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Abstract

®

CrossMark

‘We numerically investigate the emission of spin wave (SW) packets from an antiferromagnetic
(AFM) domain wall (DW) moving at a varying velocity. This SW is analogous to the
bremsstrahlung of a charge with variable motion. The SW packets are emitted towards both
sides of DW in the DW acceleration/deceleration process. The frequency of this
bremsstrahlung-type SW is at sub-terahertz (THz), which is one magnitude lower than that of
SW emitted by the Lorentz contraction of DW. Based on the bremsstrahlung-type SW, we
proposed a frequency comb with a sub-THz central frequency and a GHz frequency interval by
exploiting the back-and-forth DW variable motion. Our work paves a way for developing a
spin—orbit-torque -based AFM THz device with a tunable frequency band.

Keywords: bremsstrahlung spin wave, frequency comb, antiferromagnetic domain wall,

variable motion

(Some figures may appear in color only in the online journal)

1. Introduction

Spin waves (SWs) are promising information carriers in com-
putation devices that are free from Joule heat [1]. The SW
in an antiferromagnetic (AFM) medium is especially out-
standing owing to its ultrahigh frequency terahertz (THz)
brought by strong exchange coupling [2]. This AFM SW has
an important position in the emerging research area of THz
magnonics [3].

In an AFM medium, in addition to a simple uniform mag-
netic structure, complicated magnetic textures are also widely
observed. A typical example is a magnetic domain wall (DW)
that separates the neighboring domains [4]. The interaction
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between SWs and DWs effectuates interesting physical phe-
nomena [5-7]. For example, an AFM SW can pass a DW
without reflection [5, 6], and an AFM DW moving at a high
velocity can be a source for exciting THz SW [7]. In addition to
that, nonlinear magnon phenomenon, such as a magnonic fre-
quency comb (MFC), can also be generated by the interaction
between SW and a magnetic texture. Here the frequency-comb
(FC) indicates a spectrum composed of a series of frequencies
with an identical interval [8—14]. For example, a MFC can be
generated by the interaction between SW and oscillation DW
[13] or by nonlinear magnon-skyrmion scattering [14].

Till now, a number of methods have been proposed to drive
an AFM DW, such as spin—orbit-torque (SOT) by electrical
current [7, 15, 16], anisotropy gradient under voltage [17],
temperature gradient [18-20], and spin waves [6, 21]. Espe-
cially, the SOT-induced motion of an AFM or ferrimagnetic
DW has attracted extensive attention in recent years due to

© 2022 I0P Publishing Ltd
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the experimental feasibility. In physics, an AFM DW motion
exhibits interesting relativistic-like characteristics, such as an
upper limit of velocity and the shrinking of DW width (Lorentz
contraction) [7, 22, 23]. When the DW velocity approaches
its limit, the maximum group velocity [(Vg)max], a SW can be
emitted [7, 23] (named SW-1). On the other hand, an AFM
DW also has an effective mass that gives rise to DW inertia [17,
24], and another SW emission is also theoretically predicted by
DW variable motion [25]. This SW (labeled as SW-2) is ana-
logous to the bremsstrahlung of a charge, such as x-ray emis-
sion by an electron colliding with an atomic nucleus. These
investigations predict that a moving AFM DW can be a poten-
tial source for the emission of a THz SW.

In a real device, SOT-induced DW motion is usually
triggered by a current pulse. A period of the pulse includes
three stages: rising edge, maintenance, and falling edge. In
general, the attention is paid on the SW-1 emission by the DW
uniform motion under a constant current in the maintenance
stage. However, the prediction for SW-2 reminds us to notice
possible SW emission during DW acceleration (deceleration)
process in the short rising (falling) edge. In this work, we
numerically revealed the transient emission of a SW packet—
packet by the AFM DW acceleration (deceleration) in the
rising (falling) edge of a current pulse. The frequency of this
SW-2 is at THz and one magnitude lower than that of SW-
1. Based on this bremsstrahlung-type SW-2 emission, we also
propose the generation of a SW FC by exploiting the back-
and-forth DW variable motion under a pulsed current.

