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Interesting and useless — this was the common perception of 
antiferromagnets expressed quite explicitly, for example, in the 
1970 Nobel lecture of Louis Néel1. Connecting to this traditional 

notion, we can define antiferromagnetic spintronics as a field that 
makes antiferromagnets useful and spintronics more interesting. 
Below we give an overview of this emerging field, the aim of which 
is to complement or replace ferromagnets in the active components 
of spintronic devices. First, we recall some of the field’s key physi-
cal roots and the initial concepts of spintronic devices based on 
antiferromagnetic counterparts of the non-relativistic giant mag-
netoresistance and spin-transfer-torque phenomena2. We then 
focus on the electrical reading and writing of information, com-
bined with robust storage, that can be realized in antiferromagnetic 
memories through magnetoresistance and spin torque effects, in 
which the relativistic spin–orbit coupling plays the primary role3,4. 
Related to these topics is research into spintronic devices in which 
antiferromagnets act as efficient generators, detectors and trans-
mitters of spin currents. This will lead us to studies that have 
explored fast dynamics in antiferromagnets5 and different types of 
antiferromagnetic material, ranging from insulators to supercon-
ductors. We also comment on the relation between crystal anti-
ferromagnets and synthetic antiferromagnets, the latter of which 
play an important role in spintronic sensor and memory devices6. 
In concluding remarks we outline some of the envisioned future 
directions of research and potential applications of antiferromag-
netic spintronics.

Equilibrium properties and magnetic storage
Our understanding of the equilibrium properties of ferromagnets 
has been guided by the notion of a global molecular field, which 
was introduced by Pierre Weiss1. The theory starts from the Curie 
law for paramagnets, for which susceptibility is inversely propor-
tional to temperature, χ−1 ≈ T. It further assumes that the externally 
applied uniform magnetic field is accompanied in ferromagnets 
by a uniform internal molecular field λM, which is proportional 
to the magnetization M and the Weiss molecular field constant λ. 
The high-temperature inverse susceptibility of ferromagnets is then 
described by the Curie–Weiss law χ−1 ≈ T − θ, where θ (> 0) is the 
Curie constant, which is proportional to λ. The microscopic origin 

Antiferromagnetic spintronics
T. Jungwirth1,2*, X. Marti1, P. Wadley2 and J. Wunderlich1,3

Antiferromagnetic materials are internally magnetic, but the direction of their ordered microscopic moments alternates 
between individual atomic sites. The resulting zero net magnetic moment makes magnetism in antiferromagnets externally 
invisible. This implies that information stored in antiferromagnetic moments would be invisible to common magnetic probes, 
insensitive to disturbing magnetic fields, and the antiferromagnetic element would not magnetically affect its neighbours, 
regardless of how densely the elements are arranged in the device. The intrinsic high frequencies of antiferromagnetic dynam-
ics represent another property that makes antiferromagnets distinct from ferromagnets. Among the outstanding questions 
is how to manipulate and detect the magnetic state of an antiferromagnet efficiently. In this Review we focus on recent works 
that have addressed this question. The field of antiferromagnetic spintronics can also be viewed from the general perspectives 
of spin transport, magnetic textures and dynamics, and materials research. We briefly mention this broader context, together 
with an outlook of future research and applications of antiferromagnetic spintronics.

of the molecular field was explained by Heisenberg in terms of the 
exchange interaction between neighbouring magnetic atoms that 
favours parallel alignment of their magnetic moments, leading to 
ferromagnetic order with a large macroscopic moment below the 
Curie temperature.

In the early 1930s, Néel was drawn to the problem that some 
materials containing magnetic elements and showing zero rema-
nence at all temperatures did not follow the paramagnetic Curie 
law1. Instead, they obeyed the Curie–Weiss law at high temperatures 
with negative θ, and showed a nearly constant susceptibility at low 
temperatures. Because at high temperatures magnetic atoms with 
strongly thermally fluctuating moments can be considered identi-
cal, the global molecular field could still be invoked, albeit with a 
negative λ to explain the negative Curie constant. Néel pointed out 
that the microscopic origin of the negative Weiss molecular field is 
in the exchange interaction between neighbouring magnetic atoms 
that favours antiparallel alignment of their moments. He empha-
sized that this interaction is incompatible with a low-temperature 
ordered state described by a global uniform molecular field. Instead, 
he introduced the concept of a local molecular field that can vary at 
interatomic length scales1.

