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Ferrimagnetic Dynamics Induced by Spin-Orbit Torques

Giacomo Sala* and Pietro Gambardella*

Ferrimagnets are the magnetic materials with the fastest current-induced
dynamics reported so far. Among them, rare-earth transition-metal (RE-TM)
alloys offer a fertile playground for studying the behavior of multi-sublattice
systems with tunable composition and magnetic interactions. This review
provides a survey of the magnetic dynamics excited by current-induced spin-
orbit torques (SOTs) in RE-TM ferrimagnets coupled to heavy-metal layers.

It summarizes the magnetic properties of RE-TM alloys and discusses how
interfacial SOTSs result in efficient magnetization switching and fast domain-
wall motion close to the magnetization and angular momentum compensa-
tion points. Recent work shows that the switching is a multiphase process
affected by significant stochastic fluctuations. However, strong SOTSs results
in fast and deterministic sub-ns switching with minimal energy dissipation.

In addition, the RE and TM magnetizations can respond asynchronously to
SOTs during the reversal. This asynchronous dynamics pinpoints the dif-
ferent strength of the SOTs acting on the two sublattices and challenges the
usual assumption of rigid inter-sublattice antiferromagnetic coupling. Overall,
the ability to tailor the timescale and reversal mode of RE-TM alloys allows for
optimizing the speed of ferrimagnetic spintronic devices and provides insight
into the current-induced transfer of angular momentum in systems with syn-

complement the STT with another form of
spin torque, the spin-orbit torque (SOT).®-
Bl SOT is a relativistic effect rooted in
the spin-orbit interaction that couples the
magnetic order to the crystal lattice.'¥ This
coupling can manifest through different
phenomena. Traditionally, SOTs have been
attributed to the spin Hall effect occurring
in the bulk of nonmagnetic layers(1+%]
and to the Rashba effect at nonmagnet/
ferromagnet interfaces.®1¢-8l The original
binary parsing has nowadays been relaxed
since several other mechanisms contribute
to SOTSs, especially at interfaces!™®%-?1 and
in systems with orbital texturel?®-1 or
helical surface states.3?3%l Both the STT
and SOTs can excite magnetic dynamics
such as magnetization precession and
switching, but SOTs offer unparalleled
possibilities that are precluded to the
STT. SOTs are ubiquitous because avail-
able in both magnetic and nonmagnetic
materials, and can be exerted on both con-

ergistic ferromagnetic and antiferromagnetic interactions.

1. Introduction

The discovery of current-induced spin torques!™ in thin films
and at interfaces has revolutionized modern magnetism by pro-
viding a scalable, fast, and energy-efficient alternative to mag-
netic fields to manipulate magnetic moments.>® Spin torques
arise from the transfer of angular momentum between two res-
ervoirs mediated by the spin and orbital moments of conduction
electrons. In the so-called spin transfer torque (STT), angular
momentum is exchanged between two ferromagnets separated
by a non-magnetic layer, either conducting or insulating.*”]
This effect underlies the functionality of magnetic tunnel junc-
tions, the elemental unit of state-of-the-art magnetic memories.
However, more effort has been devoted recently to substitute or
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ducting and insulating magnets, whether

ferro- or antiferromagnetic. SOTs can

also drive magnetic quasi-particles such
as domain wallsl’3% and skyrmions** more efficiently and
at higher speeds than the STT, thereby enabling logic func-
tionalities.*!l In the specific case of magnetic tunnel junctions,
they also provide important advantages over STT, such as
higher endurance, lower read disturbance, and greater design
flexibility.[+-53]

The switching of perpendicularly-magnetized films such as
the free layer of magnetic tunnel junctions is one of the main
applications of SOTs.! In general, the magnetization switching
is a complex process involving many interrelated magnetic
and nonmagnetic parameters (SOTs, saturation magnetiza-
tion and magnetic anisotropy, damping, Joule heating, device
geometry) and nonuniform magnetic configurations (domains
and domain walls). Despite this intrinsic complexity, there exist
general physical relations between the duration t, and the min-
imum amplitude ] of the electric current (density) that induces
the switching.®>%°¢ In the short-pulse regime (t, < 10 ns),
Joule heating plays a limited role and the switching is governed
by the conservation of the interfacial angular momentum trans-
ferred to the magnetic system, such that:[#:50:55:56.62]

37-39

J=josd (1)
tP

Here, J, is the threshold switching current density in the

limit t, — oo, and q is an effective electric charge density pro-

portional to the required angular momentum. Equation (1) has

important implications. The energy dissipated during the elec-

tric pulse is E = RI’,, where R is the device resistance, I=A]J
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Figure 1. a) Dependence of the threshold switching current density (blue) and energy consumption (red) on the pulse length in the short-pulse regime,
as calculated from Equations (1) and (2) with Jo =102 A m™%, q = 103 C m~2. The dashed line indicates the energy minimum at ¢* —1 ns. b) Energy
dissipated by the SOT-induced magnetization switching as a function of the switching time in heavy metal/ferromagnet and heavy metal/RE-TM
ferrimagnets. The energy consumption and the switching time were calculated from the data in refs. [45, 49, 51, 54-59] after normalizing the lateral

dimensions of the devices to 100 nm.

is the current amplitude, and A is the surface through which
the current flows. Thus, the energy consumed to switch the
magnetization scales as

E=(2+t—§+t—P]E* (2)

P P

where t; =q/J, and E* = RA’qJ,. Equation (2) shows that the
energy consumption decreases initially as 1/t, up to the turning
point t, =t,, from which it increases linearly with the pulse
length (Figure 1). These two opposite trends stem from different
physics. The initial decrease with t, reflects the convenience of
using long electric pulses to transfer a fixed amount of angular
momentum (q) because the energy dissipation scales quadrati-
cally with the pulse amplitude and only linearly with the pulse
duration. Instead, the linear increase beyond t, =+, vanishes in
the limit J, — 0 and thus implies that ], is an intrinsic time-
independent loss factor, that is, angular momentum that is not
effectively used to switch the magnetization.

Since the energy consumption is minimum at t,=¢,,
achieving fast and efficient switching requires reducing t,.
This optimization cannot involve J, since its contribution
to t, and E* is opposite. The only addressable parameter is g,
which depends on the SOT efficiency and the saturation mag-
netization.l’! These considerations suggest that, apart from
optimizing the SOT efficiency, a possible way of curbing the
energy dissipation is to reduce the saturation magnetization,
that is, the required angular momentum. Since typical transi-
tion-metal ferromagnets have a large magnetization in the order
of 1 MA m™, antiferromagnets with vanishing net magnetic
moment would be ideal candidates. Antiferromagnets, how-
ever, have intrinsic drawbacks that limit their use in devices,
namely, the difficult control by magnetic fields and the absence
of large read-out signals. Ferrimagnets represent instead a good
compromise because their unequal magnetic sublattices do not
fully compensate each other. They combine a small saturation
magnetization and a weak stray field with fast dynamics typical
of the antiferromagnetic order. To date, ferrimagnets are indeed
the only materials in which record domain wall speeds of
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several km s7! have been reported.’*3-%5] These advantageous
characteristics along with the large tunability of their magnetic
properties have raised considerable interest in these materials,
which promise faster and more energy-efficient applications
than ferromagnets (see Figure 1).1°0%7] Particularly interesting
are rare-earth transition-metal (RE-TM) ferrimagnetic alloys
because they merge the large magnetic moment and single-ion
anisotropy of RE atoms with the strong exchange interaction of
TM elements. Their distinct atomic elements coincide with the
magnetic sublattices. This one-to-one correspondence between
the elemental composition and the magnetic order is at the
origin of quite a rich and surprising physics, which, despite
decades of research, is far from a complete understanding.

In this review, we combine results of recent studies to pro-
vide a comprehensive picture of the SOT-induced switching in
RE-TM ferrimagnets. We address long-standing open points
of the dynamics excited by SOTs in these materials on the ns
and sub-ns timescale. In particular, we compare the similari-
ties and differences between the magnetization switching in
ferro- and ferrimagnets, the timescales of the reversal, the
individual dynamics of the RE and TM magnetizations, and
the separate interaction of the two sublattices with SOTs. A
deeper comprehension of the ferrimagnetic dynamics is
required to pave the way toward ferrimagnet-based spin-
tronic applications and provide insight into the dynamics of
multi-sublattice systems.

