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This paper proposes a protocol for the electrical detection of a magnetic skyrmion
via the change of the tunneling magnetoresistive (TMR) signal in a three-terminal
device. This approach combines alternating spin-transfer torque from both spin-
filtering (due to a perpendicular polarizer) and spin-Hall effect with the TMR sig-
nal. Micromagnetic simulations, used to test and verify such working principle,
show that there exists a frequency region particularly suitable for this achieve-
ment. This result can be at the basis of the design of a TMR based read-out for
skyrmion detection, overcoming the difficulties introduced by the thermal drift of
the skyrmion once nucleated. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4975998]

INTRODUCTION

Magnetic solitons!™ are fascinating particle-like magnetization textures with promising proper-
ties for the use in spintronic devices. Among them, skyrmions are attracting a large interest for their
fundamental properties, such as topological protection,® and potential technological applications in
racetrack memories,’ ™ oscillators,'*!13 detectors,'* and logic gates.!> The recent experimental evi-
dences!®!” that Néel skyrmions can be stabilized at room temperature in multilayers where a sufficient
interfacial Dzyaloshinskii—Moriya interaction (i-DMI)?%?! arises, and that they can be manipulated by
the spin-transfer torque (STT) from the spin-Hall effect (SHE),?>>* have been pushing the research
towards the development of a skyrmion based technology.”>?® Two key aspects for the skyrmion
implementation in devices concern its nucleation and detection. For the former, while the experimen-
tal nucleation of skyrmions has been achieved by using external out-of-plane fields,'’~'° the control of
the single skyrmion nucleation at room temperature is still an open challenge, although many numeri-
cal works have predicted it.”?’~%° For the latter, skyrmions have been detected by different techniques,
such as topological Hall effect,®3*3! Lorentz transmission electron microscopy,’>*? spin-polarized
tunneling microscopy,>*¢ polar magneto-optical Kerr effect microscope,'® scanning transmission
X-ray microscopy,'”!* and photoemission electron microscopy combined with X-ray magnetic cir-
cular dichroism.'® However, a suitable method to ensure an easier integration of skyrmionic devices
in CMOS systems concerns a fully electrical detection of skyrmions. Recently, the tunneling non-
collinear magnetoresistance®’ has been used, and many works have pointed out the possibility to use
the tunnel magnetoresistance (TMR). The key issue is that the skyrmion, once nucleated at room
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temperature, is characterized by a thermal drift’®3° because of the translational invariance which
impedes the steady presence of the skyrmion below a magnetic tunnel junction (MTJ) read-head. To
fix this problem, here we propose a detection protocol based on the TMR and SHE from a microwave
current, as well as the combination of SHE and STT, in a three terminal device. 234942 Such a system
is composed of an MTJ with a perpendicular polarizer, built on top of a heavy metal strip, and allows
one to control the magnetization dynamics in the MTJ free layer by means of two electrically inde-
pendent currents: one flowing through the heavy metal (SHE), and the other one flowing through the
MT]J (STT). The application of a microwave current drives continuously the skyrmion motion below
the MT]J, leading to a dynamical change of the magnetoresistance signal linked to the out-of-plane
component of the magnetization. This signal univocally indicates the presence of the skyrmion, and
then, the successfully accomplishment of the nucleation process that can be, for instance, obtained
by a dc STT as predicted in.”

MICROMAGNETIC MODEL AND DEVICE

The study is performed by means of a state-of-the-art processing tools and micromagnetic solver

which numerically integrates the Landau-Lifshitz-Gilbert equation:*—

dmf 95 Ao s
(1+ ®)—— == (myg X hegr) — @ [mg X (Mg X hegr)] - g'uB—zH [me X (my X (2 X jam))]
dr 2yoeMgtry
gH1BOsH s gHBimTy
+—="" 2 me X (2 X — 2= eyy(me, my) [my X (Mg X my) — g(V) (mg X m
TvoeMir [me X 2 X jam)] YoM mry (Mg, mp) [ £ % (mg xmp) = (V) (mg p)]

(D

where « is the Gilbert damping, m¢ is the normalized magnetization of the MTJ free layer, and
T = YoMt is the dimensionless time, with o being the gyromagnetic ratio, and M; the satura-
tion magnetization of the MTJ free layer. heg is the normalized effective field, which includes the
exchange, magnetostatic, anisotropy and external fields, as well as the i-DMI*647 and thermal field.*®
g is the Landé factor, up is the Bohr magneton, sy is the spin-Hall angle, e is the electron charge,
trr is the thickness of the ferromagnetic free layer, and Z is the unit vector along the out-of-plane
direction. gy7y(mg, mp) = [an(z#p)] is the polarization function, where 7 is the spin polarization
factor, and my, is the magnetization of the pinned layer, which is considered fixed for all the simula-
tions. g(V)(m¢ X my) is the perpendicular torque term that depends on the voltage applied to the MTJ
leads.®

