Journal of Magnetism and Magnetic Materials 541 (2022) 168552

ELSEVIER

Contents lists available at ScienceDirect
Journal of Magnetism and Magnetic Materials

journal homepage: www.elsevier.com/locate/jmmm

M
M
M

Research articles

Check for

Tunnel magnetoresistance detection of skyrmions i

Hao Chen, William Bouckaert, Sara A. Majetich "

Physics Department, Carnegie Mellon University, Pittsburgh, PA 15213, USA

ARTICLE INFO ABSTRACT

Keywords:

Skyrmion
Magnetoresistance
Racetrack memory
Magnetic tunnel junction

Micromagnetic simulations are used to investigate different strategies for tunnel magnetoresistance detection of
the Néel skyrmion core direction and Bloch skyrmion chirality. When a Néel skyrmion passes beneath a
perpendicularly magnetized dot separated by a tunnel barrier, a peak or dip in the tunnel magnetoresistance as a
function of time reveals the core direction. When a Bloch skyrmion travels below a synthetic antiferromagnet,

magnetized in-plane with an axis perpendicular to that of the track, the tunnel magnetoresistance as a function of
time shows a peak followed by a dip, or vice versa, depending on the chirality. The results are compared with
existing detection methods based on the Hall resistance.

1. Introduction

Skyrmions are stable non-collinear spin patterns [1,2] that were later
proposed for use as 1's and 0’s in racetrack memory [3-5]. They have
also been investigated for use as synapses for neuromorphic computing
[6-8], for reservoir computing [9], and for dynamic magnonic crystals
[10]. For this to work, it must be possible to uniquely detect the passage
of a skyrmion as well as features that could be used to represent 1's and
0's, such as the magnetization direction of the core or the chirality for a
Bloch skyrmion. Bloch skyrmions are particularly interesting due to
their topological protection. The prior micromagnetic simulations have
focused on the dynamics within the skyrmionic layer rather than the
details of detection. Experimentally, detection has proved to be quite
challenging. While skyrmions have been imaged by scanning trans-
mission x-ray microscopy [11-13], spin polarized scanning tunneling
microscopy [14], and Lorentz transmission electron microscopy [2,15],
there are still many questions about the best way to detect them elec-
tronically — a requirement for practical racetrack memory. The most
promising approaches so far have used the transverse voltage due to the
Hall effect, but the signal is still very weak [16-18]. Here we use sim-
ulations to examine alternative vertical detection methods using
magnetoresistance between the skyrmion racetrack and a uniformly
magnetized detector dot above it. With a tunnel barrier between the dot
and skyrmion stack, the interactions are magnetostatic and there is less
distortion of the skyrmion due to the detector dot than with an all-
metallic configuration and giant magnetoresistance (GMR). Tunnel
magnetoresistance (TMR) also promises a larger signal-to-noise ratio
than GMR, and so we focus on this approach. If the vertical tunnel
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current through a magnetic detector dot is dominated by the magneti-
zation pattern directly below the tunnel barrier (i.e., in the skyrmion
racetrack), then the dynamics of the TMR signal can reveal whether a
skyrmion is present or not, the direction of its core, and in the case of a
Bloch skyrmion, its chirality. We examined two different types of sky-
rmion racetrack/detector dot systems: 1) a circular dot with perpen-
dicular (vertical) magnetization to determine the core direction for a
Neéel skyrmion, and 2) a rectangular dot made of a synthetic antiferro-
magnet (SAF) with in-plane magnetization perpendicular to the race-
track axis to determine the chirality of a Bloch skyrmion.

The TMR skyrmion detector involves a ferromagnetic electrode (the
dot detector) separated from a multilayer skyrmionic racetrack by a thin
tunnel barrier. A current is applied longitudinally to drive the skyrmion
along the racetrack. A small amount of current is picked off to pass
vertically across the insulating barrier, leading to TMR between the
racetrack and the detector. A schematic of the circuit is shown in Fig. 1.

