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Ferrimagnetic insulators have gained much attention as platforms with efficient magnetization dynamics.
To date, epitaxial iron garnet thin films are the most widely used materials in the emerging field of
"insulator spintronics." However, further advances in this field require overcoming the disadvantages of
garnets — e.g., their complex structure, high growth temperature, incompatibility with other crystalline
materials, and relatively weak perpendicular magnetic anisotropy. In this Perspective Paper, we make the
case that epitaxial thin films of spinel ferrites and hexagonal ferrites are viable materials for insulator
spintronics, with complementary advantages over the oft-used garnets. Specifically, spinel ferrites have a
simpler structure, can crystallize at lower temperatures, and are more amenable to coherent integration
with various materials; hexagonal ferrites possess enormous perpendicular anisotropy of bulk origin, in
contrast to garnets where the strength of anisotropy is restricted by interfacial strain. The expanded
repertoire of materials for insulator spintronics will enable new physical insights and potential

applications, beyond what is currently possible with garnets.

Corresponding authors: Satoru Emori (semori@yvt.edu) and Peng Li (pzl0047 @auburn.edu)

Section 1: Introduction

A flow of spin angular momentum injected into a magnetic thin film can exert torques on the
magnetization [1,2]. Such spin-transfer torque effects were initially studied in heterostructures (e.g., spin
valves and magnetic tunnel junctions), consisting of at least two layers of metallic ferromagnets [3]. An
electric current flowing through the first conductive magnetic layer becomes spin-polarized and then
imparts spin torques on the second conductive magnetic layer. In this scheme, the spin current that generates
the spin torques is necessarily carried by the charge current.

In the last several years, alternative schemes to generate spin torques have been realized by taking
advantage of spin-orbit coupling in nonmagnetic conductors. In one example, based on the spin-Hall effect
in metals with strong spin-orbit coupling (e.g., Pt, B-W), conduction electrons in the metal undergo spin-
dependent deflections such that spin-polarized electrons accumulate at the surfaces of the metal [4,5]. The
spin-Hall effect generates a spin current (non-equilibrium spin accumulation) that is orthogonal to the input
charge current, as illustrated in Figure 1. When this spin current transfers spin angular momentum to (or

exchange couples with) the magnetization in an adjacent magnetic layer, torques are exerted on the
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magnetization. Similar spin torques may also emerge from spin accumulation due to spin-orbit coupling at

the interface, i.e., Rashba-Edelstein effect [6-9].

Figure 1. Spin current and torque generated from a charge current in the spin-orbit metal interfaced with
a magnetic insulator. The spin dependent scattering of conduction electrons (e.g., spin-Hall effect) in the
spin-orbit metal results in a spin current orthogonal to the charge current. The accumulation of spin-
polarized electrons at the spin-orbit-metal/magnetic-insulator interface can exert torques on the

magnetization, M.

Spin torques due to the spin-Hall (or Rashba-Edelstein) effect are often called "spin-orbit torques"
(SOTs) [10]. Unlike conventional spin-transfer torques, SOTs do not require a charge current to enter the
magnetic layer. SOTs instead rely on a spin current (or spin accumulation) orthogonal to the input charge
current. Thus, SOTs can be exerted on magnetic moments in insulators.

SOTs allow for electrically controlling the magnetization in insulators, which are often thought to
have lower magnetic damping than ferromagnetic metals. From the technological viewpoint, low damping
allows for efficient excitation and propagation of magnetization dynamics with low energy input. For
example, SOTs may be used to excite spin waves in magnetic insulators for magnonic computing and
communications applications [11-13].

Magnetic insulators are also attractive for fundamental studies. With no parasitic effects from
conduction electrons (which complicate analyses for structures with a conductive magnetic layer) [14—19],
a magnetic insulator interfaced with a spin-orbit metal constitutes a simpler model system, particularly for
determining the charge-spin interconversion processes in the spin-orbit metal. A magnetic insulator with
low damping — or, more specifically, narrow ferromagnetic resonance (FMR) linewidths — boosts the signal-
to-noise ratio for such experiments as spin-torque FMR and spin pumping [20], which are essential for
quantifying the charge-spin interconversion efficiency. Alternatively, a magnetic insulator with
perpendicular magnetic anisotropy (PMA) is a convenient platform for studying the dynamics of
magnetization switching and domain wall motion driven by spin-orbit torques [6,21-23]. In other words,

appropriate magnetic insulators can serve as sources of spin currents (transferred from the magnet to the
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spin-orbit metal, i.e., in spin pumping measurements) or detectors of spin currents (transferred from the
spin-orbit metal to the magnet, i.e., in spin-torque measurements).

Magnetic insulators are often presumed to exhibit low damping because spin scattering processes
from conduction electrons are absent [24,25]. There exist many families of magnetic insulators —
particularly Fe-based ferrimagnetic oxides or "ferrites" — with a variety of crystal structures [26,27]. One
might therefore expect a large selection of thin-film insulating materials used for spintronic applications.
In reality, one family of magnetic insulators — garnet ferrites — has dominated the growing research field of
insulator spintronics. The reason for this is in part historical: a garnet ferrite, i.e., yttrium iron garnet (Y1G),
has been widely known as the material with the lowest damping (since the 1950s [28]), with a Gilbert
damping parameter ~10~° for bulk YIG crystals. There have been accordingly numerous studies in the past
decade demonstrating ultralow damping parameters on the order of ~10* for epitaxial YIG thin
films [20,29-38], grown on single-crystal gadolinium gallium garnet (GGG) substrates that are very well
lattice-matched to YIG. Many of these ultralow-damping YIG thin films have been used in spin pumping
and spin torque experiments [20,39—42]. Further, garnets ferrites with tunable PMA (e.g., thulium iron
garnet, terbium iron garnet, etc.) have also gained considerable attention as media for insulator spintronics,
especially with regards to chiral magnetism. (We point out, however, that low damping is not necessarily a
prerequisite for low-power SOT switching of PMA media [43].)

While widely used in insulator spintronics, there are some drawbacks to the garnet ferrites.

1. They have a complex structure with three sublattices and an enormous unit cell consisting of

160 atoms.

2. They require a high thermal budget to crystallize, e.g., deposition and/or post-anneal at > 700

°C.

