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For his seminal contributions in pure spin current phenomena, including intrinsic spin-dependent thermal
transport, spin Seebeck effect, transport magnetic proximity effect, inverse spin Hall effect, and spin-orbit torque

in (anti)ferromagnets.

Description of the work

Energy dissipation is one of the toughest challenges for high-density electronic devices and a paramount
issue in many emerging technologies. The recent advent of pure spin current with the attributes of maximal spin
angular momentum and minimal charge current, thus least Joule heating, offers promising solutions to these
problems. In the past years, Dr. Huang has been devoted to manipulating the polarized and pure spin currents
associated with the spin caloritronic effects, such as the anomalous Nernst effect, spin Seebeck effect, and
thermal Hall effect. He also has important contributions in studying the ferromagnetic resonance driven spin
pumping, light-induced magnonic spin current, and current-induced zero-field spin-orbit torque effect in
antiferromagnets. He has made many outstanding contributions and discoveries in this newly invigorated field,
including one book chapter, 8 PRL, 14 PRB, 2 PRA, 1 PRM, 2APL, etc., which are cited more than 1900 times
and lead to more than 25 invited talks in the important scientific conferences. Their impacts are briefly described
as follows:

Spin Seebeck Effect: Spin caloritronics encompasses new effects that explore pure spin current phenomena and
devices. Of those, the spin Seebeck effect (SSE) is one of the most important but inadequately established effects
to generate pure spin current. The SSE exists in two configurations: transverse and longitudinal configurations
with in-plane and out-of-plane temperature gradient, respectively. The first observations of the transverse SSE
used thin ferromagnetic metals, semiconductors, and insulators deposited on thick substrates. Huang and his
collaborators demonstrated experimentally that in such transverse SSE geometry, there is an unintentional
temperature gradient perpendicular to the thin film due to the overwhelming thermal conduction through the
substrate. As a result, the actual characteristics of the spin-dependent thermal transport are dominated by the
anomalous Nernst effect (ANE) in ferromagnetic metals. This problem plagued many previous reports of the
transverse SSE. Huang used substrate-free samples to demonstrate the intrinsic spin-dependent thermal transport
in ferromagnets [Phys. Rev. Lett. 107, 216604 (2011)], which has been highlighted on Physics Synopsis by the
editor of Physical Review Letters. The longitudinal SSE geometry with an out-of-plane temperature gradient is
applicable in generating spin current from ferromagnetic (FM) insulators such as yttrium iron garnet (Y1G), and
a nonmagnetic metal Pt on the FM insulator as in Pt/YIG is used as a spin current detector. Their results [Phys.
Rev. Lett. 109, 107204 (2012)] showed that although the temperature gradient T is unequivocally out-of-plane,
one encounters another issue of magnetic proximity effects (MPE) when Pt is in contact with an FM material.
The magneto-transport measurements, both electrical and thermal, and evidences from x-ray magnetic circular
dichroism results [Phys. Rev. Lett. 110, 147207 (2013)], conclusively demonstrated the existence of MPE in Pt.
Furthermore, Huang and his collaborators demonstrated a new type of magnetoresistance (MR) in Pt when it is
in contact with an FM material. The new MR is distinctively different from all previous known MR effects, as
described in [Phys. Rev. B 87 220409(R) (2013)]. They showed different mechanisms that contribute to the new
MR [Phys. Rev. Lett. 112, 236601 (2014)], impacting the theoretical proposals for this MR. Most importantly,
although many complications exist in the SSE systems, they demonstrated intrinsic longitudinal SSE without any
appreciable MPE in Au/YIG [Phys. Rev. Lett. 110, 067206 (2013)]. Their results have attracted a lot of attention.
A more complete account of the SSE is in their book chapter [Solid State Physics 64, 53 (2013)]. Beyond the
YIG based system, they recently reported the first observation of SSE in highly spin-polarized ferromagnetic half
metal LaSrMnO, which could be an important material for metal-based spin caloritronic devices in addition to
FM insulators [Phys. Rev. B 96, 00402(R) (2017)].

Spin Hall Materials: The most important quantity in pure spin current phenomena is the spin Hall angle (6sn),
which measures the efficiency of charge/spin current conversion. There are several methods to determine sy,
including lateral spin valve, spin pumping, spin Hall switching and etc.. But each method has different
complexities. The disparity in the values of Osu for the same material is one of the most outstanding issues in
spin current phenomena. Huang and collaborators demonstrated a new and self-consistent method to determine
Osu by employing a simple geometry of a metal/ferromagnetic insulator structure under a longitudinal thermal




gradient and performed full spin current analyses of the inverse spin Hall voltage [Phys. Rev. B 89, 140407(R)
(2014)]. Huang further showed that this method, which uses the SSE to generate spin current, is robust and does
not depend on the crystallinity of the spin current generator YIG [Phys. Rev. Materials 1, 031401(R) (2017)].
While the spin Hall property is intrinsic for given material, recently, they showed that both the fsy and spin Hall
conductivity in AuTa alloy exhibit a quasilinear dependence on its composition, demonstrating the importance of
conduction electrons over band structures in determining the #sy for binary alloys [Phys. Rev. B 97, 024402
(2018)]. In addition, they achieved utilizing the spin current to probe the spin frustrations and spin fluctuations in
spin glass CuiMnxalloys [Phys. Rev. B 101, 104413 (2020)]. And they observed that spin current can be
significantly enhanced during the spin-freezing process. Their results provide important guidance in materials
engineering for future spintronic devices.