2. Model and method

We consider an AFM/HM bilayer with a Néel-type DW [7].
Under the injection of a longitudinal DC current along the x-
axis direction in the HM layer, a transversal spin current with
spin pointing along the y axis is generated and injected into the
AFM layer (figure 1(a)).

This spin current introduces a damping-like SOT that drives
the AFM DW. Here, we focus on the DW acceleration (decel-
eration) and the excitation of SW-2 in the rising (falling) edge
of the current pulse (figure 1(b)).

The SOT-induced AFM DW motion is numerically calcu-
lated based on a one-dimensional (1D) atomistic model with
the Hamiltonian given by [7]:

H= ASlmZS() LS

mmZ S() é.
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where S0 is the normalized magnetic moment at lattice site i.
The first term on the right-hand side of equation (1) denotes
the exchange energy, where Ay, is the exchange integral. The
second term is the anisotropy energy with a constant K ,. The

third term is the interfacial Dzyaloshinskii—Moriya interaction
(DMI) energy with a coefficient Dgjr,, wWhich gives rise to a
Néel-type DW structure [7]. The last term is the dipole—dipole
interaction, where M and y are the saturation magnetization
of the sub-lattice and the magnetic moment, respectively, and
My is given by My = pi/d® with nearest neighbor spacing d. R,,
is the distance vector between site i and j (i.e., R;j = |i — j|d).

The spin dynamics is described by the Landau-Lifthiz—
Gilbert (LLG) equation:

5™ , PX0)
= 50 gt SO «
ar M eif T ot
+vBpS® x (5O x ). 2)
The third term of equation (2) is the damping-like SOT with
a coefficient Bp = “255;;1 [7], where up is the Bohr mag-

neton, and fgy is an effective spin-Hall angle, and J is the
current density, and ~ is the gyromagnetic ratio, and t,, is

the thickness of the AFM layer. H (’fz is the effective magnetic
field expressed by: H'f) = — 24 — g{) g\ o gl

ot dS() anis
H(Ehi)ole Here, AY = ﬁ(S(’H) +8G=1) is the exchange

field, and Hz(m)1S = —if—j:‘Sgi)é'z is the anisotropy field, and
H(’) _
DMI —

0
,M[(S(H-l)fsgl—l))g + (8¢ (=1 _ ("H)) 2] is the
DMI field. Hc(hl)oole is the dipole field derived as f;li,ole =
z( Ve, +sPe. —259e,), (j#£i).

The Néel vector 7= (§@ —S§0=1)/2 was exploited to
depict AFM dynamics. The 4th Runge—Kutta method was used
to solve the LLG equation with a 0.01 ps time step based
on the parameters of a NiO/Pt bilayer [7]: Ajm = 16 meV,
Kgm = 0.04 meV, Dgi, =2 meV, t, =d = 0.4 nm, o = 0.001,
Osy = 0.1, and p = 3.45 pg. To avoid SW reflection, an
enhanced damping coefficient as a linear function of x is
assumed at both ends of the chain [26-28]:

o(x)
0.1—% O0nm < x <24 nm
= 0.001 24 nm < x < 1976 nm
0.001 + 0339 (x—1976) 1976 nm < x < 2000 nm

3

3. Results and discussion

We firstly investigated the inertial DW motion driven by
SOT by using the collective coordinate method (CCM).
The AFM staggered magnetization vector was defined as:
i = (my —nip)/2M,, where the m; and m, are, respect-
ively, the magnetizations of the two coupled sublat-
tices with |mi;| = || = M; (the blue and red arrows in
figure 1(a)). # was expressed in a spherical coordinate
system as # = (sinfcos¢,sinfsing,cosf), and a rigid-
body Walker-type DW profile was introduced as 6(t) =
2arctan{exp[(x — q(¢))/A}, and ¢ = ¢(r). Here 6(r) is the
polar angle for the 77 in the DW region, and ¢(¢) is the azimuthal
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Figure 1. Bremsstrahlung-type SW excited by DW variable motion in an AFM/HM bilayer structure. (a) Schematic of an AFM/HM bilayer
system and a Néel-type DW: The injected DC current J in the HM layer generates a transversal spin current (denoted by the purple and
green arrows), which drives the AFM DW along the x-direction by SOT. (b) Snapshots of the DW motion. The DW accelerates (decelerates)
in the rising (falling) edge of the current pulse, which is accompanied with the emission of the bremsstrahlung-type SW.

