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ABSTRACT

Spintronic phenomena and devices have evolved from exploiting spin-polarized current to pure spin current. A pure spin current can more
efficiently deliver spin angular momentum with fewer or no charge carriers, enabling spin-orbit torque switching in ferromagnets. The pros-
pects of antiferromagnetic spintronics, especially electrical switching, remain perplexing and controversial. We describe some recent advan-

ces, outstanding issues, challenges, and prospects of pure spin current.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032368

INTRODUCTION

Spintronic phenomena and devices have evolved from exploiting
spin-polarized current to pure spin current. A pure spin current has
the unique attribute of delivering spin angular momentum efficiently
with a minimal of charge carriers in metals and no charge carriers at
all in insulators. The spin Hall effect (SHE),'  spin pumping (SP),"
and longitudinal spin Seebeck effect (LSSE)” in conjunction with heavy
metals (HMs), ferromagnetic (FM) and antiferromagnetic (AF)
metals, and insulators can generate pure spin currents.
Importantly, pure spin current enables spin—orbit torque (SOT)," *
a mechanism different from spin transfer torque (STT),”'’ to
switch FM entities, essential for high-density memory devices, such
as magnetic random-access memory (MRAM). However, there are
also perplexing aspects in pure spin current phenomena in FMs
and especially in AF entities. In this Perspective, we mention some
recent advances, outstanding issues, challenges, and prospects of
pure spin current.

GENERATION OF PURE SPIN CURRENT

A charge current jc in a HM can generate a pure spin current
of

jS = (Fl/ZB)QSHjC X o (1)

in the lateral direction with the spin index ¢ in the third direction,
known as the SHE. The spin Hall angle Oy, which specifies the
charge-to-spin conversion efficiency, may be positive (e.g., Pt and Au)
or negative (e.g, W and Ta) with [0sy| <1.'"'” Since spin-orbit

coupling (SOC) increases with the atomic number, many 4d and 5d
HMs have large Osz. While some 3d metals have negligibly small (e.g.,
Cu), others (e.g., Cr and Ni) have substantial Ogr. "

In the LSSE in HMs/FMs, one uses a temperature gradient,
whereas in SP, one uses ferromagnetic resonance (FMR), to inject a
pure spin current into a HM with ¢ set by the magnetization direction
of the FM, as shown in Fig. 1. The resultant pure spin current in the
HM can be indirectly detected after conversion through the inverse
spin Hall effect (ISHE) to a charge current, often detected as a DC
voltage. As such, the electrical measurements for spin-to-charge con-
version may include unintended charge current effects. The identifica-
tion and elimination of the accompanying charge current effects are
key challenges in pure spin current phenomena.

(@) (b)
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FIG. 1. Schematics of (a) the longitudinal spin Seebeck effect and (b) spin pumping
in Pt/YIG, where the direction of the pure spin current js, the spin index o set by
the YIG magnetization, and the inverse spin Hall effect voltage are mutually
perpendicular.
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LONGITUDINAL SPIN SEEBECK EFFECT

Consider the well-known HM/Py bilayers in the context of the
LSSE, where Py = Permalloy = NigoFe,; is a common FM metal.
Under an out-of-plane temperature gradient (V,T) in HM/Py admin-
istered by a temperature difference of about 10K, the LSSE may inject
js [|V.T from Py into the HM and be detected by the ISHE Ejsyg X js
x @, with & ||M of Py. Even though the measured voltage in the LSSE
in Pt/Py and W/Py has the expected field dependence, as shown in
Fig. 2(a), it is not the ISHE, because the voltages reveal the same sign
for Pt and W, which have Oy of opposite sign. In fact, neither result
comes mainly from spin-to-charge conversion; instead, it is due to the
anomalous Nernst effect (ANE), a well-known charge current effect in
the Py metal that generates Exng o< jo X 6, with jc ||V.T.'" In the
results in Fig. 2(a), there is negligible spin-to-charge conversion in
HM/Py, where the ANE in Py overwhelms. The removal of the large
ANE contribution in the FM metal is non-trivial.'* **

In contrast, the LSSE can be realized in HM/yttrium iron garnet
(YIG) with a ferrimagnetic insulator (FMI) yttrium iron garnet (YIG
= Y;Fe;0,,) with no charge carriers.” The ISHE voltages, as shown in
Fig. 2(b), show opposite signs in Pt and W and, furthermore, vanish
when a 2-nm-thick MgO layer blocks the spin current injection. Most
explorations of pure current effects using the LSSE have employed the
FMLI, such as YIG, yielding positive Oszr (Pt, Au, etc.) and negative Oy
(Ta, W, etc.) all with |Osy| < 1," but not FM metals, such as Py.

