UNIVERSITYW

This is a repository copy of Controlled skyrmion nucleation in extended magnetic layers
using a nanocontact geometry.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/124017/

Version: Accepted Version

Article:

Diirrenfeld, Philipp, Xu, Yongbing orcid.org/0000-0002-7823-0725, Akerman, Johan et al.
(1 more author) (2017) Controlled skyrmion nucleation in extended magnetic layers using
a nanocontact geometry. Physical Review B. 054430. ISSN: 2469-9969

https://doi.org/10.1103/PhysRevB.96.054430

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
university consortium eprints@whiterose.ac.uk
/,:-‘ Univarsies of Leeds. Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1103/PhysRevB.96.054430
https://eprints.whiterose.ac.uk/id/eprint/124017/
https://eprints.whiterose.ac.uk/

Controlled Skyrmion nucleation in extended magnetic layers using a

nano-contact geometry

Philipp Diirrenfeld,! Yongbing Xu,* Johan Akerman,?3 and Yan Zhou*
Y School of Electronic Science and Engineering, Nanjing University, 210093 Nanjing,

China

2 Department of Physics, University of Gothenburg, 412 96 Gothenburg, Sweden
3) Materials and Nanophysics, School of ICT, KTH Royal Institute of Technology, Electrum 229, 164 40 Kista,

Sweden

Y School of Science and Engineering, The Chinese University of Hong Kong, 518172 Shenzhen,

China

We propose and numerically simulate a spintronic device layout consisting of a nanocontact on top of an
extended Co/Pt bilayer. The interfacial Dzyaloshinskii-Moriya interaction in such bilayer systems can lead
to the possible existence of meta-stable Skyrmions. A current injected through the nanocontact enables the
manipulation of the Skyrmion size, the annihilation, and controlled nucleation of single Skyrmions with ps-
long pulses. The results are obtained from micromagnetic simulations and can be potentially used for future

magnetic storage implementations.

Skyrmions in ultrathin perpendicularly magnetized
films with Dzyaloshinskii-Moriya interaction (DMI) are
a future candidate for magnetic information storage due
to their intrinsic nanoscaled dimensions.!> Controllable
writing of single Skyrmions is therefore crucial for ap-
plications. Writing schemes have been studied that rely
on the presence of an additional polarizing layer®® or a
domain wall,”® leading to generally complex implemen-
tations. Recently, the generation of Skyrmions aided by
spin Hall effect induced non-uniform torques in a sim-
plified ferromagnetic metal (FM)/heavy non-magnetic
metal layer structure was shown, however, lacking the
controllability of writing single Skyrmions.” The heavy
metal layer in this bilayer layout provides both the inter-
facial DMI as well as the spin Hall effect'®!! to induce
pure spin currents into the ferromagnet. These spin Hall
effect torques in FM /heavy metal bilayers are otherwise
frequently used in spin Hall nano-oscillators.'216 Recent
studies also show that the implementation of DMI into
such spin Hall nano-oscillators!” or the use of Skyrmions
in spin torque oscillators'® are promising for communi-
cation applications.

Here we propose a scheme, in which current injected
into a nanocontact (NC) on top of a Co/Pt bilayer re-
sults in a spatially non-uniform spin torque, allowing for
the manipulation of the Skyrmion size, the annihilation,
and the controlled nucleation of single Skyrmions in an
extended magnetic layer.

As a model system for the simulations serves a bi-
layer of Co (0.8 nm)/Pt (3 nm). Firstly, the cur-
rent distribution and Oersted field in a bilayer disk of
1024 nm diameter with a centrally located NC of 30 nm
diameter is calculated through a 3D model using the
COMSOL Multiphysics® modeling software. The as-
sumed specific resistivities were ppy = 12x1078 Qm and
pco = 40x1078 Qm.1920 The calculated electrical current
density J, in the Platinum layer, near the Pt/Co inter-
face, is plotted in Fig. 1 for a current of 1 mA with the
highest current densities being reached at the perimeter
of the nanocontact. In the proposed layout and in the
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Figure 1. (color online) Schematics of the simulated layout
with a 30 nm diameter NC and current flowing radially away
from it. Color represents the in-plane current density in the
Pt layer. Inset: 30 ps current pulses are used to write single
Skyrmions underneath the NC.

following micromagnetic simulations, only the in-plane
components of the current in Pt are taken into account,
as the calculations show that the vertical current flow
underneath the nanocontact is negligible.

