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Chaotic precession of antiferromagnetic domain walls
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In contrast with extensive investigations on the translation of domain walls (DWs) in antiferromagnetic (AFM)
materials, the precessional motion of an AFM DW is seldom concerned partly because of the lack of an effective
driving method. In this Letter, we show that under an alternating spin-polarized current with polarization along
the AFM anisotropy axis, an AFM DW can be excited to precess. Especially, chaotic precession occurs at a
moderate interfacial Dzyaloshinskii-Moriya interaction (DMI), which contributes to a nonlinear term in the
dynamic equation of DW precession. Crisis-induced intermittent chaos appears when the current density is higher
than a critical value. This Letter not only paves a way to unravel the rich dynamics of a current-induced AFM
texture but also provides guidelines for developing ultrafast spintronic devices to exploit the nonlinear chaotic

magnetization dynamics with promising applications.
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Introduction. Chaos is deterministic nonlinear dynamics
that is sensitive to the variation of initial conditions and has
attracted extensive investigations owing to its wide existence
in nature and applications in numerous fields [1-6]. Typical
applications of chaos include secure communication [2] and
the detection of extremely weak signals [3,4]. Very recently,
promising applications of chaos have been proposed in neuro-
morphic computing, such as seeking a global optimal solution
in combinatorial optimization problems [5,6].

A spintronic device can exhibit chaotic magnetization
dynamics due to the inherent nonlinearity in the dynamic
equation. For example, chaotic magnetization precession is
observed in spin-torque or spin Hall nano-oscillators [7—14].
The strong exchange coupling in antiferromagnetic (AFM)
materials leads to spin dynamics in the terahertz regime
[15,16] including ultrafast chaotic spin precession [17]. Nev-
ertheless, an AFM material with a uniform magnetization
requires a strong driving force for breaking the antiparallel
spin alignment stabilized by an exchange field [18]. In recent
decades, the magnetization dynamics of AFM textures, such
as domain walls (DWs), skyrmions, vortices, and bimerons,
has attracted broad attention [19-22] because AFM textures
can be driven by applying an electrical current or a voltage
exhibiting both interesting dynamical behaviors and potential
applications [23-26]. As an example, current-driven ultrafast
AFM DW translation was achieved with a relativistic velocity
larger than 1 km/s in a heavy metal/AFM bilayer [24,27].
Chaotic AFM texture translation has also been predicted un-
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der an alternating spin current in the presence of nonlinear
boundary-induced force [28,29].

So far, most studies of the DW dynamics in AFM materials
were focused on translational motion. However, precessional
motion is another dynamical mode for magnetic textures but
less attention has been paid to this mode. Precessional motion
is absent at uniform translations of AFM textures and can
be entangled with their acceleration in a complex manner
[24,30,31]. To reveal the dynamical properties of the preces-
sional mode for AFM textures, one needs a special excitation
to prevent translational motion.

In this Letter, we demonstrate that the precessional motion
of an AFM DW can be triggered by a spin-polarized electrical
current with a very low current density via conventional spin-
transfer torque (STT). In this case the translational motion of
the AFM DW is suppressed and a static DW location is sus-
tained. In particular, the DW precession exhibits intermittent
chaotic behaviors at a moderate interfacial Dzyaloshinskii-
Moriya interaction (DMI), which contributes to a nonlinear
term in the dynamic equation of the DW precession. Our
results unravel rich behaviors in the precessional dynamics
of an AFM DW, and the discovered chaotic characteristics
open another route for the applications of nanoscale spintronic
devices with a high speed of processing.

STT-driven AFM DW motion. We considered a spin-valve-
like structure composed by a free AFM layer and a pinned
ferromagnetic (FM) layer separated by a nonmagnetic metal
layer, as sketched in Fig. 1(a). The magnetization of the FM
layer is fixed along the z direction. The AFM layer consists
of two sublattices A and B, in which a one-dimensional (1D)
Néel-type chiral DW along the x direction is stabilized by an
interfacial DMI. This device configuration is experimentally
feasible for investigating magnetization dynamics driven by
spin-polarized currents [32,33]. When an electrical current