This review is organized as follows. Section 2 gives an over-
view of the magnetic properties of RE-TM alloys, including their
atomic structure, the magnetic order, the compensation points,
and the equations describing their dynamics. Section 3 pre-
sents the latest findings on SOTs in RE-TM ferrimagnets, and
the SOT-induced motion of domain walls and magnetization
switching. Section 4 focuses on the timescales of the magnetiza-
tion switching and its reproducible and stochastic components,
and proposes strategies to combine the fast and reproducible
dynamics with low energy consumption. Section 5 discusses
the origin and implications of the asynchronous sublattice
dynamics revealed by a complementary study of the switching
of RE-TM ferrimagnets. Finally, Section 6 summarizes the state
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Figure 2. Schematic of the electronic bandstructure of RE-TM alloys at
the Fermi level Er. The colors code for the contributions of RE 5d and TM
3d orbitals to the spin up (majority) and spin down (minority) bands, as
indicated in the table on the left.
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of the art of the current-induced dynamics in RE-TM ferrimag-
nets and discusses opportunities and challenges awaiting these
materials in the coming years.

2. Magnetic Properties of Rare-Earth
Transition-Metal Ferrimagnets

2.1. Band Structure of RE-TM Ferrimagnets

RE-TM ferrimagnets are typically binary or ternary alloys of
TM (Co, Fe) and RE elements (mostly Gd, Tb, and Dy). Their
ferrimagnetic order originates from bandstructure effects!®®73l
and can be understood with the aid of Figure 2. Upon alloying,
the 3d and 5d bands of the TM and RE elements, respectively,
hybridize, but the degree of mixing is different for spin-up
(majority) and spin-down (minority) states. The 3d—5d hybridi-
zation is stronger for the minority states because their energy
separation is smaller. As a consequence, the net spin polari-
zations of 3d and 5d electrons are antiparallel because most
of 3d electrons have their spin up and most of 5d electrons
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have their spin down. The nature of the RE-TM coupling is
then determined by the 4f~5d interaction in conjunction with
Hund’s third rule in the localized 4f orbitals.” These states are
the source of the RE magnetism and preserve a large orbital
moment. The 4f spins polarize the 5d electrons and estab-
lish a ferromagnetic alignment between 4f orbitals and the
5d band (Esq > 0). This implies that the spins of the 4f elec-
trons are always antiparallel to the 3d majority electron spins.
According to Hund’s rule, the “light” RE elements before Gd
have antiparallel spin S and orbital L moments. Since L > S,
the 3d and 4f magnetic moments are parallel: alloys with light
RE atoms are ferromagnetic. On the contrary, the “heavy”
RE elements after Gd have parallel spin and orbital magnetic
moments, thus their net moment is antiparallel to the 3d
moment: heavy RE elements induce the ferrimagnetic order.
Gd has zero orbital angular momentum (L = 0) and the mag-
netic moment is produced entirely by the spin (S = 7/2), thus
Gd-based alloys are ferrimagnetic. These rather complex inter-
actions can be condensed in three exchange coupling energies:

75
Erere < |Ermerg| < Erverm”!

2.2. Compensation Points

Since the atomic composition RE,TM(;_y can be continuously
varied, there is a virtually-unlimited number of ways to tune
the magnetic properties of RE-TM compounds. In practice, the
benefits of combining RE and TM elements are restricted to a
narrow range of compositions, typically with 20 < x < 35, where
the net magnetic moment u, magnetization M, and angular
momentum A approach zero.  and M are simply given by:

pa(, T) =| (1= ) parns — Xz | (3)
M(x,T):%:|MTM (T)— M (T)| (4)

with V the magnetic volume. Figure 3 shows the temperature
dependence of the RE and TM magnetizations calculated by

(b)
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Figure 3. a) Calculated temperature dependence of the RE = Gd (red) and TM = FeCo (blue) magnetizations according to a Bloch-like law: M(T) = M(0)

(1= T/Tc)B, with Mqy(0) = 0.55 MA m™, Mge(0) = 0.63 A m™, By = 0.21,

Bre = 0.43, and Curie temperature Tc = 420 K.7®77] The net magnetization

My — Mge (black, right vertical axis) vanishes at the characteristic temperature Ty, (= 190 K in this case). The arrows represent the magnitude and
orientation of the sublattice magnetizations. b) Dependence of the coercive field on the Gd concentration measured via the anomalous Hall effect in

sputtered Gd,(FeCo);_,(15 nm) samples.
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a mean-field model.’*””) Since the RE magnetization is larger
at low temperature but decreases more rapidly than the TM
magnetization at high temperature because of the intrinsically
weak 4f—4f coupling, there exists a composition and a tem-
perature at which the total magnetization vanishes and a fully
compensated antiferromagnetic state is established."®”% These
points are called the magnetization compensation composition xy
and compensation temperature Ty;. The divergence of the coer-
cive field in Figure 3 identifies xy and pinpoints the transition
between the RE-dominated and TM-dominated regimes.

Differently from ferromagnets and antiferromagnets, the net
magnetization and angular momentum of RE-TM ferrimagnets
are distinct quantities because the Landé factors of RE and TM
atoms are different (grg = 2.0 and gry = 2.2). The Landé factor
does not change significantly as the composition or temperature
are varied because it depends on the spin and orbital angular
momenta of the two atomic species. The atomic momenta
do not depend on temperature and are weakly dependent on
stoichiometry in bulk-like systems. In particular, the inequality
gre < grv implies that Ty > Ty and x5 < xy. The existence of the
angular momentum compensation is crucial for the ferrimag-
netic dynamics. At Ty the net equilibrium magnetization van-
ishes and the magnetic order becomes akin to that of antifer-
romagnets, yet it is only at T, that the dynamics changes from
ferromagnetic to antiferromagnetic. This is because the tem-
poral evolution of magnetic phenomena is ruled by the com-
mutator of the angular momentum, not the magnetization./®’l
Thus, RE-TM ferrimagnets offer a unique combination of finite
magnetization and antiferromagnetic dynamics, that is, the
Néel vector of ferrimagnets can be driven by magnetic fields
and SOTs as the magnetization of ferromagnets.

2.3. Magnetic Anisotropy

RE-TM ferrimagnets should have isotropic properties because
of their amorphous structure.®83 In particular, no net mag-
netic anisotropy is expected. However, several alloys present a
uniaxial anisotropy energy of the form E = k;sin0 + k,sin*0 + ...,
with 6 the angle between the magnetization and the normal
direction, and k; the energy density. The zero-order contribution
k; = 1-100 k] m~3 is often positive, meaning that the orientation
out of the plane is favored. The origin of this unexpected ani-
sotropy is controversial and attributed to a number of concomi-
tant factors, which include: the short-range atomic order; the
large single-ion anisotropy of RE atoms; the columnar micro-
structure promoted by particular growth conditions; structural
inhomogeneities caused by phase separation and formation
of clusters; magnetostriction and anisotropic stress distri-
butions."681-83] Despite its complex and yet not-understood
nature, the anisotropy of ferrimagnets is an intrinsic bulk prop-
erty, in contrast to the anisotropy of ferromagnets, which is
often of interfacial origin. Therefore, ferrimagnets do not need
a careful engineering of interfaces to attain the out-of-plane
orientation. Moreover, since their anisotropy is enhanced in
thick films,®4 the stability of the magnetic layer against thermal
fluctuations, which scales with the volume, may be larger than
in ferromagnets. In principle, the perpendicular anisotropy is
possible only close to the magnetization compensation because
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far from this point the total magnetization is large and the
demagnetizing field dominates. However, since the dynamics
of ferrimagnets is most interesting close to the compensation
point, this theoretical limit does not translate into a practical
constraint. These advantages explain the strong interest in
employing ferrimagnets for data storage. RE-TM ferrimagnets
were indeed among the most promising candidates for magne-
toptical recording.[®>-88]

