65 mm (squares: Transverse walls, crosses: Vortex
walls, black solid curve: Phase boundary between the two wall types as a
guide for the eye). The vertical line at 825 nm indicates the geometrical
boundary between rings and disks and the widths and thicknesses are also
given universally scaled to W/d and t /d sd=3.6 nmd. (b) The experimental
phase boundary (black solid curve) is shown together with the theoretical
calculation of the boundary where the energies of the two wall types are
equal (black dotted line as calculated from Ref. 11) and the phase boundary
obtained from micromagnetic simulations of the wall types found after
quasi-static relaxation of an applied fiel (black dashed line). The differ-
ences can be understood by looking at the four regions separated by the
three lines: (i) The transverse wall is the lowest-energy configuration (ii)
the vortex wall is the lowest-energy configuratio but the transverse wall
constitutes a local energy minimum; (iii) the vortex wall is the lowest-
energy configuration the transverse wall constitutes a local energy mini-
mum, and the energy barrier in between is small enough so it can be over-
come by thermal fluctuations and (iv) the vortex wall is the lowest-energy
configuratio and the transverse wall does not constitute an energy
minimum.
length and C as a universal constant. With the exchange
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length calculated as d=ÎA/m03Ms
2 for cobalt using the

constants mentioned above and C from Ref. 11, it can be
seen that the theoretical phase boundary has qualitatively the
same shape as the experimental one, but the transition from
transverse to vortex walls occurs in the experiment for much
higher thicknesses and larger widths than theoretically pre-
dicted. To understand the discrepancy, we have to take into
account the fact that in the theoretical calculation the total
energies of the two wall types were computed and compared
for a certain geometry, while in the experiment the wall
formed after relaxing the fiel from saturation is observed
(which might not necessarily constitute the lowest-energy
configuratio ). When the fiel is relaxed, the firs accessible
energy minimum is the transverse wall, which is formed re-
versibly from saturation.8 The formation of the vortex wall
requires the nucleation of a vortex core and it is well known
that vortex nucleation occurs hysteretically,8,22 i.e., involving
an energy landscape with different local energy minima
separated by energy barriers. Since in most rings the global
energy minimum at remanence is not the onion state but the
flux-closur vortex state, we cannot obtain the onion state
with the head-to-head walls with the lowest energy by de-
magnetizing the sample. Thus, the experimentally relevant
wall type in the onion state is obtained after relaxing the fiel
as done here. From this, it is clear that in order to reproduce
the experimental results we have to model the experimental
procedure by computing the wall type found in a ring after
relaxing an applied field rather than by looking at the total
energy of the two domain-wall types for a given geometry.
To simulate the quasi-static relaxation of the fiel to zero, we
have reduced the fiel in steps (20 steps from 10 kOe to 1
kOe, 20 steps from 1 kOe to 100 Oe, and 50 steps from 100
Oe to 0 Oe) and waited after each step until the maximum
torque was below 10ī4 (if the fiel is relaxed from 10 kOe to
zero in a single fiel step, dynamic effects may lead to wrong
results). For some geometries, we checked that neither reduc-
ing the cell size, nor using half rings with just one wall,
changes the resulting wall type. The phase boundary com-
puted this way is shown as the dashed black line in Fig. 2(b)
and it reproduces the experimental results very closely. It is
shifted to slightly larger thicknesses and widths compared to
the experimentally found boundary (full line). If significant
a possible reason for the shift might lie in the fact that the
simulations were carried out at 0 K, while the experiments
on the other hand were carried out at room temperature,
where for certain geometries thermal excitations can over-
come small energy barriers and thus switch the transverse
wall (which constitutes a local energy minimum) to the vor-
tex wall (which is the lower-energy minimum) for suffi
ciently small energy barriers.23 Other effects that might con-
tribute to this shift are, e.g., defects such as edge roughness,
which are not included in the model, though we would ex-
pect that defects rather shift the experimental boundary up
(contrary to what we observe). To clarify this, further tem-
perature dependent measurements and simulations are
needed.

In conclusion, we have studied the phase transition from
vortex to transverse walls experimentally and theoretically
for micrometer-sized polycrystalline Co rings. Comparison
of the experimental phase diagram with analytical calcula-

tions of the total energy of the different domain-wall types
for a certain geometry, shows qualitatively similar phase
boundaries. The absolute values for the critical width and
thickness for the transition are much higher in the experi-
ment since the formation of vortex walls entails a vortex core
nucleation and hence local energy minima for both wall
types separated by an energy barrier. Micromagnetic simula-
tions of the experimental procedure (quasi-static fiel reduc-
tion) reproduce the experimental values very closely and the
small differences could be due to thermal exciations indicat-
ing the energy barrier heights between the different wall
types.
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