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Exploring a low-power method for exciting terahertz (THz) signals is of great interest in developing devices with
ultrafast signal processing. We numerically investigated the THz magnon excitation from a moving antiferro-
magnetic (AFM) domain wall (DW) driven by a voltage-induced magnetic anisotropy energy gradient (dE,/dx).
This magnon excitation originates from the DW precession induced by dE,/dx. Unlike the AFM DW precession
triggered by DW acceleration as predicted in previous investigation, the dE,/dx-induced DW precession is

possible when the DW acceleration is negligible. When the frequency of DW precession is greater than the fre-
quency gap of spin-wave propagation in the AFM medium, THz magnons are resonantly excited. Because dE,/dx
can be generated under a moderate DC voltage, our work provides a potential approach for developing THz
spintronic devices with a low power and dissipation.

1. Introduction

An antiferromagnetic (AFM) medium is a promising candidate for
the emission of THz electromagnetic waves, which have extraordinary
potential applications in high-speed wireless communication, medical
imaging, security, and material characterization [1-5]. In principle, THz
spin oscillation in an AFM medium originates from strong exchange
coupling between neighboring spins [1,5]. In experiments, AFM THz
dynamics is generally excited by a femtosecond pulsed laser [6-9] that
requires a high power and gives rise to the side effect of heating.
Therefore, exploring the method for exciting AFM THz spin oscillation
with a low power consumption is critically important.

Many investigations concentrate on intrinsic AFM dynamics by
assuming a spatially uniform spin structure in AFM materials [10-13].
However, in a real AFM medium, there exist textures with complicated
spin structures, such as vortices, domain walls (DWs), and skyrmions
[14-17]. Usually, a moving DW is a source for exciting spin oscillation
(spin wave or magnon). For example, a moving ferromagnetic DW can
emit GHz spin wave [18-20]. Nevertheless, the investigation of the THz
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spin-wave emission (magnon excitation) from a moving AFM DW is still
very few due to the lack of an easy driving method in the past. This has
changed in the last decade thanks to the research progress in spintronics
and multiferroics. A collinear AFM DW can be triggered to move by
spin-orbit torque (SOT), electric field, spin wave, or temperature
gradient [21-32]. A moving AFM DW behaves like a massive relativistic
particle: DW velocity may not exceed the maximum group velocity of an
AFM spin wave (cmax) [21,33,34]. When the DW velocity approaches
Cmax» DW width significantly shrinks (Lorentz contraction), which is
accompanied by the emission of a THz spin wave [21,33]. In addition to
the magnon excitation by the relativistic Lorentz contraction of an AFM
DW [21], another spin-wave emission was also theoretically predicted
by variable AFM DW motion [35,36]. It turns out that a nonzero AFM
DW acceleration is necessary for DW precession and spin-wave emission
[35].

In this study, based on numerical calculation, we predict the exci-
tation of DW precession and THz magnon from a moving AFM DW under
an anisotropy gradient (dE,/dx). Unlike the previous AFM DW preces-
sion coupled with DW acceleration, the dE,/dx-induced DW precession
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is possible even when the DW acceleration is negligible. When the fre-
quency of DW precession is greater than the frequency gap for the AFM
spin-wave propagation, resonant THz magnons can be excited. In ex-
periments, the dE,/dx can be generated by the technique as displayed in
Fig. 1: A DC voltage applied across the wedge-shaped insulating layer
generates dE,/dx, which triggers the AFM DW to move towards the end
with a lower magnetic anisotropy constant [37-40]. This method for
manipulating anisotropy was not only put forward in theory [37-40] but
also realized in the experiment [41].

2. Model and methods

We considered the dE,/dx-induced DW motion in a 1-dimensional
(1D) AFM chain [dimension: 252 nm (length) x 0.42 nm (width) x
0.42 nm (thickness)] consisted of two sublattices (I and II). The
Hamiltonian of the 1D AFM chain is.