2. Materials and methods

COMSOL Multiphysics software was used to simulate the current
density profile in the skyrmion racetrack, to verify that the vast majority
of the current passing upward across the tunnel barrier comes from the
racetrack volume located directly below the contact. A voltage differ-
ence of 660 mV was applied along the racetrack (x-axis) to generate a
current density Jy = 102 A/m2. Next Mumax® software [19] was used to
simulate the spin configurations, including the mutually interacting
stray fields of the skyrmion and dot detector, as well as the trajectories of
the skyrmions driven by spin polarized current along the racetrack. The
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Fig. 1. Schematic side view of the skyrmion racetrack coated with a thin tunnel
barrier with a ferromagnetic dot detector on top. A voltage is applied along the
racetrack to create a large current density and drive the skyrmions through spin
transfer torque. A separate potential difference is applied to the dot detector so
that a small amount of tunnel current passes vertically from the racetrack
through the dot, leading to a TMR signal that varies in time as the skyrmion
passes beneath the detector (here with perpendicular magnetization). In the
simulations, Vgack = 660 mV and Vine = 330 mV.

model Néel skyrmion was 35 nm in diameter, and passed beneath a 50
nm diameter 1 nm thick circular CoFeB detector dot with perpendicular
magnetization (z), separated from the racetrack by a 1 nm thick MgO
tunnel barrier. The model Bloch skyrmion was generated in the B20
material FeGe (10 nm thickness), with a 1 nm MgO tunnel barrier and a
20 nm x 50 nm synthetic antiferromagnet (SAF) detector made of two
1 nm CoFeB layers separated by a 1 nm Ru spacer. The axis of the SAF
magnetization (y) was in the plane of the substrate but perpendicular to
the racetrack axis (x). Further details about the simulations and mate-
rials parameters used are given in the Supplemental Material Section S1.

Using a tunnel barrier on the top of the skyrmion racetrack enables a
detection of a small current but high resistance readout signal while
driving skyrmions along the racetrack. A positive voltage drives elec-
trons from the racetrack towards the detector dot. For the results shown
here, the electrons were assumed to be fully polarized by the top layer of
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the skyrmion racetrack just beneath the detector. MATLAB software was
used to calculate the local TMR for a (1 nm)2 mesh. The TMR was
assumed to follow an empirical cos(¢)law [20], where theta is the angle
between the magnetization in the detector dot and that in the mesh cell
below it in the skyrmionic stack. A parallel resistor model was used to
sum the contributions from all the cells of the detector dot and work out
the device TMR. Further details are given in the Supplemental Material
Figure S2.

3. Results and discussion

Fig. 2 (a) shows the geometry used to calculate the Bloch skyrmion
current density profile. Fig. 2 (b-d) show the cross sections of the current
density for three different cut planes within the skyrmion racetrack; z —
9 nm is directly below the MgO tunnel barrier. While the color scale is
chosen to accentuate the degree of spatial variation, the absolute
amount can be controlled by the tunnel barrier thickness. A 1 nm thick
tunnel barrier this leads to spatial variations of ~ 6% in Jy in the vicinity
of the detector, as shown in Figure S3 of the Supplemental Material.
MgO has a resistance that could increase orders of magnitude by adding
only a few angstroms of thickness. With a 100 times more resistive
(omg0 = 1.852S/m) tunnel barrier, the current fluctuation are reduced
to 0.06%, which is exactly 1/100 of its original value, as shown in Fig. 54
of the Supplemental Material. Similar details for the Néel skyrmion with
a circular dot detector are shown in Figure S5 of the Supplemental
Material.

While the presence of the TMR detector has only a small effect on
current flow in the x-direction, the vertical current density is highly
localized in the region directly below the contact. Fig. 2 b-d show J; in
the different cut-planes inside the racetrack and strong localization
behavior was observed. For comparison, Figure S3 of the Supplemental
Material shows the current inhomogeneity in J,, and Figure S4 shows
the effect of a thicker barrier. Most of the current flows in the + x di-
rection, driven by the 660 mV voltage difference, but a fraction near or
under the detector will tilt towards the z direction because of the
grounded detector. The electrons carried by the z component of these
vectors are assumed to be polarized by the very top magnetic layer and
collected by the detector, giving a current signal to detect skyrmions.
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Fig. 2. (a) Geometry used in Bloch skyrmion current density simulation. Three cut planes are labeled to indicate the surface where the current density profiles are
plotted. (b) — (d) show the z component of the current density at three cut planes in the skyrmion stack: (b) z = 9 nm, which is immediately below the MgO layer, (c)
z = 5 nm, and (d) z = 1 nm near the bottom of the stack. The uniformity of the current distribution in (b) suggests that the simple parallel resistor model is a good

approximation.
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The uniformity of the z component of the current density also suggests
that the parallel resistance model is a good approximation for this sys-
tem. For the parameters given, and a 6% current fluctuation in Jy, the
device resistance would be 5.4k, but there are other considerations for
actual experiments. The detector was placed at the center of the race-
track in all simulations. Acting as a voltage divider, the detector would
effectively share a half of the voltage applied across the racetrack
(330mV). This is a reasonable working voltage for an MTJ device, but
the required voltage across the racetrack could go higher. At that time,
the placement of the detector and the voltage applied at the top of the
detector (grounded in our case) should be chosen carefully. After
ensuring a reasonable working voltage for the detector, the current
fluctuation induced in the racetrack should be minimized. If the tunnel
barrier resistance is increased by a factor of 100, the magnitude of the
current fluctuation in the x-direction would be decreased by a factor of
one hundred.

