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Electrical spin, which is the key element of spintronics, has been regarded as a powerful substitute for the electrical
charge in the next generation of information technology, in which spin plays the role of the carrier of information and/or
energy in a similar way to the electrical charge in electronics. Spin-transport phenomena in different materials are central
topics of spintronics. Unlike electrical charge, spin transport does not depend on electron motion, particularly spin can be
transported in insulators without accompanying Joule heating. Therefore, insulators are considered to be ideal materials for
spin conductors, in which magnetic insulators are the most compelling systems. Recently, we experimentally studied and
theoretically discussed spin transport in various antiferromagnetic systems and identified spin susceptibility and the Néel
vector as the most important factors for spin transport in antiferromagnetic systems. Herein, we summarize our experimental
results, physical nature, and puzzles unknown. Further challenges and potential applications are also discussed.
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1. Introduction

Spintronics emerged from discoveries in spin-dependent
electron transport phenomena in solid-state devices. The sig-
nificant event of spintronics was the discovery of giant magne-
toresistance (GMR) independently by Albert Fert et al.l') and
Peter Griinberg et al.;!?! this discovery is also considered the
starting point of modem spintronics. Since then, spintronics, a
new field of study at the intersection of magnetism, electronics
and informatics, has gained considerable research attention in
the science community.>*! In particular, since the beginning
of the 21st century, spintronics has grown to be a separate field
of research revolving around the fundamental term ‘spin cur-
rent’, in which transport phenomena of electrical spin and/or
spin angular momentum have become central concepts. Ex-
tensive studies have been conducted on the use of spin current
to replace charge current. %)

Developing a pure spin-based device whereby informa-
tion would be processed by spin rather than by charge,’®! has
been a core mission for spintronics. Therefore, generation,
modulation, and detection of spin are the three central issues
in this mission, for which many approaches and new physics
have been proposed, discovered, and discussed.!’! However,
obtaining real applicable spin devices is still difficult, and
achieving efficient spin modulation is the urgent issue. This
study aims to find approaches and material systems to simply
and efficiently control spin transport.

Basically, spin transport can be modulated by means of
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any spin-related interactions in a material, e.g., spin—spin,
spin—phonon, and spin—photon interactions. As two sides of
one entity, transport spins in a spin current can be used to probe
spin-related properties of a material. Therefore, the spin mod-
ulation issue in a condensed-state system can be addressed by
finding and fully understanding the interaction between spin
and other degrees of freedom in a material.

Antiferromagnetics has become a growing concern in the
field of spintronics. Recently, we have focused on antiferro-
magnetic insulators (AFMIs). First, spin-related phenomena
and appropriate materials for next-generation spin-based de-
vices can be extensively studied because of large number of
AFMIs. AFMIs shield the spin transport from most associated
charge-related effects, thereby making it easier to study the
fundamental physics of spin angle-momentum transport. The
demonstration of spin transport through an antiferromagnetic
material was first achieved by Wang et al.,!”! and subsequently
similar results were obtained by other researchers!®” using
samples with comparable structure. Spins were injected into
the AFMI layer using yttrium iron garnet (YIG) and detected
by the inverse spin Hall effect ISHE)!'?! in platinum on the
other side. The most interesting result of research using this
YIG/AFMI/Pt structure is that the detected spin signal is en-
hanced when the AFM layer is NiO and the thickness is around
1 nm, " which motivated the development of spin-related in-
vestigations in AFMI.

We systematically studied spin transport phenomena in
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various AFMIs from the viewpoints of spin application and
spin modulation. We found spin susceptibility and the Néel
vector to be the most important factors for spin transport in
AFMIs.
oretical explanations.

We summarize our experimental results and the-
The remainder of this paper is or-
ganized as follows. Section 2 introduces the experimen-
tal set-up. Section 3 introduces our experimental results
in three sub-sections, in which experiments related to spin
susceptibility,!'') Néel vector,'”! and spin colossal magne-
toresistance (SCMR)!'?! are described respectively. In the fi-
nal section, we summarize our present work and discuss fur-

ther challenges and potential applications.

