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Abstract

The dynamics of inhomogeneous spin textures in fer-
rimagnetic systems, such as domain walls and magnons,
remain incompletely understood. To address this issue,
we developed an atomistic model and observed spatially
inhomogeneous THz-oscillation dynamics in a ferrimag-
netic spin-chain. Our findings reveal that when excited
by spin transfer torque, the spin-chain oscillates in the
exchange mode with an inhomogeneous profile. Addi-
tionally, we propose an anti-parallel exchange length to
quantify this inhomogeneity. This work provides new in-
sights into ferrimagnetic spintronics and could help ac-
celerate the development of new technologies that har-
ness the unique properties of ferrimagnetic materials.

1. Introduction

Ferrimagnets (FiMs) possess versatile properties due to
their antiferromagnetic sublattice coupling and finite net
magnetization. Research on FiMs highlights ultrafast dy-
namics, indicating a promising platform for information pro-
cessing. However, current theoretical studies on the FiM dy-
namics typically treat the system as colinearly coupled sub-
lattices or use the two-sublattice macro-spin model, coupling
two Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equa-
tions to describe the magnetization evolution.[1] Although
these modeling contributed to our understanding of spin dy-
namics in FiMs, they fail to capture non-uniform spin tex-
tures, such as magnons and skyrmions, as well as exotic dy-
namics observed in recent experiments, such as asynchro-
nous domain wall motion between different sublattices.[2]

Therefore, it is desirable to adopt a more accurate model
that can simultaneously describe both individual and con-
joint spin dynamics to investigate the asynchronous and in-
homogeneous spin dynamics in FiMs. Additionally, spin-
chains have proven to be instrumental in studying far-reach-
ing spin dynamics, as demonstrated in previous research.[3]
Recent advancements in techniques based on scanning tun-
neling microscopes and in-situ material synthesis have al-

lowed us to engineer spin-chains on the ultimate atomic scale.

In this work, we investigate the oscillation dynamics in-
duced by the spin transfer torque (STT) in a designed FiM
spin chain using an atomistic model. Our findings reveal that
when excited by STT, the spin chain oscillates in the ex-
change mode and exhibits an inhomogeneous profile. We
propose an anti-parallel exchange length (l,¢x) to quantita-
tively describe the inhomogeneity. The analytical results of
the Iy are consistent well with the numerical results and
reveal that the stronger AFM-like exchange coupling and
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smaller saturation magnetization of the host material result
in the more remarkable inhomogeneity in the spin-chain. No-
tably, our atomistic model facilitates the observation of the
inhomogeneous oscillation properties, which cannot be de-
scribed using the two-sublattice macro-spin model.

2. Methodology

The atomistic model is illustrated in Fig. 1(a), where one
down-spin from Gd atom is at the center of the spin-chain
and denoted as "0". The rest include 100 up-spins from FeCo
atoms and every spin is denoted. The FiM chain is then in-
jected with spin-polarized electrons that exert STT to every
atom. The magnetization dynamics of the FiM spin-chain is
described by the coupled LLGS equations as follows:
dm;/dt = —y; X Heep + am; X dm;/dt — y;m; X (m; X Pgrr),
where i denotes the individual spins positioned at the atom
side i. The effective field (H,gf) is extracted from the Ham-
iltonian 3 = J,, X;m; - m; ., — K, X;(m; - 2)?, including the
exchange interaction (H,,) and the uniaxial anisotropy (Hgy;).
The last term in the LLGS equation represents STT-induced
damping-like torque, where Pgry is the spin polarization.
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Fig. 1. Schematic of (a) the multi-spin model which describes the spin chain
with 101 spins and (b) the oscillation profile excited by STT; (¢) FFT am-
plitude distribution in the spin chain operated by J. = 0.7 x 1012 A/m?.
(d) Frequency and FFT amplitude as a function of J..