3. They cannot be readily interfaced with other classes of crystalline materials.

4. The magnitude of PMA is modest (e.g., a few kOe) in garnets, and it is strongly dependent on

the strain between the magnetic film and the substrate [21].
The above considerations bring up a natural question: are there alternative types of ferrimagnetic
insulators that can be used in place of the oft-used garnets?

In this Perspective Paper, we present two alternative families of ferrimagnetic insulators as viable
— or possibly superior — platforms for insulator spintronics. In Section 2, we outline recent experimental
studies on high-quality, coherently strained epitaxial thin films of spinel ferrites. These new thin-film
ferrites mitigate the first three drawbacks of garnet ferrites listed above. They can therefore serve as
useful model-system materials — simpler and more convenient than garnets — to study spin dynamics and
transport. For instance, a recently reported spinel ferrite system [44] exhibits sufficiently low damping

that enables spin pumping and SOT experiments giving insights into charge-spin interconversion in
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epitaxial Pt [45,46]. In Section 3, we summarize recent experiments leveraging epitaxial thin films of
hexagonal ferrites with PMA that is much stronger than that of typical garnet ferrites. These out-of-plane
magnetized hexaferrites have a strong anisotropy field of ~ 17 kOe and a low intrinsic damping constant
<0.001 [47]. Finally, in Section 4, we briefly offer our perspectives on challenges associated with using
these magnetic insulator thin films for practical device applications.

Our Perspective Paper primarily focuses on the thin-film spinel ferrites and hexagonal ferrites in
the context of spintronics. For more general and detailed accounts of the different families of ferrites, we
refer the reader to the review articles by Harris [26] and Pardavi-Horvath [27]. Overall, we hope that this
Perspective Paper will inspire the growing field of insulator spintronics to expand its materials repertoire
beyond garnet ferrite films. We believe that this "beyond-garnet" perspective will further advance

fundamental insights and potential applications of thin-film magnetic insulators.

Section 2: Coherently Strained Epitaxial Spinel Ferrites

2.1: Spinel Ferrites for Spintronics: General Considerations

Figure 2. Schematic of the spinel structure. The tetrahedrally coordinated cations are represented by the
brown spheres, whereas the octahedrally coordinated cations are represented by the blue spheres. The

oxygen anions are represented by the red balls.

The spinel is a cubic crystal (schematic in Fig. 2) with the general single formula unit usually
written as AB,Os (e.g., MgAlOs), where A represents divalent cations (e.g., Mg?") at lattice sites

tetrahedrally coordinated by oxygen anions and B (e.g., AI**

) represents trivalent cations at lattice sites
octahedrally coordinated by oxygen anions. Many spinel ferrites (e.g., FesO4, NiFe,O4) are so-called

"inverted" spinels where the divalent cations (e.g., Fe**, Ni**) preferentially occupy the octahedral B sites,
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such that half of the trivalent cations (e.g., Fe*") are at the tetrahedral A sites. We refer the reader to
Harris [26] and Pardavi-Horvath [27] for more detailed discussions of the chemistry, structure, and
magnetic order of spinel ferrites.

Spinel ferrites comprise many naturally occurring magnetic minerals, with "lodestone" (magnetite,
Fes04), perhaps being the most well-known from the ancient civilizations of China and Greece. While
Fe;04 is a room-temperature ferrimagnetic semiconductor (exhibiting interesting phenomena such as the
Verwey phase transition and half-metallicity), there are plenty of ferrimagnetic spinel ferrites that are
electrically insulating (e.g., LiosFe2 504, MgFe,04, NiFe 04, CoFexOs, etc.). Many such insulating spinel
ferrites [26,27] have been widely used in microwave device applications for decades. Despite their long
history, spinel ferrites have not made inroads into the emerging field of insulator spintronics. This is perhaps
surprising considering the relative simplicity and other advantages of the spinel compared to the notoriously
complicated garnet. One might then imagine that spinel ferrites should constitute a more convenient model
system for insulating spintronics.

A major problem with spinel ferrite films — or, for that matter, essentially many other ferrimagnetic
oxide films (other than YIG) — is that magnetization dynamics is typically too lossy, i.e., the FMR linewidth
or effective damping is too large. The high loss in these ferrite films largely comes from structural defects,
such as antiphase boundaries and dislocations [48—54], which are known to be sources of extrinsic spin
dissipation, e.g., two-magnon scattering [49,50,52,55,56]. Further, these defects lead to nonuniform
magnetic  states [44,48,51,53] that may contribute to inhomogeneous resonance linewidth
broadening [24,56]. Overall, conventional spinel ferrite films typically exhibit broad linewidths greater than
100 Oe at X-band (~10 GHz), or effective Gilbert damping parameters in excess of 0.01 [49-53]. We
remark that these insulating ferrite films have higher effective damping than many commonly used
ferromagnetic metals. Being insulating is evidently not sufficient to achieve low loss.

Minimizing structural defects in spinel ferrite thin films appears to be key to lower loss. To prevent
the formation of antiphase boundaries, the film needs to be grown on a matching substrate, specifically a
high-quality single-crystal spinel — as opposed to often-used rock-salt MgO or perovskite SrTiO;
substrates [48—51]. This requirement means that spinel-structure MgAl,O4 is essentially the only viable
substrate, since MgAl,O; is the only spinel that is commercially available as single-crystal substrates.
Further, the spinel ferrite film must be pseudomorphic [44,53,54,57]: the lattice parameters of the film and
substrate must be close enough that the film can remain coherently strained to the substrate, without
structurally relaxing (e.g., forming dislocations), as illustrated in the exaggerated cartoon in Fig. 3(a).
Unfortunately, the lattice parameters of conventional spinel ferrites (typical lattice parameters a ~ 8.35-8.5

A) [26,27] are too large compared to that of MgAL,O4 (@ = 8.08 A). The resulting lattice mismatch of >3%
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makes it very challenging to grow high-quality, pseudomorphic thin films of spinel ferrites with sufficiently

low loss.
conventional (a) conventional (b) AlR*-substituted (c)
spinel ferrite (a 2 8.4 A) spinel ferrite (a 2 8.4 A) spinel ferrite (a < 8.3 A)

EIZIZI:I]»—ﬁ—ff IZIZIZIZD» IZIZIZED»

MgAl,0, subs. (a = 8.08 A) Co,TiO, subs. (a = 8.45 A) MgAL,O, subs. (a = 8.08 A)

Figure 3. Cartoon schematics of lattice matching between spinel ferrite films and spinel substrates. (a)
The conventional spinel ferrite has a significant lattice mismatch with the commercially available
MgAl,Os substrate, thereby resulting in a relaxed film with a high density of defects (e.g., dislocations).
(b) A coherent epitaxial film of conventional spinel ferrite can be grown on an alternative lattice-matched
spinel substrate, but such a substrate is not widely available. (¢) A novel spinel ferrite with a reduced
lattice parameter, enabled by partial substitution of Fe** with Al**, can be grown on the MgA1,O4

substrate to produce a coherent epitaxial film.