©2023 American Physical Society
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FIG. 1. (a) Schematic of the spin-valve-like structure for exciting
the precessional motion of a Néel-type DW in the top AFM layer
by injecting an alternating spin-polarized current from the bottom
FM layer. The pinned FM layer has a fixed magnetization (yellow
arrows) along the z axis. My and Mj denote the magnetic moments
in the two sublattices A and B at the DW center. (b) Rotation of M,
and Mp under dampinglike torques (T} and T%) as indicated by the
green arrows. When M, and Mj are lying in the xz plane, the Néel
vector n (magenta arrow) is along x and My x Mj (purple arrow)
is along —y. (c) Precession of M, and Mj under a fieldlike torque
of DMI (T4 and T%). Here, the gray and green arrows represent the
effective field and the fieldlike torque of DMI, respectively. The light
green areas in (b) and (c) indicate the xz plane. (d) Precession of My
and Mj results in the rotations of M,y x Mp and n in the xy plane,
which in turn changes the DMI energy proportional to cos ®. Here,
® is the angle between M, x Mg and —y. The Néel vector remains
perpendicular to My and Mp with the angle ® from x. The energy
profile of AFM DW precession under an alternating spin-polarized
current (d) is analogous to that of a pendulum under an alternating
driving force (e).

passes through the pinned FM layer, a spin-polarized current
with its polarization along z is injected into the AFM DW via
the spacer layer. Note that the current polarization is always
collinear with the local magnetic moments in the AFM ma-
terial outside of the DW, where the STT does not excite bulk
spin waves [16]. Moreover, the current-density threshold of
exciting bulk spin waves is approximately 108 A/cm?, which
is two orders of magnitude larger than the current density
range in this work. Therefore, the bulk spin waves can be
safely neglected.

To characterize DW precession, we focus on the two
magnetic moments in sublattices A and B at the DW cen-
ter without loss of generality, which are marked as M, and
Mj; in Fig. 1(a). Under a dampinglike STT TQ(B) o Mgy X
(Myp) X 2), the magnetic moments My and Mg both rotate

in the xz plane [the light green areas in Figs. 1(b) and 1(c)]. A
dampinglike STT breaks the DW stability while the fieldlike
torques drive the local magnetic moments My and Mg to
precess about the total effective field including the exchange
field, anisotropy field, DMI field, and current-induced field.

For a chiral Néel DW with magnetic moments lying inside
the xz plane, the effective fields due to DMI exerting on My
and My (HYM and HRM) are also in the xz plane and have
a mirror symmetry about the z axis. These torques result in
the precession of My and Mg with the same amplitude but
opposite chirality, as schematically illustrated in Fig. 1(c).
Consequently, the vector My x Mjp rotates in the xy plane
with the equilibrium direction along —y, because the DMI
energy depends on this vector as Epy = —Dy - (My x Mp)
[34,35]. This energy profile, depending on the vector My x
Mj;, is analogous to the gravitational potential energy of a
pendulum that depends on the angle deviating from its equi-
librium, which is shown in Figs. 1(d) and 1(e) for comparison.

The above analysis reveals the possibility for AFM DW
precession under an alternating spin-polarized current in com-
bination with DMI. To quantitatively describe the AFM DW
dynamics, we derived the dynamic equation of the total mag-
netization m = My 4+ Mp and the Néel order parameter n =
(M4 — Mp)/2M,, where M, is the saturation magnetization of
each sublattice. For the 1D AFM DW shown in Fig. 1(a), we
write the leading-order free energy in the continuum approxi-
mation as

a 2 A 123 ’
H=S Em +§n +Lm-n

D
——n —|——§1-(nxn’)}dx. 1

Here, S, is the cross-sectional area of the AFM material and
the prime denotes the spatial derivative with respect to x. a, A,
K, and D are the homogeneous exchange, exchange stiffness,
uniaxial anisotropy, and DMI coefficients, respectively. The
sign and magnitude of the interfacial DMI depend on the
composition above and below the magnetic layer and can be
tuned in a wide range [36].

Under the spin-polarized current density J with its polar-
ization P, the dynamic equations of m and n can be expressed
as [24]
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where the overdot indicates the time derivative and y =
1.76 x 10'! rad/(s T) is the gyromagnetic ratio. f,, = —am —
Lm' and f, = An” + Lm' + Kn.Z + Dy x n’ are the effective
fields exerted on m and n, respectively. We define [ = [M,y —
M;|, which is close to 2M; with strong exchange coupling.
G, = o/l and G, = «l are the effective damping coefficients
for m and n, respectively, where « is the Gilbert damping. The
strength of the dampinglike STT is Tp = ugPJ/yeM;t, with
g the Bohr magneton and e the electron charge. P = 0.48 is

L020405-2



CHAOTIC PRECESSION OF ANTIFERROMAGNETIC ...

PHYSICAL REVIEW B 107, L020405 (2023)

the spin polarization for Pt/Co [37], My = 5.05 x 10° A/mis
chosen for L1¢-MnPt [38], and 7, = 0.4 nm is the thickness of
the AFM layer. Tr is the strength of the fieldlike STT, which
does not contribute to the DW precession (see Sec. S-1 in the
Supplemental Material [39]).

