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It has been proposed that two bits could be stored in magnetic dots exhibiting a flux-closure
state, one bit in the chirality, another one in the core of the magnetic vortex. We go one step
further, and show numerically and experimentally that three bits can be stored in an elongated dot.
In this case the binary vortex is replaced by a domain wall displaying an extra degree of freedom,
beyond its up-or-down core: the direction of Néel caps existing at both surfaces. We demonstrate
the controlled switching of Néel caps under a magnetic field, without affecting the other two degrees
of freedom.

Data storage relies on the handling of two states, called
bits or ’0’ and ’1’. In magnetoelectronic devices bits are
stored using two directions of magnetization in nanoscale
bistable domains. In hard-disk drives these are writ-
ten in granular continuous thin films, while in solid-state
Magnetic Random Access Memories (MRAMs) bits rely
on single-domain flat dots patterned with lithography[1].
While miniaturisation is the conventional way to fuel the
continuous increase of device density, disruptive solution
are also sought. For patterned dots, e.g. disk-shaped,
it has been proposed that bits could be stored in dots
displaying a flux-closure magnetic state[2, 3]. Let us
illustrate this by considering a flat dot with a square
base (this discussion also applies qualitatively to the more
common case of a disk-shaped dot). In a flat dot the
magnetization lies in-the-plane and curls to follow the
edges and close the magnetic flux lines, which reduces
the dipolar energy (Fig. 1a-b). The chirality of the curl-
ing can be clockwise or anticlockwise, which provides one
degree of freedom[2], or bit in terms of storage. In the
very center of the dot the magnetization points out-of-
the-plane, in order to lift the divergence of the exchange
energy that would otherwise occur owing to the curling
of magnetization. This central region is called a mag-
netic vortex and has a diameter roughly equal to ten
nanometers[4]. The vortex can equally point upwards or
downwards, defining its polarity which provides the sec-
ond degree of freedom[3]. This flux-closure state is called
a vortex state, and thus contains two micromagnetic de-
grees of freedom: the chirality and the polarity of the
vortex. The prospect of using the vortex state as a two-
bits recording cell has triggered a fast-increasing number
of studies concerning the manipulation of the two degrees
of freedom. The chirality can be controlled during mag-
netic hysteresis by e.g. introducing some asymmetry in
the shape of the dot[5]. The core polarity can be switched
using an out-of-plane magnetic field (≈ 0.4 T) without af-
fecting the vorticity[6]. Recently it was shown that this
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value can be significantly lowered, down to 1 mT, by ap-
plying the field as nanosecond-time-scale in-plane burst.
This value is perfectly relevant for devices[7, 8]. Thus the
two degrees of freedom in a micromagnetic vortex state
might be used as two independent bits for fast, low con-
sumption and high density solid-state magnetic devices
in the future.

In this Letter we report a novel magnetization switch-
ing process within the domain wall of sub-micron-sized
dots. This fundamental investigation has been achieved
combining high-resolution magnetic imaging and micro-
magnetic simulations. With respect to the studies men-
tioned above we consider a modified design based on an
elongated dot. In the case of elongated dots the vortex is
replaced by a Bloch domain wall. This wall displays an
extra degree freedom beyond the up-or-down polarity of
its core: the direction of magnetization in the so-called
Néel caps found at both surfaces at the vertical of the
wall. These are well-known features of Bloch walls in
thin films, which occur to decrease the magnetostatic en-
ergy. We demonstrate that this third degree of freedom
can be switched under the application of a magnetic field
applied along the in-plane short axis of the dot, without
affecting the other two degrees of freedom. Thus based
on this new switching process three bits, i.e. implying
eight independent micromagnetic states, could in princi-
ple be stored in a single magnetic dot.

The sample consists of epitaxial micron-sized self-
assembled Fe(110) dots. These were fabricated us-
ing UHV pulsed-laser deposition on Al203(1120) wafers
buffered with a high-quality layer of W(110). The dots
display atomically-smooth facets. The anisotropy of the
surface energy of these facets results in the dot elongation
parallel to the in-plane crystallographic direction [001].
Details can be found elsewhere[9]. The growth tempera-
ture (450 ◦C) and nominal thickness (10 nm) were chosen
so that the average length, width and height of the dots
are 1 µm, 0.5 µm and 0.1 µm, respectively. The dots were
capped in situ with 0.7 nm-thick Mo followed by a 2.5 nm-
thick Au layer to prevent oxidation during the transfer in
air between the growth chamber and the magnetic imag-
ing setup.
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Fig. 1: 3D and cross section views of a so-called vortex state
in a square magnetic dot (a and b, 500 × 500 × 50 nm) and
of a so-called Landau state in a rectangular magnetic dot (c
and d, 700 × 500 × 50 nm). Only volumes with normalized
perpendicular magnetization |mz| > 0.5 are displayed, which
highlights the vortex and the domain wall. In (a-b) the map
of mz at mid-height is also shown, and the in-plane curling
of magnetization is indicated by white arrows. (e) Schematic
view of a domain wall of Bloch type, terminated by a Néel cap
at each surface. The magnetization is opposite in the top and
bottom Néel caps, and points along the ±y axes i.e. across
the plane of the wall.

