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ABSTRACT

Magnetic information storage has been achieved by controlling and sensing the magnetic moment orientation of nanoscale ferromagnets.
Recently, there has been concentrated effort to utilize materials with antiferromagnetic coupling as a storage medium to realize devices that
switch faster, are more secure against external magnetic fields, and have higher storage density. Within this class of materials are ferrimagnets,
whose magnetization can be reduced to zero by tuning parameters such as the chemical composition, temperature, and strain. Compared to
conventional antiferromagnets, compensated ferrimagnets not only possess the aforementioned speed and density advantages but also allow
the use of convenient electrical reading and writing mechanisms due to the existence of inequivalent magnetic sublattices. Recent research has
demonstrated fast spin-torque switching, as well as efficient electrical reading with compensated ferrimagnets. Further material and device
research using these zero-moment magnets promises a spintronic platform for fast and energy efficient information storage technology.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5144076

Modern computer architectures use a memory hierarchy to sat-
isfy trade-offs between speed, latency, energy consumption, retention
time, and cost. The emergence of spin-transfer-torque magnetic ran-
dom access memory (STT-MRAM) provides a possibility to combine
high energy-efficiency, large density, long endurance, and non-
volatility into a single memory type.1,2 One direction to further
improve the performance of STT-MRAM is to reduce its accessing
time, particularly the writing time. The switching process of STT-
MRAM occurs when a spin-polarized current is generated in one elec-
trode of a magnetic tunnel junction (MTJ), which then applies a spin-
torque that counteracts magnetic damping in the adjacent electrode.3,4

In this so-called “anti-damping switching” process, the switching
speed is governed by the underlying law of angular momentum con-
servation, particularly in the short pulse switching regime (writing
pulse length <10ns), which states that the switching time is given by
the ratio between the total angular momentum of the storage layer
and the applied spin current.5 Therefore, one efficient path for increas-
ing the switching speed is to reduce the total angular momentum in
the free magnetic layer, without sacrificing its thermal stability.

Antiferromagnets represent a natural candidate for realizing
magnetic materials with low net angular momentum, as they are com-
posed of magnetic sublattices with spins that have antiparallel
exchange coupling.6,7 Beyond the potential increased switching speed,
the reduced magnetization also has the added benefit of smaller stray
fields, which avoids the undesirable magnetic dipole coupling between

neighboring devices, resulting in a higher device density. Materials
with antiferromagnetic coupling also typically have a weaker response
to magnetic fields, leading to a state that is protected from external
magnetic perturbations. Despite these known advantages, one tradi-
tional difficulty associated with the usage of antiferromagnets as active
components in spintronic devices is the lack of mechanisms for realiz-
ing efficient reading and writing. Very recently, experimental progress
has been reported in the electrical control and probing of antiferro-
magnetic states using spin–orbit torque (SOT) and anisotropic magne-
toresistance (AMR) [as well as the planar Hall effect (PHE)], in both
conductors and insulators,8–11 providing hope for addressing the long-
known obstacles in antiferromagnet spintronics. Alternatively, ferri-
magnets serve as another material candidate for reaching the speed
and density advantages. Ferrimagnets possess antiferromagnetic sub-
lattices; however, in contrast to antiferromagnets, the two magnetic
sublattices do not necessarily have the same magnetic moment or con-
sist of the same atomic species. Instead, the sublattices are inequiva-
lent, lowering the overall symmetry of the material (see Table I).
Typically, the magnetization of a ferrimagnet can be varied by chang-
ing the ferrimagnet’s chemical composition or temperature. In some
ferrimagnets, it is possible to reach a state with zero net magnetization,
known as the magnetic compensation state. Even though the magneti-
zation can be compensated, the two sublattices are still inequivalent,
yielding different densities of states for the two subbands (Table I).
This makes it possible to detect magnetic states of a compensated
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ferrimagnet using similar optical and electrical methods that have
been traditionally used for ferromagnets, such as the magneto-optical
Kerr effect (MOKE), anomalous Hall effect (AHE), and tunnel magne-
toresistance (TMR). In contrast, antiferromagnets have equivalent
sublattices and higher symmetry, which results in equal density of
states at the Fermi level and zero spin polarization.