One obvious solution to the above issues is to use spinel substrates that are well lattice-matched to
conventional spinel ferrites (Fig. 3(b)). A few recent studies have demonstrated pseudomorphic spinel
ferrite films grown on such spinel substrates as MgGa,04, CoGa,04, and Co,Ti04, with lattice parameters
of 8.28 A, 8.33 A, and 8.45 A, respectively [53,54,58]. However, this approach requires substrate-grade
crystals of these spinels, which are currently available from only a limited number of laboratories. Thus,
for the time being, high-quality epitaxial growth of conventional spinel ferrites is hindered by the restricted
availability of appropriate single-crystal spinel substrates.

Here, we focus on an alternative solution where the lattice parameter of the spinel ferrite is reduced
to better match the commercially available MgAl,Oj substrate, as illustrated in Fig. 3(c). The smaller lattice
parameter is achieved by replacing some of the Fe*" cations in the ferrite with AI**, which has a smaller
ionic radius than Fe*". Recent studies have demonstrated high-quality growth of such A1**-substituted spinel
ferrite films [44,57,58], which provide an intriguing alternative to complement iron garnets in insulator
spintronics. Advantages of these high-quality spinel ferrite thin films include the following:

e The spinel unit cell (56 atoms) is smaller than the garnet unit cell (160 atoms). Spinel ferrites contain
only two magnetic sublattices, whereas iron garnets host up to three magnetic sublattices. The
ferrimagnetism of spinel ferrites remains comparatively simple even with chemical substitution, in
contrast with iron garnets that exhibit increasingly complex noncollinear ferrimagnetism in some

cases [59,60]. Spinel ferrites may therefore serve as simpler model systems compared to iron garnets.
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e Spinel ferrites can be crystallized at lower temperatures compared to iron garnets. A temperature range
of ~300-500°C is typical for spinels, in contrast to epitaxial YIG, which requires deposition and/or
annealing at 700-850°C for crystallization. The lower growth temperature for epitaxial spinels may be
attractive for reducing thermal budgets or making the ferrite growth process compatible with processing
steps in practical device fabrication. The lower temperature may also help reduce atomic intermixing
across interfaces, thus allowing for sharper, more coherent interfaces. For instance, magnetic dead
layers at spinel substrate/film interfaces are only ~1 nm thick [61,62], in contrast to several-nm-thick
dead layers that have been reported for garnet substrate/film interfaces [63,64].

e Spinel ferrites, particularly those grown coherently on MgAl,O4, are well lattice-matched with some of
the widely-used or interesting materials in spintronics. Examples of materials that may be grown
epitaxially on top of spinels include Pt [46,65], (Co)Fe [66,67], and NiO [68,69]. Such all-epitaxial
ferrite-based bilayers can serve as ideal model systems to explore spintronic phenomena in the
structurally clean limit. Highly crystalline composites of spinels with perovskites are also
possible [70,71]; this points to the possibility of all-oxide epitaxial multilayers, consisting of a spinel
ferrite interfaced coherently with a perovskite system exhibiting intriguing correlated phenomena. By
contrast, metal and (non-garnet) oxide films grown on top of iron garnets are typically polycrystalline
or amorphous.

e Coherently strained spinel ferrites (e.g., tetragonally distorted) can exhibit large strain-induced
magnetic anisotropy [57]. When the large strain-induced anisotropy is easy-plane, the resonance
frequency (for in-plane FMR) is increased at a given external field, and the group velocity for
magnetostatic spin waves can be increased [36,72]. For example, coherently strained low-damping
spinel ferrite thin films (discussed further below) require an in-plane magnetic field of only < 1 kOe
for 10-GHz resonance response, compared to =2.5 kOe for YIG [29-31,34,73]. This lower field
requirement for high-frequency resonance may be advantageous for compact, high-bandwidth
spintronic and magnonic devices. Further, by either reversing the sign of the strain or the magnetoelastic
coupling, it is possible to achieve perpendicular magnetic anisotropy in spinel ferrites [58].

In the following, we briefly discuss a few examples of recent studies on coherently strained epitaxial spinel

ferrites grown on MgALOs. The unique features and advantages of these epitaxial ferrite films are

emphasized from the perspective of thin-film spintronics.

2.2: Low-Damping Spinel MgAl-Ferrite
Among Al*'-substituted spinel ferrite films, MgAl-ferrite (MgAlsFeisOs, MAFO) possesses
highly desirable properties as low-damping insulating media [44,74]. With the nominal AI**:Fe*" ratio of

1:3, the concentration of magnetic Fe*" is still high enough that the Curie temperature (=400 K) is well
7
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above room temperature, while the lattice mismatch between MAFO and MgAl,O; is reduced to ~2% (with
the lattice parameter of MAFO, a =~ 8.24 A). Pseudomorphic (coherently strained) growth of MAFO on
MgAl,Oy4 is maintained up to a film thickness of =20 nm.

In addition to the high crystalline quality of the film, another important consideration for achieving
low damping in magnetic insulators is the reduction of intrinsic spin-orbit coupling [75]. Simply put, the
idea is to minimize the dissipative pathway from magnetization dynamics to lattice excitations. In this
regard, MAFO is an excellent choice, as it consists of cations with nominally zero orbital angular
momentum (L = 0) and, hence, minimal spin-orbit coupling. The weak orbital contribution to magnetism
in MAFO is in part corroborated by its effective g-factor (=2.05) of close to the spin-only value of 2.0.