2. Experiment set-up

Electron spin is not isolated but is correlated to many
physical degrees of freedom, including spin itself. Therefore,
other physical quantities can be probed via a spin-related in-
teraction. Inelastic neutron scattering, for example, can be
used to detect magnetic excitations in an antiferromagnetic
system by spin—spin interaction between the neutrons’ spins
and the local spins (Fig. 1(a)). In this process, the spin de-
gree of freedom (rather than the particle of neutrons) is the
only necessary element. This inspired our consideration that
a pure spin-current may replace the neutron beam in this pro-
cess, which in turn could reveal further related information
(Fig. 1(b)). Two prerequisites are required to reproduce the
inelastic neutron-scattering experiment in a spin-current way.
First, a spin source is required to generate and inject spin cur-
rents into the target materials, which will replace the spins
carried by a neutron beam. Second, an effective method is re-
quired to quantitatively detect spins passed through the target
material.

\
neutron |

(b)

Fig. 1. (a) The concept of the inelastic scattering of polarized neutrons.
(b) The concept of spin-current transmission through an antiferromagnetic
system.

Therefore, a trilayer device (Fig. 2) was developed, in

which a target AFMI film was sandwiched between a magnetic

YIG layer and a heavy metal Pt layer. In such a set-up, the sin-
gle crystal YIG layer acts as the spin source layer, from which
pure spin currents are injected into the adjacent target film.
On the other side, Pt, the ISHE of which is relatively large,
stable, and well-studied, detects the spin that passed through
the target film. We set the trilayer device at the short termi-
By applying an
external magnetic field and a microwave, ferromagnetic res-

nation of a short-end coplanar waveguide.

onance (FMR) and a perpendicular temperature gradient are
simultaneously excited in the YIG layer. Spin currents due to
the spin-pumping effect and spin Seebeck effect (SSE)[1314]
are generated and injected into the adjacent target film. Then,
the voltage signal due to the spin pumping and SSE can be ob-
served simultaneously in a voltage spectrum from the Pt layer

(Fig. 2).
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Fig. 2. Set-up of experiment using trilayer spin-transport device. The tri-
layer sample, built of yttrium iron garnet (YIG), antiferromagnetic insula-
tors (AFMIs), and platinum (Pt), is placed near the short termination of a
short-end coplanar waveguide. Ferromagnetic resonance in YIG is excited
by an applied microwave, while a temperature gradient is created in the per-
pendicular direction. As a result, the spin-pumping effect and spin Seebeck
effect can be observed simultaneously.

3. Experiment results and discussion
3.1. Spin susceptibility

Spin susceptibility is one of the key factors for spin trans-
port in an antiferromagnetic system. The magnetic phase
transition of an ultrathin antiferromagnetic film can be de-
tected by a pure spin-current probe. The detection of such a
phase transition in an ultrathin film is impossible without using
large synchrotron facilities and a special x-ray magnetic linear
dichroism spectrometer.!!>!7] Our present method provides a
way to probe such a phase transition by a bench-top experi-
ment. Transport spins penetrating the antiferromagnetic film
also carry the dynamic information about local spins due to

spin—spin interactions. Potentially a method for magnetic re-
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search on ultrathin antiferromagnetic films, this approach will
encourage further investigations.

Figure 3(a) shows spin pumping signals observed in a
Volt-
age peaks appear at the magnetic fields of FMR conditions.

YIG/CoO/Pt trilayer device at various temperatures.

The signs of the peak voltages Visyg are reversed by revers-
ing the polarity of the applied magnetic fields, showing that
the voltage peaks are due to ISHE induced by spin currents
pumped from the YIG layer. We chose a typical insulating
antiferromagnetic film, CoO, was elected to be the target ma-
terial, not only because the Néel temperature of bulk CoO
is ~ 292 K['8191 making our measurable temperature easily
cover the antiferromagnetic transition region (given our phys-
ical property measurement system), but also because the ex-
cellent insulation property of CoO makes it easy to focus our
research on the transport of pure spin currents.

Figure 3(c) shows the temperature dependence of the
peak voltage Visyg of YIG/CoO/Pt trilayer devices, compared
with that of a YIG/Pt bilayer (Fig. 3(b)). Clearly, unconven-
tional peak structures appear in the temperature dependent
ISHE signal Visyg while using an YIG/CoO/Pt trilayer de-
vice (Fig. 3(c), whereas Visyg decreases monotonically with

decreasing temperature while using an YIG/Pt bilayer device

(Fig. 3(b)). The temperature dependences of Visgg for sam-
ples with various CoO layer thickness have the same peak
features, while sharing a shape like the temperature depen-
dences of spin susceptibility for CoO films.?’! Peak temper-
ature decreases with decreasing CoO-layer thickness, which
is consistent with the finite size effect of ultrathin antiferro-