3. Results and Discussion

As shown in Fig. 1(b), when injected electrons with the
Pgpr parallel to the +z axis, only some specific spins, which
locate close to the opposite-spin spatial region, formed stable
oscillation in the exchange mode. While the rest of spins are
stabilized by the Pgyr and keep static. We define the oppo-
site-spin spatial region as "oscillation core (OC)", in that the
oscillation stems from the antiferromagnetic exchange inter-
action in this region. The oscillation amplitude distribution
shown in Fig. 1(c) indicates that although we only consider
nearest neighbor exchange interaction, the anti-parallel ex-
change interaction (AEI) can indirectly influence the spins
near the OC (corresponding to the atom with index 2, 3 and
so on), resulting in the stable oscillation. Beyond the indirect
influence range, the spins keep static. The spatially inhomo-
geneous oscillation profile observed in the ferrimagnetic



spin-chain will be discussed in detail later. Additionally, due
to the strong exchange coupling, the spins in the stable oscil-
lation state share the same frequency and exhibit three typi-
cal phases, as shown in Fig. 1(d).
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Fig. 2. (a) The formation time with J. = 0.7 X 10'2 A/m?, and (b) |Am,|
with different J. (x 1012 A/m?) as a function of atom index.

The amplitude distribution and identical frequency indi-
cate that the spin closer to the OC exhibits a larger linear
velocity and thus requires more time to form stable oscilla-
tion, whereas the rest of spins keep static, as demonstrated in
Fig. 2(a). To qualitatively investigate the inhomogeneous
profile, the amplitude distribution is further evaluated. The
oscillation amplitude relates to the variation of the Z com-
ponent of the m (|Am,|), and the |Am,| implies the atoms
that form stable oscillation (JAm,| # 0) or relax to the z-axis
and remain static (|JAm,| = 0). Interestingly, it can be ob-
served that the number of oscillatory atoms remains constant
even when operated at different J, as shown in Fig. 2(b).
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Fig. 3. (a) |Am,]| as a function of atom index with different & The for-
mation time with respect to spatial position in the FiM spin chain with (b)
£=1.0;(c)£=0.5;and (d) £=0.1.

Furthermore, by analyzing |Am,| shown in Fig. 3(a), it
was determined that the number of atoms that can be facili-
tated in a stable oscillation state depends on &, which repre-
sents the ratio of individual spin angular momenta of the op-
posite spins (here we fix the magnetic moment of Gd and
change the magnetic moment of FeCo). Smaller & facilitates
more atoms to oscillate due to more remarkable AEI. Besides,
Fig. 3(b) and (c) show that the spin chain with reduced & re-
quires less time to form stable oscillation and exhibits a sta-
ble oscillatory phase within the range affected by the AEIL
When § is further reduced, the dynamic phase involves into
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a stable oscillation and a decaying oscillation, indicating that
the effect of AEI still exists but is not strong enough to main-
tain the stable oscillation, as shown in Fig. 3(d).

The inhomogeneous oscillation induced by the AEI can
be understood quantitatively by the competition between the
H,, andthe H,,;. The internal Bloch structure, in principle,
shares a similar physics principle to the Bloch domain wall,
whose width can be described by the exchange length
lgx = «/Agpx/K,. Hence, we calculate an I,y expressed as:

Lagx = /|]A—B|/(alloMsz,A)

The J,_p is the anti-parallel exchange factor, wherein
A (B) is for the atom of the host material (doped material).
For the spin chain, the number of atoms within the l,zx can
be calculated as N = l,zx/a, where a is the lattice constant.
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Fig. 4. (a) Comparation between the NR and AR of the number of atoms
within the lygy; (b) The gy of the different position of the OC.

To verify the analytical solution of the I 5y, we not only
investigate the spin chain composed of GdFeCo, but also
change the value of J,_p for the parametric study. As shown
in Fig. 4(a), the analytical results (AR) are consistent with
the numerical results (NR), and reveal that the larger J,_p
or smaller M; of the host material would result in longer
lygx- Additionally, we find that the l;gyx is independent of

the position of the OC as shown Fig. 4(b).

4. Conclusion

In summary, we investigated the inhomogeneous oscilla-
tion dynamics in the FiM spin-chain through qualitative and
quantitative analysis using the atomistic model. An anti-par-
allel exchange length is implemented to quantitatively ana-
lyze the inhomogeneity arising from the AFM-like exchange
interaction. The results reveal that the inhomogeneity can be
enhanced by the stronger AFM-like exchange coupling and
smaller saturation magnetization of the host material. Our
work provides insights into the FiM spin dynamics and can
guide the design of materials for ultrafast spin nano oscilla-
tors.
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