One category of well-known ferrimagnets is the rare-earth (RE)
transition metal (TM) alloy. RE-TM alloys consist of TM elements
(Fe, Co, and Ni) and RE elements (Gd, Tb, etc.) that have magnetic
moments originating from electrons on the d and f orbitals, respec-
tively.12,13 The exchange interaction between d and f electrons can lead
to antiferromagnetic coupling for certain combinations of RE-TM
alloys.14 For a given temperature, the net magnetization is determined
by the relative concentration of each element, making these materials
highly tunable. In these alloys, the electronic density of states at the
Fermi level is usually dominated by d electrons from the TM atoms,
indicating that the TM solely determines magnetic-related transport
properties, providing a way for electrically reading the magnetic state,
even at the magnetic compensation state. Meanwhile, the spin–orbit
torque from heavy metals (Ta, Pt, etc.)15,16 or topological insula-
tors,17–19 which has been used to switch ferromagnets,20,21 can be used
as a mechanism for switching these ferrimagnets as well. Figures 1(a)
and 1(b) show the magnetization curve and spin–orbit torque switch-
ing curve obtained from a Ta(5)/Co0.79Tb0.21 (2)/Ru(3) sample (unit
in nanometers; the material composition reflects the atomic ratio).22

While the sample has a negligible magnetic moment, clear anomalous
Hall resistance and current induced switching have been achieved.

In general, the magnetic dynamics of a ferrimagnet with two sub-
lattices is governed by a pair of coupled Landau–Lifshitz–Gilbert
(LLG) equations.23 Under the assumption that the exchange field
between the two sublattices is much stronger compared to any other

relevant field, the magnetic moment direction of the two sublattices
can be approximated as m̂A ¼ �m̂B. The dynamics of the net mag-
netic moment can be obtained by adding the two LLG equations,
which leads to24–26

Mnet
dm̂net

dt
¼ �ceff Mnetm̂net �Heff þ aeff Mnetm̂net �

dmnet

dt

þ ceff Jsm̂net � r� m̂netð Þ: (1)

Here, Mnet , m̂net , ceff , aeff , r, and Js;tot are the magnitude of net mag-
netic moment, direction vector of net magnetic moment, effective
gyromagnetic ratio, effective damping coefficient, orientation of
injected spin, and total spin current. Specifically, mnet ¼ Mnetm̂net

¼ mA þmB and ceff ¼ ðmA �mBÞðmA
cA

� mB
cB
Þ�1, where cAðBÞ is the

gyromagnetic ratio of the two sublattices. It is known that the gyro-
magnetic ratio of TM and RE metals could be slightly different due to
the unequal contributions from orbital magnetism in these two types
of atoms. From this equation, it can be seen that the spin torque term
sST ¼ Jsm̂net � ðr� m̂netÞ is independent of the net magnetic
moment in the ferrimagnetic material, consistent with the angular
momentum conservation picture. Experimentally to quantify the spi-
n–orbit torque, it is usually convenient to compare the effect generated
from a spin torque with that from an applied magnetic field, using the
DC domain wall magnetometry method27 or high harmonic measure-
ment28,29 (see Table II). From Eq. (1), by comparing the terms for the
spin torque and the field induced torque, one can see that the effective
field from sST has the magnitude of Js

Mnet
, which diverges at the magne-

tization compensation point. This large increase in the (dampling-like)
spin–orbit torque effective field has been verified in several experi-
ments,22,30–35 which is summarized in Table II. One emphasis that
needs to be made is that in real magnetic memory devices, the

TABLE I. Comparison between Ferromagnets, antiferromagnets, and ferrimagnets.

Ferromagnet Antiferromagnet Ferrimagnet

Spin structure

Density of states

Reading mechanism Anomalous Hall effect, tunneling
magnetoresistance, etc.

(Tunneling) anisotropy magnetoresistance,
Planar Hall effect, etc.

Anomalous Hall effect, tunneling
magnetoresistance, etc.