Spin Hall effect and Spin-Orbit Torque in Ferromagnet and antiferromagnet: Inverse spin Hall effect has
been established only in non-magnetic metals (e.g., Pt, W) with strong spin-orbit coupling (SOT) for a long time.
Huang and collaborators reported the first observation of the inverse spin Hall effect in a 3d ferromagnetic metal
of permalloy (Py) [Phys. Rev. Lett. 111, 066602 (2013)]. This is the inverse effect of the well-known anomalous
Hall effect in ferromagnetic metals. Ferromagnetic materials not only can generate spin-polarized current but
also can be used to detect pure spin current. The large sy in Py indicates that many other ferromagnetic metals
can be exploited for pure spin current applications. These important results have been selected as the Editors’
suggestion in Physical Review Letters. Besides ferromagnets, Huang and collaborator also found that chromium
(Cr), which is a 3d spin-density wave antiferromagnetic metal, has a large inverse spin Hall effect below and
above its phase transition temperature [Phys. Rev. B. 92, 020418 (R) (2015)]. This result leads to another
important breakthrough, field-free spin-orbit torque (SOT) switching in heavy-metal-free Cr-based
heterostructures [Phys. Rev. Applied 11, 061005 (2019) (Letter)]. Moreover, they demonstrated the high-entropy
alloy can also generate sizable spin-orbit torques for FM switching [Phys. Rev. Applied 8, 044005 (2017)]. Very
recently, Huang made an important contribution to the SOT antiferromagnetic (AFM) Néel vector switching.
Antiferromagnet with zero net magnetization has several unique advantages, including ultrafast dynamics in the
terahertz frequencies, robustness against field perturbation, and negligible stray field. Recently, there have been
numerous reports of electrical switching of AFM Néel vector via SOT, attracting worldwide attention. By
applying a writing current in the AFM layer or the normal metal (NM)/AFM bilayer, in a patterned multiterminal
device, the measured resistance exhibited recurring signals due to the supposedly electrical switching of the
AFM Néel vector. However, Huang showed that under a large writing current density beyond the Ohmic regime,
the multiterminal devices generate unintended anisotropic thermal gradients and voltages [Phys. Rev. Lett. 123,
227203 (2019)]. Thus, this widely held switching signal may not be the conclusive evidence of SOT switching of
AFM but the thermal artifacts of patterned metal structures on substrates. Similar signals can be observed in such
patterned structures, with and without the AFM layer. Consequently, the strength of the signal is greatly affected
by the thermal conductivity of the substrates. This important observation is highlighted by Physic Review Letters’
Editors as Editors’ suggestion and Featured in Physics with a “Viewpoint: The heat in antiferromagnetic
switching”.

Thermal spin current to explore surface magnetization: Huang showed that the thermal measurement with a
vertical temperature gradient could be an important tool for detecting magnetization structure with high
sensitivity [Phys. Rev. B. 94, 024405 (2016)]. By using thermal spin current and highly sensitive
micro-magneto-optic Kerr effect (MOKE) measurements, he conclusively showed that the peculiar field
dependence of the thermal voltage is due to the noncollinear magnetization between the surface and bulk YIG.
Huang further experimentally demonstrated that the contributions of the interfacial and bulk temperature
gradients in spin caloritronics can be revealed by the light excited thermal spin current measurement [Phys. Rev.
B 99, 094426 (2019)]. By flipping the direction of the incident light, the interfacial and bulk contributions to the
transverse spin accumulation he can be qualitatively distinguished for the first time. Huang showed that the
derived interfacial and bulk spin Seebeck coefficient is intrinsic and frequency-independent. Thus, unlike
conventional electrical heating, light offers distinct heating mechanism to develop spintronic and spin
caloritronic devices.

