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Spin wave propagation along a ferrimagnetic strip with out-of-plane magnetization is studied by means of micromag-
netic simulations. The ferrimagnetic material is considered as formed by two antiferromagnetically coupled sub-lattices.
Two critical temperatures can be defined for such systems: that of magnetization compensation and that of angular mo-
mentum compensation, both different due to distinct Landé factors for each sub-lattice. Spin waves in the strip are
excited by a spin current injected at one of its edges. The obtained dispersion diagrams show exchange-dominated
forward volume spin waves. For a given excitation frequency, Néel vector describes highly eccentric orbits, the ec-
centricity depending on temperature, whose semi-major axis are oriented differently at distinct locations on the FiM
strip.

Magnon propagation in antiferromagnetic (AFM) and/or
ferrimagnetic (FiM) has drawn attention recently and is the
subject of very recent works1–9 due to the variety of bene-
fits as opposed to using ferromagnetic (FM) materials, such
as greater speeds, marginal sensitivity to external fields and
the wider range of materials available, many being electrical
insulators. Spin wave propagation in insulating AFM ma-
terials connects magnonics with spintronics since spin cur-
rent (a key concept in spintronics) is mainly transported by
magnons in such materials, due to the absence of conducting
electrons as opposed to FM materials, where electrons are the
main spin carriers. The use of insulators also points to the im-
portance of thermal effects due to local heating. The dynam-
ics of spins in AFM materials have been widely investigated
theoretically. For example, characterising the fundamental
k = 0 resonance modes2–4, propagating magnons5,6 or AFM
domain walls (DWs) and their interactions with magnons7,8,
but always focused on their fundamental physics, as AFM
magnonics is a field still in its infancy2,9,10. Additionally,
FiM materials at the angular momentum compensation point
(TA) can mimic the dynamical response of AFM11–13 while
being easier to manipulate and detect by electric and/or opti-
cal means14,15.

In this work, micromagnetic simulations have been used
to investigate the propagating high-frequency (≈ THz) AFM
modes in a FiM strip at different temperatures. Simulations
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consider FiMs as formed by two sub-lattices (indexes i = 1,2
will be used to refer to each sub-lattice). Accordingly, a pair of
coupled Landau-Lifshitz-Gilbert equations are used to model
the material:16

ṁi =−γimi ×Heff,i +αimi ×ṁi +τSOT,i (i = 1,2) , (1)

where mi, γi and αi are the local orientation of the magnetiza-
tion, the gyromagnetic factor, and the damping parameter for
each sub-lattice, respectively. Heff,i is the effective field in-
cluding all relevant interactions within the system, and τSOT,i
corresponds to the spin-orbit torque (SOT) due to spin cur-
rents. In our model, the FiM is formed by computational el-
ementary cells, in a finite difference scheme. We have two
magnetic moments within each cell, one for each sub-lattice,
and both sub-lattices are coupled by an interlattice exchange
interaction (see details in Ref.16).

Simulations have been carried out by means of our
code16–18 implemented on graphic processing units. Details of
the modeled device are depicted in Fig. 1. FiM strip param-
eters considered are those that can be found in the literature
for a prototypical FiM as GdFeCo11. Saturation magnetiza-
tion for each sub-lattice varies with temperature according to
the law

Ms,i = M0
s,i

(
1− T

TC

)bi

, (2)

TC = 450 K being the Curie temperature, M0
s,i being the sat-

uration magnetization at 0K: M0
s,1 = 1.71 MA

m M0
s,2 = 1.4 MA

m
(in the same order as in19,20), and b1 = 0.76, and b2 = 0.5,
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being the exponents in (2) that determine the magnetization
dependence of each sublattice on temperature. According to
these parameters and (2), magnetization compensation occurs
at TM = 241 K. The rest of significant parameters are: in-
tralattice exchange Aii = 70 pJ

m as in ref.16,18 (values in the
same order of magnitude can be calculated from experimen-
tal measurements of the domain wall width in GdFeCo20