— () —(i+1) 3 —() _, o 3 —() _,
H=JY S -5 '—Kd) (S @) -Kd Z(s -ex)
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Here E)(l) is the normalized spin at site i. The first term on the right-
hand side of Eq. (1) is the exchange energy with an exchange integral J
(J > 0). The second term represents the easy-axis anisotropy energy
along the z-axis direction with an anisotropy constant K, (K, > 0). We
also considered a small anisotropy energy along the x-axis direction with
a coefficient Ky (K, > 0) to stabilize a Néel-type AFM DW as the initial
state. This biaxial anisotropy widely exists in a magnetic medium due to
magnetocrystalline anisotropy, stress anisotropy, or electric-field-
induced anisotropy [42,43].

The dynamics of ?(l) is governed by the Landau-Lifshitz-Gilbert
equation:

—(i —(i —(i
ot 14 eff ot ( )

(@) . .
where y, @, and ﬁeff denote the gyromagnetic ratio of an electron,

Gilbert damping parameter, and effective field (ﬁ;} = ——4
HoMsd30 S
respectively. Here yo and Mg are the permeability of vacuum and satu-
ration magnetization. For numerical calculations, the AFM chain was
divided into meshes labeled i (i = 1, 2, 3....) with dimension 0.42 nm x
0.42 nm x 0.42 nm. Eq. (2) was numerically solved using the fourth-
order Runge-Kutta method with a time stepAt = 0.1 ps. We exploited
the parameters of NiO with Mg = 4.25 x 10° A/m (1.7 pp magnetic
moment for each Ni ion, two spin-up and two spin-down Ni ions in a

mesh); J = 2.1 x 10722 J [44-47]; K = K + s(x — 21.84 nm), where K,
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= 3.8 x 10° J/m? is the anisotropy constant at x = 21.84 nm, the initial
DW position. s is the anisotropy gradient ranging from — 200 to — 1400
GJ/m*. K, = 5.7 x 10* J/m®. d = 0.42 nm, the lattice constant of NiO
[23,44]. To avoid magnon reflection [48], near the two ends of the chain
we employed a damping coefficient with a linear function of xasa = —
0.1428i + 1 [i = (x/0.42 nm) + 1] in the region 0 nm < x < 2.94 nm, and
a=0.1428i — 84.814 [i = (x/0.42 nm) + 1] in the region 249.06 nm < x
< 252 nm.

3. Results and discussion

We defined the Néel vector 70'(7,t) = [Mi(7,t) — Mu(T,0)]/((T,t)

with (7,t) = ‘ﬁl(?, t) — ﬁn(?, t) ' ~ 2Ms(Fig. 1) and total magneti-

zation M = {IT/I)I(?, £) + My(7, t)] to quantify the AFM dynamics. We

derived the x, y, and z components of the Néel vector (ny, ny, and n;)
based on the numerical solution of Eq. (2).

Initially, the DW exhibited a Néel-type structure [Fig. 2(a)]. As
shown in Fig. 2(b), under anisotropy gradient s = — 1400 GJ/m*, the
DW moved towards the right end with a lower anisotropy energy, which
was accompanied by the magnon emission towards the DW stern [The
movie for this magnon excitation was exhibited in the Supplementary
Materials (S1).]. At both t = 0 and 400 ps, the DW profile can be well
fitted by the Walker function (the solid blue lines):n, =
cos[2arctan(x — X)/A]. Here X and 1 are the central position and the
width of the DW. The fitted 1 kept almost constant in the initial 100 ps
and substantially increased afterwards [Fig. 2(c)]. This is in sharp
contrast to that emitted from an AFM DW moving at a high velocity with
a significant contraction of DW width [21,34].

Based on the snapshots of ny at various time for s = — 1400 GJ/m*,
we found that magnon excitation started at around 100 ps [Fig. 2(d)]. As
shown in Fig. 2(e), representative n, oscillation from a moving AFM DW
was exhibited at x = 22.26 nm, which is near the left end of the chain. A
series of wave packages were seen, which indicates that the magnon
frequency varied with DW motion. The inset of Fig. 2(e) shows the
period for the n, oscillation near 500 ps is clearly shorter than that near
150 ps. Furthermore, the magnon spectra were derived by converting
the time-domain n, into a frequency-domain one through 1D fast Fourier
transformation (FFT) (sampling between 100 ps ~ 550 ps with an in-
terval of 0.1 ps). The spectra demonstrated a series of peaks from 0.2
THz to 0.35 THz with a gradually increased amplitude. After 550 ps, the
DW approached the right end of the chain, leading to the clear depres-
sion of the magnon amplitude at a higher frequency.