Thermal excited spin-polarized current: Huang designed several unique measurement configurations to
distinguish the contributions of the spin-dependent thermal voltages from the thermal Hall effect (THE), the
anomalous Nernst effect (ANE), and the spin Seebeck effect (SSE) in [Phys. Rev. Lett. 117, 247201 (2016)].
Although recent theoretical researches indicate that the THE can compromise the legitimacy of all thermal
related spin physics effects in spin caloritronics, Huang experimentally demonstrated that these speculations are




false. He confirmed that ANE and SSE are indispensable tools to explore thermal spin current. Moreover, they
showed in [Phys. Rev. B 96, 174406 (2017)] that the ANE is thickness dependent. They found that the magnitude
and even sign of the ANE exhibit nontrivial thickness-dependent behaviors in conventional FMs, including Fe,
Co, Ni, and Py. Most importantly, the conversion efficiency of the spin signals generated by heat flows can be
significantly enhanced to one order of magnitude in ultra-thin films. They demonstrated that this enhancement is
dominated by the intrinsic Berry curvature and side-jump mechanisms. These findings also reveal various
potential applications of spin-based thermoelectrics for energy harvesting.

Incoherent spin pumping: Although the spin pumping (SP) and the SSE, two of the most common methods for
generating pure spin currents from ferromagnetic insulators, are considered to share similar physical
mechanisms, Huang showed that while the SP is significantly reduced in a polycrystalline yttrium iron garnet
(YIG), the SSE is insensitive to the crystalline structures [Phys. Rev. Materials 1, 031401(R) (2017)]. This
discovery offers new insights into the mechanisms between the coherently driven SP and the non-coherently
excited SSE. This work is highlighted by Physical Review Editors and introduced by editors of Nature publisher
as a research highlight article in Nature Nanotechnology [Nat. Nanotech. 12, 936 (2017)]. Very recently, they
further showed that the evidence is absent for coherent spin pumping in PY/YIG [Phys. Rev. B 99, 220402 (R)
(2019)]. When YIG samples of an appropriate thickness has been used, all the spin wave resonance modes can be
resolved and their temperature dependence and that of coherent spin pumping can be separately followed. They
showed that there is no evidence of coherent spin pumping, which was expected to prevail at low temperatures.
These are some of the most essential questions in pure spin current phenomena to date.

Dr. Huang and his collaborators’ works have a profound and high impact on both fundamental physics and
applications of spin-based phenomena in the emerging field of spin caloritronics and spintronics. Their papers
have been heavily cited and thus far have led to 25 invited talks in the important scientific meetings. Dr. Huang
has been awarded the Ta-You Wu Memorial Award and Academia Sinica Junior Research Investigators Award in
2018, Golden Jade Fellowship in 2015, AUMS Young Researcher Award in 2014. He is distinctly qualified for
the 2020 Nishina Asia Award.
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Much theoretical and experimental attention has been focused on the electrical switching of the
antiferromagnetic (AFM) Néel vector via spin-orbit torque. Measurements employing multiterminal
patterned structures of Pt/AFM show recurring signals of the supposedly planar Hall effect and
magnetoresistance, implying AFM switching. We show in this Letter that similar signals have been
observed in structures with and without the AFM layer, and of an even larger magnitude using different
metals and substrates. These may not be the conclusive evidence of spin-orbit torque switching of AFM,
but the thermal artifacts of patterned metal structure on substrate. Large current densities in the metallic
devices, beyond the Ohmic regime, can generate unintended anisotropic thermal gradients and voltages.
AFM switching requires unequivocal detection of the AFM Néel vector before and after SOT switching.

DOI: 10.1103/PhysRevLett.123.227203

Purely electrical control of magnetic devices is an
ultimate goal in spintronics. Previously, spin transfer torque
(STT) could provide electrical switching of ferromagnetic
(FM) layers but required at least two FM entities, e.g.,
Co/Cu/Co, where the spin-polarized current from one FM
switches the magnetization of the other FM [1]. The recent
discovery of spin-orbit torque (SOT) accommodates elec-
trical switching of a single FM layer adjacent to a heavy
metal (HM), such as in HM/FM bilayers [2—4]. Spin-orbit
torque (SOT) switching is based on the spin Hall effect,
where a charge current through the HM (e.g., Pt) with alarge
spin Hall angle g generates a pure spin current in the lateral
direction with the spin index ¢ in the third direction. Above a
threshold current density, the SOT can electrically switch
the adjacent FM with in-plane anisotropy as well as
perpendicular magnetic anisotropy, but the latter requires
an external field along the current direction, and is thus
highly undesirable. Several schemes have been demon-
strated to achieve field-free SOT switching of the FM layer
with perpendicular magnetic anisotropy [5—12].

It has been well established in both STT and SOT that
switching of the magnetization M of an FM layer occurs
only when the current density j has exceeded the critical
value j. [1-12]. There is no appreciable change of M at
Jj < Jj., regardless of the duration of the current or the
number of such current pulses. Only until j > j., swift
and irreversible changes in M occur. Switching (or lack
thereof) can be readily revealed by the measurement of M
using magnetometry, or more simply, by suitable Hall
effect and magnetoresistance (MR). The evidence for
switching is unequivocal and can be readily verified by
rotating M of the FM via a small magnetic field to the
specific directions.

