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Ferrimagnetic spintronics
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Ferrimagnets composed of multiple and antiferromagnetically coupled magnetic elements have attracted much attention
recently as a material platform for spintronics. They offer the combined advantages of both ferromagnets and antiferromagnets, namely the easy control and detection of their net magnetization by an external field, antiferromagnetic-like dynamics
faster than ferromagnetic dynamics and the potential for high-density devices. This Review summarizes recent progress in ferrimagnetic spintronics, with particular attention to the most-promising functionalities of ferrimagnets, which include their spin
transport, spin texture dynamics and all-optical switching.

F

errimagnets are a class of magnets with unbalanced
antiparallel-aligned sublattice moments, which results in a
finite, albeit small, magnetization (Fig. 1a). The term ‘ferrimagnetism’ was originally introduced1 to describe the small net magnetization in ferrites where Fe moments in two inequivalent sites couple
antiferromagnetically. Ferrimagnetic insulators, such as ferrites and
garnets, have been employed for microwave2 and spin-wave3 applications because of their low magnetic damping (and thus low energy
dissipation and narrow resonant linewidth). Another traditional
application area of ferrimagnets is magneto-optical recording4–6,
in which magnetic information is recorded by laser illumination,
which increases the local temperature to close to the Curie temperature, combined with a small applied magnetic field that induces
the magnetization reversal. For this thermomagnetic recording,
rare earth–transition metal (RE–TM) ferrimagnetic alloys, such as
GdFeCo and TbCo, have exhibited excellent performances, enabled
by the tunability of their compensation temperatures to achieve a
high stability near room temperature as well as a large perpendicular anisotropy field even in thick films7, which is difficult to achieve
with ferromagnets. These traditional applications have treated ferrimagnets as essentially low-magnetization ferromagnets, but ignored
the antiferromagnet-like nature of the microscopic exchange interaction, even though the small net magnetization originates from the
antiferromagnet-like coupling, as noticed in the original work1.
Recent studies highlighted that compensated ferrimagnets,
which consist of inequivalent sublattices, combine the advantages of
both antiferromagnets and ferromagnets that had previously been
largely considered mutually exclusive. The advantages stem from
two intrinsic properties of ferrimagnets. First, the antiparallel alignment of sublattice moments allows one to investigate antiferromagnetic spin dynamics and transport, currently a subject of extensive
research in antiferromagnetic spintronics8,9. Second, ferrimagnets,
such as RE–TM compounds, consist of inequivalent magnetic
atoms that have distinct magnetic, electronic and/or optical properties, and thereby offer a sublattice-specific control and/or address
coupled sublattice dynamics (Fig. 1b). This inequivalence, together
with the antiferromagnetic sublattice coupling, is responsible for

the all-optical switching (AOS) of magnetization in ferrimagnetic
GdFeCo by a single femtosecond laser pulse10–14. It also allows ferrimagnets to have finite Zeeman coupling and spin polarization,
both of which are absent in antiferromagnets. The Zeeman coupling allows one to control ferrimagnets with an external magnetic
field, which is crucial to create spin textures such as domain walls
(DWs) and skyrmions. The finite spin polarization enables one
to polarize and detect spin currents, which is crucial for research
on current-induced ferrimagnetic dynamics. The inequivalence
combined with the antiferromagnet-like coupling also results in a
great tunability of their net magnetization M and angular momentum density A (Fig. 1c). In ferromagnets, the gyromagnetic ratio γ
(= M/A) is almost independent of temperature. In antiferromagnets,
both M and A vanish in equilibrium due to the perfect cancellation
between neighbouring atoms. In ferrimagnets, on the contrary, the
two quantities can be manipulated almost independently by varying
the temperature and/or composition, which expands the potential
of the magnetic properties greatly. The dashed line in Fig. 1c represents an accessible trajectory of M and A by varying the temperature and/or composition. The trajectory passes two special points:
the angular momentum compensation point TA, at which the net
angular momentum vanishes, and the magnetization compensation
point TM, at which the net magnetization vanishes. In particular, TA
is special from the viewpoint of combining ferromagnetic and antiferromagnetic features, because antiferromagnetic magnetization
dynamics is realized, but Zeeman coupling is finite at this compensation point. In this respect, ferrimagnets can serve as a material
platform not only to investigate antiferromagnetic spin textures and
dynamics but also to realize practical spintronic devices that exploit
the advantages of both antiferromagnets and ferromagnets.
In this Review, we discuss the most remarkable studies on ferrimagnets concerning both spin dynamics and spin transport, with
a particular focus on the important roles of individual sublattices
and antiferromagnet-like coupling between them. With respect to
spin dynamics, we describe ultrafast longitudinal ferrimagnetic
spin dynamics on femto- to picosecond timescales and transversal
dynamics on longer timescales in an antiferromagnetically coupled
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Fig. 1 | Different classes of long-range magnetic order. a, Alignment of magnetic moments in three types of magnets. Ferromagnets and antiferromagnets
consist of only one type of magnetic atoms, whereas ferrimagnets consist of two (or more) inequivalent magnetic atoms, denoted by A and B. b, A
schematic illustration of the antiferromagnetically coupled dynamics of two sublattices and sublattice-specific interactions with light, an electron and a
lattice. c, A schematic phase diagram of magnets as a function of the magnetization M and the angular momentum density A. The colours shown span
the range of accessible parameters for each class of magnetic order. Ferrimagnets have a much wider and greater tunability than ferromagnets and
antiferromagnets.

two-sublattice system. We note that both longitudinal and transversal dynamics must be taken into account at the same time in general. However, the distinction between longitudinal and transversal
dynamics is a reasonable approximation owing to their very different timescales. We further elaborate on the longitudinal dynamics
in combination with the AOS10–16 and ultrafast demagnetization17,18.
We also elaborate on the transversal dynamics in connection with
fast DW dynamics19–25 and the vanishing skyrmion Hall effect26,27
at TA, which are reasonably described by a theory based on staggered spin order26,28,29. For spin transport, the antiferromagnetic
alignment of atomic spins results in a long spin coherence length
for transverse spin currents30,31 and an enhanced non-adiabatic spin
torque on ferrimagnetic DWs32. These intriguing features of ferrimagnets highlight their potential as an enabling material platform
for spintronic applications, which has so far been dominated mostly
by ferromagnets, whereas antiferromagnets have only been considered more recently8,9.