Writing mechanism Spin-transfer torque, spin–orbit torque,
E-field control, etc.

Spin–orbit torque, etc. Spin-transfer torque, spin–orbit
torque, etc.
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requirement of a high energy barrier against thermal fluctuation
E ¼ MnetHc determines that the coercive field of a ferrimagnetHc also
needs to be very high when the net magnetization is reduced to zero.
Under this restraint, Hc scales as 1=Mnet , which compensates the
decrease in the threshold current brought by the divergences of the
spin torque effective field discussed above.

While the divergence of the effective field from spin torque at the
magnetization compensation point does not directly lead to a more effi-
cient magnetic memory, there could be switching speed advantages
associated with the usage of ferrimagnets. From Eq. (1), it can be seen
that the changing rate of the magnetic moment direction under spin

torque has the following form: dm̂net
dt � ceff

Js;tot
Mnet

m̂net � ðr� m̂netÞ,
which becomes large when ceff Mnet

�1 ¼ ðmA
cA

� mB
cB
Þ�1 diverges at the

angular momentum compensation point. Here, the net angular
momentum Snet ¼ SA � SB ¼ mA

cA
� mB

cB
. This trend has been recently

observed in current-induced domain wall motion experiments, where it
was shown that domain wall velocity is maximized at the angular
momentum compensation point36–38 [see Figs. 1(c) and 1(d)].
Particularly, with CoGd alloys, Caretta et al. and Cai et al. demonstrated
domain wall velocities above 1 km/s, which is more than an order of
magnitude larger than that in traditional ferromagnets.37,38 The peak
domain wall velocity observed at the angular momentum compensation
point can be explained by considering the spin torque effective field
generated in the domain wall region.39 The absence of the internal mag-
netic texture change at a high applied current, known as Walker break-
down, is believed to be the direct cause of a larger domain wall velocity
in ferrimagnets with nearly zero angular momentum.

Being a well-studied material system, RE-TM alloys allow people
to carry out a series of proof-of-concept experiments, which show
many interesting physics close to the angular momentum or magnetic
momentum compensation point. However, the strong temperature
dependence of magnetic moment, potential damping enhancement,
and active chemical properties brought by RE elements40–43 pose great
challenges for real applications. Particularly, because of the low elec-
tronegativity, REs, in their metallic state, are very easy to oxidize by

FIG. 1. (a) Magnetization curve and (b) spin–orbit torque switching curve for a Ta(5)/
Co0.79Tb0.21(2)/Ru(3) sample (unit in nanometers). Reproduced with permission from J.
Finley and L. Liu, Phys. Rev. Appl. 6, 054001 (2016). Copyright 2016 American
Physical Society. Although the sample has negligible magnetization, clear anomalous
Hall resistance can be measured and current-induced switching has been achieved. (c)
Spin–orbit torque induced domain wall motion measurement of CoTb(3)/Pt(5) (unit in
nanometers) using MOKE. (d) Highest domain wall mobility occurs near the angular
momentum compensation point and is much larger than a typical ferromagnetic mate-
rial. Reproduced with permission from Siddiqui et al., Phys. Rev. Lett. 121, 057701
(2018). Copyright 2018 American Physical Society. (e) Crystal structure and high reso-
lution scanning transmission electron microscope (STEM) image of the ferrimagnetic
Heusler alloy Mn2GaRux. (f) Spin–orbit torque switching of a nearly compensated
Mn2GaRu0.68(23)/Pt(5) film (unit in nanometers). Reproduced with permission from
Finley et al., Adv. Mater. 31, 1805361 (2019). Copyright 2019 John Wiley and Sons.

TABLE II. Comparison of spin–orbit torque measurements on compensated ferrimagnets.

