PHYSICAL REVIEW LETTERS 121, 097204 (2018)

Theory of the Topological Spin Hall Effect in Antiferromagnetic Skyrmions:
Impact on Current-Induced Motion

C.A. Akosa,l’z’* O.A. Tretiakov,3 G. Tatara,]’4 and A. Manchon®
'RIKEN Center for Emergent Matter Science (CEMS), 2-1 Hirosawa, Wako, Saitama 351-0198, Japan
2King Abdullah University of Science and Technology (KAUST), Physical Science and Engineering (PSE) Division,
Thuwal 23955-6900, Saudi Arabia
3Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
*RIKEN Cluster for Pioneering Research (CPR), 2-1 Hirosawa, Wako, Saitama, 351-0198 Japan

® (Received 5 September 2017; revised manuscript received 11 May 2018; published 30 August 2018)

We demonstrate that the nontrivial magnetic texture of antiferromagnetic Skyrmions (AFM Sks)
promotes a nonvanishing topological spin Hall effect (TSHE) on the flowing electrons. This effect results in
a substantial enhancement of the nonadiabatic torque and, hence, improves the Skyrmion mobility. This
nonadiabatic torque increases when decreasing the Skyrmion size, and, therefore, scaling down results in a
much higher torque efficiency. In clean AFM Sks, we find a significant boost of the TSHE close to the van
Hove singularity. Interestingly, this effect is enhanced away from the band gap in the presence of
nonmagnetic interstitial defects. Furthermore, unlike their ferromagnetic counterpart, the TSHE in AFM
Sks increases with an increase in the disorder strength, thus opening promising avenues for materials

engineering of this effect.
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Introduction.—As the spintronics community advances
the search for high-efficiency, high-density, and low-power-
consuming spintronic devices, alternative materials other
than conventional ferromagnets (FMs) are being continu-
ously introduced and explored. Besides FMs, antiferromag-
nets (AFMs) have recently drawn significant attention [1,2].
The experimental observation of bulk spin-orbit torques
(SOTs) in locally inversion asymmetric CuMnAs [3], the
demonstration of AFM-assisted zero-field SOT switching
[4,5], and the achievement of large anomalous and spin Hall
effects in noncollinear AFMs [6—8] open promising per-
spectives for the implementation of AFMs into efficient spin
devices. The latter effect is particularly intriguing, since it
emerges from the coexistence of spin-orbit coupling (SOC)-
driven Berry curvature and noncollinear magnetism. In
addition, it has also been predicted that AFM textures such
as domain walls driven by SOTs can move much faster than
their FM counterparts due to the absence of Walker break-
down [9,10]. Therefore, the interplay between topological
spin transport and the dynamics of AFM textures is a
promising route to explore towards the realization of efficient
current-driven control of the AFM order parameter.

Recently, ferromagnetic Skyrmions (FM Sks) have been
proposed as good candidates for technological applications
due to their weak sensitivity to defects [11-13], ultralow
critical current density [13-19], enhanced nonadiabatic
torque [20,21], and substantial TSHE [22,23]. In spite of
these remarkable properties, FM Sks suffer from the so-
called Skyrmion Hall effect [19,24,25], a motion transverse
to the current flow. This parasitic effect hinders the robust
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electrical manipulation of FM Sks. In contrast, both
the analytical theory and micromagnetic simulations
recently showed that, in AFM Sks, the Skyrmion Hall
effect vanishes by symmetry [26-30].

In this Letter, we demonstrate that the nontrivial magnetic
texture of AFM Sks promotes a nonvanishing TSHE on the
flowing electrons. This effect results in a substantial enhance-
ment of the nonadiabatic torque and, hence, improves the
Skyrmion mobility. This nonadiabatic torque increases as the
Skyrmion size decreases, and, as a result, scaling down results
in a much higher torque efficiency. In clean systems, we find a
significant enhancement of the TSHE close to the van Hove
singularity. Most importantly, unlike FM Sks [23], the TSHE
in AFM Sks increases in the presence of nonmagnetic
interstitial defects. Moreover, the TSHE is enhanced away
from the band gap in the presence of these defects.

