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In artificial ferroic systems [1], novel functionality is engi-
neered through the control of the interactions between the 
different components in structured ferroic materials. With 
careful selection of the materials and structure, artificial 
ferroic systems not only offer prospects for the discovery 
of new physics, but also the development of innovative de-
vices.

We mainly focus on two classes of artificial ferroic systems. 
Firstly, hybrid mesoscopic structures, which can incorporate 
two different ferromagnetic layers, have static and dynam-
ic magnetic behaviour that results from the mutual imprint 
of the magnetic domain configurations [2]. In particular, a 

Permalloy square element in a Landau state, which incor-
porates a vortex, is combined with a Co/Pd multilayer with 
maze domains resulting from the perpendicular anisotropy. 
Using scanning transmission x-ray microscopy to observe 
the magnetization dynamics in such a hybrid system, we 
have demonstrated a new vortex core reversal mechanism 
[3]. The vortex is excited with an alternating magnetic field, 
with the core polarization determined from the sense of gyra-
tion, and the vortex core is simultaneously displaced across 
a domain boundary in the Co/Pd layer using a static external 
magnetic field. We find that the sense of gyration of the vor-
tex changes as it crosses a domain boundary, indicating the 
reversal of the core polarization (Figure 1). Micromagnetic 
simulations reveal a complex switching process triggered by 
the interaction of the vortex core with the underlying domain 
wall that provides a local switch for vortex polarisation.

Turning to the second class of artificial ferroic systems, we 
also study the behaviour of artificial spin ice, which consists 
of arrays of dipolar-coupled nanomagnets arranged in frus-
trated geometries. Here we employ synchrotron x-ray pho-
toemission electron microscopy (PEEM), which provides 
high contrast images that allow the unambiguous determi-
nation of the magnetic configurations. We have also per-
formed first measurements using x-ray resonant magnetic 
scattering, which allows us to observe magnetic correlations 
in arrays of smaller nanomagnets with moments fluctuating 
at faster timescales [4,5].

We have experimentally demonstrated the existence of 
emergent magnetic monopoles (see Fig. 2) in an extended 
array of nanomagnets placed on the sites of the kagome 
lattice, referred to as artificial kagome spin ice [6]. In an ap-
plied magnetic field, monopole-antimonopole pairs nucleate 
and separate in an avalanche-type manner along one-di-
mensional Dirac strings consisting of reversed nanomagnet 
moments, and the behaviour can be quantitatively explained 
by Monte Carlo simulations. In addition, by modifying the 

FIG. 1. Schematic diagram of reversal process of a magnetic vor-
tex core in a hybrid structure. The magnetization in a resonant-
ly excited vortex core reverses its orientation  as it crosses and 
interacts with a domain wall (DW) at the boundary between two 
out-of-plane magnetic domains in the Co/Pd multilayer (bright and 
dark domains). The path followed by the excited vortex core is il-
lustrated in green: the vortex core (black arrow) initially precesses 
clockwise, and then counter-clockwise after reversing its polariza-
tion (white arrow) at the domain boundary (orange line). Figure 
taken from Ref. [3].

ful. The flexibility of the machine thanks to the internal planar 
and external trim coils has been used to investigate several 
magnetic field configurations. That way, the effective helical 
ripple, responsible for the neoclassical losses in stellarators, 
and the limiter heat load pattern has been varied. First expe-
riments on radiation cooling of the plasma edge and studies 
of impurity confinement, transport and ionization kinetics 
have been performed.

At the moment the next experimental campaign is being pre-
pared. For the campaign in 2017/18, high power discharges 
with pulse lengths up to 10 seconds are foreseen. For that, 
the heating system is being extended. More gyrotrons for 
the ECRH system will be available, a neutral beam heating 

system is being installed and a low power Ion Cyclotron Re-
sonance Heating (ICRH) system is foreseen. To allow for full 
heating power operation, an inertially cooled test divertor is 
being installed at the moment. Further diagnostics systems 
will also be available. Despite the limitation to a pulse length 
of 10 seconds, during the coming operational period, many 
consequences to be expected from the optimized field con-
figuration of Wendelstein 7-X can already be tested. After 
plasma experiments for roughly 12 months, during a shut-
down phase from 2017 to 2019, all systems will be harde-
ned for steady state operation. This will finally enable tests 
of the steady-state properties of the stellarator in discharges 
of up to 30 minutes duration.
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shape of particular islands it is possible to control both where 
the nucleation of monopole-antimonopole pair occurs and 
where the monopoles are brought to a stop (supplemen-
tary information in Ref. [6]). Such controlled manipulation 
of magnetic charges may lead to novel spintronic devices.

For finite building blocks of the artificial kagome spin ice con-
sisting of one, two and three hexagonal rings of nanomag-
nets [7], the application of an ‘effective thermal anneal’ via 
demagnetisation leads to a decreasing percentage of low 
energy states as the number of rings increases, indicating 
that it will be impossible to achieve the ground state in an 
extended array. We therefore established a method to cre-
ate artificial spin ice with fluctuating magnetic moments and 
to image in the PEEM the evolution of magnetic configu-
rations with time. The observed thermally active behaviour 
can be understood by considering the low energy sector of 
the dipolar energy landscape [8].

The possibility to watch spontaneous moment reorienta-
tions in such thermally active systems provides a means to 
study relaxation processes and a route to achieve the low-
est energy states. Using this approach, we have observed 
the thermal relaxation of extended arrays of artificial spin ice 
with nanomagnets arranged on a square lattice. This occurs 
via two regimes, starting with a string regime, where charge 
defect pairs nucleate and propagate through the system, 
and is followed by a domain regime, where domain walls 
separating ground state domains anneal out to form a fully 
ordered state [9].

Finally, employing muon spin relaxation, we have demon-
strated that these magnetic metamaterials can support ther-
modynamic phase transitions equivalent to those found in 
microscopic spin systems [10], and in our first experiments 
employing diffuse x-ray resonant magnetic scattering [4], we 
observed the emergence of quasi-pinch-points in the scat-
tering patterns that are signatures of one of the higher tem-
perature phases.

There are still many avenues of research to pursue and fu-
ture directions for artificial spin systems include the incor-
poration of new magnetic materials [11], the design of novel 
devices [12] and the investigation of other geometries, for 
example based on aperiodic lattices [13] or the modification 
of the square ice geometry [14]. The possibility to create 
magnetic structures in three dimensions also opens new ar-
eas of research. In particular, our recent developments with 
resonant synchrotron x-ray tomography not only provides 
a three-dimensional image of the structure but also allows 
the precise location and characterization of the materials as 
shown in Fig. 3 [15]. Finally, with hybrid systems there are 
many more possibilities for combinations of materials with 
interesting properties, with one important example being 
multiferroic composites with a ferromagnet in contact with 
a ferroelectric [16]
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FIG. 2. XMCD image (left) and associated charge map (right) of 
an artificial kagome spin ice (see inset) during magnetization re-
versal revealing monopole-antimonopole pairs separated by Dirac 
strings. Figure adapted from Ref. [6].

FIG. 3: Element-specific syn-
chrotron x-ray tomographic 
image of a cobalt-coated ar-
tificial buckyball. Cobalt is 
shown in orange and the un-
derlying polymer resist scaf-
fold in blue. Image from Ref. 
[15].