Longitudinal spin dynamics and all-optical switching

Femtosecond laser excitation of magnetically ordered materials can lead to ultrafast, meaning subpicosecond, demagnetization, described by the longitudinal spin dynamics in which the
magnitudes of magnetic moments are not conserved17. The ultrafast demagnetization was described within a phenomenological
three-temperature model17, in which laser energy is first absorbed
by electrons, which leads to an ultrafast, instantaneous (on the timescale of the laser pulse) excitation of the electrons. Subsequently,
Nature Materials | VOL 21 | JanuarY 2022 | 24–34 | www.nature.com/naturematerials

energy and angular momentum are exchanged among the electron,
phonon and spin reservoirs, described by electron–phonon and
spin–lattice relaxation parameters.
Various mechanisms for angular momentum transfer to the surroundings have been discussed, from phenomenological descriptions33 to first-principles calculations34. The demagnetization rates
were found to scale inversely with the magnetic moment and to
relate to the spin–lattice coupling35–37. In multisublattice systems,
this demagnetization rate is also affected by the sign of the sublattice exchange38. This means that the same moment can have different demagnetization rates, depending on whether it is coupled
ferromagnetically or antiferromagnetically to another moment, as
confirmed experimentally37. As shown below, this can lead to AOS
in ferrimagnets with distinct sublattices, such as in RE–TM alloys.
Before moving to the AOS, we briefly introduce some distinct
features of the electronic band structures of RE–TM ferrimagnets
that determine their unique properties. Ferrimagnets and antiferromagnets are different on this level, as the electron bands in antiferromagnets exhibit the Kramers degeneracy, which is not the case for
ferrimagnets. In this respect, ferrimagnets are similar to ferromagnets, but there are important differences. In RE–TM ferrimagnets,
the 5d RE electrons have an important role in the antiferromagnetic RE–TM coupling in equilibrium39,40. The RE 4f spins, the
band of which lies far below the Fermi level41, create positive local
5d moments (in the same RE atom) through an intra-atomic 4f–5d
exchange. These RE 5d spins couple antiferromagnetically to the
TM 3d spins through an interatomic exchange, because the RE 5d
25
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Fig. 2 | All-optical magnetization switching of GdFeCo with linearly polarized light. a,b, Transient dynamics of Fe and Gd magnetic moments within the
first 3 ps (a) and within a 12 ps timescale (b). Element-resolved dynamics of the Fe (open circles) and Gd (filled circles) magnetic moments of GdFeCo
on pumping with a linearly polarized femtosecond laser pulse were measured by time-resolved X-ray magnetic circular dichroism (XMCD). Error bars
represent the statistical standard error. Figure reproduced with permission from ref. 11, Springer Nature Ltd.

orbitals (for example, Gd and Tb) are below half-filled, whereas the
TM 3d orbitals (for example, Co, Fe and Ni) are above half-filled39.
These features are responsible for the unique optical and electrical responses of RE–TM ferrimagnets. Concerning the optical
response, a laser pulse mostly excites TM 3d and RE 5d spins, not
RE 4f spins, and the ultrafast demagnetization of the TM 3d spins is
channelled to the RE 4f ones by the small intermediate RE 5d spins.
This is an additional reason for the slower demagnetization of RE
4f moments. Moreover, the antiferromagnetic alignment between
RE 5d and TM 3d spins at the Fermi level allows non-equilibrium
conduction electron spins to move through an effective antiferromagnetic order, which corresponds to exchange fields with different
magnitudes and alternating signs on the atomic scale.
One of the most remarkable experimental findings in ferrimagnets was the ultrafast AOS at zero applied magnetic field in GdFeCo,
which used a single 40 fs circularly polarized laser pulse. The strong
laser pulse excited the electrons to extremely non-equilibrium and
susceptible states within a few hundred femtoseconds. The helicity
of the light appeared to determine the direction of the subsequent
magnetization of the cooled equilibrium state, and thereby realized
a deterministic AOS. At that time, it was a common belief that a
circular polarization of light was essential for deterministic AOS
because it broke the time-reversal symmetry.
However, a surprising discovery that refuted this common belief
was made: the deterministic AOS of GdFeCo was achieved with a
linearly polarized femtosecond laser pulse11. Obtaining the physical picture for this AOS required separately probing the ultrafast
dynamics of individual magnetic sublattices (Gd and Fe) via the
element-specific technique of X-ray magnetic circular dichroism.
First, pumping with a linearly polarized 60 fs laser pulse gave rise
to an ultrafast excitation of GdFeCo, which decreased the magnetizations of both sublattices rapidly, but differently. Although the
Fe magnetization collapsed within 0.2 ps, the Gd demagnetization
took as long as 1.5 ps (Fig. 2a,b). The difference in the demagnetization timescales of the two sublattices is remarkable given the
strong antiferromagnetic exchange interaction between them, but
it can be understood from the fact that the Gd moment, the main
contribution of which comes from the 4f spins, is about four times
larger than that of Fe. Subsequently, after the electronic bath cooled
down, the antiferromagnetic exchange interaction between the two
sublattices became effective and the continuing slow demagnetization of Gd was accompanied by the growth of the Fe moment in the
26