2.4. Atomic Structure and Magnetic Disorder

Although RE-TM ferrimagnets can grow as crystals, prepara-
tion techniques such as liquid quenching, evaporation, and
sputtering result in most cases in amorphous structures. The
details of the microstructure depend sensitively on the depo-
sition process, but a common feature of RE-TM alloys is the
lack of any long-range order.’® On the other hand, the simi-
larity between the properties of crystalline and amorphous
compounds suggests that the short-range atomic order is not
suppressed completely.®92 Atomic structures extending over
distances of =1 nm mediate a seamless transition from the local
order to the long-range amorphous configuration. The existence
of randomly-oriented nano-crystallites in GdFeCo is confirmed
by sharp white spots in nanobeam electron diffraction patterns
(Figure 4). Averaging several patterns at different sample loca-
tions reveals that the crystallites correspond to the hexagonal
and cubic phase of Gd and Fe, respectively. Thus, amorphous
RE-TM ferrimagnets can host RE-rich and TM-rich segregated
clusters with approximately nm size. Such clustering effects are
accompanied by significant deviations of the local atomic con-
centration from the average stoichiometry. The local variation
estimated from electron transmission measurements can reach
up to 10% relative to the mean, but the maximum deviation
may actually be larger than 10% because transmission meas-
urements average over a thickness that is much larger than the
fluctuation lengthscale.

Moreover, RE-TM amorphous alloys are metastable, and
their structure undergoes continuous atomic rearrangement
and interdiffusion.’® This evolution is corroborated by the
comparison of nominally-identical but differently-aged GdFeCo
samples. Energy-dispersive X-ray spectroscopy (STEM-EDX)
elemental maps reveal that the fresh sample presents a larger
degree of anticorrelation between the concentration of Fe and
Gd (Figure 5). This difference is further supported by electron
diffraction measurements, which indicate a median cluster size
of about 3.8 nm for both Gd and Fe in the fresh sample, and
3.2 and 3.4 nm for Gd and Fe, respectively, in the aged sample.
Thus, we conclude that phase segregation takes place in RE-TM
films, 89909391 but atoms of different species tend to interdif-
fuse upon aging because the mixing enthalpy of TM and RE
atoms is negative.’6:97:%]

This chemical and structural disorder leads to a distribution
of the magnitude of magnetic moments, exchange interac-
tions, and local electrostatic fields. Although such a randomi-
zation does not prevent the formation of a collective magnetic
order, it causes important deviations from the ideal picture of
collinear ferro- and ferrimagnets.’®l In particular, the compe-
tition between the locally-varying exchange interaction and
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Figure 4. a) Nanobeam electron diffraction pattern of sputtered Gds;Feg,Co; (15 nm) grown on an amorphous SiN substrate. The white spots indicate
the presence of randomly-oriented crystallites. b) Average of 270 such patterns acquired at different equidistant positions in a rectangle of 7 x 42 nm?.
c) Radially-averaged diffraction intensity profile (black line) obtained from (b). The vertical bars at the bottom are reference patterns of hexagonal Gd
(in red) and cubic Fe (in blue). d) Maps of the percentage variation of the Fe and Gd concentrations relative to the mean. The scale bars correspond
to 5 nm. Reproduced under the terms of the CC-BY license.*® Copyright 2022, Springer Nature.

anisotropy randomizes the orientation of magnetic moments.
As a consequence, the actual magnetic order of RE-TM ferri-
magnets is sperimagnetic.B#9190 [n sperimagnetism, the mag-
netic moments of the two sublattices are aligned on average in
opposite directions, but their orientation is distributed within a
cone, as shown in Figure 6. Sperimagnetism can involve only
one sublattice or both depending on the elements and their
concentration. It is normally caused by large spatial fluctua-
tions of the single-ion anisotropy of the RE atoms and is thus
strong in alloys of Tb or Dy. In reality, several measurements
evidence the existence of sperimagnetism also in GdFeCo
despite the weak anisotropy sourced by Gd atoms.[%0102] This
likely indicates that fluctuations of the anisotropy are not
uniquely responsible for this complex magnetic order, and that
local variations of the exchange interaction may also play an
important role.

The amorphous and disordered structure of RE-TM fer-
rimagnets is not necessarily a disadvantage since it can intro-
duce the inversion asymmetry required for the appearance of
SOTs and Dzyaloshinskii-Moriya interaction (DMI), even in
single ferrimagnetic layers. The DMI exists in bilayers of heavy
metals and ferrimagnets similatly to ferromagnets,® however
the typically-large thickness of RE-TM ferrimagnets limits the
role of interfacial effects. Instead, the DMI can be enhanced by
a bulk contribution due to compositional gradients or nonuni-
formities along the growth direction in combination with the
large spin-orbit coupling of RE atoms.*®1%3] Such vertical asym-
metries can be exploited and engineered to maximize the DMI
and even achieve field-free SOT switching.[1*4

2.5. Precessional Dynamics

The dynamics of strongly-coupled ferrimagnets can be for-
mally described by an effective Landau-Lifshitz—Gilbert (LLG)
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equation provided that the Gilbert damping o and the gyromag-
netic ratio y = gl;l are replaced by effective parameters (here
g is Bohr's magneton and h is Planck’s constant).'>-197) If we
define the net magnetization in terms of the sublattice magnet-
izations M;,M, as M=Mm =M, +M,, then the effective LLG
equation reads

dm dm
—— =—YamXBy +Qgm X —— (5)
qp e B T m Xy,
_M-M, M 6

YW M A ©

71 72

oM, +0‘2Mz
O = Y1 Y2 :a1A1+a2A2 7)
M M, A

Yi 72

with oy, and 7y, the damping parameter and the gyro-

magnetic ratio of the ith sublattice, respectively, and

M, M
A=—L-—2=A - A, the net angular momentum (A, are

i 72
assumed always positive). Equations (5)—(7) show that ferrimag-

nets at the magnetization compensation point behave statically
as antiferromagnets because g — 0 and the effective field By
becomes uninfluential. In contrast, at the compensation point
of the angular momentum, both o.g and ¥ diverge and the
dynamics becomes very fast, similarly to antiferromagnets. The
predicted behavior of the relevant physical parameters of ferri-
magnets at the compensation points is summarized in Table 1;
some of them are discussed in the next section.

The divergences at the compensation points are not physical
and stem from treating ferrimagnets on the same ground as
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Figure 5. a) STEM-EDX elemental maps of a Gds;Feg,Co; (15 nm) blanket film 1 month after the growth (fresh sample). b) Profiles of the concentra-
tion of Gd, Fe, and Co across the sample thickness. The concentrations of Fe and Gd appear anticorrelated. c) Schematic atomic structure of the
sample showing the presence of clusters. The blue (orange) spheres are TM (RE) element atoms. d—f) The same as (a—c) for a nominally-identical
sample characterized 30 months after the growth (aged sample). In this case, the concentrations of Fe and Gd show a lower degree of anticorrelation.
g) Correlation image of the Fe and Gd concentrations in the fresh (top) and aged (bottom) sample. The larger and more numerous white spots in the
correlation image of the fresh sample is indicative of the stronger anticorrelation between the Fe and Gd concentrations. All scale bars correspond to
5 nm. Adapted under the terms of the CC-BY license.[58 Copyright 2022, Springer Nature.

ferromagnets. This is correct close to the magnetization com-
pensation point because the transition occurring there does
not have any physical effect other than reversing the quantiza-
tion axis. Note that the divergence of the coercive field is virtual
because the coercive field is not defined in a system without
a net magnetization that does not respond to external fields.