5.1291 The peak temperature of Visyg is compa-

magnetic film
rable to the Néel temperature of the CoO layer determined by
an x-ray magnetic linear dichroism measurement using a syn-
chrotron facility.[“] All the results show that the Visyg peak
position indicates the Néel temperature of the CoO layer and
that the Visgg enhancement around the antiferromagnetic tran-
sition can be related to the CoO-film spin susceptibility en-
hancement. The CoO layers in our samples are well controlled
single-crystal structures with [111] directions along the out-
plane direction. When the spin currents are excited by SSE or
CoO is replaced by other antiferromagnets, such as NiO film,
similar peak structures can be observed in the temperature-
dependent voltage signal (Fig. 3(d)). The Néel temperature de-
termined in YIG/AFMI/Pt trilayer devices should be the mag-
netic ordering temperature of AFMI layer under the effect of

the magnetic YIG layer.>!]
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Fig. 3. (a) Magnetic-field (H) dependence of electric voltage (V) generated in YIG/CoO (3 nm)/Pt trilayer film at various temperatures. Visyg denotes the
voltage signal in the ferromagnetic resonance field. (b) Temperature dependence of Visyg for the YIG/Pt bilayer film. (c) Temperature dependence of Visyg
for the YIG/CoO (3, 6, 10 nm)/Pt trilayer devices. (d) Temperature dependence of spin pumping signal Vsp and spin Seebeck signal Vsgg for the YIG/NiO

(1.5 nm)/Pt trilayer devices.

These results indicate that the spins are transported dom-
inantly by incoherent thermal magnons rather than coherent
Néel dynamics in an antiferromagnetic system. At high tem-
peratures, thermal magnons continuously evolve into thermal
spin fluctuations, which would transport spin current above the
Néel temperature. Such thermal spin dynamics both below and
above Ty are well described by the bosonic auxiliary-particle

method. Using this method, the spin conductivity in an antifer-

romagnetic insulator was shown to be maximized near its Néel
temperature, exactly like our Visgg.!??! Since Visyg measures
spin moments transferred across magnetic insulators, its en-
hancement directly reflects that of the spin conductivity. The
spin conductivity and the magnetic susceptibility are in prin-
ciple different quantities. However, their temperature depen-
dence is rather similar because both are dominated by spin

excitations with zero momentum transfer. Therefore, Visyg in
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our experimental set-up is a good measure of spin dynamics
and transition.

3.2. Néel vector

Unlike electrical charge, spin has not only a definite mag-
nitude but also has a ’direction’, which makes spin transport
act with an intrinsic anisotropy. It is natural that magnetic
anisotropy affects the spin transport in condensed-state mat-
ter. In an antiferromagnet system, the magnetic anisotropy is
mainly defined by the Néel vector. In Fig. 4(a), we show the
crystal and spin structure of another antiferromagnetic insu-
lator Cr,03. In Cr;03, there is only one easy axis pointing
to the ¢ axis of a hexagonal structure. We prepared trilayer
samples, in which this time the middle target layer was Cr,O3
(Fig. 4(b)). The crystal orientation of Cr,O3 was carefully
controlled to ensure that the ¢ axis was perpendicular to the
surface of the device. This means the Néel vector direction
can be different from the spin accumulate direction. SSE was
used to inject spin currents from the YIG layer into the Cr,Os.
Spin currents, passed through the Cr,O3 layer, were converted
into a measurable voltage in the Pt layer via the ISHE.

Figures 4(c) and 4(d) show the magnetic-field depen-
dence of the measured voltage V for a YIG/Pt device and a
YIG/Cr;O3/Pt device. The YIG/Pt device was used as a con-
trol sample because the SSE has been extensively studied in
this bilayer system. In both samples — with and without a
Cr,0O3 layer — the sign of V reverses with the sign of H, and
the shape of the V—H curves agree with the M—H (hysteresis)
curve of the YIG film.[>3>-2] This confirms that the measured
voltage V in the YIG/Cr,O3/Pt trilayer device is induced by

the thermal spin currents generated from the YIG via SSE.