opposite direction, which thus conserved the total angular momentum. This resulted in the observed transient ferromagnetic-like state
with parallel Fe and Gd magnetizations in the time interval between
0.2 ps and 1.5 ps after the excitation. Finally, after the complete demagnetization of the Gd sublattice in the presence of a finite reversed Fe
magnetization, the antiferromagnetic exchange interaction drove the
Gd sublattice in the antiparallel direction of the Fe magnetization on
a longer timescale, which completed the AOS of GdFeCo with a linearly polarized laser pulse. This result emphasizes the important role
of distinct sublattices in the AOS with linearly polarized light. Note
that the aforementioned mechanism for AOS is inoperative for antiferromagnets that consist of identical magnetic atoms.
Based on the Onsager relations for spin dynamics42,43, the equations of motion for a system of two inequivalent collinear sublattices
A and B have been derived as12:
∂SA
= λe (HA − HB ) + λA HA ,
∂t

(1)

∂SB
= λe (HB − HA ) + λB HB ,
∂t

(2)

where SA,B denotes the macroscopic angular momenta of the sublattices A, B and is related to the magnetization mA,B by SA,B = mA,B/γA,B,
λe describes the transfer of angular momentum between the two
sublattices, λA,B describes the transfer of angular momentum
between the sublattices and the environment (and thus the damping
of longitudinal spins) and the effective field HA,B is derived from the
magnetic energy, which includes the exchange energy. This simple
model describes the observed non-equilibrium dynamics reasonably in terms of an ultrafast heating mechanism that affects the magnitude of the magnetization and the exchange interaction between
the sublattices, which transfers angular momentum between them.
The transversal dynamics is ignored here12 as it takes place at much
longer timescales, but it is, of course, important for the relaxation
to equilibrium at longer times44. Moreover, these results are completely consistent with the atomistic simulations of a large ensemble
of spins14, in which the spin dynamics is described by the transversal
dynamics of individual spins in their local exchange fields via the
Landau–Lifshitz–Gilbert (LLG) equations. When summing over
multiple atomic spins, this results in a macroscopic demagnetization
Nature Materials | VOL 21 | JanuarY 2022 | 24–34 | www.nature.com/naturematerials
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and thus longitudinal macroscopic dynamics. This approach is now
generally accepted in the community45–47. A similar picture was
derived for synthetic ferrimagnets15, which was, indeed, observed
experimentally48,49. It was also shown that the observed helicity
dependence in GdFeCo10 could be contributed to magnetic circular
dichroism50, that is, the light absorption depends on the helicity of
the light, consistent with the ultrafast heating mechanism. We note
that for all these cases of deterministic AOS with a single linearly
polarized laser pulse, a subsequent pulse will bring the system back
to its previous state (toggle switching).
Recently, all these results were generalized, which resulted in a
phase diagram that describes different pathways for AOS. It implies
that, for proper pulse and sample parameters (pulse width, fluence
and sample composition), a femtosecond or even picosecond excitation pulse can reverse the original magnetization, independent of
the polarization of the pulse13. Given the different demagnetization
times τA,B of sublattices A and B, the laser pulse width τl must be in
an appropriate window for a successful AOS. Exciting such a system
adiabatically (that is, τl > τs−l, where τs−l is the spin–lattice relaxation
time) will lead to the complete demagnetization of both sublattices
simultaneously, with no reversal. However, when τl < τA,B < τs−l, the
difference in the demagnetization rates of A and B becomes effective and the switching is achieved through the different longitudinal
spin dynamics of mA and mB, that is, mA reaches zero before mB
does. This works even for picosecond laser pulses, as long as the
non-adiabatic condition, τl < τA,B < τs−l, is fulfilled51,52. In the time
window between τA and τB, the experimentally observed transient
ferromagnetic state is formed, with the already reversing mA pointing in the same direction as the still decreasing mB. However, the
polarity of this transient state depends on the concentration of B
(ref. 51). It was shown13 that when mB reaches zero before mA, no
switching can be achieved.
As one of the key ingredients for AOS is a non-adiabatic excitation of the electronic subsystem, not only optical stimuli but also
other triggers (such as a short current pulse) can be used53. As the
excitation only involves the transfer of optical energy to the electron
subsystem, the specific photon energy is not relevant, which was
confirmed by changing the latter with a factor of more than 20, with
the AOS still seen as long as the pulse width was in the right regime13.
Single-shot switching has so far been observed in a limited number
of RE–TM systems other than GdFeCo, such as the TbFeCo alloy54
and Gd/Co48 and Tb/Co49 multilayers. However, it was also recently
achieved in the ferrimagnetic Heusler alloy Mn2RuxGa without RE
elements55, which could be described by the same exchange-driven
mechanism56. Single-shot switching was also observed in a ferrimagnetic garnet57, but in that case, the mechanism relied on an
optically induced change of the magnetic anisotropy.
We also note that the timescale in which a material goes back to
its equilibrium limits the writing speed of AOS. A recent work demonstrated a rewriting time of 300 ps, but also discussed the routes
for further optimization58, whereas another work showed that
nanoscale fabrication considerably decreases the switching times59.