A A

GdCo DyCo DyFe

Figure 6. Sperimagnetism of RE-TM alloys. The random electrostatic
interactions cause fluctuations of the single-ion anisotropy and result in
the distribution of the magnetic moments within a cone (TM moments in
blue, RE moments in red). The opening of the cone, called fanning angle,
depends on the strength of the exchange interaction and spin-orbit cou-
pling. Ideally, Gd-based alloys do not show significant sperimagnetism
because of its small orbital moment, but experiments show that this is
not the case. The fanning angle of the TM moments depends also on the
specific element.
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Moreover, the apparent divergence of the effective SOT fields
does not imply an improved torque efficiency, as discussed
later. On the other hand, since the dynamics of antiferromag-
nets is intrinsically different from that of ferromagnets, the
standard LLG equation fails in the vicinity of T,. In this case,
an alternative approach consists in describing the dynamics in
terms of the Néel vector n = M, /M, — M, / M,:(67:108:109]

An-pnxii—oanxn=fgxn 8)

where a = A; + A, is the sum of the sublattice angular momenta,
p is the magnetic inertia, f.r is the energy functional and it is
assumed that o = 04 = o. Equation (8) correctly describes the
dynamics of ferrimagnets and avoids divergences of the resonance
frequency, gyromagnetic ratio, and domain wall speed in the prox-
imity of T, which corresponds to A = 0. The interested reader is
referred to ref. [67] and references therein for more details.

It is insightful to consider why the damping is finite and
even approximately constant in a range of temperatures around
T %10 which is not evident in Equation (8). The damping
parameter o is a phenomenological quantity that hides all
the details of the dissipation processes. Since this dissipation

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 1. Physical parameters vanishing or diverging at the two compen-
sation points of ferrimagnets when the dynamics is described by the
effective LLG Equation (5).

Physical quantity Ts Xm Tar XA
Total magnetization 0 finite
Total angular momentum finite 0
Resonance frequency finite oo
Damping finite oo
Gyromagnetic ratio 0 oo
Coercive field ) finite
Effective SOT fields 0 finite
Domain wall speed finite oo
Anisotropy finite finite

involves at the same time both the RE and TM magnetiza-
tions, it is not physically correct to define two separate damping
parameters 0,,, one for each sublattice. If the global loss of
angular momentum is taken into account through the Ray-
leigh function,B%1112] then it is possible to show that the total
damping of a ferrimagnet becomes

o~ g —A 9)
A+ A
and thus remains finite at the compensation point.

Similar to the damping, the resonance frequency of ferri-
magnets is also finite at Ty. However, pump-probe laser experi-
ments do show that the characteristic frequency of the ferro-
magnetic exchange mode (=10 GHz) is maximum at the angular
momentum compensation point because fpyr = YgBer
In contrast, the frequency of the antiferromagnetic exchange
mode, which is normally in the THz range, attains its min-
imum at this point, where it decreases to =70 GHz."3]

3. Domain Wall Motion and Switching Induced
by Spin-Orbit Torques

3.1. SOT in Ferrimagnet/Heavy Metal Bilayers

Similar to ferromagnets, the most common way to generate
SOTs in a ferrimagnet is to run an electric current through an
adjacent heavy-metal layer such as Pt.'319614-118] Owing to the
spin accumulation generated at the ferrimagnet/heavy metal
interface by the spin Hall effect in the heavy metal and spin-
orbit scattering, a spin current flows into the ferrimagnet. The
spin accumulation and the absorption of the spin current result
in the field-like (FL) and damping-like (DL) SOTSs, respectively,
which are given by:(!t13]

Tw =BaMxy (10)

Ty = By MX (y X m) (11)

The two torques excite the magnetization of ferrimagnets
and enable its switching as well as the motion of domains
walls. These effects are qualitatively akin to those occurring
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in ferromagnets. However, the physics of SOTs in RE-TM fer-
rimagnets is richer and more complex than in ferromagnets
because of their multi-sublattice nature. As discussed in the fol-
lowing, this complexity stimulated studies of the dependence of
SOTs on the compensation of the magnetization and angular
momenta, and on the strength of the torques acting on the
individual sublattices.

The finding of enhanced SOTSs at the magnetization compen-
sation point aroused initial enthusiasm because it seemed to
promise the efficient control of ferrimagnets. Several publica-
tions reported that the SOT effective fields diverge at the mag-
netization compensation temperature (composition) with an
inverse dependence on the net magnetization, 1914118 in qual-
itative analogy to the coercive field. Although some measure-
ments indicated a possible contribution of the exchange torque
between the two sublattices to the effective SOTs, ™! it is now
clear that the apparent divergence of SOTs at Ty, does not trans-
late into an improved torque efficiency. This can be explained
by adding the field-like and damping-like components of SOTs
to the effective LLG model:

dM dm

3 = _‘J/eﬂrM X (Beff + BFL,effy) - yeffBDL,effM X (Y X m) + aeffM X E

(12)

BFL,eff — BFL,lMl - BFL,ZMZ (13)
M, -M,

Boror = BDL,IﬁI +BA/IIJL,2M2 (14)
1— M,

Here we assume that the current flows along x and the polari-
zation direction of the spin accumulation is along y, and Bpypy
are the SOT fields on sublattice i. Equations (12)—(14) show
that the product MBpy pp o remains finite in the limit T — Ty.
Therefore, the torque efficiency E«<MBppy, o is constant, as
required by the conservation of angular momentum.['#120 This
result is confirmed by the independence of the switching cur-
rent from the magnetization compensation.l%

We also note the existence of an important difference between
the two torque components. Since the general expression of the
damping-like (field-like) torque is even (odd) in the magnetiza-
tion m, the effective damping-like (field-like) field is a weighted
sum (difference) of the fields acting on the individual sublat-
tices. As a consequence, the damping-like (field-like) field can
(cannot) drive the dynamics of ferrimagnets close to Ty,. There-
fore, the field-like field behaves similarly to a global magnetic
field, which is ineffective in compensated ferrimagnets.

3.2. Domain Wall Motion

One of the most powerful capabilities of SOTs is the possibility
of driving domain walls in perpendicularly-magnetized layers at
much larger speed than the STT.1?!l Efficient motion, however,
requires the domain wall to be of Néel type because the internal
magnetization of Bloch walls is parallel to the spin polariza-
tion.[122123] Néel walls can be stabilized by applying magnetic
fields or by the DM1.I¥7-3944124 [n the former case, up-down and
down-up domain walls move in opposite directions, and SOTs
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Figure 7. a) Upper panel: SOT-driven motion of ferromagnetic up-down and down-up Néel walls stabilized by the DMI. Lower panel: SOT-driven
motion in the presence of a magnetic field stabilizing the internal magnetization of the domain wall. The domain wall speed v is the same (opposite)
for up-down and down-up Néel walls in the upper (lower) panel. Only the action of the damping-like field is considered because the field-like field
cannot drive alone domain walls. b) SOT-driven motion of a ferrimagnetic domain wall in the presence of DMI. Irrespective of whether My > Mge
(middle panel) or My < Mge (bottom panel), the direction of motion remains the same when defined relative to the net magnetization (upper panel).
SOT on the TM sublattice is assumed to be stronger than on the RE sublattice.

realize a global switching of the magnetization (Figure 7). In the
latter case, instead, up-down and down-up domain walls move
in the same direction, thus enabling the basic functionality
of racetrack devices.'” This mechanism is common to ferro-
and ferrimagnets at any temperature. However, as the angular
momentum compensation point is approached, the SOT-driven
domain wall motion becomes more efficient in ferrimagnets
because domain walls move as rigid objects without internal
precession, as discussed below. We notice that the direction of
motion in ferrimagnets depends on the sign of the damping-
like SOT and DMI/magnetic field as in ferromagnets, but
not on the dominant sublattice (Figure 7). Therefore, domain
walls of a given type (up-down or down-up) move in the same
direction irrespective of whether Mpy > Mgg or My < Mgg
when the direction of motion and the type are defined relative
to the net magnetization.'"”7.1l The same conclusion holds
in the case in which the damping-like SOT acts differently on
the two sublattices.