The increase of magnon frequency may originate from the broadened
DW width [Fig. 2(c)], which reduces the DW mass and thus gives rise to

Low K

Fig. 1. Schematic of the calculation model: excitation of THz magnon from a moving AFM DW triggered by voltage-controlled magnetic anisotropy gradient. The
Néel vector (7) and its x-, ¥-, and z- components (ny, n,, and n;) were defined near the figure of the 1-D AFM chain.
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Fig. 2. Configurations for the x-, y-, and z-component of the Néel vector (n,, n,, and n,) at (a) time t = 0 ps and (b) t = 400 ps, respectively. The DW profiles were
fitted by the Walker function: n, = cos[2arctan(x — X)/2](solid blue lines). Inset: enlarged profiles of n, and n, near the DW. (c) Relative variation of DW width 1/
with t at the anisotropy gradient s = — 1400 GJ/m*. Here 1, and A indicate the DW width at 0 ps and that at t, respectively. (d) n, as a function of x at various t for s

at x = 22.26 nm from 100 ps to 550 ps.

a higher characteristic frequency due to the inertia of an AFM DW
[49,50]. From a microscopic point of view, a wider DW results in a
smoother variation of spin orientation across the DW region, which
depresses the canting of the neighboring spins and strengthens the AFM
exchange field, giving rise to the spin oscillation at a higher frequency.

We further investigated the DW velocity and magnon excitation at
different s (Fig. 3). When s = — 200 GJ/m4, the DW accelerated in the
initial 250 ps and subsequently reached a steady velocity of around 56
m/s. At a larger s, the DW velocity kept increasing. Fig. 3(b) displayed

(b)

— 1400 GJ/m*. (e) ny as a function of t at x = 22.26 nm, which is near the left end of the AFM chain. Inset: Oscillation of n, near 150 ps and 500 ps. (f) Spectra of n,

the spatial n, for different s at t = 400 ps. The magnon can be excited
when s = — 400 GJ/m* or higher, and the magnon amplitude increased
with the absolute value of s. Fig. 3(c) depicted the evolution of the

average power in a period T (50 ps) calculated by
— (i)
0] .
Por = —”Oﬁsﬁzi fOT s ' -dilt’"ﬁ dt [51]. Here the summation covers all the

spins on the left of the DW. The temporal Pg,, indicates that the DW
started to excite magnons at around 100 ps when s was — 400 GJ/m* or
higher [Fig. 3(c)]. To elucidate the dependence of magnon frequency on
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Fig. 3. DW motion and magnon excitation at different anisotropy gradient s. (a) Temporal DW velocity v vs time t. (b) Snapshots of the x-component of Néel vector
(n,) at t = 400 ps. (c) Average magnon power P,,, as a function of time t. Here the P,,, was calculated based on the n, oscillation on the left of the DW. (d) Evolution of
spectra for n, oscillation from 100 ps to 500 ps at x = 22.26 nm as indicated in the inset.
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s, we further analyzed the frequency for the n, oscillation from 100 ps to
500 ps at x = 22.26 nm based on the 1D FFT (0.1-ps sampling interval).
When s = — 400 GJ/m*, the magnon frequency was near 0.2 THz. More
high-frequency modes between 0.2 and 0.4 THz were excited with the
enhancement of s from — 400 GJ/m* to — 1400 GJ/m*.

The complicated time and space dependence of n, in Figs. 2 and 3
originates from the variation of frequency and the presence of the
anisotropy gradient. In the Supplementary Materials (S2), we verified
that the magnon profile at a sloped anisotropy is very different from that
of a simple harmonic spin oscillation for a constant anisotropy.