Transversal spin dynamics and motion of spin texture

In this section, we describe the transversal spin dynamics of a
two-sublattice ferrimagnet in which the magnitudes of magnetic
moments mA and mB are conserved and they are coupled by antiferromagnetic exchange. Low-energy transversal dynamics of (collinear) ferrimagnets can be described by the staggered order n
(= (mA − mB)/2) with unit length. The equation of motion for n can
be written as19,28,29,60–62:
δs ṅ − ρn × n̈ − αsn × ṅ = −n × feff + τ STT + τ SOT ,

(3)

where ṅ = ∂n/∂t, n̈ = ∂2 n/∂t2, δs is the net angular momentum density, α (> 0) is the Gilbert damping, s is the sum of angular momentum
Nature Materials | VOL 21 | JanuarY 2022 | 24–34 | www.nature.com/naturematerials

densities of the two sublattices, ρ is the inertia associated with antiferromagnetic dynamics of n, feff ≡ –δU/δn is the effective energy
conjugate to n, and U[n] is the potential energy, which includes
the Zeeman term −Mln·H in an external field H, where Ml is the
net magnetization. See Box 1 for the detailed definition of each
parameter and the derivation of equation (3) from the coupled
LLG equations of two sublattices. The last two terms on the righthand side are the spin-transfer torque (STT)32 and the spin–orbit
torque (SOT)20,21,29.
Equation (3) describes two fundamental spin-wave modes in
ferrimagnets63–65: the ferromagnetic-like low-frequency precession
mode and the antiferromagnetic-like high-frequency exchange
mode. It also interpolates between ferromagnetic and antiferromagnetic dynamics. First, δs vanishes at TA, and thus equation (3) is
reduced to that of antiferromagnets. One crucial difference is that
the net magnetization Ml is finite in ferrimagnets at TA, whereas
it is zero in antiferromagnets. This gives rise to one of the unique
properties of ferrimagnets at TA: they offer antiferromagnet-like
spin dynamics, yet the dynamics can be controlled by an external
field as in ferromagnets. Second,
far away from TA, where δs is suf..
ficiently large, the ρn × n term in equation (3) can be ignored so
that it reduces to that of ferromagnets.
For metallic ferrimagnets, magnetization dynamics can be
induced by STT, which consists of adiabatic and non-adiabatic
terms32: τ STT = P (J · ∇) n − βPn × (J · ∇) n, where J is the
charge–current density, P is the spin polarization and β is the
non-adiabaticity. In RE–TM ferrimagnets, P is finite even at TA
because of unequal contributions from the two sublattices. This is
another unique difference between ferrimagnets and antiferromagnets: ferrimagnets at TA offer antiferromagnet-like dynamics driven
by the adiabatic STT, which is not possible with antiferromagnets
for which P averaged over two sublattices is zero.
The aforementioned features of ferrimagnets at TA are manifested
vividly in the DW dynamics. To see this, we describe the ferrimagnetic DW dynamics based on the collective coordinate approach
with two dynamic variables, the DW position X and the DW angle
Φ. In ferromagnets, these conjugate variables are gyrotropically
coupled by the spin Berry phase proportional to δs: the force on
X induces the dynamics of Φ and vice versa. This gyrotropic coupling forces DW translation to be accompanied by DW precession,
which leads to severely slowing down the DW translational motion,
known as the Walker breakdown66–68. In antiferromagnets, however,
the dynamics of X and Φ are decoupled because δs = 0. The DW
dynamics in antiferromagnets is thus free from the Walker breakdown and can be much faster than that in ferromagnets69,70.
In the presence of an easy-axis external field ⟨H ⟩= Hẑ larger than
the Walker ⟨threshold,
the steady-state velocity Ẋ = V and angu⟩
lar velocity Φ̇ = Ω are given by19:
V=

αsλMl H
,
δ2s + (αs)2

Ω=

δ s Ml H
,
δ2s + (αs)2

(4)

where λ is the DW width. Note that Ω vanishes at TA (δs = 0) where
the antiferromagnetic DW dynamics is realized and V is maximum.
This can be understood from the energy consumption. The energy
dissipation rate caused by the dynamics of X and Φ is proportional
to αs(V2 + λ2Ω2)/λ (ref. 19). For a given energy dissipation rate, the
DW should move the fastest when all the energy is used to move it
with no energy leakage to the DW precession (Fig. 3a–e).
For STT-driven motion, the DW velocity is given by32:
V=−

δs PJ
αsβPJ
− 2
.
δ2s + (αs)2
δs + (αs)2

(5)

Here, the first and the second terms describe the contributions
of adiabatic and non-adiabatic STTs, respectively. Note that, at
27
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Box 1 | The equation of motion for ferrimagnets

Here we present a way to derive equation (3) from the coupled
LLG equations for two inequivalent sublattices with unit
magnetization vectors mA and mB, following a procedure applied
for antiferromagnets132. Here we ignore spin-torque terms for
simplicity. We consider the following simple discrete Hamiltonian
for one-dimensional ferrimagnets:
∑
H = Jex (mA,k · mB,k + mB,k · mA,k+1 )