The field- and current-induced motion of domain walls is
limited in general by the coupling between the translation of
the domain wall and the precession of its internal magnetiza-
tion, which eventually leads to the Walker breakdown in the
strong-drive regime.l?128] Below this point, the steady-state
drift v and precessional o velocities induced by a magnetic field
are given byl®3]

oaAMB (15)
A+ (o)’
AMB
ey 1

where A is the width of the domain wall and B the effective
driving field. Equations (15) and (16) indicate that the simi-
larity between ferro- and ferrimagnetic domain walls breaks
down at the angular momentum compensation point. In a fer-
romagnet, the angular momentum A is finite at any tempera-
ture, and the translational motion of a domain wall is always

Adv. Mater. Interfaces 2022, 2201622 2201622 (8 OfZT)

accompanied by a rotation of its internal magnetization, even
in the presence of DMLI%7129 In contrast, A decreases in a
ferrimagnet as T (x,) is approached, which results in the sup-
pression of the precession (0 — 0) and the maximization of
the translational velocity.'"”713% In other words, at the compen-
sation point all the supplied energy is used to drive the domain
wall without distorting its internal configuration. Experiments
confirm this understanding for both the field- and current-
driven dynamics, even if the equations of the current-driven
motion are different from Equations (15) and (16),/°1%1 which
only describe the action of an external magnetic field.[’l As
shown in Figure 8, the domain wall speed is maximized in
correspondence of T, and can exceed 1 km s71.15%63-65] Note
that at low current density the velocity may not peak exactly at
Tp because the motion is in the linear regime and the sum of
the sublattice angular momenta a dominates the net angular
momentum A.**%] In contrast, at large current density the
domain wall speed saturates except at T,. The possibility of
driving fast antiferromagnetic-like dynamics with magnetic
fields and SOTs is a unique fingerprint of ferrimagnets with
no equivalent in other magnetic materials and is in principle
not limited to domain walls. We expect similar considerations
to be valid for other quasi-particles such as skyrmions and
for spin waves.[31132l However, although experiments have
verified that the so-called skyrmion Hall angle vanishes at
T, 1133134 experimental evidence of fast skyrmion motion is
still lacking.[**! Moreover, fast dynamics at T, can also be stim-
ulated by effective driving forces other than magnetic fields
and SOTs, for example by STT!3%136 or by modulating the
magnetic anisotropy of a nanowire by voltage gating.*”] Thus,
the fast dynamics at the angular momentum compensation
point is a general characteristic of ferrimagnets with prom-
ising applications in spintronics. In particular, ferrimagnets
may be better candidates than ferromagnets and antiferromag-
nets to realize fast and energy efficient data storage and logic
operations!!3® because of the combination of rapid dynamics,
low sensitivity to external fields, perpendicular magnetic ani-
sotropy, and large magnetoresistance.
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Figure 8. a) Domain wall speed as a function of temperature at different magnetic fields in GdFeCo. Reproduced with permission.!%3 Copyright

2017, Springer Nature. b) Domain wall speed as a function of temperature at different current densities in GdCo. Reproduced with permission.

[64]

Copyright 2018, Springer Nature. The compensation temperature of the magnetization Ty, and angular momentum Ty is indicated in both graphs.

Equation (15) does not set any upper limit to the domain wall
speed, which increases with the strength of the effective driving
field B. Recent theoretical and experimental results contradict
this scenario and suggest that the speed of domain walls is lim-
ited by a contraction of their width akin to the Lorentz contrac-
tion in the theory of special relativity.'%®13% Light speed is in
this case replaced by the magnon group velocity. Experimental
evidence is so far limited to a ferrimagnetic garnet (BiYIG) with
an upper bound velocity of 4.3 km s7, but RE-TM ferrimag-
nets are also expected to manifest relativistic dynamics. The
maximum achievable speed in these materials remains an open
question since it scales with a!, which is not a directly measur-
able and easy to estimate parameter.

3.3. Magnetization Switching

Similarly to ferromagnets, SOTs can switch the magnetization
(and Néel vector) of ferrimagnets, as shown in Figure 9. Here,
1-ms-long current pulses invert the orientation of the mag-
netization along the normal direction, thereby causing abrupt
variations of the anomalous Hall resistance. In a typical heavy

(@)

metal/ferrimagnet sample such as Pt/GdFeCo, this requires the
application of an external field collinear to the current direc-
tion to break the mirror symmetry and define the switching
polarity.[3]

As discussed in more detail later, the switching comprises
an initial quiescent phase associated with the nucleation of a
domain and the ensuing domain expansion by domain wall
motion. These two processes are SOT-driven, but also ther-
mally-assisted. Since temperature varies on the same timescale
as the magnetization switching, the net magnetization and
angular momentum are dynamical quantities. Therefore, one
or both compensation temperatures may be reached and over-
come during the switching,M%*!l and assessing the importance
of the two compensation points is challenging.

The compensation of the angular momentum should accel-
erate the overall switching via the increase of the domain wall
speed, but its influence on the domain nucleation remains
an open question. The magnetization compensation has also
a controversial role. On the one hand, the phenomenological
considerations made in Section 1 suggest that compensated
ferrimagnets require less energy to switch at the ns time-
scale because of the reduced effective charge 4./ However,

TP MY

W4

R CSE (o (o]
6 4 2 0 2 4 6
1(mA)

Figure 9. Current-induced switching of the magnetization in Pt/GdFeCo. a) Switching tracked by the anomalous Hall resistance in the presence of an
assisting magnetic field along the x direction in a FeCo-dominated Pt(5 nm)/Gdy;(FegCoy)73(15 nm) sample. b) The same as (a) in a Gd-dominated
Pt(5 nm)/Gd;;(FegCoy)e3(15 nm) sample. The blue, red, and black arrows indicate the orientation along z of the FeCo, Gd, and net magnetization,
respectively. Note that the anomalous Hall resistance changes sign across the magnetization compensation point and is therefore opposite in (a) and
(b). Unpublished data by the authors.
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whether g is minimum at the magnetization or angular
momentum compensation point is still unclear. On the other
hand, the enhancement of SOTs at Ty is not accompanied by
the increase of the SOT efficiency, and the switching current
J is not minimized at the magnetization compensation, at
least when using ms-long electric pulses.['%! Moreover, Equa-
tion (12) shows that the SOT-induced dynamics is not affected
by the compensation of the magnetization since it neither
slows down nor speeds up. We also notice that the switching
polarity does not change at T\; when defined with respect to
the net magnetization. This is demonstrated in Figure 9. In
the TM-dominated Pt/Gd,;(FeqCo,);; sample, the positive cur-
rent and positive field switch the net magnetization and the
FeCo sublattice from up (+z) to down (—z), similarly to Pt/
ferromagnet bilayers. In the RE-dominated Pt/Gds;(FeqCoy)gs
sample, instead, the FeCo (Gd) sublattice is switched to the up
(down) state, which results again in the up-to-down reversal
of the net magnetization. Therefore, the switching polarity
remains the same despite the opposite sense of rotation of the
hysteresis loops of the two samples, which probe the orien-
tation of the FeCo sublattice. We can thus conclude that the
magnetization compensation point has little influence on the
efficiency of SOTs and speed of the dynamics, but may have an
impact on the energy efficiency. Working at this compensation
point is certainly beneficial to reduce the stray field and sus-
ceptibility to external fields.

Finally, we note that recent experiments have reported longer
spin coherence length in ferrimagnets compared to ferromag-
nets.2] The spin coherence length, namely, the distance
over which injected spins dephase, is limited to a few A in
ferromagnets, and results in the ~1/ty dependence of SOTs.[*!
In contrast, the antiparallel alignment of magnetic moments
in compensated ferrimagnets limits the dephasing because the
two magnetic sublattices determine opposite precession direc-
tions of the injected spins.* It was argued that a longer spin
coherence in ferrimagnets weakens the 1/tgy scaling and allows
for switching thick ferrimagnets with a moderate current den-
sity, as indeed experimentally reported.l>”1"”]

3.4. Open Questions

The vast majority of studies on ferrimagnets employed tech-
niques that do not provide information on the dynamics. The
harmonic detection of SOTs, the measurement of the domain
wall displacement, and the magnetization switching with ms-
long pulses only sense the steady-state response to SOTs. This
limitation has left open questions on the actual dynamics and
its characteristic spatial and temporal scales. Moreover, pre-
vious studies could not conclude on the degree of interaction of
the spin current attendant to SOTs with the individual RE and
TM sublattices, that is, the relative strength of Bpyp; 1 and Bpy,
rr, 2- Finally, all existing models of current-induced dynamics in
RE-TM ferrimagnets have considered a rigid coupling between
the two sublattices, but this assumption has never been tested
because very few techniques provide the elemental sensitivity
required to disentangle the dynamics of the RE and TM mag-
netizations. In the next sections, we discuss two recent studies
that addressed these questions.
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4. Timescales of the Switching Dynamics

4.1. Multiphase Switching Dynamics

The dynamics induced by SOTs can be studied by detecting
real-time changes of the anomalous Hall resistance caused by
the motion of the magnetization. The procedure consists of
recording the anomalous Hall signal during the application
of the ns-long electric pulses that trigger the movement of the
magnetization, as described in detail in ref. [57]. Time-resolved
Hall measurements prove particularly useful for investigating
the SOT magnetization switching.