0031-9007/19/123(22)/227203(5)
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The recent proposal of electrical switching via SOT of the
antiferromagnetic (AFM) materials, with the potential of
ushering in AFM spintronics with terahertz frequencies, has
attracted much attention [13-18]. However, unlike FMs,
AFMs have no net magnetization (M = 0). They are weakly
responsive to magnetic field, but display a rich variety of
AFM spin structures from uniaxial to kagome lattice. Most
theoretical and experimental studies of AFM switching have
focused on the simplest AFMs with two colinear sublattice
magnetizations in opposite directions My = —M, defining
a Néel vector nnge/— (v, —m,)/2m,» Where M is the magnitude
of the sublattice magnetization. Theories suggest that the
antidamping SOT, but not the fieldlike SOT, can switch the
AFM Néel vector nyg, with M = 0 [19]. However, ascer-
taining electrical switching of the AFM Néel vector remains
a formidable challenge, compounded by the fact that most
AFMs have no well-defined ryg,.

Experimental exploration of AFM switching was first
reported in epitaxial thin films of CuMnAs, an unusual
metallic AFM with broken inversion symmetry [13]. As
such, it is argued that CuMnAS (a similar situation also
exists in Mn,Au) affords Néel SOT switching without the
necessity of an adjacent HM layer [13-15]. Most AFM
switching studies have used Pt/NiO, where the SOT from
Pt may switch NiO [16-18], a well-known AFM insulator.
It has been assumed in the AFM switching studies that the
AFM thin films would acquire the same AFM spin
structures as those in bulk crystals, a premise that has
not been borne out in extensive studies of exchange bias,
which also involves AFM thin films [20].

To detect AFM switching, most studies have employed
multiterminal structures, such as the four-terminal or
the eight-terminal patterned structure. The eight-terminal

© 2019 American Physical Society
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FIG. 1. Schematics of the eight-terminal patterned structure

with the pulsed writing current along the 45° (write 1) and the
135° (write 2) lines for (a) planar Hall and (b) longitudinal
resistance measurements. Relative changes of Hall resistance
(ARyy) in (c) Pt/NiO/Si and (e) Pt/NiO/glass and relative
change of longitudinal resistance (ARyy) in (d) Pt/NiO/Si and
(f) Pt/NiO/glass, after applying 10-ms writing current pulses
alternately along the 45° and the 135° lines.

structure, consisting of four electrical lines oriented at 0°,
45°, 90°, and 135°, is intended to capture the planar Hall
effect (PHE) resistance Ryy in Fig. 1(a) and the MR
resistance Ryy in Fig. 1(b) after the large writing current
1 (blue) and 2 (red) (along the 45° or 135° lines) switches
the AFM Néel vector. The reading current and the
measured voltage for both Ryy and Ryy are marked by
I+, [—, V4, and V— in Figs. 1(a) and 1(b). The MR may
be the anisotropic MR in metallic AFMs [13-15] or the
spin Hall MR in Pt/ AFM bilayers [16—18,21-23]. We used
the same patterned eight-terminal structure and obtained
the same qualitative results as those in CuMnAS and
Mn,Au without HM, and in Pt/NiO. The crucial questions
are whether or not these are evidence for SOT switching of
the AFM Néel vector.

We use the same Pt(4)/NiO(60) bilayers, where poly-
crystalline 4 nm Pt and 60 nm NiO bilayers have been
made by magnetron sputtering, onto substrate and patterned
into the same eight-terminal devices with 20-um wide
writing leads along the 45° and the 135° directions, and
10-um wide reading leads along the 0° and the 90° directions
for Ryy and Ryy. For example, a writing current of
32 mA through the 20-ym wide Pt (4 nm) gives a current
density of 4 x 107 A/cm?. We use pulsed writing currents of
magnitude / with the same pulse width of 10 ms. After a 10-s

delay time, the resistances Ryy and Ryy are subsequently
measured at amuch lower current density of 2.5 x 10° A /cm?
from the reading leads. Our results of Ryy and Ryy of
Pt(4)/NiO(60)/Si are shown in Figs. 1(c) and 1(d), respec-
tively. They are expressed as the relative changes of Hall
resistance ARyy and longitudinal resistance ARyy, where
ARyy steadily decreases (increases) with the number of
writing current 1 blue (2 red) pulses of 32 mA along the 45°
(135°) line, and ARyy changes oppositely. The recurring
results of ARy, and ARyy between write currents 1 and 2,
very similar to those observed in CuMnAS, Pt/NiO, and
Mn, Au, have previously been claimed as evidence of SOT
switching of AFMs [13-18]. However, these highly unusual
results warrant closer analyses.