One could actually think of MAFO as a spinel analog of YIG. First, similar to high-quality epitaxial
YIG grown on the well-lattice matched GGG substrate, MAFO 1is reasonably lattice-matched to the
isostructural MgAl,O4 — such that high-quality pseudomorphic epitaxial growth is attained. However, the
~2% lattice mismatch with MgAl,O4 does lead to a rather large tetragonal distortion ¢/a = 1.06 in MAFO,
whereas YIG on GGG is essentially cubic. The impact of tetragonal distortion on damping in coherently
strained MAFO is yet unclear. Second, just as the cations in YIG (Y?*, Fe**) are stable and have L = 0, the
Mg*", AI**, and Fe** cations in MAFO are also stable with L = 0. In both YIG and MAFO, what appears to
be crucial to the low intrinsic damping (low spin-orbit coupling) is that Fe*" with half-filled orbital shells
and the high-spin configuration (L = 0) serves as the sole source of magnetism.

Recent experimental studies report coherently strained MAFO films with low Gilbert damping
parameters of o ~ 0.001-0.002 [44-46,62,74], at least an order of magnitude lower than the effective
damping parameter >0.01 for typical spinel ferrite films. The damping parameter of coherently strained
MAFO is also comparable to those of the lowest-damping spinel ferrite bulk crystals [76]. Figure 4 shows
how the frequency dependence of FMR linewidth compares among thin films of coherently strained MAFO,
coherently strained YIG, polycrystalline metallic NisoFex, and partially relaxed spinel MnZn-ferrite
(similar to those reported in Ref. [77]). It should be noted that while MnZn-ferrite nominally has the L =0
cation chemistry, the large linewidths and the nonlinear frequency dependence point to strong two-magnon
scattering due to substantial structural disorder (structural relaxation) from the large lattice mismatch with
the substrate (cf. Fig. 3(a)) [48—54]. Although o ~ 0.001 for MAFO is still about over an order of magnitude
higher than the lowest reported for YIG films [20,29-38], MAFO thin films have narrow FMR linewidths
<10 Oe at ~10 GHz, comparable to low-damping YIG. The narrow linewidths are enabled by minimal
inhomogeneous broadening, resulting in a small zero-frequency linewidth. We also remark that o ~ 0.001
is often low enough for many studies on spintronic phenomena (e.g., SOTs) in magnet/spin-orbit-metal
bilayers, as a magnetic thin film interfaced with a spin-orbit metal exhibits a Gilbert damping enhancement

Aoy, that is a few times larger than ~0.001 due to spin pumping [20] (and possibly other interfacial
8
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scattering mechanisms [62,78]). In that regard, it may not be so consequential to have a << 0.001 for a bare

ferrite thin film for SOT-driven applications.

180 . . - T
160 o “.‘0 -
o 140 | ¢ spinel MnZn-ferrite -
<} SR 2 ]
£
£
T
P
<
XS}
2
Iy
£
h'e
p=
w

0 10 20 30
frequency (GHz)

Figure 4. Frequency dependence of FMR linewidth for thin films of MAFO, YIG, metallic NigoFezo, and
spinel MnZn-ferrite. Note the much larger linewidths for MnZn-ferrite (a conventional spinel ferrite film

grown on MgAl Oy, cf. Fig. 3(a)), likely due to strong two-magnon scattering arising from defects.

Notably, the effective damping parameters (or FMR linewidths) of MAFO films — and other
epitaxial spinel ferrite thin films reported recently — diverge at large film thicknesses, accompanied by the
onset of structural relaxation [44,57,61,79]. For instance, it can be seen from the X-ray diffraction
reciprocal space maps in Fig. 5(a) that 18-nm-thick MAFO is coherently strained to the MgAl>O4 substrate
(i.e., the in-plane lattice parameters of the film and substrate match), whereas 40-nm-thick MAFO is
partially relaxed (i.e., the in-plane lattice parameters of the film and substrate do not match). The FMR
linewidths of partially relaxed MAFO are an order of magnitude larger compared to those of thinner,
coherently strained films [44,61], as shown in Fig. 5(b). The FMR linewidths of thicker, structurally relaxed
MAFO films are also strongly anisotropic (Fig. 5(c)), pointing to a strong contribution from two-
magnonscattering. These observations highlight the crucial role played by the structural quality of the ferrite
film: effective damping (FMR linewidths) in ferrite films is highly sensitive to structural defects. A
potentially interesting future research direction is to determine whether thin films of MAFO (or perhaps
other L = 0 ferrites, e.g., MgFe,O4, LigsFe»sO4) with much smaller tetragonal distortion (i.e., by growing

on better lattice-matched spinel substrates) may exhibit even lower damping.



271
272

273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296

0.63 —— .
(a) (iis) | . (b) (c)
0.62 0.62 | d T T 200
f=10 GHz 18 nm
MaAlO, = coherently 1004
061 081y 9 s strained) g
% /\ \; 0
%, 060 ;5, 060 ) _,% 40 nm IE
& 5 B (partially < 100
7089 © 059 L relaxed)
“ O’. L L L
MAFO 500 600 700 800 200
0.58 | g 0.58 | MAFO A H (Oe)
(18 nm) (40 nm)
0.57 0.57
-0.180 -0.175 -0.170  -0.180 -0.175 -0.170
aip (A1) e (A1)

Figure 5. (a) Reciprocal space maps of 18- and 40-nm-thick spinel MgAl-ferrite (MAFO) films on
MgAlO4 (001) substrates. The in-plane lattice parameter of the 18-nm-thick MAFO film coincides with
that of the MgAl,O4 substrate, indicating coherently strained film growth. By contrast, the offset in in-plane
lattice parameter and the smeared peak for the 40-nm-thick MAFO film indicates partially relaxed film
growth. (Reprinted with permission from Ref. [44]. Copyright (2018) American Chemical Society). (b)
FMR spectra (at 10 GHz), and (c) FMR linewidth AHpwhm Vvs. in-plane field angle of the 18-nm-thick
coherently strained MAFO film and the 40-nm-thick partially relaxed MAFO film. The wider FMR
linewidth and its pronounced anisotropy for the 40-nm-thick film suggest significant two-magnon scattering

due to defects within the film.