and the uniaxial anisotropy constant21), interlattice exchange
Bi j = −9 MJ

m3 similar to experimental measurements in ref.22,
anisotropy constant Ku,i = 1.4 MJ

m3 (refs.20–23), Dzyaloshinskii-
Moriya constant Di = 0.12 mJ

m2 , spin-Hall angle θSH = 0.1518,
and damping constant αi = 0.001. This damping value has
been chosen to properly study the magnon propagation in a fi-
nite strip. In any case, this damping is within the range of typ-
ical damping in ferrimagnetic material, ranging from 0.00055
to 0.4524. Finally, each sub-lattice is characterized by distinct
Landé factors: g1 = 2, g2 = 2.05, which result in a tempera-
ture of angular momentum compensation TA = 260K, slightly
greater than TM . This temperature has been derived from (2)
and the given Landé factors to convert magnetizations to an-
gular momenta.

The device consists of a FiM strip and a current line of a
heavy metal (HM) running perpendicular to the strip at one
end as shown in Fig. 1(b). The FiM material is initially uni-
formly magnetized in the out-of-plane direction. The FiM
strip area is 8192 nm × 32 nm, and it is 6-nm thick, being
discretized in 1 nm×1 nm×6 nm cells (see section S1 of the
supplementary text for a brief discussion on cell size), while
the HM strip is 32-nm wide. This defines a 32 nm× 32 nm
SW excitation area on the leftmost end of the FiM strip due to
an electric current flowing through the HM line, then exciting
spin waves via SOT. Beside this area, a set of 254 probes are
regularly spaced on the FiM strip to monitor the value of the
local magnetization, i.e., Néel’s vector n = m1 −m2. Probes
are 3 nm×8 nm in size and 5-nm distant from each other, then
occupying a total length of 2032 nm.

A spin current arising from an electric current carried by
the HM strip is injected through the excitation area. This
spin current is polarized along the ±ux direction depending
on the instantaneous direction of the electric current along the
HM strip. Figure 1(c) presents the time dependent current
considered to achieve a uniform excitation across a desired
frequency range in the dispersion diagram. In this first case,
an (unnormalized) sinc-shaped electric current pulse has been
used, J (t) = J0sinc [2π fc (t − tc)], where fc is the excitation
cut-off frequency, which was set to 1 THz, J0 is the pulse am-
plitude, initially set to 1 TA

m2 , and tc is a delay time which has
been chosen as one half of the total simulation time, set to
1 ns. Using this activation, we ensure that each mode is equiv-
alently fed. This current is sufficiently small to remain in the
linear regime of activation of damped, stable oscillations3 and
to avoid any static changes in the AFM phases of the sample.
The delay time also provides a reasonable offset to the peak of
the pulse, allowing a gradual increase of the amplitude from
the beginning of the simulation. However, when later analyz-
ing the time evolution of the magnetic signal, a monochro-
matic wave (MW) excitation is to be applied with a current at
a specific frequency f0, i.e., J (t) = J0 sin(2π f t). Equivalently

to the previous case, J0 is chosen to be 1 TA
m2 to remain in the

same modes regime and to obtain a good magnetization con-
trast for m1,2 (t). Finally, temperature is taken here as an addi-
tional parameter, i.e., a way to balance the value of the satura-
tion magnetization of both sub-lattices to achieve both magne-
tization compensation and angular momentum compensation.
This means that only coherent magnons are considered in our
simulations.

SW spectra in AFM materials have revealed ultra-high fre-
quency (in the THz regime), field-dependent modes that are
related to each of the sub-lattices (strongly coupled by ex-
change) usually called ‘optic’ or higher frequency mode, and
‘acoustic’ or lower frequency mode2,3. For each mode, there
are opposite senses of precession for each sub-lattice, either
right-handed (RH) or left-handed (LH). The AFM resonance
frequencies (k = 0 magnons) depend on the different equi-
librium states of the coupled sub-lattices, or so-called AFM
phases2, which can also be tuned by external fields. These
modes can be locally excited via spin currents Js, as repre-
sented in Fig. 1(b). The localized perturbation allows AFM
magnons with k ̸= 0 to propagate in the material via exchange
interactions, consequently possessing very short wavelength.
To investigate the SW propagation in the frequency domain,
we analyze the Néel vector since it transports coherently ex-
cited magnons, such as those generated by Js

25.