Fig. 3 (a) shows the trajectory of a 35 nm diameter Néel skyrmion
moving along a 400 nm x 200 nm x 1 nm racetrack passing below a 50
nm diameter perpendicularly magnetized detector dot that is separated
from the skyrmionic stack by a 1 nm tunnel barrier. Here the skyrmion
core is in the + z direction, perpendicular to the racetrack plane. The
skyrmion Hall effect causes a systematic downward tilt to the trajectory.
The skyrmion Hall angle is found from the arctangent of the ratio of the
velocities along and perpendicular to the driving current, which is equal
to &, where Q = =+ 1 is the topological charge of the skyrmion, a~ 0.1 is
the Gilbert damping parameter, and D is the dissipation force [11-13].
The dissipation force D = ﬁ is related to the skyrmion diameter d and

the energy of a domain wall y4, = \/A/K . For exchange stiffnessA = 1.5
x 101 J/mand K — 8 x 107 J/m?>, the calculated skyrmion Hall angle is
49.2°, assuming a nonadiabaticity parameter x; = 1. These simulations
used a more realistic nonadiabaticity parameter and nonadiabaticity
parameter of 0.2, but if x; were one, the skyrmion Hall angle would be
46.7°, in reasonable agreement with the theoretical prediction. Previous
experimental work has shown little correlation between the skyrmion
size and the skyrmion Hall angle [21], which is believed to be due to
small inhomogeneities that would not be present in the simulations.
When the skyrmion is far from the detector dot, the TMR approaches
that for parallel or antiparallel states of a tunnel junction with uniformly

Magnetization
direction
color code
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magnetized layers, as shown in Fig. 4. However, there are significant
deviations when the skyrmion passes near the detector dot where the
local magnetization is non-uniform. The attraction or repulsion is
consistent with expectations based on the force on a magnetic moment
of the skyrmion core due to the spatial field gradient of the detector dot.
The vertical (z) and horizontal (x) fringe fields from the detector dot are
shown in the Supplemental Material Figures S6 and S7, respectively, and
an explanation of how the deflection force is calculated from the field
gradients is discussed and shown in Figure S8. The net field gradients,
and therefore the magnetic forces, are largest near the edges of the dot,
and are dominated by the spins in the core. As the stray field from the
dot detector is modifying the trajectory of the skyrmion, the repulsive
and attractive forces change the speed of the skyrmion when it is passing
near the dot detector. There are different peak and dip times in Fig. 4
because of the difference in the background field of the racetrack where
no skyrmions are present. In either case the skyrmion follows a trajec-
tory where it has the lowest energy. While the skyrmion diameter has
previously been shown to shrink as the saturation field is approached
[17], we note that the core diameter increases when it passes beneath a
detector dot with parallel magnetization. For our detector dot thickness,
the field it generates is well below the saturation field of the skyrmionic
racetrack.

To detect in-plane magnetization, and in particular the chirality of a
50 nm diameter Bloch skyrmion, a rectangular 20 nm x 50 nm synthetic
antiferromagnet (SAF) structure was used. Fig. 2 (a) shows a schematic
for the simulation setup. The SAF detector has a 1 nm thick bottom layer
magnetized in + y direction. The —y magnetized top layer is separated 1
nm away from the bottom layer, representing the Ru spacer. The
detected TMR was assumed to be sensitive to the racetrack area under
the SAF detector only. Fig. 5 (a) shows the simulated device TMR when a
Bloch skyrmion with chirality —1 is placed on the racetrack and moving
across the SAF detector. The spatially resolved local TMR in the detector
area is shown in Fig. 5 (b, ¢). Skyrmions with different chirality show
different y component magnetization patterns, consistent with the
overall time-dependence shown in Fig. 5 (a).