SPIN PUMPING

In contrast, most SP experiments employ FM metals as in
HM/Py, where one uses FMR to inject js into the HM and detected via
the ISHE.>” However, there are other complications, including rectifi-
cation due to the anomalous Hall effect (AHE) and anisotropic mag-
netoresistance (AMR), the ANE due to FMR heating induced thermal
gradients, and other parasitic effects, which have been well docu-
mented, but often not taken into account.”* *° The measured voltage
attributed to spin-to-charge conversion lead a wide range of Oy values
spanning as much as two orders of magnitude, some of opposite signs
of the same HM.” " SP in NiFe/Ag/Bi shows that Bi/Ag has larger
spin-to-charge conversion efficiency than Pt.”' In contrast, the LSSE in
Bi/Ag/YIG shows negligible spin-to-charge conversion in Ag/Bi."””
The use of the FM metal in SP experiments greatly complicates the
spin-to-charge extraction because of the various charge effects.
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FIG. 2. (a) Magnetic field dependence of voltages in Py(15), Pt(2.5)/Py(15), and
W(2.5)/Py(15) films at room temperature under a vertical temperature difference of
AT = 10K applied between the film surface and the bottom of the 0.5 mm thick
SiOx/Si substrate. (b) Magnetic field dependence of voltage in the Pt(3)/YIG, W(3)/
YIG, and Pt(3)/MgO(2)/YIG samples at room temperature under AT = 10K applied
between the film surface and the bottom of the 0.5mm thick polycrystalline YIG
slab. The numbers in parentheses are thicknesses in nm.

scitation.org/journal/apl

The SP experiments in HM/YIG, although free of the charge
effects such as the ANE, pose other complications. The FMR micro-
waves, which enable SP, also excite various spin-wave resonance
(SWR) modes that can also inject pure spin currents and give rise to
ISHE voltages.” The signals from these SWR modes may be separated
and extracted in thick (>50 um) YIG crystals, but not in thin YIG
layers (< a few um), where the SP and SWR signals are unresolved.”
Attributing the signals entirely to that of spin-to-charge, as is often
done, could greatly exaggerate the SP contribution. It has been found
that SWR modes in YIG are more efficient for spin current generation
than that of FMR.”"*

Furthermore, the magnitude of spin current generated by SP
depends strongly on the quality of the spin injector (e.g, YIG). The
SP-induced spin current from polycrystalline YIG films is two-orders-
of-magnitude smaller than that from epitaxial YIG films. In contrast,
the LSSE excited spin current is surprisingly insensitive to YIG films,
epitaxial or polycrystalline.”” This is because SP relies on collective
motions of many magnetic moments driven by FMR, whereas the
LSSE is due to incoherent thermally injected magnons with a long
magnon diffusion length. In this respect, the robust spin current gen-
erated by the LSSE provides superior advantages to exploring spin
Hall materials, not only in heavy 5d metals of Pt, Ta, W, and Au'+*°
but also in 3d metals of Py,13 Co,”” and Cr.'” Furthermore, one can
tune Ogy in alloy systems and realize enhancement of spin current
through spin fluctuation in AF insulators™ and spin glass.”” The dis-
covery by the LSSE of the large ISHE in 3d magnets, ferromagnets
and antiferromagnets, opens avenues for spin current explorations,
including SOT switching.