Heff,B = −

Aex ′′
K
Ax
mA −
m A+
(mB · ẑ) ẑ + H,
MB
2MB
2MB

(10)

where Ax = Jex/d3, Aex = Jex/d, m′′ i = ∂2 mi /∂x2 and K = 2K0/d3.
Here, the third term represents the anisotropy field, for example,
Hani,A = K (mA · ẑ) ẑ/2MA.
mB
We introduce the Néel order vector n = mA −
and the total
2
magnetization vector m = mA + mB, which are orthogonal
k
to each other. For a strong exchange, |n| ≈ 1 ≫ |m| is sa tisfied.
∑
−K0 [(mA,k · z)2 + (mB,k · z)2 ]
(7) Introducing s (= sA + sB) and δs (= sA – sB), and expanding NA + NB
k
and NA – NB up to the second order in the derivatives, m, α and
∑
−H ·
( μA mA,k + μB mB,k ) ,
δs, and working to the first order in the anisotropy and external
k
fields gives:
where Jex > 0 is the antiferromagnetic exchange constant, K0 the
uniaxial anisotropy constant, H an external magnetic field and
s
δs ṅ + ṁ − αsn × ṅ + Aex n × n′′ + Ml n × H + Knz n × ẑ = 0,
μA,B the magnetic moments. The LLG equation for the sublattice
2
i (i = A,B) is given by:
(11)
Ni = si ṁi + Mi mi × Heff,i − αi si mi × ṁi = 0,

(8)

where si = Mi/γi is the angular momentum density, Mi = μi/2d3
is the saturation magnetization, γi is the gyromagnetic ratio,
ṁi = ∂mi /∂t , Heff,i = −δU/(Mi δmi ) is the effective field conjugate to mi and αi is the damping constant. For simplicity, we
assume αA = αB = α. The effective fields Heff,i for the sublattices
obtained with the energy U in the continuum limit are given by:
Heff,A = −

Aex ′′
K
Ax
mB −
m B+
(mA · ẑ) ẑ + H,
MA
2MA
2MA
mB,k–1

mA,k

d

d

d

Schematic illustration of the magnetizations mA and mB of the two
sublattices, where d is the intersublattice distance.

TA (δs = 0), the adiabatic STT does not contribute to DW motion,
whereas the non-adiabatic STT moves the DW. These behaviours
are consistent with theories for antiferromagnetic DWs71. We note
that the non-adiabatic effective field is staggered, which means that
the non-adiabatic STT induces opposite effective magnetic fields on
two sublattices, and thus linearly couples to the staggered order. In
contrast, the non-adiabatic STT for ferromagnetic DWs is an effective uniform magnetic field that linearly couples to the local magnetization. Equation (5) also shows that the adiabatic contribution
is antisymmetric with respect to δs = 0, whereas the non-adiabatic
contribution is symmetric. This distinct symmetry helps to decompose the adiabatic and non-adiabatic contributions from the measured DW speed32.
The above discussion shows that the ferrimagnetic DW velocity is maximum at TA when it is driven by an effective field (either
an external magnetic field or a non-adiabatic torque). Recent
works show that the SOT-driven ferrimagnetic DW speed is also
maximum at TA because the SOT serves as an effective field20,21,29.
Therefore, the fastest DW motion at TA is a general phenomenon,
regardless of the type of driving mechanism.
28

(12)

where Ml = MA – MB and Mt = MA + MB. From equation (12), m can
be expressed in terms of n and H:
m=

(9)

mA,k+1

mB,k

sṅ + 2Ax m × n + Mt n × H = 0

Mt
s
ṅ × n −
[n (n · H) − H].
2Ax
2Ax

(13)

By integrating out m and its time derivative from equation (11)
based on equation (13) and applying the same order counting
described above, we obtain:
δs ṅ − ρn × n̈ − αsn × ṅ = feff × n,
(14)
( 2
)
where ρ = s /4Ax = s2 d3 /4Jex
is the inertia associated with the antiferromagnetic dynamics of n and
feff (= Aex n′′ + Ml H + K (n · 
z) 
z) is the effective energy conjugate to n. Note that equation (14) is equivalent to equation (3)
except
∫ for the spin-torque terms, when the energy functional
U = dV[Aex (n′ )2 /2 − Kn2z /2 − Ml H · n] is used. Finally, we note
that numerical factors in the parameters depend on the dimensionality and the number of moments considered.

The great tunability of ferrimagnetic dynamics is manifested
also in the dynamics of magnetic skyrmions72–74, swirling spin
textures stabilized by the Dzyaloshinskii–Moriya interaction75,76.
Ferromagnetic skyrmions were intensively studied owing to their
robustness associated with topological characteristics and their
potential utility as point-like information carriers54,77–83. However,
it turned out that ferromagnetic skyrmions exhibit several features
that must be overcome for applications. First, stray fields, helpful for
room-temperature stability, tend to increase the skyrmion size20,84,
which leads to bubble-like structures that are typically 100 nm or
larger78–83. Second, ferromagnetic skyrmions exhibit the so-called
skyrmion Hall effect (like the ordinary Hall effect of a charged particle in the presence of a magnetic field), which leads to skyrmion
motion at a skew angle, known as the skyrmion Hall angle θSkH, from
the driving current direction85,86. The skyrmion Hall effect arises
from a Magnus-like force, rooted in the gyrotropic coupling, which
is proportional to δs. It was predicted87,88 that the skyrmion Hall effect
vanishes for antiferromagnetic skyrmions due to a vanishing δs.
Ferrimagnetic skyrmions can realize this Hall-effect-free motion at
TA (δs = 0). The skyrmion Hall angle θSkH is determined by balancing
Nature Materials | VOL 21 | JanuarY 2022 | 24–34 | www.nature.com/naturematerials
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the Magnus force, ∝ δsQ, and the viscous force, ∝ αs, where Q is the
skyrmion number that measures how many times the staggered
magnetization n(r) wraps the unit sphere26,27. For SOT-induced skyrmion motion in ferrimagnets, θSkH is given by27:
(
)
4πδs Q
θ SkH = tan−1
,
(6)
αsD
where D is a dimensionless number determined by the skyrmion
profile. At TA, where δs = 0, θSkH is zero as for antiferromagnetic
skyrmions. The sign and magnitude of θSkH can be manipulated by
changing the temperature or composition, which demonstrates a
great tunability of skyrmion dynamics in ferrimagnets (Fig. 3f,g).
Experiments on the dynamics of DWs and skyrmions in ferrimagnets have realized many of the behaviours described above in
the vicinity of TA. We start with the DW motion. Using GdFeCo
with a perpendicular magnetic anisotropy (Fig. 4a)19, it was shown
that the field-driven DW velocity exhibits a maximum at around
T ≈ 310 K, regardless of the applied field, and it decays as the temperature moves away from this critical point. According to equation (4), this critical temperature is TA, also supported by numerical
modelling19. Therefore, the field-driven DW motion allows for the
experimental determination of TA, which has been challenging
owing to the absence of a direct experimental probe of δs.
The SOT can also move a ferrimagnetic DW quickly in the
vicinity of TA. Figure 4b shows the velocity of SOT-driven DWs in
Nature Materials | VOL 21 | JanuarY 2022 | 24–34 | www.nature.com/naturematerials