The simulations described here are case studies of model systems,
and it is worth discussing both how the results could differ under less
ideal conditions, how they could vary depending on the dimensions of

Fig. 3. (a) When the detector dot magnetization is parallel to that of the skyrmion core (both +z), the skyrmion has a repulsive deflection when it passes in the
vicinity of the dot. (b) When the detector dot magnetization is antiparallel to that of the skyrmion core, the skyrmion has an attractive deflection when it goes by

the dot.
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Fig. 4. TMR as a function of time for the trajectories shown in Fig. 3 for the case where the core is magnetized in the +z (a) and —z (b) directions. The insets show the
spatial distribution of the TMR through the detector dot at different instants in time. Here the TMR was assumed to be 0.67 for a uniformly magnetized tun-
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Fig. 5. (a) Simulated device TMR for Bloch skyrmions with chirality 1 and —1. In the chirality —1 condition shown in Fig. 2 (a), we first see a peak in the device TMR
(blue curve), due to the antiparallel magnetization configuration between the SAF bottom layer and the skyrmion racetrack beneath as the skyrmion enters the SAF
detection area. A dip is then observed due to the antiparallel magnetization as the skyrmion exits. Color maps of the pixel-by-pixel local TMR for chirality (b) 1 and
(¢) —1 recorded when the skyrmion is entering (1.2ns), at the center of (1.44ns) and exiting (1.7ns) the detected area.

the racetrack and detector dot. The size of a skyrmion can be tuned by
the choice of materials parameters [22]. Efforts are underway to reduce
the skyrmion diameter, but in any case, the detector dot and skyrmion
dimensions would have to be comparable. We considered a Néel sky-
rmion with an ultrathin (1 nm) racetrack and a Bloch skyrmion with a
more typical thickness (10 nm) racetrack. Experimentally, thicker
multilayer skyrmion stacks have received the most attention, but thin
stacks are being investigated as well [14,23]. The thickness of the
perpendicularly magnetized detector dot will impact the magnitude of
the skyrmion deflection, as shown in Figure S9 of the Supplemental
Material. The thickness of the in-plane magnetized SAF detector is less
likely to affect the detection of Bloch skyrmion chirality. The effect of

differing degrees of spin polarization on the Hall angle is shown in
Figure S10. The trajectories for T = 0 K are very smooth, but at room
temperature (294 K) thermal fluctuations introduce a small random
component, as shown in Figure S11. The jumps are small relative to the
skyrmion size and fortunately do not affect the overall trajectory or
ability to detect the skyrmion. A video showing the motion, size, and
shape fluctuations of the skyrmion at 294 K in its trajectory over 6 ns is
included in the Supplemental Material.

Finally we discuss how the results for TMR detection could compare
with those for Hall magnetoresistance. Zeissler, et al. [17], who used a
combination of scanning transmission x-ray microscopy and Hall resis-
tance measurements on Pt/Co/Ir nanodiscs, and extrapolated a Hall
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resistivity of 22 + 2 nQ - cm for single 150 £+ 30 nm skyrmions. Mac-
ciarello, et al. [18] used a combination of magnetic force microscopy
and Hall resistance to detect sub-100 nm skyrmions in a B20 material
racetrack, measuring Hall resistivity differences of ~ 50 nQ cm, corre-
sponding to differences in R,y of 5 mQ. In both cases the contributions
from the ordinary and anomalous Hall effects had to be taken into ac-
count. In contrast, uniformly magnetized tunnel junctions show differ-
ences of kQ — MQ between the fully parallel and antiparallel states [24].
This value is considerably reduced when the free layer has a non-
collinear configuration such as a skyrmion, or if the spin polarization
of electrons coming from the skyrmion racetrack was incomplete, but
the TMR is still likely to be orders of magnitude larger than the Hall
resistance.

4. Conclusions

In summary, we have used COMSOL, Mumax® and MATLAB software
to demonstrate methods for uniquely detecting the core magnetization
direction of Néel or Bloch skyrmions, and the chirality of Bloch sky-
rmions. The core direction of Néel and Bloch skyrmions could be
detected using a dot detector magnetized in the z-direction and
measuring the time dependence of the TMR as the skyrmion passes
beneath. The chirality of a Bloch skyrmion can be determined by using a
y-direction magnetized SAF detector and measuring the time depen-
dence of the TMR. Simulations suggest that the magnitude of time-
dependent changes in the TMR signal is likely to be orders of magni-
tude larger than the Hall effect signal, and experiments are underway to
test these predictions.
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