PROSPECT OF COHERENT SPIN INJECTION

Spin injection in the LSSE is due to thermal magnons, which are
inherently incoherent, and as such, the resultant ISHE decreases
sharply with the decreasing number of magnons at low temperatures
and vanishes at T~0K. On the other hand, SP may be the only
scheme that could potentially administer coherent spin injection as
first suggested by theory." The prospect of coherent SP has been
described in a T= 0K theoretical model, which has been used in ana-
lyzing many of the SP experiments at room temperature. A telltale sign
of coherent spin current can be unequivocally established by SP experi-
ment at low temperatures. There have been several SP experiments at
low temperatures in HM/YIG using thin YIG films or bulk YIG crys-
tals.”*’ These SP results show vanishingly small ISHE voltages as T
approaches 0 K, similar to those in the LSSE. The realization of coherent
SP at low temperature remains an experimental challenge.

SPIN-ORBIT TORQUE SWITCHING OF
FERROMAGNETIC ENTITIES

The transport of spin angular momentum of electrons can be
exploited to switch magnetic entities. The discovery of STT earlier
allows current switching of two-terminal giant magnetoresistance
(GMR) and magnetic tunnel junction (MTY) devices."! When current
density exceeds the switching threshold, the polarity of the current
through the device sets the final low (the parallel state) or high (the
antiparallel) resistant states. However, the high switching current den-
sities through the device may threaten its integrity due to electromigra-
tion and other irreversible changes.

The advent of pure spin current enables SOT provide another
switching mechanism in three-terminal FM/HM devices, where the
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switching current passes through the HM layer, peripheral to the vul-
nerable multilayer stack, thus mitigating the potential damage to the
device. The Landau-Lifshitz-Gilbert (LLG) equation including the
SOT is*"
oM o oM b

E——W/MXH+MMXE+LZMX6+ M x (6 x M), (2)
where the first two terms are the precession term and the damping
term. The SOT has two terms, the field-like torque tg, = aM x ¢ and
the damping-like torque Tp;, = bM x (6 x M), with effective fields,
Hpp ~ 6 and Hpp ~ 6 x M, respectively. As described by the LLG
equation and demonstrated in several experiments, SOT can readily
switch a FM layer with in-plane magnetic anisotropy (IMA),”** but
not the FM with perpendicular magnetic anisotropy (PMA).**** This
is because the spin current generated by the SHE has its spin index &
parallel to the interface and perpendicular to the magnetization, thus
incapable of switching a PMA layer. An additional magnetic field
along jc can break the up/down symmetry and readily enable SOT
switching of the PMA layer but unsuitable for viable devices.

To achieve field-free switching of the PMA layer, one may
employ various schemes to break the symmetry, including altering the
physical shape of the FM layer,"** incorporating additional magnetic
field from exchange bias or another FM layer.” ™’ One novel scheme
is to alter the microstructure of the layer as accomplished in the deter-
ministic field-free switching in Cr/CoFeB/MgO heterostructures with
PMA.”" As a result of the off-axis sputtering, a slanted columnar
microstructure is created due to the oblique angle deposition and the
shadowing effect as shown in Fig. 3(a). The direction of the tilt angle
in the columnar microstructure dictates the polarity of the field-free
SOT switching, as shown in Fig. 3(b). One notes that the Cr layer
delivers a comparable switching efficiency as that of the 5d Ta-based
heterostructure, illustrating that 3d materials can exhibit large 0.

SOT switching can also estimate Ogjy assuming switching is due
entirely to pure spin current js. Notably, very large Osyy values have
been reported from SOT wusing topological insulators, such as
(Bi0.5Sb0A5)2Te3 (>140),52 Bi0_95b0.1 (NSZ),Sj BiXSel,x (’\‘18),5/l which
are also some of the best thermoelectric materials with pronounced
thermal responses.

(a) : (0) [CriCoFeBMgOICT | [CriCoFeBMgOICT
APee-roam, .
R
B2
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FIG. 3. (a) Schematics of field-free spin—orbit torque (SOT) magnetization switching
by applying charge current (jc) in a heterostructure with perpendicular magnetiza-
tion (m). (b) Polarity-controlled field-free SOT switching in Cr/CoFeB/MgO/Cr heter-
ostructures with the opposite tilt angle () of oblique columnar structures.
Reproduced with permission from Chuang et al., Phys. Rev. Appl. 11, 061005
(2019). Copyright 2019 American Physical Society.
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To date, only FM materials have been exploited for application in
field sensing, memory, and other applications. The magnetization of
the FM entities that stores the information can be decisively manipu-
lated by a magnetic field, STT, and SOT and unequivocally detected
by various techniques from magneto-transport to magnetometry. The
two memory (magnetic) states are switched (or written) at high cur-
rent, but sensed (or read) at low current, which are the prerequisites
for electrically controlled spintronic devices. By the same token, devi-
ces based on FM entities are also vulnerable to the external magnetic
field and stray field interference, especially in high-density memories,
such as MRAM.