The current flowing radially away from the NC leads
to a spin accumulation at the Pt/Co interface due to the
spin Hall effect, resulting in a spin current into the Co
layer. The ratio of the spin current density Js to Je is
given by the spin Hall angle of Pt, which we assume to be
0.08 in our micromagnetic simulations, a value previously
determined for similar Pt/FM bilayer systems.?>?? The
polarization of the such calculated spin current is conse-
quently set to 1 in our micromagnetic simulations. How-
ever, the direction of the accumulated spins and there-
fore the polarization orientation of the spin current is
non-uniform as they are oriented 90° away from the lo-
cal in-plane current direction and thus are arranged sim-
ilarly to a vortex. Overall, the implementation of the
non-uniform spin torque from the spin Hall effect in our
simulations is done in a similar way as it was success-
fully used for the micromagnetic description of spin Hall
nano-oscillators. %2224
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Figure 2. (color online) (a) Skyrmion radius as a function of
an applied perpendicular field and DMI strength. (b) Radius
of a Skyrmion placed underneath the NC (Dinga = 2 mJ /m2
and zero field) and subjected to a small current. Inset: Tra-
jectroy of a Skyrmion in the vicinity of the NC that gets
attracted by a current of 0.5 mA. The blue squares are placed
in time intervals of 1 ns.

The micromagnetic simulations were done using the
graphics processor unit (GPU)-based finite-difference mi-
cromagnetic solver MuMax3.2° For these the free layer
is discretized into a 1024 x 1024 x 1 grid, resulting
in a cell size of 1 nm X 1 nm x 0.8 nm. The pa-
rameters of the Co layer are saturation magnetization
Ms = 1.31x10% A/m, exchange stiffness A = 22 pJ/m,
Gilbert damping o = 0.3, and an out-of-plane anisotropy
energy density of K| = 1.28x10° J/m3, all values ex-
tracted from Ref. 26. The Oersted field is rather small,
yet included in the simulations. The simulations are per-
formed for the temperature T' = 0 K, unless otherwise
noted.

The influence of an interfacial Dzyaloshinskii-Moriya
strength D;,q and a small perpendicular magnetic field
on the size of a Skyrmion placed in the center of the sim-
ulation area are plotted in Fig. 2(a). For a too small
Dina<1.5 mJ/m? the system will always relax into a uni-
form out-of-plane magnetized state and for a too large
Dinq the system tends to relax into a Skyrmion with

a size similar to the simulation area or even multiple
Skyrmions. In our study, we focus on the situation of
isolated Skyrmions, i.e., where a relaxed Skyrmion has
a size much smaller than the simulation area. As it is
shown in Fig. 2(a), such a state can be experimentally
achieved for a large range of Dj,q with the application of
a perpendicular magnetic field.

In a first step, we study the effect of a small current
through the NC on the Skymrion size, which is plotted for
zero field and Dj,q = 2 mJ/m? in Fig. 2(b). The current
is hereby switched on instantly after the Skyrmion has
fully relaxed (0.5 ns). The new Skyrmion size is typically
reached within less than 2 ns and decreases (increases)
for positive (negative) currents. For currents >1 mA,
the initial Skyrmion is annihilated and thus the broken
symmetry in our model system enables us to delete a
single Skyrmion, which is placed underneath the NC.

Experimentally it will be almost impossible to place an
already existing Skyrmion, e.g., with a uniform in-plane
current, exactly underneath the NC. However, in our ge-
ometry a small positive current also leads to a trapping of
a nearby Skyrmion due to the motion from the Skyrmion
Hall effect.?” This is exemplarily shown in the inset of
Fig. 2(b) for a current of 0.5 mA and a Skyrmion ini-
tially placed 100 nm away from the center of the NC (z
=y = 0). One could also apply larger positive currents
and thus speed up this trapping process, if the final aim
was the annihilation of the Skyrmion.