Using an example of two interlaced cubic sublattices, Néel 
described a new type of magnetic order in which the local molecu-
lar field has opposite signs on the two sublattices, thus stabilizing a 
spontaneous magnetization of one sign on the first sublattice and of 
the opposite sign on the second sublattice. In magnetically isotropic 
systems — that is, when neglecting the relativistic coupling between 
spins and the lattice — an infinitesimally weak external magnetic field 
would align the antiparallel sublattice magnetizations along an axis 
perpendicular to the applied field. With increasing field strength, the 
magnetic sublattices would increasingly tend to cant their moments 
towards the field. This would lead to the development of a non-zero 
net moment whose amplitude is inversely proportional to the local 
molecular field constant (that is, proportional to the exchange cou-
pling between the sublattices), proportional to the external magnetic 
field and independent of temperature. This was Néel’s explanation 
of the constant low-temperature susceptibility seen, for example, in 
the elemental metal of Cr and later in a number of systems called 
antiferromagnets1.
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Figure  2a shows a fixed-ferromagnet/antiferromagnet bilayer 
excited by a vertical electrical current21. Here the injected spin polar-
ization from the reference ferromagnet is the same for both spin 
sublattices in the antiferromagnet, that is, p1 = p2 = p. The field-like 
STT in the antiferromagnet would then be driven by a uniform non-
staggered effective field ~p; that is, it would be equally inefficient 
as a uniform external magnetic field acting on an antiferromagnet.

The (anti)damping-like STT acting in the geometry of Fig. 2a is 
conceptually illustrated in Fig.  2b,c21. Local non-equilibrium spin 
polarizations driving the (anti)damping-like STT, s1 ≈ M1 × p and 
s2 ≈ M2 × p, have opposite sign on the two spin sublattices because 
M1 = −M2. The corresponding non-equilibrium field ~si is therefore 
also staggered, which makes it equally efficient in the antiferromag-
net as uniform current-induced fields that generate (anti)damping-
like STTs in ferromagnets. For a uniform injection polarization 
p, the (anti)damping-like STT is an even function of the global 
magnetization in ferromagnets (T ≈ M ×  (M × p)) or local spin-
sublattice magnetization in antiferromagnets (Ti ≈ Mi × (Mi × p)). 
The comparable efficiency in both types of magnetic system reminds 
us of Néel’s general principle of the similarity between ferromagnets 
and antiferromagnets in quantities that are an even function of M. 
In summary, large reorientations of antiferromagnetic moments 
using weak effective current-induced fields, comparable with the 
anisotropy fields (possibly reduced by the damping factor), require 
staggered local effective fields, that is, uniform non-staggered local 
torques (Fig. 2c).

The efficient (anti)damping-like STT in the geometry of Fig. 2a 
can induce switching from a parallel to a perpendicular configu-
ration of the antiferromagnetic moments with respect to the fixed 
ferromagnet (Fig. 2b). However, this is independent of the polarity 
of the vertical electrical current, so the antiferromagnet cannot be 
electrically switched back to the parallel configuration21. Moreover, 
the structure comprises the auxiliary reference ferromagnet, which 
diminishes some of the merits of spintronics based on antiferro-
magnets alone.

When using an antiferromagnet instead of a ferromagnet as 
the reference spin injector, the polarization pi of the transmit-
ted electrons through the reference antiferromagnet can oscillate 
with a period commensurate with its antiferromagnetic order22,23. 
By adding to the structure a second, free antiferromagnet with a 
commensurate lattice, one can infer from the above considera-
tions the symmetries of the STTs acting in the second antiferro-
magnet. Because p1  =  −p2 is staggered in this case, the effective 
field si ≈ Mi × pi, which drives the (anti)damping-like STT, is non-
staggered and therefore inefficient. In this case the efficient torque is 
the field-like STT driven by a staggered, magnetization-independent 
effective field ~pi. As mentioned above, the field-like STT tends to 
have the weaker amplitude of the two types of torque in common 
transition metals. Moreover, microscopic calculations have shown 
that in these all-antiferromagnetic spin valves, the non-relativistic 
STTs are subtle, spin-coherent quantum interference phenomena 
that rely on perfectly epitaxial and commensurate multilayers2,22,23. 
This may explain why the STT in antiferromagnetic spin-valves has 
not yet been identified experimentally.