angle for the 7 in the DW central. A = \/% is the DW width

with A = % and K = % the inhomogeneous exchange
constant and anisotropy constant, respectively. We took into
account the exchange energy, uniaxial anisotropy energy, and
DMI energy, and disregarded the variation of DW width for
simplicity. Using the standard o-model procedure [29, 30],
we derived the dynamics equations of g:

28 .
Mpwq + T;\'qu—i-wSLBchosgb:O. 4)

28
Here, Mpw = a’sz_)\

is the effective mass with S, = d? the

cross-section area of DW and a = 2};}“2 the homogeneous

exchange constants, and G is the Gilbert damping parameter,
and [ = 2M; is the staggered magnetization density.

Equation (4) tells us that an AFM DW moves like a clas-
sical massive particle in the presence of frictions and external
SOT force. Also, the changing of DW acceleration and velo-
city can trigger the variation of ¢. However, how the DW pre-
cession is coupled to the DW acceleration is still unclear. To
clarify this coupling, we further derived the dynamics equation
of ¢ by considering the hard-axis anisotropy energy due to the
dipole—dipole interaction and the Lorentz contraction of DW
width. Under this assumption, the DW width was wrltten as
A\ = VAf 2~? with f= K — K,cos’¢ and v = 1 — & Here K,
is the hard-axis anisotropy constant, and c is the maximum
group velocity. Based on the Lagrange—Rayleigh dissipation
equation without the term of ¢ with an order higher than 2, the
dynamics equation of ¢ can be approximately derived as:

1
- fﬂgzﬁ — —QSZK sin2¢ =0,

5
2 &)

. al

5

where & is the phenomenological damping factor with p = %.
Equation (5) indicates that the DW precession is similar

to a damped pendulum. The SOT-induced DW acceleration
drives the reorientation of DW magnetization (equation (4)),
which offers an initial angular velocity for the DW oscillation
that can be tuned by DW acceleration. This DW precession
can generate a spin wave when the frequency is higher than
the gap of the SW dispersion curve. On the other hand, the
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Figure 2. Typical snapshots of the DW variable motion and SW
packets under the periodic pulse current. (a) Time-dependent
square-wave current pulse with current density J. (b) DW velocity v
and position x. (c) Total force on DW. (d) The x-component of Néel
vector n,. Here the backward and forward SWs were recorded at
128 nm to the left and 200 nm to the right of the DW center,
respectively. Here J = 1.5 x 10" A m~2.

damping can be depressed by DW acceleration, and when the
DW acceleration disappears, the DW precession will decay
under damping.

Equations (4) and (5) are complicated coupled nonlinear
equations, and it is highly unlikely to solve them analytic-
ally. To verify the theoretical analysis based on the CCM, we
have performed the atomistic simulation. As it is shown in
figure 2(a), we consider a representative SW-packet emission
under a current pulse with a 0.2 ns square-wave period, a 50%
duty ratio, and a 1.5 x 10'® A m~2 amplitude. The DW accel-
erates (decelerates) at the rising (falling) stage of the pulse cur-
rent. This is accompanied with the SW-2 emission from both
sides of DW. We recorded the n, oscillation at 40 nm to the
left and 150 nm to the right of the DW center. To precisely
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Figure 3. The bremsstrahlung-type SW emission. (a) Spatial n, at
180 ps (DW acceleration) and 280 ps (DW deceleration). (b) Typical
spectra of SWs during DW acceleration (left) and deceleration
(right). Here the backward and forward SWs were recorded at

200 nm to the left and 200 nm to the right of the DW center,
respectively.

derive the n, oscillation from a moving DW, we deleted the
background fluctuation of n, in a uniform AFM chain without
any DW.