We focus on the in-plane components of the Néel vector
nx and ny which account for the dynamic (differential) x-
component and y-component respectively from the two sub-
lattices at the closest position to the excitation region. Fig-
ure 2(a) shows the SW spectra (FFT intensity of nx) and fun-
damental resonances at k = 0 for different strip temperatures
ranging from below TM to above TA, as a response to the
sinc-shaped pulse current. The simulated (normalised) spectra
are in good agreement with recent work characterising such
modes in FiMs26, where the two distinctive peaks overlap at
TA. Similar results are obtained for ny (not shown), but with
greater amplitude than nx at TA, and generally wider peaks,
suggesting an elliptical precession of m1,2

2. In contrast to ny,
nx is more attenuated at TA than at any other temperature. In
particular, Fig. 2(b) shows the dispersion relations obtained
for ny at four different temperatures in the strip ranging below
TM to above TA. The color scale is the same for all color plots,
so intensities are directly comparable between different tem-
peratures. It should be mentioned at this point that the disper-
sion curves are regularly interrupted for the various multiples
of a certain kx ≈ 100 rad

µm . This modulation is caused by the
spatially limited excitation zone 32 nm-wide. Note that at the
edges of the excitation zone, the spin accumulation vanishes
giving a half-wavelength of λ

2 = 32 nm corresponding to a
k-vector with kx =

2π

λ
.

A Forward Volume SW (FVSW) configuration can be as-
sumed, which corresponds well to the initial out-of-plane con-
figuration, where m1,2 at equilibrium are perpendicular to the
strip plane, which contains k. The shape of the dispersion
curves also suggests an exchange-dominated character of the
SWs, in the form of a k2-dependent mode frequency27. Ac-
cording to this discussion, the dispersion relations should be
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FIG. 1. Geometry and properties of the modeled device: (a) Temperature dependence of the saturation magnetization for each sub-lattice, (b)
dimensions of the FiM strip and of the exciting spin current injection area, (c) time dependence of the exciting current to obtain the dispersion
diagrams.

(a)
(b)

FIG. 2. (a) SW spectra (FFT intensity of nx) and fundamental resonances at k = 0 for different strip temperatures, and (b) dispersion relations
obtained for ny at four different temperatures in the strip ranging below TM to above TA. From left to right this temperatures are 220 K, 241 K,
260 K, and 320 K. Continuous lines correspond to the application of (3) to each sublattice. The regularly spaced interruptions in the dispersion
curves are related to the geometry of the excitation zone (see text).

analytically described as2:

ωi = γi

(
Hc,i +

2Ai

µ0MS,i
k2

x

)
(i = 1,2) , (3)

with Hc,i =
√

2Hanis,iHexch,i +H2
anis,i, Hexch,i =

|Bi j|
µ0MS,i

being

the interlattice exchange field, and Hanis,i =
2ku,i

µ0MS,i
being the

anisotropy field. These expressions predict that the pair of
dispersion curves merges as the temperature approaches TA,
as Fig. 2(b) confirms. If the attention is focused now to the
AFM resonance frequencies2,28 (k = 0) for each sub-lattice
and those provided by the simulations (see Fig. 2(a)), a rather
good agreement is also found. However, the agreement with
the simulated dispersion relations and those predicted by (3)
is only qualitative (green curve for i = 1 and red curve for

i = 2). For sake of completeness, in the Supplementary Ma-
terial (S2) we provide a further analysis with greater Bi j and
on the group velocity for all the explored temperature scenar-
ios. Those results points to the need of further theoretical to
quantitative describe these complex systems. In any case, that
analysis shows that greater group velocities are obtained as
temperature (magnetisation saturation) increases (reduces), as
it can be expected, and a very good quantitative agreement is
obtained if biquadratic expressions (see Supplementary text)
are used as fitting functions, revealing the realistic AFM be-
havior of the numerical model in contrast to SAF systems.