We consider a three-terminal device composed of an ultrathin ferromagnetic layer in contact
with a Pt heavy metal (HM), in order to achieve a large enough i-DMI and SHE. The ferromagnet
acts as the free layer of the point contact MTJ deposited on top of it, which permits to apply a
localized STT (see Fig. 1(a) for a sketch of the device, where a cartesian coordinate system has been
introduced). The MT]J free layer has a 400x200 nm? elliptical cross section with thickness of 0.8 nm,
and its major axis is oriented along the y-direction, in order to exploit the SHE-driven motion of
the skyrmion along the direction perpendicular to the electrical current (x-axis).® The pinned layer
has a fixed out-of-plane easy axis of the magnetization and it is patterned as a nano-contact.'>!4
The discretization cell used is 2.5x2.5x0.8 nm?>. In our simulations, we consider typical experimental
systems (CoNi/Pt),’% whose physical parameters are: Mg =600 kA/m, A =20 pJ/m, perpendicular
anisotropy constant k,, =0.60 MJ/m>, D=3.0 mJ/m?, a =0.1, 7=0.66, and 055 =0.1.

RESULTS AND DISCUSSION

We analyze the skyrmion stability at room temperature 7 =300 K in presence of an external
normal-to-plane field H,,; =25 mT. The skyrmion core'* is along the negative z-direction. Statistical
analyses (simulations 500 ns long) of the skyrmion diameter show that its mean value is around 40 nm,
therefore we design the nanocontact to have a diameter of 50 nm in order to achieve a sufficiently large
TMR signal when the skyrmion goes under it. Once the contact is fixed, we achieve the skyrmion
nucleation by injecting a large enough dc current pulse through the MTJ.” After the current jy7y is
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FIG. 1. (a) Schematic representation of the three-terminal device studied. (b) Trajectory of the skyrmion center at 7 =300 K
and for H,y; =25 mT, when no microwave current is applied. The solid black line indicates the MTJ free layer under analysis,
while the solid green line represents the region under the nanocontact.

switched off, the skyrmion does not remain under the nanocontact, because it is subject to thermal
fluctuations that give rise to a breathing, shape deformations, as well as a Brownian drift,® as we
can see in Fig. 1(b), where the trajectory of the skyrmion center is plotted (no microwave current
is applied). The thermal drift of the skyrmion, even in presence of a confined ferromagnet, does
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not allow one to detect it directly with a dc current flowing through a standard TMR read-head,
because it is located most of the time out of the nanocontact region. We solve this issue by driving
the skyrmion motion via a microwave current. In particular, we can use two independent currents
in the three-terminal device, permitting the analysis of three configurations: (i) only SHE, (ii) only
STT, (iii) combination of SHE and STT.

In the case (i), we apply an in-plane sinusoidal current jyas(¢) = Juprsin(2nf gast) along the x-axis
with amplitude Ji; = 30 MA/cm?, frequency fy from 0.1 GHz to 1 GHz, and duration of 100 ns.
For fi31<0.3 GHz, the skyrmion is expelled from the free layer, entailing a detection failure. For
0.3 GHz< fy<0.7 GHz, the skyrmion starts to alternately shift along the y-axis.® In particular, by
starting from the region under the nanocontact, the skyrmion moves towards the bottom edge in the
semi-period when the current is negative, whereas it goes back towards the nanocontact when the cur-
rent is positive. Each time that it passes below the nanocontact induces a variation of the out-of-plane
component of the magnetization <m,_,.> (see Fig. 2(a)), and, hence, of the TMR (oc (1 — {m_,))/2).
By injecting a subcritical dc current via the MT]J, it is possible to convert the oscillating resistance
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FIG. 2. Temporal evolution of the normalized z-component of the magnetization under the nanocontact (black curve) and the
applied normalized microwave current (magenta curve) flowing in the heavy metal only (SHE), for H,y; =25mTat(a) T =300K
and (b) T =0 K. The current amplitude and frequency are 30 MA/cm? and 0.3 GHz, respectively. In (a), <m_,> exhibits the
same frequency 1/T ;s of the current 1/7 g, between 5 ns and 15 ns, and a double frequency between 45 ns and 55 ns, whereas in
(b) it oscillates permanently at the same frequency of the current. Insetin (a): spatial distribution of the magnetization at7 = 15 ns.
The nanocontact and the color scale are also indicated. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4975998.1]
[URL.: http://dx.doi.org/10.1063/1.4975998.2] [URL: http://dx.doi.org/10.1063/1.4975998.3]
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into an output voltage having the same characteristic waveform. This signal identifies the presence
of the skyrmion, because, if the skyrmion was not nucleated, the <m,_,.> would not show significant
dynamical changes. The variation of <m__,.> is characterized by two non-stationary oscillations: one
at the same frequency of the current and the other at twice such frequency. This last contribution is
linked to a double passage of the skyrmion beneath the nanocontact within a period of the microwave
current, and it is due to the stochasticity of thermal fluctuations, which lead the skyrmion to not
deterministically cover the same trajectory in each oscillation semi-period (see also MOVIE 1 of
Fig. 2 (multimedia view)). To confirm this, we carried out simulations at zero temperature, observing
that <m__,.> oscillates only at the same frequency of the current (see Fig. 2(b)). For fy,>0.7 GHz,
the oscillatory translation of the skyrmion is too fast to obtain a robust TMR change.