Figure 10 shows exemplary measurements of the switching
of a 1-um-wide circular dot of FeCo-dominated GdsyFeq3Co;
with perpendicular magnetization, patterned on top of a 5-nm-
thick Pt Hall bar. The time-resolved Hall signal averaged over
multiple switching events indicates a multiphase dynamics that
comprises an initial quiescent state, the reversal phase, and
the final equilibrium state, with the magnetization remaining
constant both before and after the reversal. The observation
of a long quiescent phase is surprising because the orthogo-
nality between SOTs and the magnetization should avoid the
incubation phase typical of the STT.5>5-1 Instead, these
measurements reveal that the duration of this phase is a signifi-
cant fraction of the total switching time.

The comparison with ferromagnetic tunnel junctions™*’ sug-
gests that the quiescent phase is a characteristic of the ther-
mally-activated regime. In this regime, SOTs are not strong
enough to push the magnetization over the anisotropy energy
barrier. However, since the temperature increases during the
pulse and the magnetic anisotropy is temperature-dependent,
the barrier lowers with time and eventually lets the switching
start. By increasing the pulse amplitude or the in-plane field,
the duration of the quiescent phase is significantly reduced as
the switching dynamics approaches the intrinsic regime and
thermal effects become less important. Simulations and experi-
ments indicate that this initial phase is associated with the
reversal of a seed domain at the device edge.*541481%] There-
fore, we refer to the duration t; of this process as the nucleation
time. Further, we designate the transition time At as the dura-
tion of the transition between the up and down signal levels, "]
such that the total switching time is given by t, + At. At is asso-
ciated with the expansion of the nucleated domain across the
device and is thus a measure of the domain wall speed.

This physical interpretation of #, and At in terms of domain
nucleation and expansion is supported by the measurements
presented in the next section. It reveals that the SOT-induced
switching of ferrimagnets involves the same phases as that of
ferromagnets.*>>4 The ns-long nucleation time is particularly
noteworthy because it contrasts with the general expectation
of fast dynamics in ferrimagnets. However, the nucleation
is determined by Joule heating, which is independent of the
ferro- or ferrimagnetic nature of the device, and is thus una-
voidable. On the other hand, the domain wall velocity inferred
from At is in the order of a few km s7!, much larger than in
ferromagnets. We then conclude that ¢, is the veritable bottle-
neck of the dynamics, and that fully exploiting the rapidity of
ferrimagnets requires finding approaches to suppress the ini-
tial quiescent phase.

[49
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Figure 10. a) False-color scanning electron micrograph of a 1-um-wide ferrimagnetic GdsoFes;Co; (15 nm) dot at the center of a Pt (5 nm) Hall cross.
The in-plane magnetic field B, is collinear to the current. The scale bar corresponds to T um. b) Out-of-plane hysteresis loop detected by measuring the
anomalous Hall voltage. c) Normalized averaged switching traces of the GdFeCo dot for 20-ns-long voltage pulses of increasing amplitude. The pulse
starts at time 0 and ends at 20 ns, and the magnetic field is 125 mT. d) The same as (c) as a function of the in-plane magnetic field and at constant 1.6
V pulse amplitude. Adapted under the terms of the CC-BY license.[’”] Copyright 2021, Springer Nature.

4.2. Stochastic Switching

Since temperature plays such an important role, thermal fluc-
tuations can introduce stochastic effects. The single-shot meas-
urements in Figure 11 confirm this intuition. The single-shot
traces are qualitatively similar to the average traces. However,
the duration of the quiescent and transition phases varies sig-
nificantly from event to event. By fitting each trace to a piece-
wise linear function, it is possible to extract the statistical
distribution of t;, and At (Figure 12). The comparison between
the single-shot statistics and the averaged traces reveals that
the duration of the quiescent phase is systematically underes-
timated in the average measurements relative to the mean t,,
whereas the duration of the transition phase is systematically
overestimated relative to the mean At. The quantitative disa-
greement is determined by the superposition of widely-distrib-
uted nucleation events. As shown by the average curves at the
bottom of Figure 11, the large spread of the nucleation events
anticipates the starting point of the average dynamics and, at
the same time, broadens the apparent switching duration.
Significant thermal fluctuations may impair the operation of
devices based on SOTs. Strategies are thus needed to mitigate
stochastic effects as well as to reduce t,, as discussed before.
Interestingly, increasing the pulse amplitude and/or the mag-
netic field leads to a reduction of the stochasticity, especially
for t;, whose distributions become narrower as either driving
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parameter is increased (Figure 12). This hints at a possible
approach to make the dynamics faster and more deterministic.

4.3. Favorable Energy Scaling

After-pulse measurements of the threshold switching voltage
V, as a function of the pulse duration tp evidence the existence
of two switching regimes (Figure 13). Above =5 ns, V, changes
weakly with tp, which is a signature of the thermally-assisted
reversal®>¢!l and reveals the importance of thermal effects for
the typical pulse lengths and amplitudes used in this study
(tp = 20 ns). On the other hand, the critical voltage increases
abruptly for tp < 3 ns, as expected in the intrinsic regime
where the switching speed depends on the rate of angular
momentum transfer from the current to the magnetic layer
(cf. Figure 1). Indeed, in this regime, V, scales proportionally
to 1/tp. Switching with tp = 300 ps (equivalent average domain
wall speed > 3.3 km s7!, under the assumption #, = 0) demon-
strates that the quiescent phase can be suppressed by strongly
driving the magnetization. Moreover, the statistical trends in
Figure 12 prove that short pulses and proportionally-higher volt-
ages improve the reproducibility of the dynamics. Importantly,
more intense pulses do not imply a larger energy consumption
because the threshold energy density decreases by more than
four times upon reducing tp from 20 ns to < 1 ns.
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The conclusions of this study are therefore manifold. The
switching dynamics of ferro- and ferrimagnets are qualitatively
similar and share the same phases.*) The overall switching
speed is strongly limited by the initial nucleation process, and
both the nucleation and the domain expansion are affected by
thermal fluctuations. However, the concomitant increase of the
pulse amplitude and reduction of the pulse length benefits the
speed and reproducibility of the switching without a higher
energy demand, at least down to 400 ps. This favorable trend
highlights the advantage of using materials with combined fast
dynamics and low saturation magnetization.

5. Element- and Time-Resolved Switching
of the Rare-Earth and Transition-Metal
Magnetizations

5.1. Asynchronous Switching in Time and Space

The measurements discussed in the previous section reveal the
characteristic timescales and stochastic nature of the current-
induced dynamics of RE-TM ferrimagnets, but do not provide
information on the spatial dynamics and the separate behavior
of the RE and TM sublattices. These open points can be
addressed using the spatial, temporal, magnetic, and element-
resolving power of X-rays.'>! In the following, we discuss the
results of current pump, X-ray probe measurements performed
in a scanning transmission X-ray microscope (STXM).5®!