First of all, the results in Figs. 1(c) and 1(d) show that
each current pulse of writing current 1 (blue) creates
essentially the same incremental change in ARy, and
ARyy. If these were related to AFM switching, it would
imply that each current pulse would create a small but
similar Néel vector rotation and/or AFM domain reversal.
The extent of AFM switching would scale with the number
of pulses, i.e., more pulses would cause a larger portion of
switching. Reverting to writing current 2 (red), each current
pulse would create the same but reversed incremental
change in AFM switching. These behaviors, if indeed
due to AFM switching, would be diametrically different
from those known in SOT or STT switching of FM systems,
where, at j < j., there are no incremental changes, nor
reversed incremental changes, nor accumulative changes of
magnetization reversal at all [1-12].

It is also important to stress the large writing current of
32 mA with a high current density of 4 x 10’ A/cm? in
Figs. 1(c) and 1(d). At/ < 25 mA, we obtained only Ryy ~
0 and ARyy =~ 0; Ryy ~ constant and ARyy = 0. Only with
a larger current, e.g., 32 mA, could we measure appreciable
Ryxy, ARxy, and ARyy, the size of which scales with the
write current /. At a slightly higher current of I/ =~ 35 mA
the sample was destroyed. We illustrate these aspects with
another nominally the same Pt(4)/NiO(60)/Si sample
from low current to the breakdown current using one-shot
pulses, as shown in Fig. 2. Below 25 mA, Ryy =~ 0 and
ARyy =~ 0; Ryx ~#90.6 2 and ARyy ~ 0, and these values
are independent of /. This is the Ohmic regime, in which
the voltage is linearly proportional to current yielding a
constant resistance independent of current. The Ohmic
regime is where resistance measurements of any metal are
normally made, with a lower current to avoid excessive
joule heating. The results of Ryy~0 and ARyy~0
indicate there is no PHE signal, i.e., no evidence of
AFM switching.

However, at I > 25 mA, Ryy and Ryy rise sharply with
I, as shown in Figs. 2(a) and 2(c), respectively, i.e., highly
non-Ohmic, and at 42 mA the device breaks down. Only in
the non-Ohmic regime with a very high current can one
observe the sizable changes for ARyy and ARyx on pulse

227203-2
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FIG. 2. (a) Ryy and (b) ARyy in Pt/NiO/Si as a function of

one-shot writing current pulses along the 45° (write 1) or the 135°
(write 2) lines. (¢) Ryy and (d) ARyy in Pt/NiO/Si as a function
of one-shot current pulse along the 45° (write 1) or the 135° (write
2) lines.

writing current with different orientations, as shown in
Fig. 2(b). The values of Ryy, ARxx, Ryy, and ARyy are not
constant but rise sharply with /. Thus, the evidence of AFM
switching to date, the increasing and decreasing ARyy,
could just be the result of the resistance measurements in
the non-Ohmic regime at very high current density, below
the breakdown current. The high current density exceeding
107 A/cm? also develops serious thermal issues with
irreversible damages due to intense heat and electromigra-
tion. After such high current densities, the resistance of the
metallic device has suffered permanent changes.

Since Ryy and Ryy are electrical characteristics, one
expects the results to be intrinsic to Pt(4)/NiO(60) and
independent of the insulating substrate on which the
patterned Pt(4)/NiO(60) structures are situated. Quite
the contrary, we found both Ry, and Ryy depend greatly
on substrates. The results of the same patterned structures
on glass, as shown in Figs. 1(e) and 1(f), are much larger
than those on Si, with those on MgO in between (not
shown). This indicates a strong influence of substrate for
electrical measurements at very high current density, in
particular, the heat dissipation through the substrate. The
larger ARyy and ARy for structures on glass, as compared
to those on Si, are due to the lower thermal conductivity «
of glass as shown in Table I. Therefore, the same structures
when patterned on glass substrate exhibit similar signals
but of far greater magnitude. Note that the writing current in
Pt/NiO/glass [Fig. 1(e)] is only 8 mA, but the values of
ARyy are much larger than those for Pt/NiO/Si [Fig. 1(c)]
at 32 mA. Likewise, the ARyy for Pt/NiO/glass shown in
Fig. 1(f) at 5 mA are much larger than those for Pt/NiO/Si
at 32 mA shown in Fig. 1(d). Because of the much lower «

TABLE. I. Thermal conductivity of Si, MgO, and glass [24].
Simulation of rising temperature in Pt (4 nm) on Si, MgO, and
glass and temperature difference between 7'y and 7', in Fig. 4(a),
after applying one-shot writing current of density of
1.75 x 107 A/cm?.

Thermal conductivity

Substrate (W/mK) T, (K) T, (X) AT (K)
Silicon 131 30125 30136 0.11
MgO 30 304.92 30538  0.46
Glass 1.38 383.64 393.78  10.14

for glass, Pt/NiO/glass also has a much lower onset current
for the non-Ohmic regime and breakdown current than
those for Pt/NiO/Si. Since only the writing current dictates
the strength of the SOT that switches the Néel vector of the
AFM NiO, the large variations in ARyy, ARyy, and the
onset writing current due to different substrates strongly
indicate these are not evidence of SOT switching of the
AFM Néel vector.