Phenomenological model.—Motivated by the prediction
of a metastable single AFM Sk on a square lattice [29-32],
our analysis begins with an isolated G-type (i.e., checker-
board) AFM Sk with equivalent sublattices a and b. The
conduction electrons are coupled to the Néel order n(r, ¢)
via an exchange energy J. For a smooth and slowly varying
Néel order parameter, the emergent electromagnetic fields
of the n sublattice acting on electrons with spin ¢ are
derived as [33,38-40]

Edn = (oh/2e)PoN (r)e;, (1a)

Bln = —(on/2e)PIN . ,(r)z, (1b)
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where N, ,(r) = (0,n x O,n) -n, with u,ve (1.x,y),
6=-+(=)1 for 1(|) spin, Pt = (1-+onP;)/2, where
P, = J/g, is the polarization of the density of state per
sublattice, and ¢, is the energy dispersion [40,41]. Notice
that P, takes a value of 1 close to the van Hove singularity
or as the exchange J goes to infinity. In these limits, the two
sublattices behave like two independent parallel ferromag-
nets (P§ = 1, P{ = 0) and (P’{ =0, P’i = 1). Therefore,
unlike FM Sks, in which electrons feel an emergent
electromagnetic field of opposite sign for different spins,
in real AFM Sks (finite J), the magnitude of this field is
both spin- and sublattice-dependent and strongly depends
on the dispersion [42].

Our analysis is based on an AFM Sk with radius r,
embedded in a large system of radius R > r, moving rigidly
with velocity v [i.e., ,n = —(v - V)n]. We chose without the
loss of generality the profile given as n = (cos @ sin 6,
sin®sin 6, cos @), where cosO = p(rd—r?)/(r3+1r?)
and ® = gArg(x + iy) + cx/2 define the polar and azimu-
thal angles, respectively. The constants p, g, and ¢, which
take values of £1, define the polarization, vorticity, and
chirality, respectively [33]. Under the action of an external
electric field along the x axis (i.e., E = EX), the local charge
and spin current densities per sublattice read [33]

= (1/2)[oox + no., (r)y|E

+ n(h/4)Pooo N+, (r) (v x ), (2a)
Ji=nQ (1/2)[nx — pgpr(r)ylb,
+(pg/2)ar(rn ® (v x z), (2b)

where o) /2 is the longitudinal (ordinary Hall) conduc-
tivity of sublattlce n and o,,(r) = (h/2e)PyogN . ,(r)
is the nonlocal steady state transverse conductivity.
b; = yhPyooE/2eM, quantifies the adiabatic torque,
while (XT(I‘> = pqﬂ%Nx,y(r) and ﬁT( ) pqﬂHny( )
are dimensionless nonlocal contributions to the Gilbert
damping and nonadiabatic torque, respectively. Here M
is the saturation magnetization, and the constants
23, = hPyoy/(2ePyoy) and 1% = yh>Pyo,/(4e*M,) are
length scales associated with the emergent magnetic
and electric fields, respectively [21]. In the above
expressions, Py = 798( ) = —778( ) is the longitudinal
(ordinary Hall) current polarization, where Pg(ﬂ) =

(00 ) / ( —|—0'0( ))- Finally, we also need to
deﬁne the effectlve polarlzatlons Poy = (Pogry + Pi)/2
andPO —(1+P0 Pk)/2 [33]

Interestlng physics of charge and spin transport in AFM
Sks can be inferred from Eq. (2). Indeed, since # changes
sign on different sublattices, there is (i) no macroscopic
transverse (along y) charge current, i.e., no topological Hall
effect (THE) [29,30], (i) no macroscopic longitudinal
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FIG. 1. Schematic illustration of the physical origin of the TSHE
in an AFM Sk. (a) For J > t and close to the van Hove singularity,
two bands are essentially decoupled (P} = 7), and the emergent
magnetic field (EMF) results to a substantial TSHE. (b) For J ~ ¢
(away from the van Hove singularity), a strong transition between
degenerate bands results to a substantial reduction of the TSHE.
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(along x) spin current, and (iii) a nonzero transverse spin
current, i.e., a finite TSHE [26,42]. The physical origin of
the TSHE as illustrated in Fig. 1 stems from the interplay
between the emergent magnetic field, Eq. (1b), and the
dispersion of the underlying system. The emergent mag-
netic field deflects flowing electrons with opposite spins to
opposite directions, and the inherent twofold degeneracy
ensures that a continuous transverse pure spin current flows
in the system.