The magnon excitation from a moving AFM DW depends on the
properties of both the AFM chain and DW. We collected the magnon
spectra at different positions of an AFM chain with an anisotropy
gradient and presented the upper and lower frequency limit at these
positions [the black and red dotted lines in Fig. 4(c) and (d)]. The
magnon was excited by an alternating field as sinc function of time

[52J:ﬁ( t) = hmasine[2zf.(t — to) | €'y in the region between x = 124.74
nm and x = 126.42 nm. Here hy,,x is the maximum exciting field strength
(6 mT), and f, is the cutoff frequency (5 THz), and ty = 0.25 ns. The n,
oscillation near 0.2 THz corresponds to a uniform precession at the gap
frequency (fg), whereas that around 0.4 THz denotes a spin wave with a
wavelength comparable to the mesh size, which corresponds to the
upper limit of the frequency (f,). The variation of K, in the AFM chain
modified both f; and f,,. Also, we studied the spin precession within the
DW. We considered the oscillation of the azimuthal angle ® of the Néel
vector near the left end of the DW (4.2 nm from the DW center), which is
the magnon source. We simulated the frequency of @ (fp) as a function of
DW velocity [the blue and purple dotted lines in Fig. 4(c) and (d)]. Ats
= — 1400 GJ/m* ® weakly oscillated at a low f, when t < 80 ps.
Subsequently, both the frequency and amplitude were significantly
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enhanced, and fo became greater than f; when t > 100 ps [Fig. 4(d)],
which matches the starting point of the magnon excitation in the tem-
poral Py, [Fig. 3(c)]. Ats = — 200 GJ/m*, fo, approached a stable value
that was well below fi,,w when the DW velocity also reached a stable
value of around 56 m/s as labeled by vy in Fig. 4(c). Therefore, no
magnon can be excited.

The results in Fig. 4 indicated that the magnon excitation originates
from resonant DW precession. Unlike the coupling between translation
and precession of an FM DW, the translation of an AFM DW is generally
thought to be decoupled with DW precession unless the acceleration is
nonzero [35,36]. Nevertheless, in this work, we found obvious DW
precession when the DW acceleration was negligible at s = — 200 GJ/m*
[inset of Fig. 4(a)]. This hints extra contribution of s to the DW
precession.

To unravel the DW precession under a magnetic anisotropy gradient,
we derived the dynamic equations for X and ® by using the collective
coordinate method. The Lagrangian of a moving DW is:

L=E,—E, 3

Here Ey and E), are the kinetic and potential energy of the AFM sys-
tem, respectively, and they were expressed as [53]:

1=
E =S, [ =7 dx; (€))
2ay?
_ AH'Z Kz 2 K, 2
E,,fSL/Ln 21 =5 dx 5)

In Egs. (4) and (5), a and A are the homogenous and inhomogeneous
exchange constant, respectively.S, is the cross-section area of the AFM
chain.
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Fig. 4. Oscillation of azimuthal angle (®) of the Néel vector x-component (n,) near the left edge of the DW (4.2 nm from the DW central) at (a) the anisotropy
gradient s = — 200 (the blue line) and (b) — 1400 GJ/m* (the purple line). The inset indicates DW acceleration a. Frequency gap (f) and upper limits of the
frequencies (f,,) at different positions and the frequencies of ® (f) as a function of DW velocity v for (¢) s = — 200 and (d) — 1400 GJ/m*.
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(sinfcos®, sindsin®, cosd), where 6 and ® are the polar angle and
azimuthal angle, respectively. Without the consideration of complicated
spatial variation of ® in the DW, the Lagrangian can be expressed by 6
and @ as:

K,
in%0 + smzécoszcb]dx 6)

oo ) A
L=S. / [g [0 + sin*0d"] — 2o -

oo

2

Here p = —2 = 52 with ¢, the maximum group velocity.
We exploited the Walker profile of an AFM DW: 0=
Zarctan[exp(x’TX([))] and® = ®(t). Here the DW width was expressed as