A steep conductor-nonconductor transition for spin cur-
rents was observed in Cr,O3. Figure 4(e) shows the tempera-
ture dependence of the SSE voltage Vssg for the YIG/Cr, O3/Pt
trilayer device. Unexpectedly, the voltage exhibited an abrupt
change of more than 100x at ~290 K. Above this tempera-
ture, a peak voltage appears at 7 =296 K. When T < 282 K,
Vssk is close to the noise floor (Fig. 4(e)). By contrast, in the
YIG/Pt bilayer device, Vssg varies little across the same tem-
perature region (Fig. 4(f)).[*6] The abrupt change of Vssg in the
YIG/Cr,03/Pt marks the transition of the Cr,O3 layer from
a spin conductor to a spin nonconductor at T = 296 K. This
critical temperature coincides with the Néel temperature of
the Cr, 05 thin film.?7-28] We found a similar spin conductor-
nonconductor transition in a spin-pumping measurement for
devices with the same YIG/Cr,O3/Pt structure as shown in
Fig. 4(g), demonstrating that the spin conductor-nonconductor
transition in Cr,O3 does not depend on the method of spin-
current generation. By using a control sample with a 5-nm Cu
layer inserted between the YIG and Cr,Oj3 layers (Fig. 4(h)),
we also ruled out magnetic interface effects between the ex-
changed coupled YIG and Cr,O3 (such as exchange bias,
proximity effect or spin-reorientation transitions) as the cause
of the large change in Vssg. By measuring the Vssg when us-
ing a Cr,O3/Pt bilayer sample, we also confirmed that Vssg
comes from the spin current generated in the YIG and trans-
mitted through the Cr, O3 rather than by spin currents originat-
ing within Cr,03 or from a Nernst effect in a magnetized Pt
layer (Fig. 4(h)).
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Fig. 4. (a) Schematic diagram of the crystal structure of antiferromagnetic Cr,O3. (b) Cross-sectional transmission-electron microscopy image of the
YIG/Cr,03/Pt trilayer device used in this research. Scale bar represents 5 nm. Easy axis ¢ of Cr,03 is in the film’s out-of-plane direction z. (c) External
magnetic field H dependence of voltage signal V measured in YIG/Pt bilayer device at 300 K. (d) External magnetic field H dependence of voltage signal V
measured in YIG/Cr,O3/Pt trilayer device at various temperatures. (¢) Temperature dependence of spin Seebeck voltage Vssg at H = 0.1 T for YIG/Cr, O3/Pt
trilayer device. Inset shows concept of spin-current transmissivity measurement. (f) Temperature dependence of spin Seebeck voltage Vssg at H = 0.1 T for
a YIG/Pt bilayer device. (g) Temperature dependence of spin pumping signals Visyg for YIG/Cr,O3/Pt trilayer devices with various values of Cr,O3 layer
thickness dcr,0,. (h) Temperature dependence of spin Seebeck voltage Vssg at H = 0.1 T for YIG/Cu/Cr,O3/Pt and CrO3/Pt devices.
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The sharp transition observed at the Néel temperature
is attributed to the anisotropic transmissivity of the antifer-
romagnet in combination with the device geometry. Above
the Néel temperature, the paramagnetic moments of Cr,O3
follow the external magnetic field and spin current is car-
ried by the correlation of the paramagnetic moments as pre-
viously reported.!!-2%39 Below the Néel temperature, in the
ordered antiferromagnetic phase, only the spin component par-
allel (or antiparallel) to the Néel vector can be carried by
magnons. 3!l Below the Néel temperature, due to the strong
uniaxial anisotropy, the Néel vector of Cr,O3 is pinned to the
easy axis (out of plane in this work). When the YIG mag-
netization is in the plane of the film, the spins are polarized
perpendicularly to the Cr,O3 Néel vector and the spin current
cannot be transmitted into the Cr,O3. Also, the strength of
the anisotropy in Cr,O3 is almost independent of temperature,
collapsing to zero only very close to the Néel temperature. %]
Therefore, the Cr,O3 is strongly aligned perpendicular to the
plane for almost the entire temperature range and no spin
current can be transmitted. The small temperature window
where the anisotropy decreases corresponds with the increase
in ISHE voltage.

3.3. Spin colossal magnetoresistance
Colossal magnetoresistance (CMR) refers to a large
change in electrical conductivity induced by a magnetic field

(a) (¢)  YIG/Cr,0,/Pt

CMR oc-

curs due to a correlation between the magnetic structure and

in the vicinity of a metal-insulator transition.

electron conduction and has inspired extensive studies for
decades.[333%1 As mentioned above, we have confirmed the
spin conductor—nonconductor transition in the Cr,O3 antifer-
romagnetic system. If the spin conductivity of such a system
can be tuned by an external magnetic field, we then can term
a spin version of CMR effect (SCMR). We found that the spin
conductivity of Cr,O3 has an anisotropic response to magnetic
fields in the critical region of the magnetic transition and that it
depends on both the magnitude and direction of the magnetic
field.