Equations (2) and (3) can be simplified as

i+ ay Gon — ay*(A*n” + Kn.2 + D§ xn')
+ay2TDln xz2=0, 4)

where A* =A — L?/a is the effective exchange constant
including the parity-breaking term [51]. We rewrite n =
(sin @ cos @, sin 6 sin @, cosf) in a spherical coordinate sys-
tem with 6 and ® the polar and azimuthal angles, respectively.
Using the collective coordinates for a Walker-type DW [15],
the polar angle can be expressed in terms of the DW center
X and its width A. For simplicity, we assume that the Walker-
type DW structure and its width A are well maintained during
the precession and this assumption is verified by atomistic
simulation (see Sec. S-1I of the Supplemental Material [39]).
Taking the scalar product of Eq. (4) with 0n/dX and dn/9®,
respectively, and integrating over space, we finally obtain the
Thiele equations,

X +ayG,X =0, 5)
. . T 2 . _ 2
D+ ayG,® — Hay Dsin ® = ay~Tpl. 6)

In previous studies of the dynamics of AFM textures, the
driving force was generally acted on X while & was usually
assumed to be constant [24]. Therefore, most attention was
paid to the translational motion instead of the DW precession.
However, under a spin-polarized current with its polarization
along the AFM anisotropy axis, the STT term appears in the
dynamic equation of @ instead of X; see Egs. (5) and (6). It is
worth noticing that Eq. (6) has the same form as the dynamic
equation of a classical pendulum. Therefore, the equivalence
between the precessional motion of an AFM DW and the
classical pendulum is demonstrated in their energy profiles
[Figs. 1(d) and 1(e)] and the dynamical equations [Eq. (6)].
Since a classical pendulum can exhibit chaotic oscillation
under an alternating driving force, the chaotic DW precession
can be achieved under an alternating spin-polarized current.

Chaotic precession of AFM DWs. To verify our prediction,
we numerically solved Eq. (6) using the fourth-order Runge-
Kutta method with a time step of 0.01 ps. Under an alternating
current with a frequency fy = 100 GHz, the representative
numerical results are plotted in Fig. 2. At @ =2 x 1072, the
DW exhibits a regular precession, as shown in Fig. 2(a). In
addition to the driving frequency fy, weaker precessions at
higher frequencies are also seen in the spectrum [Fig. 2(b)].
These higher-order signals originate from the nonlinear terms
in the Taylor expansion of sin ® in Eq. (6). At a small damping
a =2 x 1073, ®(¢) does not exhibit a periodic motion and
the trajectory in the phase diagram fails to close after a long
time (>800 ps), as shown in Fig. 2(c). Unlike the periodic
precession, there is no sharp peak in the spectrum of ®; see
Fig. 2(d). In addition, the power spectrum of d®/dt shows
a power law with an exponent of approximately —2 in the
frequency range between 0.1 f; and 10f, [inset of Fig. 2(d)],
which is a signature of intermittent chaos due to the random
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FIG. 2. Trajectories in phase portraits d ®/dt vs ® and the spec-
traof ® ata =2 x 1072 [(a) and (b)] and & = 2 x 1073 [(c) and (d)]
for D = —0.174 mJ/m? and J = 1 x 10'" A/m?. f; denotes the fre-
quency of the alternating spin-polarized current. f; = 3fo, fo = 5o,
and f; = 7f; indicate the higher-order precessional frequency due to
the nonlinear DMI. The inset of (d) is the power spectrum of d ®/dt
in a log-log scale and the red dashed line denotes a logarithmic slope
—2. Calculated Lyapunov exponents LE; and LE, (e) and the sum of
LE, and LE; (f) as a function of the damping coefficient «.

state hopping model [52,53]. All these features consistently
indicate that the AFM DW shows a chaotic precession at a
small « driven by the spin-polarized current. The periodic
precession and chaotic precession obtained by solving Eq. (6)
is further confirmed by the atomistic simulation of spin dy-
namics, as presented in detail in Sec. S-II of the Supplemental
Material [39].

To understand the appearance of chaos at low damping, we
calculated the Lyapunov exponents (LEs) defined as [28]

N
; = lim —In — .
oot s

(N

Here, [|§®!|| is the distance between two closed trajectories
at time ¢ and ||8<I>6|| is the initial distance at t = 0. i =1, 2,
and 3 stand for @, d®/dt, and ¢, respectively; see the details
in Sec. S-IIT of the Supplemental Material [39]. A positive
LE, indicates chaotic dynamics with an exponential increase
of the distance between two trajectories for any nonzero
||<3<I>6||. The relation LE; + LE, = —ay«al holds [39] and is
explicitly verified in Fig. 2(f). Although the sum of LE; and
LE, remains negative, a small o provides a larger probability
for the appearance of a positive LE; to achieve the chaotic
precession, as shown in Fig. 2(e).
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FIG. 3. (a) Lyapunov exponents LE; and LE, and (b) bifurcation
diagram as a function of the DMI strength D.