As expected, the boundaries of the frequency ranges above described become larger (lower) if
the current amplitude is increased (decreased), because of a faster (slower) skyrmion motion.

In the case (ii), we inject a perpendicular microwave current ju7y(t) = Jyrysin(2af yryt) in the
MTJ with amplitude Jy;77 = 3 MA/cm? and same duration and frequency fyzy as for (i). Although
the STT from this current acts as an anti-damping torque, it does not strongly affect the skyrmion
dynamics, which, therefore, are mainly due to the thermal fluctuations in all the f 7y range. The key
role is played by the Brownian diffusion that hampers the steady presence of the skyrmion under
the nanocontact, resulting in non-stationary jumps of the <m, ,.> (see Fig. 3(a)). Therefore, this
configuration (if) cannot be used for skyrmion detection.

— T T
L . | Skyrmion under
Skyrmion out: nanocontact

Normalized amplitude

Time (ns)

FIG. 3. (a) Temporal evolution of the normalized z-component of the magnetization under the nanocontact (black curve) and
of the applied normalized microwave current (magenta curve) flowing in the MTJ only (STT), for Hy; =25 mT at 7 =300 K.
The current amplitude and frequency are 3 MA/cm? and 0.3 GHz, respectively. Three regions are separated by dashed lines
and refer to the position of the skyrmion with respect to the nanocontact. (b) Example of time evolution of the normalized
z-component of the magnetization under the nanocontact when the SHE and STT act simultaneously, Jzp =30 MA/cm?,
Jyry =3 MA/cm? and same frequency of 0.3 GHz. Insets: spatial distribution of the magnetization. The nanocontact and a
color scale are also indicated.
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In the configuration (iii), we simultaneously apply both jgy(f) and jyrs(¢). We fix Juy
= 30 MA/cm? and Jy77 =3 MA/cm?, and consider the same frequency in the range 0.1 GHz
-1.0 GHz for both currents. The skyrmion dynamics, and hence, the <m__,.>, exhibits similar features
to the case (i) (frequency range to obtain TMR change, waveform, non-stationary frequency). Fig. 3(b)
shows the time evolution of <m,_,.>, where the spatial distributions of the free layer magnetization’!
are indicated as insets and refer to the time instants pointed by the black arrows. However, we note
that the presence of ju77(#) decreases the lower frequency of the range where the detection can be
performed to 0.2 GHz. This is due to the local STT, which reduces the damping under the nanocontact
for a certain semi-period of jys7y(¢), thus behaving as an “attraction pole” for the skyrmion, which is
no longer expelled by the SHE.

CONCLUSIONS

In summary, we have proposed, by means of micromagnetic simulations, a method to electrically
detect the presence of a Néel skyrmion in a pillar that can be easy generalized for a racetrack memory.
We have considered a three-terminal device, where an MTJ is deposited on top, and, by injecting a large
enough microwave current through the heavy metal layer (SHE), we are able to continuously drive
the skyrmion motion under the point-contact MTJ. In this way, we critically reduce the skyrmion drift
induced by thermal fluctuations at room temperature that, in absence of current, provides a stochastic
drift of the skyrmion around the nanocontact (the trajectory depends on the initial seed of the thermal
fluctuations). The SHE-induced skyrmion motion under the nanocontact leads to a variation of the
out-of-plane component of the magnetization below the third terminal, and, consequently, of the
TMR. This reading protocol can be very useful for the design of TMR read-out for the electrical
detection of skyrmions.
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