The high-resolution imaging experiments were per-
formed on the Nanospectroscopy beamline (Elet-
tra, Italy), using an Elmitec GmbH commercial
LEEM/PEEM microscope (LEEM V). In the Low En-
ergy Electron Microscopy (LEEM) mode[10], the topo-
graphical features of the studied objects is revealed with a
lateral resolution better than 10 nm. In the X-ray Photo-
Emission Electron Microscope (XPEEM) mode the mi-
croscope collects the total yield of secondary electrons
emitted from the surface sample upon the absorption of
the X-rays at a given element absorption edge. The spa-
tial resolution of XPEEM is here 25 nm, with a maxi-
mum probing depth of 10 nm. We used XMCD-PEEM
(X-Ray Magnetic Circular Dichroism) at the Fe L3 edge
(hν = 707 eV) where the difference of electron yield be-
tween opposite helicities of the X-rays is proportional to
the dot product of the magnetization and the direction
of the incoming circularly-polarized X-ray beam[11]. In
our setup, the X-rays are incident on the sample at an
angle of 16◦ from the surface, enabling to image mostly
the in-plane component of magnetization.

The micromagnetic simulations were performed using
GL FFT, a custom-developed code[12] based on a finite-
differences scheme, i.e. the sample is discretized with

a regular array of prisms. The magnetization vector at
each node is estimated as a second-order interpolation of
the vector field between the cell and its nearest neigh-
bors, so that the spatial variation of volume charges can
be described linearly, not step-wise[13]. In practice the
dots were divided into cells with uniform lateral and ver-
tical size ∆x = ∆y = 3.9 nm and ∆z = 3.1 nm, respec-
tively. Due to their large thickness and their full strain
relaxation the dots are expected to be free from finite-size
effects, and bulk magnetic properties of Fe at 300 K have
been used accordingly: magneto-cristalline fourth-order
anisotropy constant K1 = 4.8 × 104 J/m3, exchange en-
ergy A = 2 × 10−11 J/m and spontaneous magnetization
Ms = 1.73 × 106 A/m.

Fig. 1c-d illustrate the micromagnetic configuration of
a dot with an elongated shape. Compared with dots with
a high symmetry (Fig. 1a-b), the vortex is replaced by
a domain wall (DW) aligned in the direction of the long
axis of the dot. For thicknesses larger than a few tens
of nanometers the magnetization in the DW remains in
the plane of the DW and thus perpendicular to the sur-
face of the dot. This arrangement is that of the con-
ventional Bloch wall. However contrary to the text-book
case where a translational invariance is assumed within
the DW plane, here at both top and bottom interfaces
the DW is terminated by an area with in-plane mag-
netization (Fig. 1e)[14, 15]. Such areas are called Néel
caps (NCs). This name was given[16] because their mag-
netization distribution mimics that of a Néel wall, a type
of DW with solely in-plane magnetization that occurs
in ultrathin films[17]. NCs occur to reduce the dipo-
lar energy at surfaces by closing the lines of magnetic
flux above the DW. This overall arrangement is called an
asymmetric Bloch wall. It has been described in detail in
thin films[15] and more recently in dots[18, 19, 20, 21, 22].
It is worth to note that conceptually the asymmetric
Bloch wall can be derived from a vortex without topolog-
ical modifications, by shearing appart its top and bottom
extremities (Fig. 1b,d). In the following we will call these
extremities surface vortices. This way of building a Bloch
wall implies a breaking of symmetry[19], i.e. the top vor-
tex may be moved towards +x or −x. As exemplified in
the following, this symmetry breaking gives rise to two
possible orientations of the top NC, which is thus an ex-
tra degree of freedom that does not exist in a symmetric
dot in a vortex state. Notice that the chirality is still
defined as the curl of the in-plane magnetization around
the DW (e.g. anticlockwise in Fig. 1d), while the mag-
netization in the core of the DW may be either ’up’ or
’down’. Therefore altogether such an elongated dot is
described by three micromagnetic degrees of freedom.

At first, we report the results of micromagnetic simu-
lations in elongated faceted Fe dots (Fig. 2). Their shape
and size are those of the dots investigated experimentally.
For a given in-plane chirality and a polarity of the Bloch
wall, two degenerate ground states exist at zero exter-
nal field, defined by the set of antiparallel NCs. We call
these states after the y-orientation of the bottom and
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Fig. 2: (a) Micromagnetic simulation of the (−,+) and (+,−)
states, as defined with respect to the orientation of the bot-
tom and top Néel caps. Only volumes |my > 0.5 are dis-
played, while positive and negative values appear red and
blue, respectively. (b) Magnetization processes of Néel caps
under Ht > 0 starting from a (+,−) state (c) Schematic
cross-sectional view of magnetization processes starting from
a (+,−) initial state: the final state is (−, +) or (+,−) de-
pending on the sign of the applied field.