Disorder is also detrimental to the reading scheme proposed for 
the antiferromagnetic spin-valves within the framework of non-
relativistic spintronics2,22. The proposal refers to the giant/tunnel-
ling magnetoresistance (GMR/TMR) in ferromagnetic spin-valves 
that contain a conductive/insulating non-magnetic spacer whose 
resistance depends on the relative orientation of the magnetiza-
tion in the reference and free ferromagnets7. In antiferromagnetic 
spin-valves with perfectly epitaxial commensurate multilayers, 
it is the relative orientation of the local spins on the last atomic 
planes of the two antiferromagnets facing each other across the 
non-magnetic spacer that determines the readout resistance sig-
nal22. The difficulty in observing the effect experimentally has cast 

doubts on the ability to detect by practical means any effects of cur-
rent on the magnetic order of an antiferromagnet2. The attention 
within the non-relativistic spintronics framework has thus returned 
to interfaces of antiferromagnets with ferromagnets2,5,21,24–27 and 
to the indirect observation of effects in the antiferromagnet by 
measuring induced magnetic signals in the adjacent exchange-
coupled ferromagnet2,28–31.

Electrical writing and reading by relativistic effects. Relativistic 
physics provides the means for electrical readout of the orienta-
tion of the antiferromagnetic moments in bulk antiferromagnets 
and interfaces3. To understand this we recall Néel’s principle of the 
correspondence between ferromagnets and antiferromagnets in 
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Figure 3 | Readout by antiferromagnetic ohmic AMR. a, Schematic of FeRh 
memory. For writing, the sample is cooled in a field HFC from a temperature 
above the antiferromagnetic–ferromagnetic transition in FeRh. Black arrows 
denote the orientation of the magnetic moments in the ferromagnetic 
phase, whereas red and blue arrows denote two distinct configurations 
of the magnetic moments in the antiferromagnetic phase. j is the readout 
current. b, Resistance, R, measured at room temperature and zero 
magnetic field after field-cooling the sample with field parallel (blue) and 
perpendicular (red) to the current direction. c, Stability of the two memory 
states after field-cooling (blue dot and red square) at room temperature, 
tested by measuring the resistance while rotating a 1 T magnetic field. The 
states cannot be erased by fields as high as 9 T. Figure reproduced from 
ref. 10, Nature Publishing Group.
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spin transport in AFM insulators

H. Wang et al., Phys. Rev. B 91, 220410(R) 2015

H. Wang et al., PRL 113, 097202 (2014)

YIG/NiO transparency>1

 Moriyama et al. APL 106, 162406 (2015)

Py/NiO transparency~0.8



neutron scattering:

probe of spin fluctuation

determine ordering temperature

spin current: pure spin beam

Our guess: spin current as desktop neutron source?



spin current in AFM: desktop neutron experiment?

Spin pumping
     (Generate spin current)

Y. Kajiwara et al., Nature 464,262

Inverse spin Hall effect
     (detect spin current)
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Results and discussion

• Susceptibility of CoO film
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Results and discussion
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Enhanced spin pumping by antiferromagnetic IrMn thin films around the 

magnetic phase transition 
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Abstract 

We report measurements of a spin pumping effect owing to fluctuating IrMn 

antiferromagnets. Spin injection by a precessing NiFe ferromagnet into IrMn spin sinks is 

used and enhanced damping is observed around the IrMn magnetic phase transition. Our data 

are compared to a recent theory and converted into interfacial spin mixing conductance 

enhancements. By spotting the spin pumping peak, we also determined the thickness 

dependence of the IrMn critical temperature and deduced the characteristic length for the 

spin-spin interactions, which has been inaccessible to experiments. 