Based on equation (4) and the parameters for the simu-
lation, the DW mass can be estimated to be approximately
2.28 x 1073° kg. By differentiating the DW velocity with
respect to ¢, we derived the DW acceleration, and the total
force acting on DW can be determined by multiplying mass
with the acceleration (figure 2(d)). One can see the total force
is between 2 x 1071 and —2 x 10~!® N. The changing of
the force results from the competition between SOT and the
damping effect. Furthermore, we can estimate the DW energy.
Without considering the relativistic effect, the DW energy is
composed of a potential energy E,, and a kinetic energy E.
Here E, = 2§ L VAK and E, = %Mquz. Using the simula-
tion parameters and the stable velocity, the E,, and Ej were
estimated to be E, = 3.6 x 1072 J and Ex = 1.0 x 1077,
respectively.

Figure 2(d) shows the profile of a SW-2 packet with a good
repeatability under a series of current pulses. From figure 2(d),
one can see that the SW-2 is emitted in the process of DW vari-
able motion and disappears when the DW velocity becomes
constant. Since the DW velocity is far below (v¢)max, which in
our case is above 10 km s~!, we conclude that the mechanism
of this SW-2 emission is different from that of SW-1 when the
DW velocity approaches (Vg)max [7, 23].

Figure 3(a) exhibits the spatial n, near the DW central.
In the process of DW acceleration, the spatial symmetry of
the DW profile is significantly destroyed by SOT (the left
sub-figure of figure 3(a)) [7]. After the current is switched

generated (blue dotted line), while the forward SW-2 diminishes.
With the further increase of J, the frequency of SW-1 decreases
while that of the backward SW-2 remains almost constant.

(b) Dispersion curve and the schematic for the process of
two-magnon emission connected by DW motion. (¢) Temporal DW
velocity under different J that is larger than Jc = 1 X 10" Am™2.
(d) Spatial n, under different J. DW profiles significantly changes
with J when it is higher than 1 x 10" A m~2,

off, however, the DW profile immediately recovers to be sym-
metric (the right sub-figure of figure 3(a)). The spectra of the
temporal 7, for the backward and forward SW-2 in figure 2(d)
were derived via fast Fourier transform (FFT), for which the
sampling interval time is 0.01 ps and the sampling duration
is 200 ps. Both backward and forward SW-2 exhibit a wide
spectrum with a central frequency around 0.4 THz, and the
frequency for the forward branch is a little higher than that of
the backward one (figure 3(b)).

To further elucidate the mechanism about the
bremsstrahlung-type SW-2, we deduced the SW-2 spectrum
under a series of J ranging from 5 x 10° to 2.25 x 10'' Am~—?
(figure 4(a)). We found a critical J (J¢) at 1 x 10'" A m~2,
below which the SW-2s are composed of the forward
and backward components. The frequency for the forward
branch is almost constant, while that of the backward one
decreases with J for J < Jc and keeps almost constant
when J > Jc. Furthermore, we deduced the spectrum for
the SW propagating along the chain (figure 4(b)). The fre-
quency range in the dispersion curve of SW-2 is between
0.32 and 4.49 THz. Therefore, the SW-2 exhibits a fre-
quency a little higher than the gap and a small wavenumber
close to zero. This reveals that the SW-2 exhibits a typical
‘magnetostatic-like’ behavior.

In physics, the frequency difference between the forward
and backward SW-2 can be explained based on a two-magnon
emission by the interaction between an AFM DW and SW
[25]. The wavenumbers of the two magnons are k and —k + g.
Here ¢ is the wavenumber transferred from a moving DW
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Figure 5. MFC generated by a periodic current. (a) Current density J (top), snapshots of DW motion (middle), and vpw (bottom) as a
function of ¢ in a period T = 400 ps. The SWs in the DW acceleration and deceleration process are denoted by the green and yellow wave
packets, respectively. (b) Evolution of n, at x = 480 nm (the red dashed lines in figure 4(a)) in one period. (c) The spectrum of n, in
figure 4(b) under J = 5 x 10'® A m~2. The inset is the enlarged spectrum between 0.355 and 0.368 THz with the repetition frequency

Sfrep = 2.5 GHz. (d) The fep of MFC at different 7.

and can be estimated by 1/\, where A is the DW width that
shrinks for a moving DW due to the relativistic-like Lorentz
contraction [25]. As the dispersion curve is an even function
of k, the different absolute values between k and —k + ¢ leads
to distinct frequencies for the two branches of SW-2. Since the
wavenumber of the forward branch (k) is not influenced by g,
the frequency is fixed. Nevertheless, the wavenumber of the
backward SW-2 is manipulated by g. The decreasing of fre-
quency from 0.4 to 0.35 THz corresponds to the changing of
the wavenumber from —0.14 to —0.08 nm~!, which is close
to the variation of ¢ (about 0.07 nm™").