With the purpose of analyzing the time evolution of the
magnetic signal under a MW excitation, the following results
presented correspond to an excitation via a MW signal of fre-
quency f = 360 GHz. Although other frequency values have
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FIG. 3. Typical instantaneous values of nx and ny at the location of
each probe. The graphs shows the results obtained at t = 1 ns at
different temperatures: T = 230 K < TM , TM < T = 250 K < TA and
T = 260 K ≈ TA.

been considered, this one has been found to be optimal for
revealing magnon propagation characteristics along the FiM
strip. In particular, this value is slightly higher than the cut-
off frequency (k = 0 magnons) for all of the temperatures con-
sidered. The intersection of this excitation frequency with the
dispersion curves shows how the wave vector is in general
different for each of the two sub-lattices. Accordingly, SWs
travel with different phase velocities through each sub-lattice.
This fact is illustrated in the graphs in Fig. 3. The plots show
projections along the x- and y-directions of the Néel vector
orbits, obtained at t = 1 ns of simulation runtime (t ≫ ps) to
ensure that the stationary regime is achieved 3,29–31. The cou-
pled oscillations between both sublattices but with different kx
generate patterns of nodes and anti-nodes of nx and ny along
the FiM strip. All patterns possess anti-nodes of ny at the clos-
est zone to the excitation area in agreement with the injected
spin current. In addition to the oscillatory behavior of the two
components, their amplitudes are also modulated by the pro-
gressive vanishing of the amplitude of the oscillations as the
SWs travel along the strip. To get a clearer idea of the magnon
propagation, a set of videos showing the evolution in time of
the plots in Fig 3 has been added as part of the supplementary
material.

We can further analyze the consequences of the phase ve-
locity difference between the two sub-lattices. Fig.4 repre-
sents the in-plane components of the Néel vector at different
positions along the strip for three different temperatures: be-
low TM , in-between TM and TA, and at approximately TA for
t > 9.5 ns of simulation runtime (t ≫ ps) to ensure that the
stationary regime is achieved.3,29–31. These trajectories are
always elliptic, their eccentricity being determined by tem-
perature and reaching a maximum at TA. Fig. 4 also shows
that the strip position plays no role in the eccentricity, though
the semi-major axis takes different orientations depending on
location. The Néel vector trajectory is composed of the two

magnetization sub-lattice precessions. Because the phase ve-
locity of each sub-lattice differs, the relative phase between
the two precessions is modified from point to point, thus mod-
ifying the semi-major axis orientation. Consequently, differ-
ent positions are subjected to different torques, not only by
the amplitude fading but because of this reorientation effect.
Nevertheless, the reorientation vanishes as the temperature ap-
proaches TA, which can be a touchstone to detect this temper-
ature for FiM materials under test. Although we have consid-
ered a SOT excitation approach, the observed oscillations of
the Néel vector should be driven by any means that provide a
field-like torque for damping compensation.

In conclusion, we have numerically explored the excitation
and propagation of SWs along FiM strips as a function of tem-
perature, below and above the angular and the magnetization
compensation points. The analysis of results could be extrap-
olated to FiM materials with different compositions at room
temperature. The fact that the eccentricity of the orbits can be
controlled by temperature, in addition to the gradual rotation
of the semi-major axis along the strip, provides an unprece-
dented local control of magnetization oscillations, which can
be exploited to implement novel functionalities such as sens-
ing in the emerging field of THz magnonics10. Our results
may also be relevant to spintronics for making very localized
excitation positions given the sensitivity to distance of the dif-
ferent exerted torques along the magnetic strip. Besides, a po-
tential reconfigurability can be envisaged by using controlled
heat sources along the strip, such as laser pulses.

Supplementary Material

Supplementary material is available for this work, contain-
ing a supplementary text and six videos. Supplementary text
presents a description of the micromagnetic model used, to-
gether with a discussion on the effects on dispersion diagrams
of higher interlattice exchange values, and their fitting to ex-
pression (3) and biquadratic functions. Videos show the sim-
ulated time evolution of spin waves along the strip at different
temperatures.
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