 

 

Keywords: spin pumping, spin absorption, phase transition, antiferromagnets spintronics 
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spin pumping spin Seebeck SMR

Pt/YIG

Pt/AFM/YIG ?



Spin Hall magnetoresistance (SMR)
in metal/Ferromagnetic insulator

H. Nakayama et al., PRL 110, 206601 (2013)
Yan-Ting Chen et al., PRB 87, 144411 (2013)



positive SMR in many systems…

Junyeon Kim et al., PRL 116, 097201 (2016)

Isasa et al. APL 105, 142402 (2014) Johannes Lotze et al., PRB 90, 174419 (2014)



..so far so good, but…

T. Shang et al., APL 109, 032410 (2016).

why the SMR sign change?
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SMR in our Pt/NiO/YIG

Negative SMR in Pt/NiO/YIG is a fact!

does not explain



SMR measurement

spin pumping measurement
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FIG. 3. (a), The SMR ratio measured in Pt/NiO(dNiO)/YIG
devices with di↵erent NiO thickness dNiO at various temper-
atures, which shows that the SMR sign change temperature
is lower for a thinner NiO sample. The SMR ratio peak posi-
tions are marked by arrows. Negative SMR at low tempera-
tures can be observed for all the NiO thickness except dNiO=
30 nm. The dashed curves are the fitting based on Eq. (2).
(b), VISHE in Pt/NiO/YIG devices versus temperature from
spin pumping measurement. The peak positions are marked
by arrows, which are found to be close to the SMR ratio peak
positions marked in Figure 2a. The inset shows the normal-
ized VISHE temperature dependence.

in Pt/CoO/YIG [24]: spin transmission is nearly zero for
low temperature limit and increases with temperature to
reach the maximum around the Néel point. At room
temperature, VISHE shows a non-monotonic dNiO depen-
dence, which is consistent with previous result. Fig. 3(b)
inset shows the normalized VISHE temperature depen-
dence, in which the data for dNiO = 5.4 nm, 7 nm and 15
nm collapse into a single curve. This confirms that the
VISHE is governed by the NiO spin conductivity, which
shows the same T dependence when NiO is thick enough
to exhibit bulk property. For dNiO = 30 nm, VISHE is
below our measurement sensitivity 5 nV.

An important conclusion can be drawn by combining
the results from SMR and spin pumping measurements:
the negative SMR does not rely on the spin transmis-
sion between Pt and YIG, because it reaches the largest
magnitude for the lowest temperature at which NiO spin

conductivity vanishes. This argument can be further sup-
ported by the fact that the negative SMR is present even
for dNiO= 15 nm, where the NiO spin conductivity is
nearly zero throughout the entire temperature range. It
indicates that the negative SMR is not caused by the
magnetic moment of the YIG layer but that of the NiO
layer, which is beyond any model based on spin commu-
nication between YIG and Pt [10].
Let us next provide an explanation for the negative

SMR. The SMR in the trilayer system in this experiment
is governed by the spin current through the Pt/NiO in-
terface, which also reflects the e↵ect of the presence of
the NiO/YIG interface. The sign change and the thick-
ness dependent behavior can be understood by assum-
ing a ‘spin-flop’ coupling between NiO and YIG [27, 31],
which means the antiferromagnetic axis (Néel vector unit
nAFM) in NiO is perpendicular to the YIG magnetization
unit vector mFI as illustrated in Fig. 4(a). Although a
perpendicular coupling has not yet been confirmed ex-
perimentally for NiO on YIG, spin-flop coupling between
NiO and other ferromagnets is quite common and well
understood[27, 32, 33]. For dNiO below the domain wall
width ⇠ 15 nm [34], which is the case for nearly all the
samples, nAFM tends to be uniform in NiO, which is
strongly coupled with YIG and can be manipulated by
magnetic field [35]. Thus, nAFM is always perpendicu-
lar to H below the Néel temperature, because the mFI