GdCo at various temperatures20. The velocity attains a maximum at
T ≈ 260 K, which is identified as TA. There is one important difference between the field-driven case and the SOT-driven case: SOT
can drive the DW at all temperatures, which include TM at which
the net magnetic moment vanishes and thus the field-driven motion
is infeasible. Not only is the temperature a control parameter of δs,
but so is the composition of the ferrimagnets. It was experimentally
demonstrated24 that a DW is driven by SOT in GdxCo1–x samples, in
which the DW velocity exhibits a maximum at the Gd composition
x ≈ 0.23, which corresponds to the angular momentum compensation. The maximum velocity reported in that work is about 5.7 km s–1.
We also note that a high STT-induced DW speed of 2.5 km s–1 at a
current density of 1.2 × 1012 A m–2 was reported for Mn4–xNixN ferrimagnets without RE elements25. These results show the great potential of ferrimagnets as an excellent material platform for DW-based
spintronic devices that can operate at room temperature.
We now turn to ferrimagnetic skyrmions. To realize
skyrmion-based racetrack memories77, it is desirable to achieve
small, room-temperature stable skyrmions that exhibit a zero
skyrmion Hall angle. Their energetic stability derives from both
the Dzyaloshinskii–Moriya interaction, which reduces the energy
cost of a chiral texture, and the magnetostatic interactions, which
enhance the stability through flux closure, but which also tend to
result in large skyrmion sizes54,84. The low stray fields in ferrimagnets,
combined with the bulk perpendicular anisotropy that allows for
larger film thicknesses, were predicted and experimentally demonstrated20 to allow for room-temperature stable skyrmions with sizes
that approached 10 nm in a CoGd film imaged via element-resolved
X-ray holography. These same films were shown to host DWs with
compensated dynamics, which is an important step towards potential device applications based on ferrimagnetic textures.
Ferromagnetic skyrmions have shown a large skyrmion Hall
angle85,86 (θSkH > 30°), which further hampers the development of
skyrmion-based racetrack memories. Although antiferromagnetic
skyrmions are expected to exhibit a zero θSkH owing to vanishing δs
(refs. 87,88), this behaviour is not yet experimentally demonstrated. A
series of breakthroughs on this issue came from experiments with
compensated ferrimagnets. It was shown that θSkH can be reduced
to ~20° in ferrimagnet GdFeCo (Fig. 5a)89. The demonstration of
a zero skyrmion Hall angle has been reported27 by measuring the
elongation angle of a magnetic bubble in GdFeCo at varying temperatures across TA (Fig. 5b). The elongation direction is governed
by a half-skyrmion motion at the front edge of the bubble and the
elongation angle is thus identified as the skyrmion Hall angle of a
half-skyrmion. Experimental results (Fig. 5b) show that the skyrmion Hall angle vanishes at TA ≈ 283 K, regardless of the magnetization state (up or down), which corresponds to the skyrmion
number Q = ±1/2, which is consistent with equation (6).

Spin transport in compensated ferrimagnets

Another intriguing aspect of compensated ferrimagnets concerns
the nature of spin transport, which is distinct from that of both
ferromagnets and antiferromagnets. Conduction electron spins
experience an antiferromagnetic coupling between RE 5d spins
and TM 3d spins at the Fermi level. This picture is consistent with
low-temperature measurements of P for RE and TM elements90: P of
Gd is 0.13 whereas P of Co is 0.41. Given a larger Gd moment than
Co moment at low temperatures, this low-temperature measurement shows that Gd 4f spins, mainly responsible for the Gd moment,
have a negligible interaction with the conduction electron spins. As
a result, P is non-zero at both TA and TM. The non-negligible P of
Gd90 shows that the conduction electron spins interact not only with
the Co 3d spins, but also with the Gd 5d spins. As a result, the conduction electron spins partly experience an antiferromagnet-like
environment, which offers an experimental framework to study
spin transport through effective antiferromagnetic order.
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One of the physical quantities that can characterize the effect of
the antiparallel exchange fields on spin transport is the so-called
spin coherence length λc, the length scale over which a transverse
spin current (that is, polarized perpendicularly to the background
magnetic order) decays. In ferromagnets, λc is very short, for example, on the order of a few Ångströms in strong ferromagnets, such
as Co or Fe, owing to a short spin precession length induced by the
homogeneous strong exchange field (Fig. 6c). However, it was theoretically suggested that λc is long in antiferromagnets owing to the
staggered order on the atomic scale91–93 (Fig. 6d). A recent study of
ferrimagnetic multilayers [Co/Tb]N, where N represents the number
of repetitions of Co/Tb, probed λc through spin-pumping experiments (Fig. 6e,f)30. The ferromagnetic [Co/Ni]N or ferrimagnetic
[Co/Tb]N are magnetized perpendicularly (Fig. 6e). An in-plane
magnetized top Co layer generates a spin-pumping-induced spin
current polarized in the plane (thus a transverse spin current for the
Co/Ni or Co/Tb magnetization), which passes through the Cu layer
and enters [Co/Ni]N or [Co/Tb]N. The bottom Pt layer is used to
detect the transverse spin current coming out of the multilayers via
the inverse spin Hall voltage (VISHE). Figure 6f shows that VISHE for a
0.9-nm-thick [Co/Ni]N (blue triangles) is negligibly small, whereas
VISHE for the 5.3-nm-thick [Co/Tb]N (red circles) is substantial.
30