Within the critical region, we measured the dependence
of Vssg on the magnetic field magnitude |[H| and angle 6 in
the z—y plane (Figs. 5(a) and 5(d)). At T = 296 K (in the
spin conducting regime), Vssg shows a sinusoidal change with
respect to 6. The magnitude of Vssg changes only slightly
from |[H| = 0.5 T to 2.5 T. Similar behavior is observed for
T > 296 K. However, at T < 296 K, Vssg(0) starts to deviate
from this dependence. As the temperature decreases further,
the character of Vssg(0) changes completely, the shape chang-
ing to resemble rabbit ears in polar coordinates of 6. Vssg
also becomes strongly dependent on |H|. Thus, Vssg (0, H)
depends on both 0 and |H| in the critical region.

YIG/Cr,0,/Pt

400 302 K .

‘/SSE@H/HV

500

Ratio(T),,/%

Fig. 5. (a) Out-of-plane spin Seebeck set-up for the YIG/Cr,O3/Pt trilayer device. Temperature gradient, V7, is along the z direction, and an external
magnetic field, H, is applied in the y—z plane. 6 is the angle between VT and H. (b) 8 dependencies of Vssg at different temperatures for the YIG/Cr, O3/Pt
trilayer device for various values of H. (c) External magnetic field H dependence of voltage signal V measured in the YIG/Cr,O3/Pt trilayer device for
6 = 20° at various temperatures. (d) Temperature dependence of Vssg for the YIG/Cr,O3/Pt trilayer device for different external magnetic fields H at
6 = 20°. Solid lines serve as visual guides. (e) 7 change ratio Ratio(7;)en due to external magnetic fields H as functions of temperature. Ratio(7s)en =
(Vsse@r — Vsse@o.5 T)/Vsse@o.s - Ts refers to spin-current transmissivity in the CroO3 layer. Solid lines serve as visual guides.
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Figure 5(d) shows the temperature dependence of
Vsse(|H|) at 8 = 20°, where the |H| dependence is the
most pronounced (Fig. 5(c)). The temperature dependence of
Vssg is qualitatively similar for all field strengths, featuring a
sharp transition between the spin nonconductor and conductor
regimes. However, the transition edge of Vssg shifts to lower
temperatures for stronger magnetic fields. Taking |[H| =0.5 T
as a reference, ~ 500% modulation of Vsgg is achieved with a
2.5 T field (Fig. 5(e)).

As mentioned in the prior section, only the spin compo-
nent parallel (or antiparallel) to the Néel vector can be carried
by magnons, therefore spin transport is blocked because of the
strong uniaxial anisotropy. However, in the region just below
the Néel temperature, where the anisotropy is reducing, the en-
hanced susceptibility and reduced anisotropy in this small tem-
perature window allows the Néel vector to be slightly rotated.
giving a finite in-the-plane y-component onto which the spin
current is projected.3>33] This makes spin conductivity able
to be manipulated with an applied magnetic field: the SCMR.

4. Summary

From results of our investigating spin-transport phenom-
ena in various AFMI thin films, we found that the spin sus-
ceptibility and the Néel vector are the most important factors
affecting the transport spin. We demonstrated that spin current
can be a probe for detecting the antiferromagnetic phase tran-
sition in an ultrathin AFMI film. Furthermore, in a uniaxial
AFMI Cr,03, we discovered a spin conductor—-nonconductor
transition. Such a transition can be tuned efficiently by an ex-
ternal magnetic field; as it is reminiscent of the CMR in elec-
tronics, we call it the spin CMR (SCMR).

Our results show that the AFMI system is a possible func-
tional core for a spin device, by which a spin transistor may
be achieved.[*®! However, the mechanisms of spin transport
through AFMI, which is indispensable for further design and
development of such a device, has not been clarified. For ex-
ample, the frequency dependence of the spin-pumping behav-

(111 which implies that the ob-

ior near the Néel temperature,
served phenomena reflects dynamical properties, is required
for further theoretical understanding. Therefore, constructing
a comprehensive theory for spin-current transport is an impor-
tant outstanding task for the future development of the pro-

posed spintronic device based on AFMI.
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