PROSPECT OF ELECTRICAL SWITCHING OF
ANTIFERROMAGNETS

Antiferromagnetic (AF) materials with no net magnetization
would be immune to field interference, but the manipulation AF and
the detection of the AF ordering are major challenges. In the last few
years, there were theoretical suggestions and experimental claims of
electrical switching of AF Néel vector. Recent experiments have seri-
ously questioned its validity.

The novel proposal of electrical switching of the AF Néel vector
is based on SOT switching, with detection via anisotropic magnetore-
sistance (AMR) and planar Hall effect (PHE) in conductors or spin
Hall magnetoresistance (SMR) in HM-capped insulators. First of all,
one cannot easily verify the existence or absence of the Néel vector in
any AF materials, especially in thin films. Furthermore, the AMR,
PHE, and SMR detection have been established only in detecting FM
entities. Most AF switching studies have employed multi- (four or
eight) terminal patterned structures, intended to detect the switching
of the AF Néel vector with 90° reorientations. AF switching was first
reported in metallic epitaxial thin films of CuMnAs™ and later
Mn,Au,” both of which lack inversion symmetry, due to the proposed
mechanism of Néel SOT without a HM layer. Later reports claim AF
switching in HM/AF bilayers, such as Pt/NiO,”” Pt/Co0,”” and Pt/
Fe,0,7”% where the HM supplies the spin current for the SOT
exerted on the adjacent insulating AF oxide layer.

However, the AF switching behavior is entirely different from the
known SOT and STT switching in FMs. As shown in Figs. 4(c) and
4(e), each current pulse from both orthogonal pairs of leads for the
heterostructure of Pt/NiO creates the same and reversed incremental
resistance change (including the incremental changes of Hall resis-
tance ARxy and longitudinal resistance ARxx)."" In sharp contrast,
there is no change in either STT or SOT switching in FM entities after
the current density has exceeded the critical value, regardless of the
duration of the current or the number of current pulses.

The cumulative resistance changes have been attributed to multi-
domain switching, resulting in incremental resistance increases with a
series of current pules. However, the observation of the same recurring
patterns in the resistance change in the patterned metallic Pt layer,
without the AF NiO layer as shown in Figs. 4(d) and 4(f), is astonish-
ing and illuminating.”" The recurring resistance change could not have
been the conclusive evidence of SOT switching of AF. This non-
magnetic resistance change comes from anisotropic thermal gradients
[Figs. 4(a) and 4(b)], non-uniform Joule heating,61 and magnetoelastic
stresses,”” the unintended consequences of the multi-terminal
patterned structure.””"’ One notes that the AF switching events
were under enormous current densities (~5 x 10”7 A/cm?), near the
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FIG. 4. Simulation of temperature distribution for the eight-terminal patterned Pt/glass structure after applying single pulse current along (a) 45° (write 1) and (b) 135° (write 2)
lines. The relative changes of ARyy and ARxx with and without the AF layer after applying successive writing pulses current alternately along the 45° and the 135° lines for
(c) and (d) Pt/NiO/glass and () and (f) Pt/glass, respectively. Reproduced with permission from Chiang et al., Phys. Rev. Lett. 123, 227203 (2019). Copyright 2019 American

Physical Society.

break-down value, cause annealing and electromigration, resulting in
permanent changes of the microstructures and electrical resistance.
The mechanism for electrical switching of Néel vector continues to be
debated. It appears that heat generation and dissipation are integral
parts of AF switching, if switching happens at all. It has been shown
that the intense heat and thermal gradient cause large changes of
apparent electrical signals in the same patterned structures, by as
much as two orders of magnitude, when placed on different substrates,
where the changes scale inversely with the thermal conductivity of
substrates.”' This is unfavorable for any future electronic devices with
performance dictated by the substrate and its heat conduction.