A vanishingly small VISHE for a Pt/[Co/Tb]/Cu stack without the top
Co layer (green triangles) shows that the substantial VISHE is, indeed,
due to the transverse spin current injected from the top Co layer.
Combined with a negligible VISHE of Co/Tb30, this result shows that
λc is longer in ferrimagnets than in ferromagnets. An independent
experiment also showed that λc in CoGd alloys is about four to five
times longer than that in ferromagnets31.
In ferromagnets, the short λc results in a 1/dM (dM, thickness of
the magnetic layer) dependence of the spin torque (either STT or
SOT). As a result, more current is required to switch a thicker and
more thermally stable ferromagnet. In contrast, the long λc weakens the 1/dM dependence. Indeed, SOT switching of a relatively
thick ferrimagnet at a low current density was experimentally
reported by several groups30,94–97. However, it is not straightforward to correlate the long λc directly with the switching experiments for the following reasons: current-induced Joule heating
can largely modify the magnetic properties of ferrimagnets24,98,
thickness-dependent variations of the magnetic properties also
hamper a direct correlation30,99 and, moreover, SOT in certain ferrimagnets is found to be most efficient at TM (refs. 94–97,100). This
challenges the conventional picture of spin torques, in which the
conduction electron spin interacts with the spin density (not the
Nature Materials | VOL 21 | JanuarY 2022 | 24–34 | www.nature.com/naturematerials
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magnetic moment) at the Fermi level (not in the whole Fermi sea).
These results demand further research efforts on the spin-torque
switching of ferrimagnets.
The long λc of ferrimagnets is also related to the non-adiabaticity
β, which corresponds to the non-adiabatic STT. The physics of β
has been understood to a certain degree because, for ferromagnets, it is shown to be of the same order as the Gilbert damping α
(refs. 101,102). However, a recent DW experiment using GdFeCo
suggests32 that the β physics in antiferromagnetically coupled systems is qualitatively different from that in ferromagnets. By analysing the current contribution to the DW velocity with equation
(5), β was estimated to be about ‒0.5, which is far larger than α
(~0.003). This large β is attributed to the spin-mistracking process102,103, which was originally introduced to describe an enhanced
β in ferromagnets, when the spin precession length is longer than
the DW width. A recent theory showed that spin mistracking is
more pronounced in antiferromagnets than in ferromagnets104,
in line with the long λc in antiferromagnetically ordered systems.
Quantitatively, however, the large β/α ratio is poorly understood
at this moment, and demands further theoretical studies on spin
transport in compensated ferrimagnets.
Nature Materials | VOL 21 | JanuarY 2022 | 24–34 | www.nature.com/naturematerials

We first comment on the potential concerns about ferrimagnets
for practical applications and then discuss their opportunities. One
concern is the strong temperature dependence of their magnetic
properties, which is intrinsic to RE–TM ferrimagnets because of
the highly localized RE 4f electrons and associated low Curie temperature of the RE elements. As any practical device must satisfy
a desired performance in an ~100 K range around room temperature, this strong temperature dependence is unwanted for applications. Then, the question is whether a physical quantity relevant
to a specific device exceeds a target threshold in that 100 K range.
Concerning DW devices, for instance, the answer would be yes:
current-induced ferrimagnetic DW speeds exceed 500 m s–1, which
corresponds to an operation time of 0.2 ns for a 100-nm-long
device, in a temperature range over 100 K (Fig. 4b)20. Another concern is about the reactiveness of RE elements, especially with oxygen, which originates from a large negative enthalpy of formation
of RE oxides105. A related concern is the material inhomogeneities
in ferrimagnets99,105,106, which may cause a large diversity of experimental results. Given that RE–TM ferrimagnets have already been
commercialized in various application areas2,4,5,7, such oxidation or
inhomogeneity problems can be overcome by material and process
engineering. However, the inhomogeneity issue might be turned
into an advantage of ferrimagnets if a gradient of their magnetic
properties could be obtained, as it would break the inversion symmetry of the systems. Combined with the large spin–orbit coupling
expected in RE-based ferrimagnets, this allows for a bulk-like chiral
exchange interaction107,108, and thus the stabilization of chiral spin
textures in single ferrimagnetic films.
We next turn to the opportunities of ferrimagnet research.
Although there have been rapid theoretical and experimental developments of ferrimagnetic spintronics over the past couple of years,
the potential of ferrimagnets for spin-based information processing technologies has just started to be explored and there are many
unanswered questions and unachieved goals, some of which are
addressed below.
Concerning the high-energy longitudinal dynamics, there
is currently an ongoing effort to find the optimal parameters for
single-shot helicity-independent AOS in generic ferrimagnets13,
which is expected to have the capability to yield high-density storage
media with storage densities that surpass 0.6 Tb cm–2. In addition,
AOS has been demonstrated48 to be not only fast but also energy
efficient: a 20 × 20 nm2 bit requires about 10 fJ. The introduction of
an optically switchable layer in a magnetic random-access memory was successfully demonstrated49. Further research is required
to bring this demonstration towards actual applications, in which
bringing photons efficiently to magnetic random-access memory
cells is a major challenge.
Concerning low-energy transversal dynamics, the high speed of
ferrimagnetic textures, higher than that of ferromagnetic textures,
is one of the most vivid advantages of ferrimagnets. The reported
record DW velocity in ferrimagnets has been steadily increasing19,20,24. Given the DW velocity, an important question arises:
what is the highest velocity of current-induced DW motion? This
question was addressed by an experiment109 on SOT-driven DW
motion in a ferrimagnetic Bi-doped yttrium iron garnet near the
angular-momentum-compensation condition. This experiment
demonstrated that the DW dynamics becomes relativistic when
the current-driven DW speed approaches the maximum magnon
group velocity, which sets the upper limit of the DW speed, consistent with theoretical predictions110,111. In contrast with several
available reports on the fast DW dynamics at TA, an experimental demonstration of fast skyrmion motion with a vanishing skyrmion Hall effect near TA has not been achieved yet. Given that
the skyrmion size in ferrimagnets can be as small as 10 nm (ref. 20),
achieving a fast Hall-effect-free skyrmion motion would offer a
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Table 1 | List of possible research directions using ferrimagnets
Research directions