To elucidate the effect of this transverse spin current on
the mobility of Skyrmions, the impact of the topological
spin current derived in Eq. (2b) on the dynamics of an AFM
Sk is investigated. To achieve this, we calculate the
corresponding total spin torque as 7y = =V -j,, where
Js =Jj¢ +j% and, for the sake of completeness, we include
nonadiabatic effects [43] via a constant nonadiabaticity /3
and the Gilbert damping torque with damping constant o
such that the total spin torque is given as T = an X 9,n —
pbm x 0n — 7 to obtain

T=on xJdmn—fbm xdn
+ ar(r)n x On — fr(r)bm x O,n. (3)

It appears clear from Eq. (3) that, just as in FM Sks [20,21],
the transverse spin current flowing in AFM Sks directly
enhances the nonadiabatic torque and the damping.
Moreover, this nonadiabatic topological torque increases
when decreasing the Skyrmion size. As a result, the
efficiency of the current-driven motion increases when
the Skyrmion becomes smaller.

We follow the standard theoretical scheme employed to
study the dynamics of antiferromagnetic textures [44-49]
supplemented by the derived topological torque to obtain
the equation of motion of the Néel order parameter as [33]

1
a_]78t2n + aeff(r)ﬁtn = yfn + ﬂeff(r)bJaxn’ (4)

where 7 =y/(1+a%), ae(r) = a+ap(r), fu(r) =
B+ Br(r), and £, is the effective field derived from the
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magnetic energy E = [dr[(a/2)m*+4(Vn)?] as f, =
—o0,E, where a and A are the homogeneous and inhomo-
geneous exchange constants, respectively [46]. The termi-
nal velocity calculated from Eq. (4) is given as

v, =0 and v, = (Besr/ )by, (5)

where the effective parameters are given as [33]

42
3 r(z)

43
Qeff = A + and  fer = + 32" (6)
o
To provide a qualitative estimate of our predicted effect,
using realistic material parameters M, = 800 KA/m,
a=0.01, =0.02, Py=0.7, P,=0.4, 69=14.75/(uQm),
6p/00=0.045/T, and j,=5x10'"" A/m?, we obtain 12 =
0.225 nm? and A%, = 13.54 nm?. These values translate to a
longitudinal velocity of up to 391 m/s for a Skyrmion size
of 10 nm, showing that, for small Skyrmions sizes, the
topological torque produces a sizable effect.

Before we proceed, we note that, even though the
topological torque discussed above does not rely on
SOC, the latter is expected to be ubiquitous in systems
promoting noncollinear magnetic textures such as AFM
Sks [38-40]. Indeed, SOC has several effects on spin
transport, depending on its symmetry. In bulk materials, it
contributes to spin relaxation, which results in nonadiabatic
torque that gives rise to a Skyrmion mobility that is
independent of ry [43]. In magnets lacking inversion
symmetry, such as in magnetic multilayers, interfacial
(Rashba-like) SOC produces (mostly) a fieldlike torque,
while the spin Hall effect arising from an adjacent heavy
metal induces a dampinglike torque. The former does not
contribute to AFM Sks mobility, while Velkov et al. [28]
showed that the latter induces a mobility that is proportional
to 7. Finally, one also needs to consider the spin Hall effect
inside the AFM itself. In the case of ferromagnetic vortices,
Manchon and Lee [50] showed that the spin Hall effect acts
in the same way as the nonadiabatic torque, thus inducing
a mobility that does not depend on the vortex radius.
Therefore, we expect the Skyrmion mobility to be domi-
nated by the topological torque discussed above in the limit
of small Skyrmions.

Tight-binding model.—Our theoretical predictions in
Egs. (2) and (6) are verified by means of a tight-binding
model of an isolated AFM Sk on a square lattice described
by the Hamiltonian

H=> etle;—1y ele; =T eim; -6, (7)
i (ij) i

where J is the exchange energy that couples the spin of
electrons 6 to the local magnetization m;, ¢ is the nearest-
neighbor hopping, and ¢; and éj (¢;) are the on-site energy
and the spinor creation (annihilation) operator of site i,
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FIG.2. Computed THE and TSHE for a FM Sk and AFM Sk as
a function of the Fermi energy in the (a) strong and (b) inter-
mediate exchange limits. Insets (c) and (d) represent an enlarge-
ment around the purple region in (a) and (b), respectively.

respectively. We consider an AFM Sk of radius 12¢; to
ensure that the texture is smooth and slowly varying [21],
for both the strong (J =5¢) and the intermediate (J = 2¢/3)
exchange limits [22] using the KWANT code [51]. The Hall
transport is investigated via a four-terminal system [23]
with a scattering region of size 102 x 10243 (i.e., 51 x 51
AFM unit cells) and compared with an equivalent FM Sk.