is parallel to H. In the low temperature limit, e.g. 10
K, the spin current generated in Pt can not penetrate
through the NiO, thus the SMR signal is only caused
by the NiO layer. The NiO local moments perpendicu-
lar to H gives rise to a 90-degree phase shift in the SMR
field angular dependence with respect to the conventional
SMR [9]. Such a 90-degree phase shift in a four-fold SMR
field angular dependence is equivalent to a sign reversal
in the conventional definition of MR, which explains the
negative SMR in Pt/NiO/YIG at low temperatures. For
dNiO= 30 nm which is beyond the domain wall width,
nAFM at the Pt/NiO interface decouples with mFI and
does not respond to H, which explains the vanishing of
the negative SMR.
At higher temperatures, but below the Néel point,

antiferromagnetic order is maintained but the spin cur-
rent from Pt has some transmission through NiO, which
makes the e↵ect of the YIG more visible as illustrated
in Fig. 4(b). The negative SMR contribution from NiO
and positive SMR contribution from YIG compete with
each other. With increasing temperature, NiO becomes
more transparent to the spin current, so the SMR con-
tribution from YIG is enhanced. The SMR from NiO
may also be suppressed because of the attenuation of the
antiferromagnetic order at elevated temperatrues. As a
result, the zero point of the SMR occurs at a temperature
where the antiferromagnet is still in the ordered phase.
Thinner NiO layers have a lower Néel point due to the fi-
nite size e↵ect [36], hence the SMR also changes the sign

  SMR sign change point depends on NiO thickness
  negative SMR persists when spin current blocked by NiO



We need a scenario in which NiO dominates SMR at low T!

spin-flop coupling between NiO and FM

T. C. Schulthess,W. H. Butler, PRL, 81, 20 (1998)

J. Wu et al., PRL 104, 217204 (2010)

AFM SMR

 Aurelien Manchon, arXiv:1609.06521v1

Spin Hall magnetoresistance in antiferromagnet/normal metal bilayers

Aurélien Manchon
King Abdullah University of Science and Technology (KAUST),

Physical Science and Engineering Division (PSE), Thuwal 23955-6900, Kingdom of Saudi Arabia

We predict the emergence of spin Hall magnetoresistance in a magnetic bilayer composed of a
normal metal adjacent to an antiferromagnet. Based on a recently derived drift-di↵usion equation,
we show that the resistance of the bilayer depends on the relative angle between the direction
transverse to the current flow and the Néel order parameter. Although this e↵ect presents striking
similarities with the spin Hall magnetoresistance recently reported in ferromagnetic bilayers, in the
present case its physical origin is attributed to the anisotropic spin relaxation of itinerant spins in
the antiferromagnet.

Transition metal multilayers have received a renewed
interest lately with the search for current-driven spin-
orbit torques1–4 and thermally-driven spin transport5 in
these systems. While bulk transition metal ferromagnets
possess an anomalous conductivity tensor - hence display-
ing anisotropic magnetoresistance6 and anomalous Hall
transport7 -, it has been recently realized that ultrathin
films also display a peculiar form of the conductivity ten-
sor. In particular, it has been shown that multilayers in-
volving heavy metals possess a sizable anisotropic magne-
toresistance with symmetries di↵erent from the one tradi-
tionally found in bulk ferromagnets8. While anisotropic
magnetoresistance in bulk polycrystalline films6 depends
on the angle between the flowing current j

c

and the mag-
netization direction, m, i.e. ⇠ (m · j

c

)2, in ultrathin
films an additional (interfacial) anisotropic magnetore-
sistance emerges that depends on the angle between the
magnetization and the direction transverse to the cur-
rent flow, ⇠ [m · (z⇥ j

c

)]2, where z is the normal to the
multilayer interfaces. Various origins have been proposed
to explain this e↵ect, such as anisotropic spin scattering
arising from semiclassical size e↵ect8,9, interfacial Rashba
spin-orbit coupling10,11 and spin Hall e↵ect taking place
in the normal metal adjacent to the ferromagnet12,13.
Now confirmed in a wide range of transition metal mag-
netic bilayers14–16, this e↵ect is usually designated under
the broad name of ”spin Hall magnetoresistance” (SMR).