Material (thickness in nm)
Measurement

type
Effective field

from damping-like torque
Effective field from field-like
torque (10�7 Oe A�1cm2)

Effective spin
Hall angle

CoTb(2)/Ta(5)22 1/ Ms … 0.03
CoTb(3.5)/W(3)34 1/ Ms … 0.26

CoTb(6.5)/Ta(8)30 1/ Ms �15 0.10
Pt(5)/CoFeGd(30)/Ta(5)31 1/ Ms �20 0.187
CoFeGd(10)/Pt(5)32 1/ Ms … 0.014
CoGd(6)/Pt(10)33 1/Ms

2 �500 0.52
CoFeGd(15)/Bi2Se3(6),
(BiSb)2Te3(6)

35
1/Ms … 0.13, 3.01

Mn2GaRux(23)/Pt(5)
62 … �7 0.025
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adjacent oxide films such as MgO, which usually leads to very poor
tunneling magnetoresistance (TMR) in magnetic tunnel junctions
(MTJs) containing these ferrimagnets.44 Beyond RE-TM alloys, some
members in the family of Heusler alloys also possess tunable ferrimag-
netism. Heusler alloys are a large group of intermetallic compounds
that consist of up to four different elements and can form several
different crystal structures (Table III). With many possible elemental
permutations, it is possible to engineer properties such as magnetic
order, half metallicity, multiferroicity, topological order, and net mag-
netic moment in these materials.45 In fact, compensated Heusler alloys
have recently been studied as a ferrimagnetic exchange bias layer in
magnetic devices due to the large coercive field close to the zero mag-
netization point.46,47 In addition to magnetization compensation, half
metallicity is another appealing property that can benefit spintronic
applications. Half metallicity represents the state where one spin sub-
band is conducting, while the other is insulating.48 In principle, half-
metallicity can co-exist with zero magnetization in a ferrimagnet. The
expected 100% spin polarization in certain Heusler alloys can lead to
MTJs with extremely large TMR.49 In addition to high spin polariza-
tion, half metallicity can also reduce magnetic damping by avoiding
electron spin flip scattering, which is particularly useful for various
spintronic applications, as this can reduce switching thresholds,
increase domain wall velocities, and lead to a narrower linewidth in
magnetic oscillation.50,51 Combining compensated ferrimagnetism,
improved thermal stability, ultra-low damping, and 100% spin polari-
zation into a single material is therefore an intriguing prospect of the
study on Heusler alloys. First principles calculations show that ferri-
magnets with low magnetic moment can be realized in Mn-rich
Heusler alloys, e.g., Mn3Ga, Mn2PtGa, Mn2RuGa, etc. It was demon-
strated that the Slater–Pauling rule,52,53 the empirical formula which
predicts the magnetic moment per atom in 3d transition metals, also
gives a useful guideline on the design of magnetization in Heusler
alloys.45,54–57 Zero net magnetic moment can be achieved by tuning
the number of valence electrons via adjusting the chemical composi-
tion and concentration of different elements. H. Kurt et al. proposed
and verified this concept by carefully controlling the phase and chemi-
cal composition of an exemplar Heusler alloy system Mn2Ru1�xGa.

58

By varying the relative concentration between Mn and Ru elements,
they showed that the magnetic moment of Mn2Ru1�xGa can be com-
pensated at room temperature. Preliminary experimental results also
suggest that there could be half-metallicity around this compensation
point. Unlike many other low moment Heusler alloys that crystalize in

tetragonal structures,46,49,59–61 Mn2Ru1�xGa epitaxially grown on a
MgO substrate exhibits a cubic crystal structure [as seen in Fig. 1(e)],
resulting in relatively weaker crystalline anisotropy. This moderate
perpendicular anisotropy makes Mn2Ru1�xGa a good candidate as a
free layer in spintronic devices. In a recent experiment, it was
shown that by utilizing the spin Hall effect from an adjacent Pt layer,
spin–orbit torque induced switching can be realized in Mn2Ru1�xGa
very close to the magnetization compensation point [Fig. 1(f)].62

Similar to RE-TM alloys, it is reasonable to believe that fast switching
dynamics will occur in these low moment Heusler ferrimagnets.
Recent experiments on the fast domain wall motion from ferrimag-
netic Heusler films provide initial evidence along this direction.63