In addition to the structural properties of ferrite films, the ferrite cation chemistry governs the
magnitude of intrinsic damping. For instance, NiZnAl-ferrite (NiossZno3s5AlosFe1 204, NZAFO), where the
more complex cation chemistry may lead to a deviation from L = 0, exhibits a higher damping parameter
(o ~ 0.003) [57,58] than MAFO. In all ferrite films, another likely important — and subtle — factor is the
deviation from the nominal stoichiometry, such as the presence of Fe?" (e.g., due to incomplete oxidation
of Fe and imperfect stoichiometry transfer from the target to the film). While prior studies conclude that
the magnetism of MAFO predominantly arises from Fe®" (i.e., based on X-ray absorption
spectroscopy) [44,74], it is conceivable that a small concentration of Fe** (i.e., below the sensitivity of
XAS) still plays a key role. There is some evidence that subtle off-stoichiometry has substantial impact on
damping, e.g., in MAFO. Ref. [44] notes that consistently lower damping was achieved in pulse-laser-
deposited MAFO by placing the substrates ~10 mm away from the center of the ablated plume, which might
be due in part to a gradient in the composition of the plume. Another study where 15-nm-thick MAFO is
interfaced with a thin layer of an insulating paramagnetic spinel (CoCr,04) shows a large (=3-fold) increase
in damping, even though the CoCr,O4/MAFO is structurally pristine [62]. In Ref. [62], the enhanced

damping is attributed to the ultrathin (at most =1 nm thick) chemically disordered layer at the
10
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CoCr,04/MAFO interface, implying a significant impact of off-stoichiometry on damping. It is our hope
that future studies will further reveal the fundamental atomic-scale interplay between the cation chemistry

and magnetization dynamics in ferrite thin films.

2.3: Spinel Ferrites as Platforms for Spin Transport Studies

A low-damping ferrite can be interfaced with a spin-orbit metal to make a convenient model
system, particularly for studying charge-spin interconversion processes in the metal through FMR-based
methods. Low damping (or narrow FMR linewidth) is especially important for a high FMR signal and
hence measurement sensitivity. For instance, we can reliably measure how a DC bias current through the
spin-orbit metal modifies the spin-torque FMR spectrum of the low-damping magnetic layer [80,81]. The
efficiency of the damping-like SOT (field-like SOT) can be quantified straightforwardly from the linear
change of FMR linewidth (resonance field) with DC current. Moreover, the insulating nature of the ferrite
ensures that the charge current passes only through the metal, and that proximity induced magnetism in
the adjacent metal layer is weak or practically absent [82]. We can therefore avoid any complications that
generally arise from oft-used ferromagnetic metals [18,19] — and instead probe SOTs that arise solely
from the spin-orbit metal. In essence, a low-damping ferrite can be used as a sensor for spin angular
momentum injected from (or into) the adjacent metal via SOTs (or spin pumping).

Among low-damping ferrites, a unique advantage of coherently strained epitaxial MAFO is that
its in-plane lattice parameter (a = 8.08 A, identical to that of the spinel MgAl,O4 substrate) matches well
with the crystals of a variety of materials that are of interest for spintronics. This allows us to study
charge-spin interconversion processes in highly crystalline materials, which may be more amenable to
direct comparison with theoretical predictions. One example of such materials well lattice-matched with
MAFO is FCC Pt (Fig. 6), particularly with an out-of-plane crystallographic orientation of (111), the
closest packed plane of the FCC crystal structure. The fortuitous matching between the Pt (111)
hexagonal lattice and the square spinel (001) lattice (i.e., Pt(111) [110] || MAFO(001) [110], as shown in
Fig. 6(d)) enables epitaxial growth of (111)-oriented Pt with exceptionally high crystalline quality on
(001)-oriented MAFO [65] — even when the Pt overlayer is sputter-deposited at room temperature [46].
The epitaxial Pt on MAFO is in stark contrast to the polycrystalline or amorphous structure of Pt that
results from growth on top of YIG. The all-epitaxial Pt/MAFO interface is also atomically sharp without
substantial intermixing [46]. The Pt/MAFO bilayer is, therefore, a "clean" model system, where charge-

spin interconversion is restricted to the highly crystalline Pt layer.
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Figure 6. Structure characterization of Pt (5 nm)/MAFO (13 nm) and MAFO (13 nm). (a) XRD 26/w
scans. The Laue oscillations around the Pt(111) film peak indicate a smooth Pt/MAFO interface. Note
that MgAl,Oy is abbreviated as MAO here. (b) Rocking curve scan about the Pt (111) peak for the
Pt/MAFO bilayer shown in (a). The narrow width indicates minimal mosaicity in the Pt film grown on
MAFO. (c) XRD ¢ scans on the (113) plane of multilayer in the MAFO (13 nm)/Pt (5 nm) sample. Pink:
MAFO film. Green: MgAl,O4 (MAO) film. The MAFO film and MgAl,O4 (MAO) substrate exhibit four
maxima, expected from its in-plane four-fold symmetry (cubic structure). The Pt(113) peak exhibits
twelve maxima due to the twinning of the Pt domains, as illustrated in (d). (d) Lattice matching
relationship between the Pt and MAFO (MAO) unit cells. There are four possible orientations for the Pt
domains, and each domain has three-fold in-plane symmetry, thereby producing a total of twelve peaks in

the XRD ¢ in (c). Adapted from Ref. [46]. Originally published under nonexclusive-distrib 1.0 license.

In addition to Pt, there are other materials well lattice-matched with MAFO that may constitute
interesting crystalline model systems for spintronics. It has been demonstrated that exceptionally high-
quality Fe and CoFe can be grown on spinel MgAl,O4 [66,67], which implies that coherent (Co)Fe/
MAFO bilayers can be readily grown. Such all-epitaxial (Co)Fe/MAFO may be useful for studying
magnon-magnon coupling [83] in the presence of substantial magnetocrystalline anisotropy. Though not
demonstrated yet, coherently strained epitaxial growth of antiferromagnetic NiO (a = 4.17 A) on top of
the spinel (a/2 = 4.04 A) may be feasible and open possibilities for better understanding the basic
mechanism of efficient spin transport in antiferromagnetic insulators [84—86]. Moreover, considering
reports of two-dimensional electron gases with strong Rashba effects at spinel/perovskite
interfaces [70,71], all-epitaxial spinel-ferrite/perovskite heterostructures may unlock novel physics of spin
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transport. Overall, high-quality epitaxial spinel ferrites hold untapped potential as model-system

platforms to examine a variety of spin-driven phenomena.