top NC respectively, i.e. (−, +) and (+,−) (Fig. 2a).
Starting from a (+,−) state at remanence, a transverse
magnetic field Ht is applied (i.e. along y). Upon ap-
plying a positive Ht no significant change occurs up to
95mT (Fig. 2b). When Ht reaches 100 mT the top sur-
face vortex runs through the entire NC to finally settle
essentially atop the bottom vortex. The two NCs are
then parallel and aligned along the field direction [(+, +)
state]. This arrangement is called an asymmetric Néel

wall, consistent with the findings in thin films that asym-
metric Néel walls are favored against asymmetric Bloch
walls under a transverse field[4, 23]. Upon decreasing Ht

back to zero, no significant change occurs down to 60 mT,
where suddenly the surface vortex runs back to its initial
position [(+,−) state]. Upon decreasing the field towards
negative values the top NC remains unaffected, while it
is now the bottom surface vortex that runs through the
dot, around Ht = −100 mT (Fig. 2c). Again, the system
reaches a magnetic state with two parallel NCs aligned
along the applied field, thus now (−,−). Interestingly,
when Ht is reduced back to zero it is again the top NC
that switches back. This leaves a (−, +) state at rema-
nence, i.e. opposite to the initial state. The fact that it
is always the top NC that switches back when the field
is reduced towards zero might be related to the tilted
facets (Fig. 3a-b), which break the symmetry between

Fig. 3: (a) 3D view of a typical self-assembled epitaxial
Fe(110) dot (Atomic force microscopy, true aspect ratios) .
(b) LEEM (topography) and (c) XMCD-PEEM (magnetism)
typical view of an ensemble of dots. After magnetization at
−130 mT the dots are in the (−, +) state at remanence what-
ever their size, height or aspect ratio (see the white contrast
over the Néel caps in c).

the top and bottom surfaces. To summarize, the micro-
magnetic simulations predict that the set of NCs can be
switched by applying a magnetic field transverse to the
dot, and that at remanence the top NC is antiparallel to
the applied field (Fig. 2c). Notice that the (+, +) and
(−/−) states are not stable at zero field, so that the set
of NCs could be used to store one bit of information, not
two.

The micromagnetic predictions were confirmed exper-
imentally. Since no magnetic field can be applied while
imaging, measurements were performed at remanence
after ex situ application of a transverse magnetic field
Ht with a given magnitude. Imaging several tens of
dots at each stage reveals that starting from equiprob-
able (−, +) and (+,−) in the as-grown state, the oc-
currence of the (+,−) state at remanence progressively
increases to 95% for Ht = +150 mT. The mean switch-
ing field is Hsw = 120 mT with a ±10 mT distribution.
Similarly, 95 % of (−, +, ) states are found after appli-
cation of Ht = −150 mT. The value of the switching
field (Hsw = 120 mT) determined experimentally is in
good agreement with the numerical simulations presented
above (100 mT).

Let us now come back to the other two degrees of
freedom. The chirality is determined experimentally
straightforwardly from the transverse component of clo-
sure domains at both end of the dots, which is imaged
with XMCD-PEEM (Fig. 3c). Within the error bar re-
lated to the finite number of dots imaged, the occurrence
of clockwise and anticlockwise chiralities remains simi-
lar for all applied magnetic fields. No cross-correlation
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between the chirality and the state of the NCs could be
evidenced either, still within the experimental error bars.
The polarity of the DW core is not visible on the XMCD-
PEEM images because first the probing depth is 10 nm
only, second because owing to the grazing incidence of
the X-ray in our setup we are mostly sensitive to in-pane
magnetization. In principle the polarity of the DW core
may be determined examining the details of the surface
magnetization pattern[22]. However in most of the dots
this could not be done reliably here because nearly half
of the dot is invisible in XMCD-PEEM imaging, due to
self-shadowing effects at the grazing incidence of X-rays
used and the very small area of the top facet found on
the average. Therefore we must rely on the simulations
only, to notice that the core of the DW remains unaf-
fected. Based on this combination of experiments and
simulation we can safely claim that the NCs can be ma-
nipulated independently from the other two degrees of
freedom.

To conclude we have demonstrated numerically and ex-
perimentally that the direction of magnetization of the
NCs in elongated ferromagnetic dots can be switched
back and forth using a transverse magnetic field. The
switching affects neither the chirality of the in-plane do-
mains nor the polarity of the core of the DW. This shows
that there are three truly independent degrees of free-
dom in a single magnetic dot, whereas only two exist

in the now widely-studied vortex state found in high-
symmetry dots. Whether this third degree of freedom
could be exploited in multi-level logic or solid-state stor-
age devices remains an open question. A prerequisite
is to demonstrate that the NCs can be manipulated at
high frequency and with a much smaller field magnitude
than the 100 mT demonstrated here. This aim may not
be non-realistic recalling that the field required to switch
a vortex core has been reduced within a few years time
from 0.4 T [6] to about 1 mT[7, 8, 24]. The use of spin-
polarized current[25, 26], which promises an increased
entanglement of magnetism and nanoelectronics in the
future[27] and has been used recently to switch vortex
cores[28], might also be a route.
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G. Reiss, I. Neudecker, D. Weiss, C. H. Back, and
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