The research reported to date on the transport prop-
erties of ferromagnets has recently been extended to an-
tiferromagnets, where spin-orbit torques17,18 and spin
Seebeck e↵ect19–21 have been explored. The field of
antiferromagnetic spintronics is now blooming, bearing
promises for potential spin-based devices22,23. In his No-
bel lecture, Néel stated that any properties of ferromag-
nets that are even under magnetization reversal should
also exist in antiferromagnets24. As a matter of fact, bulk
anisotropic magnetoresistance25–27, as well as tunneling
anisotropic magnetoresistance28–30 have been observed in
several metallic antiferromagnets already and signatures
of spin-orbit torques have been reported in antiferromag-
netic bilayers31,32. In this work, using a recently derived
drift-di↵usion model33, we demonstrate that metallic bi-
layers composed of an antiferromagnet adjacent to a nor-
mal metal also exhibit spin Hall magnetoresistance, in a

similar manner as their ferromagnetic counterparts.

FIG. 1. (Color online) Schematics of the antiferromagnetic
bilayer. The antiferromagnet (AF - yellow) is adjacent to
a normal metal (NM - green). Due to spin-orbit coupling
inside the normal metal, a flowing charge current along x
(thick white arrow) creates a spin current flowing along z and
polarized along y (thick pink arrow). The small black arrows
represent the magnetic moments in the antiferromagnet.

The system we consider is depicted in Fig. 1. A
collinear, bipartite antiferromagnet (yellow) is deposited
on top of a normal metal (green). The current is injected
along x and the interface is normal to z. The antiferro-
magnet possesses a G-type (checkerboard) magnetic con-
figuration, characterized by its Néel order parameter n.
The normal metal possesses spin-orbit coupling so that
a spin Hall e↵ect emerges: a flowing charge current j

c

creates a spin current J z

s

= (✓sh/e)ei ⇥ j

c

, where J i

s

is
the i-th spatial component of the spin current and ✓sh
is the spin Hall angle. Notice that J

s

is a 3⇥3 tensor,
while j

c

is a three dimensional vector. The spin di↵usion
equations in the normal metal read34,35

�e@
i

J i

s

/N =
1

⌧Nsf
µ, (1)

eJ i

s

= ��N@iµ+ ✓Nsh(ei ⇥r)µ
c

. (2)

Here µ
c

(µ) is the scalar (vector) of spin-dependent (spin-
independent) electrochemical potential, N is the density
of states and �N is the conductivity in the normal metal.
In a recent work, we derived the drift-di↵usion equa-

tion for collinear, bipartite antiferromagnets based on
quantum kinetic principles33. In this model, the metal-
lic antiferromagnet is composed of two magnetic sublat-
tices, say A and B, aligned antiferromagnetically with
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Summary of phenomenological explanation: 
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decompose of the spin current from Pt into two: 

NiO SMR YIG SMR
Expression for SMR: 

data fitting 
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Insulator/Y3Fe5O12 Interface
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Spin Hall magnetoresistance (SMR) has been observed in Pt=NiO=Y3Fe5O12 (YIG) heterostructures
with characteristics very different from those in Pt=YIG. This phenomenon indicates that a spin current
generated by the spin Hall effect in Pt transmits through the insulating NiO and is reflected from the
NiO=YIG interface. The SMR in Pt=NiO=YIG shows a strong temperature dependence dominated by
effective spin conductance, due to antiferromagnetic magnons and spin fluctuation. Inverted SMR has been
observed below a temperature which increases with the NiO thickness, suggesting a spin-flip reflection
from the antiferromagnetic NiO exchange coupled with the YIG.