We further patterned the same eight-terminal structure on
Si, MgO, and glass with only the metal Pt and without the
AFM layer of NiO, thus removing any possibility of AFM
switching. Still, the same sawtooth recurring patterns in
ARyy and ARy can be observed, as shown in Fig. 3. These
signals, without NiO, increase in the order of Pt/Si,
Pt/MgO, and Pt/glass, reflecting the thermal conductivity
of the substrates, and illustrating that these recurring results
are non-Ohmic joule heating in Pt only. Thus, the recurring
sawtooth signals in Pt/NiO are unrelated to SOT AFM
switching.

The eight-terminal devices were designed to exploit the
PHE and MR to reveal the SOT switching of the AFM Néel
vector. While the PHE and MR are established methods for

600 " 600 "
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0 O000gq00009000g,0000%000¢q0000° 0} ogee 00000
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FIG. 3. The values of ARyy and ARyy after applying successive
writing pulses current alternately along the 45° and the 135° lines
for (a) Pt/Si, (b) Pt/MgO, and (c) Pt/glass; and for (d) Pt/Si,
(e) Pt/MgO, and (f) Pt/glass, respectively, without any AFM.
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detecting the direction of M of the FM layer, they have
never been demonstrated for detecting the Néel vector of an
AFM layer, for there is no simple method to create and
orient the AFM Néel vector to the specific directions on
demand. Unfortunately, the eight-terminal patterned struc-
ture also creates unforeseen complications in electrical
measurements. The eight terminals are connected to the
same common area, which receives the writing current of a
large current density and whose electrical characteristics
are subsequently measured to assess possible AFM switch-
ing. The intended PHE and MR results inadvertently
include unintended contributions of the asymmetrical
temperature gradient, thermal voltages, and Hall voltages.

Only a high writing current beyond the Ohmic regime,
with a current density in the 107 A/cm? range, generates
measurable values of Ryy and ARyy. After the application
of a writing current 1 (blue) pulse, there is a large
temperature rise in the 45° line, by more than 100 K,
as corroborated by the cOMSOL simulation as shown in
Figs. 4(a) and 4(c), which creates a net temperature gradient
between the voltage leads in the 90° line. For the Ryy
measurements, the current and voltage leads are along the
0° and the 90° lines, respectively. This leads to the Seebeck
effect in the direction of the temperature gradient. Any
metal (e.g., Pt, Cr, and Au) with a significant Seebeck effect
gives rise to a thermal voltage with an increasing magnitude

(b)

107

340 360 -1

0
Temperature (K) AVyxy/Vxx

(d)
V-
e) 20 500
@ Pt/glass ® Pt/glass e
10 . . 250 -
- Write 1 /./'/ Write2
=) 0 =/'/. % 0 b—a—=2— °
& \.\.\. e e .
\ X — .
=10 Write 2 . “k-zso Write 1 \.\\
-500

20
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
mA mA

FIG. 4. Simulation of temperature distribution for the eight-
terminal patterned Pt/glass structure after applying one-shot
current of density 1.75 x 107 A/cm? along (a) 45° (write 1)
and (c) 135° (write 2) lines. Simulation of Hall signal induced
after one-shot writing current along (b) 45° (write 1) and (d) 135°
(write 2) lines with the relative Seebeck coefficient of 8 uV /K.
(e) The temperature difference between 7| and T and (f) Ryy as
a function of one-shot current pulse along 45° (write 1) and
(c) 135° (write 2) lines.

for each successive writing current 1 (blue) pulse. When
one reverts to the writing current 2 (red), the 135° line is
heated. As compared with Figs. 4(b) and 4(d), the temper-
ature gradient between the voltage leads in the 90° line now
reverses to give an opposite sign of thermal voltage, that
increases with each of the successive writing current pulses.
The simulation values are qualitatively consistent with
experiments with a relative Seebeck coefficient around
8 uV/K [25,26]. These temperature differences and volt-
ages scale sharply with the current as shown in Figs. 4(e)
and 4(f), giving the appearance of recurring Hall resistance
signals, by the same token, the MR voltage as well, as
shown in Supplemental Material Fig. S1 [27]. In addition to
Pt, we have also patterned Cr and Au. As shown in
Supplemental Material Fig. S2 [27], the signals for Cr
are much larger than those of Pt and Au because of the
larger Seebeck coefficient of Cr [29]. These thermal
voltages, intrinsic to the metal layer of Pt, Au, and Cr,
have nothing to do with AFM switching.