When J exceeds Jc, the DW velocity approaches (vg)max
with a significant shrinking of DW width, which is accompan-
ied with the disappearance of the forward SW-2 and the emis-
sion of SW-1 (the blue dotted line). The frequency of SW-1
is one magnitude higher than that of SW-2 and close to the
upper limit for the frequency in the SW dispersion curve. The
frequency of SW-1 decreases with the further increase of J.
This SW-1 emission originates from the enhanced exchange
energy by the relativistic Lorentz contraction [7, 23].

To further clarify the difference of emission mechanism
for SW-1 and SW-2, we have collected the changing of DW
profile and velocity when J > J¢ (figures 4(c) and (d)). The
DW clearly shrinks with the increasing J, which is accompan-
ied with the breaking of DW spatial symmetry and the SW-1
emission. However, the DW deceleration in the falling edge

is almost independent on J. These results illustrate that the
frequency of SW-2 is mainly relevant to the variation of DW
velocity. While that of SW-1 depends on the DW contraction
instead of DW variable motion. This is consistent with the res-
ults in figure 2, which shows that the DW deformation does not
influence the frequency of SW-2.

Finally, based on the manipulation of SW-2, we proposed
the generation of a sub-THz MFC. In this work, the MFC
is designed by referring the principle for an electro-optic FC
[10]: we consider a continuous time-dependent signal s(z),
which is composed of a series of individual unit signals [g(?)]
with a constant time-interval T with the expression given by
equation (6):

oo
s(r) = Z g(t—nT). (6)
n=—oo
Here, n represents the serial number of the unit signal.
We introduce the Dirac comb function > 6(z—nT) and

n=—0oo

rewrite equation (6) as:
% Z §(t— nT). @)

In equation (7), the symbol * means the convolution. Using the
FFT, the frequency spectrum of s is obtained as:
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S =7 D G-,

n—=—0o0

where S(f) and G(f) is the frequency spectrum of s(f) and
g(1), respectively. It is clear that S(f) composes a series of
evenly spaced frequency lines (FC) with the repetition fre-
quency frep = lT

Based on this principle, we exploit a back-and-forth DW
variable motion under a periodic current to generate SW pack-
ets analogous to s(¢) signal. The pulse protocol and snapshots
of DW motion is shown in figure 5(a). In the first quarter of a
period, the DW accelerates under a positive J, and the SW-2
packet is emitted towards the DW stern (the green SW packet).
In the second quarter, the current is removed and the DW
decelerates, exciting another SW packet towards the DW bow
(the yellow SW packet). In the last two quarters, the sign of
J is reversed and DW experiences a reversal acceleration and
deceleration process and finally returns to its original position.

To analyze the spectrum of SW packet, we recorded the
oscillation of 7, at the red dashed line in figures 5(a) and (b).
This temporal n, was converted to a MFC spectrum by FFT
(figure 5(c)), for which the sampling interval is 0.01 ps, and
sampling time is 1200 ps (three periods). The MFC spectrum
shows that the repetition frequency fep is 2.5 GHz, and it can
be manipulated between 2.5 and 5 GHz by varying T from 200
to 400 ps (figure 5(d)).

4. Conclusion

We predict the bremsstrahlung-type SW packet emitted by an
AFM DW variable motion. This SW frequency is at THz and
one magnitude lower than that of the SW emitted from the
relativistic Lorentz contraction of the DW width when the DW
velocity approaches the maximum group velocity. Based on
this bremsstrahlung-type SW packet, we propose a THz MFC
with a frequency interval of GHz by exploiting the back-and-
forth DW variable motion driven by a pulsed current.
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