These measurements disclosed surprising dynamics, as
shown in Figure 14. Here, the XMCD (X-ray magnetic circular
dichroism) intensity integrated over the dot area represents
the time dependence of the Fe and Gd magnetizations in a
Gdj,Feg,Co; dot excited by 200-ps long electric pulses. The rapid
variation of the XMCD signal in correspondence of the electric
pulses pinpoints the SOT-induced switching of the magnetization
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and confirms the fast current-induced dynamics of ferrimagnets.
However, the reversal path followed by Fe and Gd is unexpected
and very different from the switching trajectory observed in fer-
romagnets in similar experimental conditions.* First, the rapid
variation of the XMCD signal is followed by a slow evolution
toward equilibrium. Second, although both sublattices share this
complex dynamics, they switch asynchronously with respect to
each other. In particular, Mg, reverses its direction during the
electric pulse, while My maintains initially its original orienta-
tion. As a consequence, the two magnetizations attain an average
transient ferromagnetic state on the ns timescale.

Measurements in more than 20 devices with different ele-
ments, concentrations, layer thickness, and lateral size showed
that the degree of coupling between the RE and TM sublattices
and hence the dynamics can vary significantly, but can be cat-
egorized into three types,® as reported in Figure 15. In general,
the reversal of Mg, always involves the nucleation of a domain at
the edge of the dot and the motion of a domain wall across the
device with a speed of the order of 1 km s™! depending on the
applied current density. This behavior stems from the interplay
of SOTs, DMI, and magnetic field, in analogy to ferromagnetic
systems.>*8l [n contrast, the temporal and spatial dynamics of
the Gd sublattice changes radically from type I to type III.

In the type I, the switching of Mgq is very different from
and substantially slower than that of Mg.. No clear domain wall
appears during the pulse, and the progressive change of mag-
netic contrast is indicative of a turbulent and nonreproducible
process. Because of their different speed, Mg, and M4 attain
the same orientation during the pulse. The antiferromagnetic
order is then re-established only 1 ns after the pulse.

In the type II dynamics, domain walls move in both sublat-
tices but maintain a small relative delay of about 200 ps. Their
profiles across the device are also different. Thus, the inter-
sublattice coupling appears to be stronger than in the type I
switching, but not enough to enforce synchronicity. Instead,
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Figure 12. a,b) Statistical distributions of the nucleation time t, and transition time At for different amplitudes of 20-ns long voltage pulses at a con-
stant in-plane magnetic field of 125 mT. c,d) Same as (a,b), for different in-plane fields at a constant pulse amplitude of 1.8 V. The distributions were
obtained by analyzing the single-shot measurements in Figure 11. Reproduced under the terms of the CC-BY license.[’”] Copyright 2021, Springer Nature.

the type III is characterized by a strong coupling because Mg,
and Mg, preserve the antiparallel orientation throughout the
whole process, both during the edge nucleation of a domain
and during its expansion through the device. The type III cor-
responds to the scenario normally assumed in the modeling
of current-induced switching and domain wall motion in ferri-
magnets, namely, the rigid antiferromagnetic coupling between
the two sublattices.

The stoichiometry of GdFeCo and the pulse amplitude/
duration in Figure 15 differ from one device to another. This
variation might suggest a relation between the three types of
dynamics and the composition and/or electrical excitation.
However, the extensive characterization of these dynamics
confirmed that each switching type is an intrinsic sample
property, independently of the amplitude and duration of the
electric pulses as well as of the applied magnetic field, and is
not determined by Joule heating.”® In addition, the type of

Adv. Mater. Interfaces 2022, 2201622 2201622 (13 0f21)

dynamics is not simply associated with the sample stoichiom-
etry because devices with equal composition showed distinct
reversal regimes. More importantly, the additional observation
of dynamics of type I and III in TbCo multilayers and alloys
(see ref. 58) is a strong indication of the universal character of
the asynchronous response of RE-TM ferrimagnets to electric
pulses. This generality hints at more fundamental reasons to
the asynchronicity than the sample composition and the spe-
cific experimental conditions.

5.2. Master-Agent Spin-Orbit-Torque Dynamics
Micromagnetic simulations based on two coupled LLG
equations were carried out to identify the origin of the asyn-

chronous dynamics and the reason for the existence of multiple
switching paths. As shown in Figure 16, the experimental
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Figure 13. Threshold switching voltage (black dots, left scale) and energy
density (red dots, right scale) as a function of the pulse length at a con-
stant in-plane magnetic field of 100 mT. The measurements were per-
formed on a GdFeCo device with the same composition and geometry as
that in Figure 10. Reproduced under the terms of the CC-BY license.l”’]
Copyright 2021, Springer Nature.

findings were reproduced only under two conditions: 1) the
SOTs exerted on the TM sublattice are stronger than on the
RE sublattice; 2) the antiferromagnetic exchange interaction
between the two sublattices is weak. The combination of these
two points leads to a master-agent dynamics by which the SOTs
switch the TM sublattice, which in turn drags the reversal of
the RE magnetization. The speed of the latter is determined by
the strength C,, of the antiferromagnetic coupling. The simu-
lated switching dynamics transitions from type I to type III in
a narrow range of C, independently of the applied magnetic
field, STT, field-like SOT, DMI, thermal fluctuations, defects,
and random spatial variations of the magnetic quantities (see
Figure 16 and ref. [58]). These parameters play a secondary role
and cannot explain the asynchronous dynamics. Point (1) sup-
ports the idea that SOTs interact predominantly with the TM
magnetic moments because of the different localization of 4f
and 3d electrons.70#3152153] Point (2), instead, challenges the
traditional assumption of rigid antiferromagnetic coupling in

(a)

GdFeCo

zZA Tj

INTERFACES

www.advmatinterfaces.de

RE-TM ferrimagnets at timescales exceeding the ps regime.
This point is supported by the experimental evidence of a ns-
long transient ferromagnetic state.

The low value of C., was linked to microstructure of ferri-
magnetic alloys and its metastable nature. The comparison
between multiple measurements in distinct devices suggests
the existence of a correlation between the sample age and the
strength of C,, because the dynamics progressively transitioned
from type I to type III in a period of one year.’8! As discussed in
Section 2, GdFeCo alloys host Gd and Fe clusters of nm dimen-
sions that tend to become smaller and more homogeneous with
time. The formation of Gd-rich and Fe-rich clusters reduces the
intersublattice coupling relative to the homogeneous phase
by limiting the number of direct Fe-Gd interactions.'* This
reduction may be further enhanced by the sperimagnetic
order typical of RE-TM ferrimagnets,19%192] which leads to a
distribution of interatomic exchange interactions. However,
the negative mixing enthalpy of TM and RE atoms drives the
intermixing of the two atomic species. This atomic relaxation
affects Ci and, ultimately, the type of dynamics during the
SOT-induced switching.

5.3. Discussion of the Asynchronous Dynamics

The asynchronous sublattice magnetization dynamics is
reminiscent of all-optical switching observed in GdFeCo
alloys.88155-1571 Yet, the measurements reported in ref. [58]
show that the decoupling of the RE and TM magnetization
dynamics is a general feature of RE-TM alloys that extends well
beyond the ultrafast temporal regime of all-optical switching
and involves also SOTs. In addition, there exist important dif-
ferences between all-optical and SOT switching: the primary
cause, that is, Joule heating versus SOTs; the absence of a
spatially-coherent dynamics versus the domain-wall-driven
reversal; the transient ferromagnetic state as a prerequisite and
unique reversal path versus the dynamics of types II and III;
the longitudinal versus the transverse magnetization dynamics.

(b)

t(ns)

Figure 14. a) Schematic of the current-pump, X-ray-probe detection of the switching of a 1-um-wide GdFeCo(15 nm) dot on a Pt(5 nm) current line.
The samples were deposited on a Si3N, membrane transparent to X-rays. b) Time-dependence of the spatially-averaged XMCD signal measured while
applying bipolar electric pulses with 200 ps duration and 4.8 V amplitude to a Gds;Fes,Co;(15 nm) dot. The bottom panel shows the amplitude and
duration of the voltage pulses. Adapted under the terms of the CC-BY license.® Copyright 2022, Springer Nature.
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Figure 15. a—c) Time dependence of the spatially-averaged XMCD contrast at the Fe and Gd edges for three distinct devices, whose respective com-
position is Gds;Feg,Co; (15 nm), GdsgFeq3Co; (15 nm), and GdygFegyCo; (15 nm). d—f) Corresponding spatially-resolved snapshots of the dynamics and
schematics showing the orientation of the magnetic moments of Fe and Gd during the switching and the domain wall profile. Reproduced under the

terms of the CC-BY license.[58 Copyright 2022, Springer Nature.