Specific topics

New materials

Ferrimagnetic insulators
Synthetic ferrimagnets
Non-collinear ferrimagnets
Ferrimagnets with strong spin–orbit coupling
Ferrimagnets with ultrasmall damping
Ferrimagnets with room-temperature
compensation points

Fundamental studies

Dynamics of spin textures (DWs, skyrmions,
vortices, Bloch points and stripes) faster than
those in ferromagnets
Spin waves with distinct handedness
Interaction between spin textures and spin waves
Interplay of charge, spin and heat in ferrimagnets
Transport phenomena (spin torque,
magnetoresistance and various Hall effects)
Sperimagnetism

Practical applications Ultrafast magneto-optical recording
Soliton-based racetrack memory
Wave-based computing with spin waves of
distinct handedness
Quantum information processing
Neuromorphic computing

strong thrust for the development of skyrmion-based high-density
spintronic devices.
The transport of conduction electron spins in ferrimagnets is
even less explored. In addition to the questions for SOT switching and a large |β|/α in ferrimagnets, an interesting question is
how to exploit the large spin–orbit coupling of RE elements for
charge-to-spin interconversion. Theories112–114 predict that spin currents can be efficiently generated in magnetic materials with spin–
orbit coupling, which have been confirmed experimentally using
standard ferromagnets115–117. However, given the large spin–orbit
coupling related to the presence of RE elements, ferrimagnets might
be the most promising systems for the generation of large spin currents and hence large associated SOT, as currently investigated108,118.
Also, charge and spin are not the only degrees of freedom that
can flow through ferrimagnets. Another field in which ferrimagnets are welcomed is magnonics, where spin waves, or their quanta
called magnons, are utilized to carry and process information3,119–121.
Ferrimagnets are expected to offer novel magnonic phenomena
through the unique combination of antiferromagnetic-like dynamics and ferromagnetic-like controllability, as suggested in recent
reports of the observation of two distinct handedness’s of spin
waves in ferrimagnets65,122,123. Spin caloritronics124, which exploits
the spin Seebeck effect125, is another field in which magnon transport is important. A main material for spin caloritronics and magnonics has been yttrium iron garnet, an insulating ferrimagnet126,127.
However, yttrium iron garnet has a very limited tunability of magnetization and angular momentum. Experiments on RE-doped garnets109,128 suggest ways to improve the tunability, which allows one to
explore and exploit the interplay of heat and magnons in the vicinity
of the two compensation points.
Going beyond the specific field of ferrimagnetic spintronics,
introducing ferrimagnets as a tunable material platform is expected
to make a notable impact on other branches of spintronics. One such
field is cavity spintronics129, which aims to exploit the interaction
between spins and photons to develop a new information-processing
technology. Compensated ferrimagnets with different TA and TM are
expected to enhance the coupling at TA owing to a concerted action
of a finite net magnetization and magnon squeezing130. This also
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offers a high excitation frequency that expands the frequency window in which the transduction of information occurs130,131.
The introduction of ferrimagnets in spintronics has already
made an appreciable impact on spintronics and magnetism, with
novel dynamics and transport phenomena as discussed above.
However, there are much wider unexplored areas in ferrimagnetic
spintronics than those investigated so far (Table 1). The ultimate
source of the unique nature of ferrimagnets is their multiple magnetic elements with distinct properties (Fig. 1b), which include the
gyromagnetic ratio (giving rise to the separation of TA and TM) and
transport. As shown in Fig. 1c, this wide parameter space provides
a large set of yet-unexplored ferrimagnetic alloys with various element choices and compositions, and led to extraordinary findings
for fast dynamics, efficient spin transport and other branches of
spintronics and magnetism. Ever since the beginning of spintronics
with ferromagnets, the material platform for spintronics has been
expanding in several directions, which include antiferromagnets,
non-collinear magnets and, currently, ferrimagnets, through which
we have been witnessing the discovery of unexpected phenomena.
We cannot wait to see what will be discovered in spintronics in
the coming years through thorough studies of ferrimagnets, and,
beyond, what nature will offer us for the next-generation spin-based
information-processing technologies in the coming decades.
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