Next, we discuss the case of an initially uniformly mag-
netized film, where a larger current is applied as a 30 ps
long pulse, which leads to the controlled nucleation of a
Skymrion underneath the NC. The pulse consists of 10 ps
each rising time, constant current, and falling time, see
inset of Fig. 1, and is chosen solely to resemble an ex-
perimentally achievable pulse generator output. The fol-
lowing results do not rely on its exact shape and could
be reproduced with, e.g., a 20 ps rectangular pulse. The
case of zero applied field, Dj,q = 2 mJ/m?, and a cur-
rent pulse of -22 mA is depicted in Figs. 3(a)-(g). The
spin transfer torque hereby leads to a temporary tilt-
ing of the magnetization into the film plane immediately
around the perimeter of the NC, Fig. 3(b), which then
relaxes into a ring-like domain state, Fig. 3(c). In this
state the magnetization configurations at the outer and
inner boundary of the reversed ring-shaped domain have
a chirality, leading to a non-zero topological charge den-
sity. The topological charge density has reversed signs
at both boundaries, and thus the Skyrmion number S
still sums up to 0 over the whole area. However, while
the system relaxes further, the ring-shaped area of re-
versed magnetization shrinks by moving both boundaries
inwards. This eventually leads to the case where the in-
ner area becomes infinitely small, Fig. 3(d). Despite the
topological charge of the inner area, it finally annihilates,
Fig. 3(e), and reverses its magnetization to give way to
a further exchange energy minimization of the system.
At this point, the resulting Skyrmion number becomes 1
and the magnetization finally relaxes to the (meta-)stable
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Figure 3. (color online). Skyrmion nucleation with a current
pulse of -22 mA. (a)-(f) Time snapshots of the nucleation
process. Color denotes the z-component of the normalized
magnetization (myz) and the arrows relate to the in-plane di-
rection of the magnetization. (g) Plot of averaged mz and S
as a function of time. The current pulse is applied between 0
and 0.03 ns. The dashed lines mark the times of (c)-(f). (h)
Nucleation time until fully relaxed Skyrmion as a function of
the current pulse amplitude for zero field and 5 mT.

state of a single Skyrmion, Fig. 3(f).

The time needed for this process — until the stable
Skyrmion radius is reached — as a function of the cur-
rent pulse amplitude is plotted in Fig. 3(h) and shows a
monotonic increase with a threshold current of -20 mA.
A larger current results in a larger ring-shaped domain
structure, which in-turn takes more time to relax. Posi-
tive current pulses of similar amplitudes do not result in
the nucleation of a Skyrmion. In the case of zero field,
only the exchange energy minimization at the domain
boundaries drives the above described process after the
pulse application. However, already the introduction of
an additional 5 mT perpendicular field and its accom-
panying Zeeman energy promotes the shrinkage of the
reversely magnetized ring domain, resulting in a signifi-
cantly faster relaxation process.

The transportation of a such generated Skyrmion in
a prospective magnetic storage application could be
achieved by uniform in-plane currents. Assuming this
possibility of controlled placement either on a straight
line or even freely in two dimensions, it is important that
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Figure 4. (color online). Writing of an additional Skyrmion
into an already present structure with four Skyrmions ini-
tially placed 150 nm away from the NC. I use = -22 mA,
Dina = 2 mJ/m?, and an out-of-plane field of 5 mT are used.

newly generated Skyrmions are not affected by neigh-
boring ones and vice versa. In Fig. 4 we show a sim-
ulation, where four Skyrmions are placed initially each
150 nm away from the NC. The current pulse amplitude
is -22 mA and an out-of-plane field of 5 mT is applied to
decrease the nucleation time. Except the occurence of the
central new Skyrmion, it can be seen that the initial ones
have been slightly rotated counter-clockwise (~7 nm)
around and pushed away (~2 nm) from the NC. This
is a result of the Skyrmion Hall effect, which was simi-
larly used earlier for the trapping of a nearby Skyrmion.
This misplacement naturally increases for larger or longer
current pulses as well as for Skyrmions that are initially
placed closer to the NC. In case they are placed too close
to the NC, ~50 nm for the conditions simulated here, no
additional Skyrmion is nucleated and they rather merge
with the initial ones.

Due to both the increasing influence of nucleation
on neighboring Skyrmions and the increasing nucleation
time, the threshold current pulse amplitude can be con-
sidered as the ideal point for prospective applications.

As mentioned earlier, the findings of the controlled nu-
cleation of a single Skyrmion are robust against changes
in the exact current pulse shape. Moreover, the same re-
sults have been obtained with different simulation grids
(1536 x 1536 x 1 and 768 x 768 x 1) as well as a NC
placed slightly off-center (z # y # 0), both to exclude
simulation artifacts. The size of the NC can be also var-
ied, even down to a theoretical diameter of 0, without
changing the results of the paper. The inclusion of a
finite temperature 7' = 300 K in the simulations leads
to changes in the state diagram of the Skyrmions, such
that generally lower values of Dj,q are required for sin-
gle isolated Skyrmions. However, after adjusting for this
change, i.e., Ding = 1.5 mJ/m? instead of 2 mJ/m? for
the simulations shown above, the annihilation and nucle-
ation mechanisms of a Skyrmion underneath the NC are
restored.

In summary, we have proposed and simulated a struc-
ture based on a NC placed on top of an extended bilayer
film, where the DMI in the ultrathin Co is provided by
a Pt layer, which also serves as a source of pure spin



currents due to the spin Hall effect. In such a layout,
individual Skyrmions are nucleated by negative polarity
current pulses and annihilated by small positive currents.
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