Influence of DMI and current density. The dynamical equa-
tion (6) suggests that the DMI strength and current density
play a significant role in the DW precession in addition to
the damping coefficient. Figure 3(a) shows LE; and LE, as
a function of the DMI strength D. LE, is negative at small
and large DMI, indicating the absence of chaotic DW preces-
sion. DMI can be regarded as the restoring force in the DW
precession in analog to the gravitational force in a classical
pendulum. Under a large enough DMI, the strong restoring
force suppresses the amplitude of DW precession ®. Then
sin ® ~ ® becomes a good approximation while the nonlin-
earity of Eq. (6) disappears [54], resulting in periodic DW
precession. At very weak DMI, the nonlinear term in Eq. (6)
becomes negligible. Only at moderate DMI is the calculated
LE, positive and chaotic DW precession occurs. Chaotic DW
precession can also be verified from the bifurcation diagram;
see Fig. 3(b). Here, we collected @ at a series of moments
with an interval of the period of the driving current. Only a
single @ appears under either weak or strong DMI, but many
different ® emerge at moderate DMI, confirming chaotic DW
precession.

Chaotic DW precession is manipulated by a dampinglike
torque via the spin-polarized current density and the resulting
intermittent chaos exhibits alternating periodic and aperiodic
dynamics. This can be induced by the collision of a chaotic
attractor with the basin boundary of the attractor (crisis) in
a system with multiple attractors [39,55]. Here, the basin
describes the collection of initial conditions that leads to a
long-term behavior approaching an attractor. Under typical
crisis-induced intermittent chaos, the trajectory in the phase
portrait would wander between different attractors.

When the current density J exceeds a critical value J.; =
4 x 10" A/m?, there are two running attractors with an av-
erage positive or negative angular velocity, as shown by the
blue and green lines in Figs. 4(a) and 4(b). They are also
displayed by the white and pink regions in Figs. 4(d) and 4(e).
AtJ = 4.9 x 10'% A/m?, the attractors were period-2, and the
Poincaré sections at 27 fot = 0 (mod 27r) were individual dots
located within different basins; see Fig. 4(d). If J is larger than
another critical value J, = 4.98 x 10'° A/m?, the attractors
became chaotic, and the Poincaré sections became continuous
lines but are still confined in their own attractors, as shown
in Figs. 4(b) and 4(e). When J is further increased to exceed
the third critical value J.3 = 5.04 x 10'© A/m?, the two at-
tractors simultaneously collide at the basin boundaries and
form a folded chaotic attractor [55], indicating crisis-induced

T
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FIG. 4. Trajectories of phase portraits and the basins of attractors
under J = 4.9 x 10'° A/m? [(a) and (d)], 5.04 x 10'® A/m? [(b) and
(e)], and 5.1 x 10'® A/m? [(c) and (f)]. The Poincaré sections at
27 fot =0 (mod 27) under different J are plotted in (d)—(f). The
green and blue trajectories in (a) and (¢) denote DW precessions with
opposite chirality: (d®/dt) > 0 (blue) and (dd/dt) < 0 (green).
Both running modes are separated in (a), (b), (d), (¢) but mixed in

(c) and (f).

intermittent chaotic DW precession, which is also verified by
the irregular up and down running of @ [Figs. 4(c) and 4(f)].

To experimentally explore chaotic AFM DW precession,
the frequency of an alternating current (fy) is generally
better to approach the characteristic frequency for DW pre-
cession f. = +/ay?|D|/m /4, which is hundreds of GHz.
This high-frequency current can be transformed from a high-
frequency voltage provided by a radio-frequency source [56].
The chaotic oscillation of an AFM Néel vector can be detected
by using ultrafast optical methods [57,58].

Summary. In summary, we predict the excitation of chaotic
AFM DW precession triggered by a spin-polarized current
with its polarization along the easy anisotropy axis. This chaos
originates from the interfacial DMI of an AFM material and
shares the same dynamic equation as a classical pendulum.
Our findings unravel rich behaviors of the precessional motion
of AFM DWs and paves a way to exploit the magnetization
dynamics of AFM textures for developing applicable spin-
tronic devices.
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