The above discussion only reflects a small subset of research that
is being pursued in the field of compensated ferrimagnetic materials.
Beyond the study of RE-TM alloys and Heusler alloys, there is
also extensive interest in ferrimagnetic garnets (Table III), which have
been shown to have magnetization compensation close to room
temperature,64,65 be switchable with spin–orbit torque,66 and exhibit
ultra-fast domain wall motion.67 The insulating nature of these gar-
nets can potentially improve the energy efficiency by eliminating
part of Joule-heating related dissipation in spintronic devices. In
addition to the ferrimagnetic switching dynamics studied in the sin-
gle domain and domain wall motion regime, it has also been shown
that interesting physics can occur with topologically protected mag-
netic quasi-particles—skyrmions. Experiments have shown that the
Dzyaloshinskii–Moriya interaction (DMI) acts on the two sublattices
of ferrimagnets constructively instead of canceling each other close
to the compensation point. Therefore, chiral domain wall structures
can be realized in a zero moment magnet due to the sizable DMI
effective field.36 It has been shown in both theory and experiment
that compared to ferromagnets, the reduced stray fields in compen-
sated ferrimagnets allow much smaller skyrmions to be formed.37,68

Furthermore, current-induced skyrmion motion can exhibit higher
speeds in compensated ferrimagnets than in regular ferromagnets
due to the reduction of current-induced transverse velocity (i.e., the
skyrmion Hall effect).69,70 Finally, compensated ferrimagnets have
also been an essential component for achieving all optical switch-
ing.71 Ultrafast picosecond laser induced magnetic switching
has been demonstrated in ferrimagnets with very low magnetic
moments.71–74

While the uncompensated electron density of states at the
Fermi surface of ferrimagnets provides advantageous mechanisms for

TABLE III. Comparison between different ferrimagnetic materials.

Transition metal rare-earth alloy Heusler alloy Rare-earth iron garnet

Crystal structure Amorphous Heusler, half Heusler, inverse Heusler Garnet
Examples CoGd, CoTb, CoFeGd, etc. Mn3Ga, Mn3Ge, Mn2GaRux, Mn2GaPtx, etc. Gd3Fe5O12, Tm3Fe5O12,

Tb3Fe5O12, Eu3Fe5O12, etc.
Reading mechanisms Anomalous Hall effect tunneling

magnetoresistance: (low TMR ratio)
Anomalous Hall effect tunneling

magnetoresistance: (the high TMR ratio
remains to be demonstrated)

Spin Hall magnetoresistance

Writing mechanisms STT and SOT STT and SOT SOT
Compensation
mechanisms

Temperature and
chemical composition

Temperature, chemical composition,
and strain

Temperature and strain
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magnetic reading and writing over antiferromagnets, the dependence
of the compensation condition on the exact position of the Fermi level
also brings about disadvantages for applications. Particularly, the mag-
netic properties of ferrimagnets, including net moment, magnetic
anisotropy, etc., usually have a strong temperature dependence, in con-
trast to antiferromagnets, where the moment is always rigorously zero
regardless of the temperature (see Table I). As a matter of fact, many of
the experiments discussed in this perspective article utilize this temper-
ature dependence to reach magnetic or angular momentum compensa-
tion. One can easily imagine that it will be technically difficult to
maintain a fixed temperature for real device applications. Therefore,
compensated ferrimagnetic materials with more robust temperature
stability will be highly preferred in future development. Moreover,
TMR is one of the best known methods for fast, reliable magnetic
reading. While using compensated ferrimagnets can, in principle,
lead to large TMR, in existing reports of MTJs made from various com-
pensated ferrimagnets, they still suffer from low ON/OFF ratios,
probably related to certain chemical or structural imperfections.49,75

Demonstrating a TMR ratio that is comparable to or even larger than
existing CoFeB based MTJs will be another important question to
address in future studies on compensated ferrimagnets.

So far, current induced magnetic switching has been realized in
compensated ferrimagnets, where it was found that the spin-torque
effective field is inversely proportional to magnetization. Fast domain
wall motion was realized near the angular momentum compensation
point, and compensated Heusler alloys with low damping and high
spin polarization have been electrically switched. By building on these
results with continuous research into materials and the underlying
physics, compensated ferrimagnets promise an exciting platform for a
fast and energy efficient information storage technology.
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