DOI: 10.1103/PhysRevLett.118.067202

Recent advents in spintronics have led to the exploitation
of pure spin current, which efficiently transports spin
angular momentum without being accompanied by a
charge current, thus generating no Oersted field and less
Joule heating [1–9]. Pure spin current phenomena, such as
nonlocal spin injection [1,2], spin pumping [3,4], the spin
Hall effect (SHE) [5,6], the inverse spin Hall effect (ISHE)
[7,8], and the spin Seebeck effect (SSE) [9], have been
explored in heterostructures consisting of normal metals
(NMs), ferromagnetic (FM) metals, ferromagnetic insula-
tors (FMIs) [1–4,6,8], and very recently, also antiferro-
magnetic (AFM) materials [10–20]. It has been observed
using spin pumping and the SSE that a thin antiferromag-
netic insulator (AFI), such as NiO and CoO, when inserted
between a NM layer and a ferrimagnetic insulator yttrium
iron garnet (YIG ¼ Y3Fe5O12) as in NM=AFI=YIG not
only transmits but also enhances spin current by as much as
one order of magnitude [12–15]. The spin current enhance-
ment exhibits a maximum near the Néel temperature TN of
the thin AFM layer, highlighting the central role of spin
fluctuations in the AFM layer [15–18]. These attributes of
AFMs may facilitate new roles in pure spin current
phenomena and devices, which thus far have largely
excluded AFM materials.
Thanks to the spin Hall magnetoresistance (SMR), first

observed in NM=FMI structures such as Pt=YIG [21–27],
the spin current reflection at the NM=FMI interface can be
detected electrically. According to the SMR theory [23,24],
spin current JSHS generated by the SHE in Pt is either
reflected (Mjjσ, where σ is spin current polarization) or
absorbed (M⊥σ) at the Pt=YIG interface. Then, the
reflected spin current JrS is converted to an additional
charge current JISHC due to the ISHE in Pt, where
JISHC ∝ JrS × σ. Thus, it leads to a decrease of the measured
resistance in Pt, because the direction of JISHC is parallel to
that of the applied charge current JC [23,24].

In this Letter, we show that the SMR in NM=AFI=YIG
heterostructures (NM ¼ Pt or W, AFI ¼ NiO or CoO)
reveals spin current reflection from the AFI=FMI interface,
aswell as enhanced transmission through theAFI layer. Note
that the SMR in NM=AFI=YIG quantifies magnon spin
current reflection from an AFI=FMI interface, rather than
spin current reflection from a NM=FMI interface as in the
conventional SMR. Importantly, the SMR in Pt=NiO=YIG
shows a strong temperature dependence dominated by
effective spin conductance, completely different from that
in Pt=YIG. We have observed inverted SMR in the
Pt=NiO=YIG at low temperatures, suggesting a spin-flip
reflection from the AFM NiO exchange coupled with
the YIG.
We used magnetron sputter to deposit thin films onto

polished polycrystalline YIG substrates with 0.5 mm thick-
ness via dc Ar sputtering for Pt and W, reactive Ar þ O2

sputtering for NiO, and rf Ar sputtering for CoO at ambient
temperature. X-ray diffraction shows all the layers are
polycrystalline, as shown in Fig. 1(a). The films were
patterned into 5 mm long Hall bar structures with 0.2 mm
wide lines 1.5 mm apart by photolithography. As sketched
in Fig. 1(b), the magnetoresistance (MR) of the wire was
measured with current I in the long segment (x) and
voltage measured at the two short segments. The measured
resistance depends on the direction of the magnetizationM
of the underlying YIG as aligned by a magnetic field. In
particular, with M in the film plane, one measures
longitudinal R∥ (M along x and ∥ I) and transverse RT
(M along y and ⊥ I) and, with M out of the film plane,
perpendicular R⊥ (M along z and ⊥ I). The magnetic field
H was applied in the xy, yz, and zx planes with angles α, β,
and γ relative to the x, z, and x directions, respectively.
Figure 1(c) shows the MR of the Ptð3Þ=NiOð1Þ=YIG

(the numbers in parentheses are thickness in nanometers) at
temperature T ¼ 300 K with a field along the x and y axes
for R∥ and RT , respectively, and showing R∥ > RT . In
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Pt=YIG shows a weak T dependence, whereas those of
Pt=NiO=YIG show very strong T dependences. The
ΔR=R0 of Pt=NiO=YIG shows a broad maximum at high
temperatures similar to that of the enhancement of effective
spin conductance due to AFM magnons and spin fluc-
tuation [15–17]. As found in our previous work using the
SSE [15], the spin conductance has a maximum near the TN
of the NiO layer that increases with the NiO thickness due
to the finite-size effects.
The ΔR=R0 in the Pt=YIG is always positive at the