Previous studies of AFM switching have noted the
intense heat in the device [30,31]. Some protocols, e.g.,
a pause of 10 s after the writing current pulse before the
electrical measurements, have been used to alleviate the
heating problem. Our measurements reveal that 10 s is far
too short for the intense heat to dissipate. In fact, we have
found a sizable ARyy and temperature gradient remains in
the patterned structures even after one hour. Very high
current density may also anneal the thin films, cause
electromigration and other irreversible damages, causing
permanent changes of the resistance, as shown in
Supplemental Material Fig. S2 [27]. Furthermore, after
the sample has been subjected to a high writing current
pulse, subsequent measurements at a lower current may
reveal a sawtooth of different magnitudes, and in some
cases, even altering the sawtooth shape into steplike signals
[32], as illustrated in Supplemental Material Fig. S3 [27].
Recent experiments also indicate a non-spin-torque origin
of AFM switching [33].

In summary, much attention has been focused recently
on SOT switching of AFM Néel vector employing multi-
terminal patterned structures that show recurring signals in
PHE ARyy and MR ARyy signals. We show in this work
that these voltage and resistance signals may not be
conclusive evidence of SOT switching of AFM, but the
artifacts of the large writing currents beyond the Ohmic
regime through the metallic multiterminal devices. The
prospect of SOT switching of AFM Néel vector encounters
numerous challenges. Many AFMs have complex spin
structures without a well-defined Néel vector. Even for
AFMs that may accommodate a Néel vector, it remains a
challenge to unequivocally detect the AFM Néel vector,
before and after the SOT switching.
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VIEWPOINT

The Heat in Antiferromagnetic

Switching

New experiments suggest that heat might be responsible for the current-induced voltage
signals measured in antiferromagnets, and not a rotation of the material’s spins as

previously thought.

by Barry Zink*

erromagnets—magnetic materials in which the spins

of neighboring atoms align—form permanent mag-

nets whose “sticky” properties have been exploited

in technologies for millennia. But their close mag-
netic cousins the antiferromagnets, materials in which
neighboring spins point in opposite directions, have yet to
find practical use. This lack of use most likely arises from
their pattern of alternating spins, which ties the magnetic
flux up inside the material, making its magnetism difficult
to detect and manipulate. Scientists are now developing
so-called all-electrical methods to control antiferromagnets;
these techniques may finally change this status quo. But
new measurements from Chih-Chieh Chiang from National
Taiwan University and colleagues highlight a problem with
these methods, indicating that switching the pointing direc-

o g
T G

Figure 1: (Left) Platinum (Pt) strips grown on antiferromagnetic
nickel oxide (NiO) films convert charge current to spin current,
which is intended to switch the pointing direction of the insulating
NiO’s spins. The switching is observed via a sawtooth voltage
pattern. However, the Pt heats dramatically when the current is
applied and (right) this heating reproduces the sawtooth pattern
even when no antiferromagnet is present. (APS/Alan Stonebraker)

*Department of Physics and Astronomy, University of Denver, Den-
ver, CO, USA

tions of an antiferromagnet’s spins—a requirement for their
use in devices—with all-electrical methods might be more
difficult than researchers thought [1].

From the first iPod that stored music to today’s server
farms that house the world’s many cat videos, the spins of
ferromagnets—which encode data’s 1’s and 0’s as domains
of up- and down-pointing spins—have been key to making
usable devices for storing information. The success of this
technology has led researchers to ask whether spin might
also be utilized for processing information. To achieve that,
so-called spintronic circuits, which can carry spin currents,
would likely need to become smaller, more stable, and faster
than they are today. That is where antiferromagnetic mate-
rials come in. For data storage, their pattern of alternating
spins reduces the impact of stray or nearby magnetic fields,
potentially reducing data loss by making their bits more sta-
ble. For spin transport, the antiferromagnetic order of the
spins should increase the maximum speed at which a spin
wave can carry magnetic information through the material,
allowing devices made from antiferromagnets to operate
faster than those made from ferromagnets.

Several recent advances have brought antiferromagnets
closer to practical use. In 2014, researchers demonstrated
spin transport through an insulating antiferromagnet. The
achievement could allow for faster and more energy efficient
devices than current devices made from metals or semi-
conductors, as running a spin current through an insulator
causes less heating [2]. More critically, in 2016, researchers
discovered a simple way to electrically “switch” an antifer-
romagnetic bit [3]. Switching involves rotating the axes of
the spins by some angle and is important for writing data.