In a clean system, we find a substantial TSHE in AFM
Sks in both the strong exchange limit and close to the
van Hove singularity [blue line in Figs. 2(a) and 2(b)]. In
the intermediate exchange limit, however, the transition
between degenerate bands is strong [40]; this results in an
overall reduction of the TSHE. Furthermore, since the
TSHE increases with the Skyrmion density [23], a sub-
stantial spin current capable of inducing magnetization
dynamics and/or switching on an adjacent attached FM
layer can be expected. Moreover, unlike FM Sks, AFM Sks
exhibit no THE due to the cancellation of the charge current
contributions from both sublattices [29] [green line in
Figs. 2(a) and 2(b)]. Our numerical results are consistent
with our analytical predictions in Eq. (2).

To model real materials, we investigated the impact of
nonmagnetic impurities which are omnipresent in experi-
ments. This is done via randomized on-site energies
€, =V, € [-(W/2),(W/2)|, where W defines the strength
of the disorder, and average over 10* configurations to
ensure convergence. Two classes of defects are considered:
(i) interstitial defects, which preserve the coherence
between the sublattices within the antiferromagnetic unit
cell, referred to as symmetric scattering (SS), and (ii) dis-
order that induces decoherence within the unit cell, referred
to as asymmetric scattering (AS) [33]. We find that, in both
the strong and intermediate exchange limits, as shown in
Figs. 3(a) and 3(b), respectively, the presence of disorder
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FIG. 3. Dependence of the TSHE on impurity for the (a) strong
and (b) intermediate exchange limits. In region I (II), the mean
free path of the system is longer (shorter) than the system size.
Notice the enhancement of the TSHE in the presence of
an impurity for symmetric (blue curve) compared to both
asymmetric (red curve) defects and a FM Sk (black curve).

progressively quenches the TSHE for the FM Sk (black
curve); in contrast, in the case of the AFM Sk, only AS
quenches the TSHE (red curve). In fact, SS disorder
enhances the TSHE (blue curve) as long as the coherence
between the two sublattices is preserved (region I) [33,40].
A further increase in the disorder strength eventually leads
to the onset of decoherence (region II), resulting in the
reduction of the TSHE.

Finally, we numerically verify the scaling law of the
topological torques with respect of the Skyrmion size given
by Eq. (3). To achieve this, we follow the scheme outlined in
Ref. [21], consider a large system size of 302 x 30243, and
calculate the local spin transfer torque from the nonequili-
brium spin density induced by a voltage bias of 0.2¢. The
calculated torque is then projected on O,n (adiabatic) or
n x Jd,n (nonadiabatic), integrated over space, and normal-
ized accordingly to obtain the scaling law with respect to the
Skyrmion size. From this, we computed the nonadiabatic
torque as fegb; = [[7- (n x ,n)d%r]/ [N, (r)d*r [33].
Our numerical calculations as depicted in Figs. 4(a) and 4(b)
show good correspondence with our analytical predictions in
Eq. (6) in both the strong and intermediate exchange limits.
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FIG. 4. Dependence of the torques on the Skyrmion radius in
the (a) strong and (b) intermediate exchange limits. The insets (c)
and (d) show the scaling law of the nonadiabatic torque.

Conclusion.—Micromagnetic ~ simulations originally
predicted that Skyrmions have, in principle, limited
sensitivity to local and edge defects owing to very
weak interactions [11,12] and their finite spatial extension
[15,17,52]. Indeed, the ability of a defect to pin a Skyrmion
increases when the size of the Skyrmion becomes compa-
rable to the size of the defect [11]. Hence, scaling down
the Skyrmion towards sub-100-nm size results in low
Skyrmion mobility and large critical depinning currents
in polycrystalline systems [53]. What makes AFM Sks
remarkable in this respect is the fact that the torque
efficiency itself increases when reducing the Skyrmion
size, as discussed above. While this topological torque
contributes only to the transverse motion of FM Sks, it
drives the longitudinal motion of AFM Sks and, therefore,
directly competes with the enhanced pinning potential.
This unique property could be a substantial advantage to
compensate the increasing pinning upon size reduction.
Furthermore, our calculations show that the TSHE is
enhanced in the presence of moderate disorder that is
omnipresent in real materials, demonstrating the robustness
of the proposed approach for device applications.
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