This comparison demonstrates that the ns-long non-equilib-
rium ferromagnetic state cannot be explained by the thermal
collapse of the longitudinal magnetization of the TM sublattice,
as in all-optical switching. Such a long-lived transient state can
only be rationalized by assuming uneven transfer of angular
momentum from the electric current to the TM and RE sublat-
tices and a relatively weak coupling among them, in agreement
with the micromagnetic simulations.

We also exclude that the compensation of the magnetization
and/or angular momentum play a role in the asynchronous

Adv. Mater. Interfaces 2022, 2201622 2201622 (15 OfZ])

switching. As discussed before, the magnetization compensa-
tion point is not fundamentally relevant to the dynamics and
switching of ferrimagnets because it does not alter the amount
of angular momentum injected from Pt into GdFeCo or TbCo
nor the strength of SOTs. Indeed, Tb-dominated and Co-dom-
inated TbCo samples manifest similar dynamics. Moreover,
the compensation of the angular momentum was not crucial
in these experiments. First, T, was close to or below room
temperature in all GdFeCo samples. Second, although the net
angular momentum strongly influences the speed of domain
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Figure 16. a) Time dependence of the simulated average component m, of Mg, and Mgq4 in a GdFeCo (15 nm) device when C,, =—6.8 k] m~. b) Delay
tp = tre — tcg between the times at which the m, components of Mg, and M4 cross zero as a function of the antiferromagnetic exchange energy density
|Ceyl- The simulations assume effective spin Hall angles 08I} =0.21, 68 =0.07 and dampinglike SOT (stars), field like torque and spin transfer torque
(circles), thermal fluctuations and grains of 10 nm size with 10% random variations of the magnetic anisotropy (squares). Adapted under the terms of

the CC-BY license.’®l Copyright 2022, Springer Nature.

walls, it does not determine the type of dynamics, which is
solely determined by the strength of the antiferromagnetic
exchange interaction. Because C., may depend on the stoichi-
ometry but not on the net angular momentum,”3”! the varia-
tion of the latter close to its compensation point cannot explain
the asynchronous dynamics.

In conclusion, these measurements reveal that the RE and
TM sublattices of ferrimagnetic alloys are not necessarily rigidly
coupled and react differently to SOTs despite the high domain
wall speed typical of ferrimagnets. This finding provides evi-
dence of the asymmetric action of SOTs on the two sublattices,
which was a long-standing open point for ferrimagnets. This
study also complements the time-resolved Hall measurements
presented in the previous section by providing a different per-
spective on the ferrimagnetic dynamics induced by SOTs. It
supports the identification of #, with the incubation time that
precedes the reversal of an edge domain, and confirms that the
transition time At can be associated to the motion of a domain
wall across the dot due to the concerted action of the damping-
like SOT and DMI, as previously observed in ferromagnets.l>*

6. Conclusion and Outlook

RE-TM ferrimagnets have attracted considerable attention
because of outstanding properties that make them viable can-
didates for spintronic applications: the small magnetization
and stray field, the bulk anisotropy and DMI, the possibility
to engineer the sample composition and structure, and, above
all, the fast current-induced dynamics. The measurements pre-
sented in Sections 4 and 5 provide a comprehensive picture of
this dynamics. In particular, it has been possible to: 1) identify
the distinct phases and timescales that characterize the mag-
netization switching and the underlying physical processes
(domain nucleation and domain wall motion); 2) understand
their dependence on the driving parameters (electric current
and magnetic field); 3) reveal the intrinsic stochastic nature
of switching; 4) highlight the asymmetric SOTs and ensuing

Adv. Mater. Interfaces 2022, 2201622 2201622 (16 0f21)

master-agent behavior of the RE and TM sublattices; and 5)
describe the asynchronous switching of the RE and TM mag-
netizations as a function of the antiferromagnetic coupling
strength and its dependence on the alloy structure. These find-
ings have fundamental and practical implications that are not
limited to ferrimagnetic materials. Points (1)—(3) are generally
applicable to ferromagnets and, to some extent, also to true
antiferromagnets because the physics of SOTs is common to
all magnetic materials and Joule heating is an inevitable com-
panion of electric currents. Point (4) may appear specific to
RE-TM ferrimagnets, but is in fact doubly relevant. It is instru-
mental in understanding the exchange of angular momentum
in systems involving different magnetic bands or orbitals,
which, beside RE-TM ferrimagnets, include compounds such
as Heusler alloys (MnGa, MnGe), garnets (IbIG, GdIG), and
antiferromagnets (CuMnAs, Mn,Au). In addition, it under-
scores the often overlooked complexity of multi-sublattice mag-
netic systems, which can react distinctly to external stimuli.

In this regard, it is instructive to recall the different partici-
pation of the RE and TM sublattices in magnetotransport. The
anomalous Hall effect and the spin polarization of the conduc-
tion electrons are dominated by the TM atoms,[>2158-160] byt
the RE elements can generate non-negligible SOTs thanks to
the sizable spin-orbit coupling of the 5d states at the Fermi
level.19-164 Moreover, the RE and TM magnetizations interact
differently with spin currents. This scenario is supported by
the element-resolved switching measurements presented in
Section 5 and by additional evidence. First, the sign of the spin
Hall magnetoresistance of ferrimagnets does not vary across
either the magnetic or angular momentum compensation point
and is the same as in bilayers composed of a heavy metal and a
ferromagnet.'>%l This suggests that the interfacial spin accumu-
lation interacts preferentially with the TM sublattice. Second,
the dephasing of spin currents polarized transverse to the net
magnetization is mitigated in ferrimagnets relative to ferro-
magnets but appears to be dominated by the exchange coupling
between the injected spins and the TM moments.[*>1%% This
picture agrees with the sublattice-dependent SOTs evidenced
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by the switching experiments and micromagnetic simula-
tions.’® The overall picture that emerges from such considera-
tions is that RE elements actively participate in transport effects
through their 5d orbitals, but that the coupling between non-
equilibrium spins and the RE magnetization is weaker than
in ferromagnets, likely because the RE magnetic moments are
localized in the 4f orbitals.

In this context, the observation of so-called self-tor-
ques in single layer RE-TM alloys raises interesting ques-
tions.[96104166-168] The generation of self-torques in systems
without an external source of spin or orbital current!l may
entail an unusual mechanism by which first the RE element
realizes the charge-to-spin conversion, then the SOTs acting on
the TM sublattice are transferred back to the RE magnetization
by the antiferromagnetic coupling. In the future, more efforts
could be dedicated to explore this possibility and, more gener-
ally, to unravel the physics of self-torques as well as of the bulk
DMI in these systems.[1%’]

Taking advantage of the rapidity and efficiency of magneti-
zation switching in RE-TM ferrimagnets also requires tackling
open problems. RE-TM compounds are physically and chemi-
cally metastable,’®! are sensitive to temperature variations,
and provide a modest tunneling magnetoresistance for inte-
gration into magnetic tunnel junction devices.®*-1 These
drawbacks pose serious technological challenges. However,
ferrimagnetic order is by no means restricted to RE-TM com-
pounds, and other materials such as garnets and Heusler
alloys provide interesting opportunities for device integration.
For example, all-optical switching has been demonstrated in
MnRuGa,!7? and ferrimagnetic Heusler alloys could in prin-
ciple enable tunneling magnetoresistance.’3] Moreover, effi-
cient current-induced reversal and fast domain wall motion
have been observed in TmIG[7+7¢ and MnN.["l The fast
dynamics found in other RE-free compounds is not surprising
because it is rooted in the common underlying ferrimagnetic
order. Therefore, the favorable energy scaling presented in
Figures 1 and 13 is expected to apply to other ferrimagnets,
leading to fast and efficient ferrimagnet-based applications.
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