To electrically switch a magnetic domain, one injects a
current of conduction electrons. The intrinsic angular mo-
mentum, or spin, of these electrons interacts with the orbital
angular momentum of the atoms in the material, generating
a flow of spins called a spin current. If this spin current is
absorbed by the magnetic domain it causes a torque that can
switch the domain. This switching mechanism is therefore
called spin-orbit torque (SOT) switching. SOT switching is a
powerful tool for manipulating ferromagnets [4], and there
are many tools for confirming a switch in these materials.
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The same is not true for antiferromagnets, where proving
that a bit has switched turns out to be more difficult. To ob-
serve the switching in metallic antiferromagnets the authors
of Ref. [3] adapted an electrical measurement that is sensi-
tive to the ordering of the material’s spins. Specifically, they
applied a series of large current pulses to the metallic an-
tiferromagnet with consecutive pulses flowing in opposite
directions. Switching was then monitored via the voltage
induced by the planar Hall effect. A sawtooth pattern in
the voltage was taken as confirmation of antiferromagnetic
switching.

Very shortly after this groundbreaking work on a metallic
antiferromagnet, research groups across the globe applied
the technique to antiferromagnetic insulators, such as nickel
oxide (NiO). In these experiments, the insulator is interfaced
to a metallic layer, most often platinum (Pt). A charge cur-
rent in the Pt generates a spin current that can flow into
the NiO and switch regions of the antiferromagnet’s spins.
Researchers initially relied on the same electrical detection
scheme used for metallic antiferromagnets, and indeed they
saw the characteristic sawtooth pattern. But the new work
demonstrates that this key electrical signature can also be
generated in a device with no magnetic components at all,
leading to questions about the technique’s efficacy for de-
tecting switching.

Chiang and colleagues started by depositing 4-nm-thick
Pt strips in a star configuration on top of a 60-nm-thick NiO
film grown on a silicon substrate (Fig. 1). This device re-
produced those commonly used for Pt/NiO SOT switching
experiments. Applying charge current pulses of about 30
mA that were intended to generate spin currents that would
reorient the NiO’s spins, the team observed the characteristic
sawtooth voltage pattern. In a second device, the researchers
replaced the silicon with glass, a poor conductor of heat, and
observed a large increase in the magnitude of the sawtooth
voltage. This result is unexpected, since the NiO layer was
nominally similar in both experiments. Finally, in a third de-
vice they deposited the Pt directly on glass, removing the
magnetic material entirely (Fig. 1). The sawtooth signal re-
mained and had an even larger magnitude than either of the
signals detected for the other two devices. This dramatic re-
sult clearly shows that the electrical signal observed in these
experiments cannot be evidence of switching of the insulat-
ing antiferromagnet.

Using computer models, Chiang and colleagues make
a strong case that the sawtooth voltage pattern is instead
caused by heat generated in the Pt strips. This heat drives
thermoelectric voltages that persist for surprisingly long pe-
riods of time, even up to one hour. The warmed Pt and
the resulting thermal gradients that develop between the
various Pt strips depend on the heat conductivity of the un-
derlying substrate, which is why glass, with its low heat
conductivity, causes larger voltages. Thermal gradients of
this sort frequently arise in spintronic devices and offer chal-

lenges and opportunities in their use [5].

Questions remain regarding the details of the physical
mechanism generating the sawtooth signals, which could
involve electromigration—the transport of electrons due to
the presence of an electric field. Chiang et al.’s work raises
concerns that we must resolve to realize spintronic devices
based on insulating antiferromagnets. However, the re-
searchers may paint with too broad a brush when they
question whether SOT switching has been demonstrated in
antiferromagnets at all. This concern ignores a good deal
of evidence in favor of antiferromagnetic switching, includ-
ing the demonstration of a memory element using CuMnAs,
a metallic antiferromagnet [6], and of imaging techniques
that show modification of antiferromagnetic domains in re-
sponse to charge currents [7-12]. Techniques ranging from
synchrotron x-ray measurements to novel thermal scanning
probe microscopy have also provided clear proof of switch-
ing in both metallic and insulating antiferromagnets, though
never with the uniform domain reversal seen in ferromag-
nets [4]. All of these other techniques are much slower to
implement than electrical ones, so measurements are made
long after the heating caused by “writing” currents has dis-
sipated.

Chiang et al.’s work could explain a puzzling aspect of
the switching experiments. A large voltage signal is often
detected from what imaging techniques show is quite mi-
nor realignment of the antiferromagnetic domain pattern.
Perhaps the nonmagnetic heating effect that Chiang and
colleagues observe provides the signal’s origin. If so, that
would potentially resolve this mystery. The team also high-
lights a number of other puzzles that need to be solved to
continue progress in the field. For example, does an anti-
ferromagnetic film that is only a few nanometers thick have
the same spin structure as the bulk material? Do the dif-
ferent interfaces, which arise from varying the substrate,
modify the spin-orbit coupling throughout the film stack?
Perhaps most importantly, does an artifact-free electrical
method exist for detecting antiferromagnetic switching in
insulators? These questions highlight the difficulty in har-
nessing antiferromagnets, but answering them could yet put
antiferromagnets to very practical use.

This research is published in Physical Review Letters.
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