2.4 Spinel Ferrite as a Two-Sublattice Model System

Practically all magnetic insulators that exhibit a substantial net magnetization at room temperature
are ferrimagnetic [26,27], consisting of two (or more) magnetic sublattices that are antiferromagnetically
coupled. This means that the net magnetization (or net angular momentum) of ferrimagnetic insulators can
be made close to zero when the magnetic moments (or angular momenta) of the magnetic sublattices
compensate each other. Such ferrimagnetic compensation can be achieved by tuning the magnetic cation
composition of the sublattices. While recent experiments have reported enhanced magnetization dynamics
(e.g., higher domain wall and skyrmion mobilities, higher SOT efficiencies) in metallic compensated
ferrimagnets [87], insulating ferrites may serve as intriguing alternative platforms for fundamental studies
of how a spin current (e.g., carried by magnons) interacts with compensated magnetic order. Nearly
compensated ferrites — whose magnetization can be controlled and probed by an external magnetic field —
may complement experimental studies of antiferromagnetic insulators, where the alignment and
characterization of magnetic order can be rather difficult.

A preliminary study by one of the present authors points to epitaxial thin films of NiAl-ferrite
(NiAFO, NiAlFe».«O4, bulk crystals originally studied in the 1950s [88]) as ideal insulating materials
exhibiting compensated ferrimagnetism. As in all other spinel ferrites, the magnetic sublattices of NiAFO
consist of tetrahedrally-coordinated and octahedrally-coordinated magnetic cations. Since there are twice
as many octahedrally-coordinated sites, the net magnetization in most spinel ferrites is dominated by the
octahedral magnetic sublattice. This is indeed the case for NiAFO with low AI*" content. However, beyond
a threshold content of AI** (which prefers to occupy the octahedral sites), the tetrahedral magnetic sublattice
dominates over the octahedral sublattice. Preliminary X-ray magnetic circular dichroism results indeed
confirm the reversal of the dominant magnetic sublattice in NiAFO at an AlI**:Fe*" ratio of above 0.8.
Remarkably, the Curie temperature remains well above room temperature even at a high AI**:Fe* ratio of
1, thus making this material system suitable for accessible room-temperature spin transport experiments.
We further note that spinel ferrites (56 atoms/unit cell, two magnetic sublattices) are simpler ferrimagnets
than iron garnets (160 atoms/unit cell, up to three magnetic sublattices [59,60]) and therefore facilitate the
analysis of experimental results. NiAFO is a relatively simple two-sublattice system that may provide a
new research pathway in insulator spintronics. For instance, while ferrites are often treated as ferromagnets
(i.e., by considering the dynamics of the net magnetization), the two-sublattice ferrite may facilitate new
experiments, combined with effective macrospin modeling, to uncover dynamical effects (possibly in the

ultrafast THz regime) governed by antiferromagnetic exchange coupling between the sublattices [89,90].
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Section 3: Barium Hexagonal Ferrite for Spin-Orbit Torque Devices

3.1 General Properties of Hexagonal Ferrites

Hexagonal ferrites consist of a subfamily with different types (M, Z, Y, W, X, U types) [91]. They
have a general formula of A\Me,Fe,Oi, where A can be Ba or Sr, Me can be Co?*, Ni**, Zn>*. They all have
strong magnetocrystalline anisotropy, such that some have an easy axis along the c-axis while others have
easy-plane or cone anisotropy.

Among the hexagonal ferrites, M-type barium hexagonal ferrite BaFe 2019 (noted as BaM) has a
large crystalline anisotropy field ~17 kOe along the c axis. Each unit cell of BaM has a net magnetic moment

of 40ug. The a and c axes of a BaM unit cell are 5.89 A and 23.2 A, respectively. Based on those values,

the saturation magnetization (4 ¥ M;) of BaM is estimated to be ~6680 G, which is consistent with the

reported value from the experiments [92]. For more information on the BaM structure, we refer the reader
to Refs. [47,92,93].

BaM has many advantages for spintronic experiments. For the CoFeB/MgO structure that is often
used in a magnetic tunnel junction, the CoFeB layer thickness is usually limited to < 1 nm to maintain a
strong interfacial anisotropy [94]. This thickness limit for BaM does not apply because the bulk anisotropy
facilitates a flexible thickness for device applications. Moreover, the intrinsic Gilbert damping constant in
BaM materials is 7 x 10 [47], which is an order of magnitude smaller than that of ultrathin CoFeB. Thus,
BaM may be attractive for spin-torque oscillator applications, where the current threshold for self-
oscillations decreases with the damping, as well as for logic device applications. The Curie temperature of
bulk BaM is 725 K, much higher than room temperature [47]. In fact, BaM has found their use as permanent
magnets, microwave devices, and recording media. Recently, there has been an increasing interest in using
M-type barium hexagonal ferrite for spintronic devices [96,112]. In the following, we introduce

representative spin transport experiments that take advantage of some of the exotic properties of BaM.

3.2 Spin-Orbit Torque Switching in Heavy Metal/Hexagonal Ferrite Bilayers

The spin Hall effect has enabled current-induced switching in nonmagnetic heavy metal
(HM)/ferromagnetic metal (FM) heterostructures. In this case, the current induces a SOT that exerts on FM
and causes the magnetization switching [95,96]. It was found that SOT is strongly dependent on the
matching of the band structures of the HM and FM metals at the interface [97]. Will this mechanism hold
for an HM/magnet structure in which the magnet is insulating? This question has spurred a strong interest
in studying SOT switching in an HM/magnetic insulator (MI) structure. Such experiments were not realized
for a long time, challenged by both identifying a proper MI with PMA and a convenient way to read the

magnetization states.
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There are several candidates as PMA MlIs. For example, garnets such as Tms;FesO12 and EusFesOi,
gain PMA from the interfacial lattice strain between the film and the substrate [21,95]. The drawback of
using such a PMA garnet is that the thickness has to be controlled precisely. As mentioned above, the
hexagonal ferrites have more flexibility in the thickness of device applications. Moreover, BaM has a
much stronger anisotropy field (~17 kOe) than that (2.7 kOe) of PMA garnets. Thus BaM can survive the
superparamagnetic limit further when they are patterned into small magnets for magnetic memory
purposes. These advantages have made the hexagonal ferrites a unique material for SOT switching