MAGNETIZATION-DEPENDENT SPIN HALL EFFECT
(MDSHE)

In the conventional SHE, the charge current jc, the spin current
js and spin index ¢ are mutually perpendicular as shown in Eq. (1).
Recent theoretical proposals of interfacial spin-orbit coupling,”* spin
swapping,” and the experimental observations of magnetization-
dependent surface spin accumulation® and spin—orbit torque’’ and
the magnetic spin Hall effect”” suggest that the strict cross-product
relation in the conventional SHE may be lifted and be generalized to

Js = (h/2e)0mpsw jc % (6 x m). 3)

Experimentally, the unconventional spin accumulation and the resul-
tant SOT may be observed by the SOT switching device,” the polar
magneto-optic-Kerr-effect measurement,” the spin Seebeck effect, the
second-order planar Hall effect, and the spin-torque FMR spectros-
copy,68 in the all-metallic Py-based heterostructures. However, as
noted above, as long as FM metals with IMA are involved, the propen-
sities of the anomalous Hall effect (AHE) and ANE in the FM metals

are unavoidable, and the separation of these parasitic effects is non-
trivial.

A better design involves the LSSE measurement in Pt/Co/Pt/YIG,
where Pt/Co/Pt with PMA is situated on top of the YIG with IMA
as shown in Fig. 5.°” Under an out-of-plane temperature gradient

(a) :MDISHE :MDISHE
Je Je

:,v % - > (&=~

'mPMA‘ f

Js o Js 'OPG

T

100 200
e)

“Mpma

Mpwia|
My

-0.6 " s
2200 -100 0
H (

X

100 200-200 -100 0
Oe) H, (

FIG. 5. Sag Schematics of the magnetization-dependent inverse spin Hall effect sig-
nal (jMP'SHE) in the ferromagnet (FM) with perpendicular magnetization (Mpya).
For simplicity, one polarization (e) of opposite spins is drawn for the pure spin cur-
rent (js). (b) MDISHE voltage for PY/Co/Pt/YIG with mpya fixed along +z or —z
directions. The insets show the experimental setup with the magnetic field applied
and thermal voltage measured both along x. Reproduced with permission from
Chuang et al., Phys. Rev. Res. 2, 032053(R) (2020). Copyright 2020 American
Physical Society.
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(z-direction), with magnetization of YIG in the y-direction, one mea-
sures the ISHE voltage in Pt/Co/Pt in the x-direction, without the con-
tamination of the AHE or ANE with magnetization of Pt/Co/Pt/YIG
in the z-direction. When the magnetization of YIG is aligned in the
x-direction, there is no ISHE in the x-direction, but only the MDISHE.
In this manner, ISHE and MDISHE can be revealed separately and
cleanly in the same structure under the same temperature gradient.
The ratio of spin Hall angle 0ps/0syr is found to be about 3.6%. The
MDSHE is a novel and small effect but can be clearly observed. It dem-
onstrates that one can independently control the spin index in spin
current by magnetization orientation in the FM layer beyond the strict
cross-product relation in the conventional SHE.

SUMMARY

The generation of pure spin current relies on the schemes of the
SHE, LSSE, and SP. The injected pure spin current can only be indi-
rectly measured by spin-to-charge conversion via the ISHE, the evi-
dence of which needs to be carefully analyzed to exclude other
accompanying effects. We show that the overwhelming ANE in FM
metals greatly complicates the detection of pure spin current. The
FMIs, without the charge effects, perform much superior for the LSSE
but pose additional complications in SP experiments. The intriguing
prospect of coherent injection via SP awaits experimental confirma-
tion. SOT switching, a switching mechanism since STT, is readily
achieved in the FM with IMA, but not in FM materials with PMA,
which are attractive for high-density memory devices. The prospects
of electrical switching in AF materials remain tantalizing and contro-
versial. The paramount role of heat is unattractive for applications.
Finally, while the SHE features prominently in all pure spin current
phenomena with a strict cross product rule, the restriction can be lift
by the recently predicted and clearly observed MDSHE.
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