1=vVApf1? with f=K, KXCOSZ(D = Kj +sX Kxcosde -2

andp =4/1 — %, representing the softening effect from DW precession
and Lorentz contraction, respectively. Inserting the Walker solution into
the Lagrangian [Eq. (6)] and using the integral f:: sech?(e)de = 2
and [* e2sech®(e)de = 1.644, we deduced the Lagrangian as:

L=Ly+L
_SL\/A — K.cos?( )—péz)\/?g —2+0.822<cz'i:_(2>}
)
where
) X
Ly= 725L\/A(KZ — Kcos*(®) — p@ )41 — = ®
= —28.8\/Af

2
Ly = 08225, \JA(K. — Kicos*(@) — p&”) {1 — X2< - Q)

A\ =X ©)

.2
= 0.82254;\//17'( A >
=X

We estlmated x2 based on the numerical calculation results and

found it is<10™* at the largest s (—1400 GJ/m4). Therefore, we only
considered Ly in the following derivation. Eq. (8) was then put into the
Euler-Lagrange Equation without considering the dissipation:

()LO 0L0 -
)

After a series of differential calculations, we finally derived the dy-
namics equation of X:

[Ksin(2®@) — 2pd] C2—+2[K0 + 5X — K,cos’® — pd’] o ts=0

max Chax — X

(€8]

Analytically solving Eq. (11) is rather unlikely. However, its physical
meaning is still quite clear. When s = 0, Eq. (11) leads to Xd = 0 at a
zeroX. This indicates that DW precession is inhibited for uniform DW
motion, which is consistent with the theoretical prediction by G. Tatara
[35]. However, at a nonzero s, X® must be nonzero in the absence of DW
acceleration. This confirms the coexistence of DW translation and pre-
cession and satisfies our numerical results [Fig. 4(a)].

Without X(a constant X), Eq. (11) was further converted into.

2
20 — K,sin(20) = }c('TD (12)

Here, );(‘; represents the force exerted by the magnetic anisotropy
gradient, which is modulated by®. This equation is analogous to the

dynamics equation for a pendulum with a varying amplitude under a

Journal of Magnetism and Magnetic Materials 563 (2022) 169858

self-modified force. At a larger s, DW acceleration can’t be neglected. In
addition to s, X also contributes to DW precession [the second term in
Eq. (11)].

Finally, we estimated the electric-field strength for the magnon
excitation. We assumed that K, changes linearly with electric field
strength (E) as:AK, = nE. Here 5 = (1 1,2 (vd32 + d31) [54,55]. 4, Y,
and v are the saturation magnetostriction constant, Young’s Modulus,
and Poisson’s ratio of NiO, respectively (s = 140 ppm, Y = 190.5 GPa, v
= 0.399) [56-58]. d3; and dsg are piezoelectric constants of a single-
crystal PMN-PT (d3; = — 1750 pC/N, d3z = 900 pC/N) [54]. Based
on these parameters, 1 = 6.62 x 1072Jv m 2 Fors = — 400 ~ —
1400 GJ/m* with 1 nm thick NiO, and AK; is between 1.01 x 10° and
3.53 x 10° J/m?, and the maximum E is 1.52 ~ 5.33 mV/nm, which
corresponds to a 1-V voltage for a piezoelectric insulating layer with a
thickness of about 1 pm. This shows that the THz magnon can be excited
under a moderate voltage, verifying that the proposed method is ex-
pected to exhibit an ultralow power, avoiding current-induced or laser-
induced heating.

4. Summary

In summary, we predict the excitation of THz magnons from a
moving AFM DW under a magnetic anisotropy gradient. The magnon
emission originates from the DW precession under an anisotropy
gradient, and this DW precession is possible in the absence of DW ac-
celeration, which is distinct from the previous reports. When the fre-
quency of the DW precession is greater than the frequency gap of the
magnon propagating in the AFM chain, THz magnons are excited from
the DW. The magnetic anisotropy gradient can be generated under a
moderate electric field, overcoming the thermal side effects from lasers
or current. Our work paves the way to develop a voltage-controlled THz
magnon device for future high-speed information processing.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
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