devices.
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Figure 7. Switching responses in Pt/BaM for out-of-plane magnetic fields. (a) and (b) show the
configuration of charge current (I), magnetization (M), external field (H) and spin polarization (7).
The red balls represent spin-polarized electrons from spin Hall effect. (c) and (d) show the dependence
of anomalous Hall resistance Rang of the Hall bar on the magnetic field at different charge currents.
Grey: [ = 0; Blue: [ = -2 mA; Olive: | = -4 mA; and Red: [ = —6 mA. In (d) Grey: [ = 0; Blue: [ =
2mA; Olive: | =4 mA; and Red: [ = 6 mA. (e) The measured coercivity of the BaM film as a function
of the charge current density. (f) and (g) Coercivity versus damping-like torque field (Hprr) estimated
for three different field-like torque fields (Hrrt) through macrospin and micromagnetic simulations,
respectively. Large blue spheres: Hr1=0; small red spheres: Hrer=Hpr1/2; and small olive spheres:
Hrur=Hprr. The dash line in (e—g) is the Hc at [ = 0. Adapted from Ref. [98]. Distributed under under a
Creative Commons Attribution 4.0 International License. http://creativecommons.org/licenses/by/4.0/

In a SOT switching experiment [98], the authors chose Pt as the nonmagnetic HM, which was
sputtered onto a 3 nm BaM thin film made in a pulsed laser deposition system. A DC current in the Pt layer

induced a SOT, which switched the BaM magnetization. It was found that the switching response in the
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BaM film strongly depends on the charge current applied to the Pt film [98]. As shown in Figure 7, when a

constant magnetic field is applied in the film plane, the charge current in the Pt film exerted damping-like

0.4

0.2

0.0

Rane (ML2)

Field (kOe)

Figure 8. Anomalous Hall resistance Rane measured as a function of a magnetic field along the y axis
for /=+6 mA and / = —6 mA, respectively. The grey arrows indicate opposite evolution of the
switching loops under charge currents of different polarities. This result provides a strong evidence for
the presence of the SOT at the interface. Adapted from Ref. [98]. Distributed under under a Creative
Commons Attribution 4.0 International License. http://creativecommons.org/licenses/by/4.0/

and field-like torques on the magnetization (M,) in the BaM film. The damping-like torque either
counters/aligns with the torque produced by the external magnetic field and thereby hinders/assists the
switching of the magnetization M in the BaM film. This effect is clearly evident by the
broadening/narrowing of the anomalous Hall effect hysteresis loop with increasing current. When the
coercivity is measured by sweeping an out-of-plane field, its value can be reduced or increased by as much
as about 500 Oe if an appropriate charge current is applied.

The current also dictates the up and down states of the remanent magnetization when the in-plane
field is reduced to zero. Figure 8 shows the anomalous Hall resistance Raue of BaM as a function of the in-
plane magnetic field for positive and negative currents. As indicated by the grey arrows, the two loops

evolve in entirely opposite manners. When a charge current is applied to the Pt film, the SOT breaks the

symmetry of the magnetization orientation in response to the field, resulting in M, # 0. The symmetry is

broken in a different manner for the charge currents of opposite signs, and this gives rise to the opposite
evolutions shown in Figure 8.

The results above demonstrate the presence of a large SOT in HM/MI systems in comparison to
HM/FM systems and the possibility of efficient SOT-induced switching in HM/MI systems, thereby
presenting potential direction for the future development of magnetic memory and logic devices for energy-
efficient computing. BaM was already used as recording media in magnetic tapes and hard drives [99,100].

Thus, future work includes developing BaM-based nanoscale elements for SOT-magnetic random access
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memory applications or doping BaM with scandium [101] to reduce the coercivity, replacing Pt with
quantum materials that exhibit stronger spin-orbit coupling, such as topological insulators [7,102] that we

will discuss in the next section.

3.3 Spin-Orbit Torque Switching in Topological Insulator/Hexagonal Ferrite Bilayers

Topological insulators (TIs) are expected to host spin-orbit coupling that is considerably stronger
than in heavy metals and can thereby produce substantially larger SOT [103]. Recently, there have been a
number of experimental demonstrations of SOT-induced magnetization switching in TI/FM bilayered
structures [104—109]. The demonstrated switching efficiencies were all higher than in the heavy metal/FM
counterparts, which provide substantial implications for future applications of TI materials. However, in
those experiments, the FM films are all conductive, which shunted a significant amount of current; the
topological insulators usually have a resistivity about one order of magnitude higher than FM. The direct

consequence is that the charge current is not fully utilized to generate spin current. An even worse
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Figure 9. SOT-induced switching in Bi,Ses/BaFe2019. (a) Schematics showing the Bi»Ses/BaFe 2019
sample, current (Is), magnetization (M), magnetic field (H) and spin-orbit torque effective fields
(Hso+ and Hso.). (B to E) AHE resistance (Raur) measured as a function of charge current (I4.) at
different fields (H) and temperatures (T), as indicated. The arrows in (B) to (E) indicate the current
sweeping directions. Adapted from Ref. [112]. © The Authors, some rights reserved; exclusive
licensee American Association for the Advancement of Science. Distributed under a Creative
Commons Attribution NonCommercial License 4.0 (CC BY-NC)
http://creativecommons.org/licenses/by-nc/4.0/

consequence is that the exotic topologic surface state (TSS), which accounts for the strong spin-orbit
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coupling, may be compromised because of the electrons' interactions from the neighboring FM layer. In
fact, a number of theoretical works have suggested that significant modification or suppression can result
from the coupling of a TI and FM [110-112]. Several experiments also provided experimental evidence to
confirm the case: when a Fe layer is grown on a TI, the TSS bands disappeared [113]. This means that the
strong SOTs measured in the TI/FM structures may not be explained by TSS fully.

In this regard, it is essential to study the SOT from bona fide TSS. A recent theoretical work compared
the effects of conductive and insulating FM films on the TSSs in TI/FM heterostructures. It showed that, in
stark contrast with the conductive FM case, the TSSs in a TI/magnetic insulator (MI) structure could be
preserved mainly except for the opening of a small gap at the Dirac point when strong coupling exists at
the interface [109].

In Ref. [114], the authors chose a Bi,Ses (TI)/BaM (MI) heterostructure considering that both

layers have the same hexagonal lattice structure to promote an epitaxial interface for spin transport [109].
It is found that the switching response in the BaM film strongly depends on the charge current applied to
the TI film. As shown in Figure 9, when a constant magnetic field is applied in the film plane, the charge
current in the TI film was strong enough to switch the magnetization in the BaM film up or down. When
temperature decreased, the switching current reduced correspondingly. Figure 10 evidently indicates the
presence of strong SOT responses at low T. The sharp increase of SOT below 100 K can be attributed to
strong TSSs due to enhanced surface state conductivity and reduced magnon-phonon scattering. A

Pt/BaM control sample further proved the strong SOT due to TSS in Bi»Ses/BaM.
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Figure 10. SOT efficiency (1) as a function of T in Bi»Ses/BaFe 2019 and Pt/BaFe 2019, In
BixSes/BaFe 2019, the rapid increase of 1 below 100 K demonstrates the impact of topological surface
state on SOT. Adapted from Ref. [112]. © The Authors, some rights reserved; exclusive licensee
American Association for the Advancement of Science. Distributed under a Creative Commons
Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0/
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Section 4. Outlook and Conclusion

Advances in the synthesis of magnetic insulator thin films have spurred new interests in spintronics,
although it remains to be seen whether these materials will actually enable new classes of practical devices.
For practical applications, fabrication processes should be developed to grow magnetic insulator thin films
on Si substrates. A few studies have been devoted to addressing this issue. For example, pulsed laser
deposition was used to deposit Ce:YIG thin films with a YIG seed layer on Si substrates [115]. Recently
rare-earth garnets have been developed that crystallize on Si and quartz without a seed layer, including
sputter-deposited terbium iron garnet (TIG) and Bi-doped TIG (Bi:TIG) [116-118]. Some of the efforts
are focused on developing low-damping polycrystalline YIG thin films on Si substrates with ion beam
sputtering and then annealing at elevated temperature [119]. Those efforts have laid the foundation for
fabricating magnetic insulator thin films with physical vapor deposition techniques that could be compatible
with the CMOS processes. It is conceivable that spinel ferrites, with a simpler structure and lower thermal
budget for crystallization than garnets, are more suitable for ultimate integration with Si substrates. Further,
whereas high-quality (e.g., low-damping) YIG thin films usually have an (111) orientation [30,120], recent
demonstrations of (001)-oriented spinel ferrite thin films with low damping [44,53,79] suggest that they
may be more accessible materials to be integrated with Si (001). The growth of high-quality epitaxial spinel
ferrites on Si may be feasible if an appropriate nonmagnetic spinel seed layer is developed; this approach
would be analogous to the growth of epitaxial perovskites on highly crystalline SrTiO;3 seed layers on
Si [121]. While molecular beam epitaxy would enable the most precise control of film composition (which
may be crucial for minimizing effective damping), recent experiments suggest that magnetron sputtering
can be employed to grow reasonably low-damping coherent epitaxial ferrite thin films [122]. We also
remark that standard patterning methods (e.g., photolithography or electron-beam lithography, followed by
argon ion milling) are routinely used to fabricate devices based on epitaxial ferrite films. However, whether
highly crystalline spinel ferrites with minimal defects — hence low effective damping or narrow FMR
linewidths — can be realized while meeting the constraints of CMOS-compatible, high-throughput device
production is an open question.

An alternative approach, which circumvents the need for crystalline films, is the use of amorphous
magnetic insulators. Signatures of long-distance spin transport were reported in an amorphous magnetic
insulator, which is both magnetically and structurally disordered [123]. Using amorphous insulator films
that can be grown on virtually any substrates for spintronics is an intriguing prospect. However, some
follow-up experiments indicate these reported signatures were actually due to parasitic leak currents, rather
than spin transport [ 124]. Further studies are certainly required to understand spin dynamics and transport

in amorphous magnetic insulators.
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Another major hurdle against implementing magnetic insulators for practical applications is the lack
of robust methods for reading the magnetization in the magnetic insulators. Through the HM/MI structure,
the magnetization of the MI layer can be read by the spin Hall magnetoresistance [125—127], the anomalous
Hall effect [128], or unidirectional magnetoresistance [129]. The typical magnetoresistance ratio is <
0.01%, which is too low for practical device applications. Some research works tried to explore the
possibility of fabricating magnetic tunnel junctions with magnetic insulators and achieved tunneling
magnetoresistance of 10% to 20% [130,131]. Still, more work is needed to amplify it to match the
performance of a conductive magnet-based MTJ device. In addition, MTJ requires a modest resistance-area
product, which can present significant challenges for magnetic insulator thin films with high resistances.
Growing single-crystal magnetic insulators in a multilayer heterostructures are also challenging because
different layers crystallize at different temperatures. In this regard, the spinel ferrite may be more practical
for the integration in an MTJ due to its low crystallization temperature.

In conclusion, we have presented select recent studies and our perspectives on novel thin-film spinel
ferrites and hexagonal ferrites. We believe that these ferrites are attractive alternatives to iron garnets that
have dominated the rapidly growing field of insulator spintronics. With a simpler structure and lower
crystallization temperature than garnets, spinel ferrites can be superior model systems and device platforms.
The recent demonstrations of low damping in engineered epitaxial spinel ferrites [44,79] point to their
promise as low-loss spintronic and magnonic media. Hexagonal ferrites possess strong perpendicular
anisotropy of bulk origin, in comparison to iron garnets for which perpendicular anisotropy is of interfacial
origin (strain-induced). The strong bulk anisotropy makes these hexaferrites convenient insulating media
for probing perpendicular magnetic switching or domain wall motion driven by spin-orbit torques [98,114],
along with potential applications requiring high thermal stability. Overall, further advances in the thin-film
synthesis of spinel ferrites and hexaferrites will likely enable new fundamental insights into spin physics in
insulators or across insulator/metal interfaces — and perhaps viable applications — beyond what is possible

with iron garnets.
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