measured T range. Notably, there is a specific temperature
T!, at which the ΔR=R0 of Pt=NiO=YIG crosses zero. T! is
lower than theTN of theNiO layer and increaseswith theNiO
thickness. AtT!,R does not changewith either the amplitude
or the direction of the applied field, as shown inFigs. 3(b) and
3(c) for the Ptð3Þ=NiOð1Þ=YIG at T! ¼ 130 K. As T < T!,
the ΔR=R0 becomes negative. This is illustrated in Fig. 3(b)
for Ptð3Þ=NiOð1Þ=YIG at T ¼ 60 K, with R∥ < RT , oppo-
site to that at T ¼ 300 K [Fig. 1(c)]. The angular scan
[Fig. 3(c)] for the Ptð3Þ=NiOð1Þ=YIG at T ¼ 60 K also
shows exactly the opposite to that T ¼ 300 K [Fig. 1(d)].
The inverted SMR behaves as R⊥ ≈ R∥ < RT , consistent
with a very recent observation at low temperatures [28].
From the theory of SMR for the NM=YIG structure [24],

the SMR ratio can be expressed approximately as

ΔR
R0

≈ θ2SH
λ2N
tN

2Grtanh2ð tN
2λN

Þ
σN þ 2λNGrcothðtNλNÞ

; ð1Þ

where θSH, λN , tN , and σN are the spin Hall angle, spin
diffusion length, thickness, and electrical conductivity of
the NM, respectively, and Gr is the real part of spin mixing
conductance at the NM=YIG interface.
In Pt=YIG and Pd=YIG, Gr at the NM=YIG interface is

known to be barely T dependent [27,29]. The T dependence
of λN gives rise to that of SMR in NM=YIG, as noted
previously [27,29]. Neglecting the small negative SMR at
low temperatures for the moment, one can use Eq. (1) to
calculate the effectiveGr from themeasured SMR, as shown
in Fig. 3(d), where the ΔR=R0 is offset by −1.2 × 10−4 for
subtracting the negative SMR, θSH ¼ 0.07, λN follows 1=T
from1.5 nm atT ¼ 300 K to 4 nm atT ¼ 10 K, tN ¼ 3 nm,
σN ¼ 1.2 × 106=ð1þ 10−3 TÞ Ω−1m−1. We find that the T
dependences of λN and σN of Pt cannot account for the T
dependence of the observed SMR in the Pt/NiO/YIG. The
effectiveGr in the Pt=NiO=YIG can be much larger than the
Gr in the Pt=YIG (about 1 × 1014 Ω−1m−2). Therefore, the
T dependence of SMR in the Pt=NiO=YIG is dominated by
that of the effective Gr, quite different from that in Pt=YIG.
The effective Gr of the NiO and its interfaces to the Pt and
YIG varies strongly with T, consistent with that we observed
using the SSE [15], which is due to AFMmagnons and spin
fluctuation mediated spin current transport [15–18]. In the
presence of the NiO layer, the role of T-dependent spin
conductance becomes important to the SMR.
The SMR of Pt=NiO=YIG not only exhibits strong T

dependence but also changes sign. To address this unusual
inverted SMR, we need to locate its source. We use 1 nm
thick Cu as an insertion layer because of its negligible spin
Hall angle and MR [23]. In Fig. 4(a), we show the
T dependences of the SMR in Ptð3Þ=Cuð1Þ=YIG,
Ptð3Þ=NiOð1Þ=Cuð1Þ=YIG, and Ptð3Þ=Cuð1Þ=NiOð1Þ=
YIG. Only the SMR of Ptð3Þ=Cuð1Þ=NiOð1Þ=YIG shows
negative at low temperatures, similar to that of
Ptð3Þ=NiOð1Þ=YIG. The absence of negative SMR in
the Pt=NiO=Cu=YIG at a low temperature reveals the
crucial role of the exchange-coupled NiO=YIG interface.

FIG. 3. (a) Temperature dependences of the SMR ratio in
the Ptð3Þ=YIG, Ptð3Þ=NiOð0.6Þ=YIG, Ptð3Þ=NiOð1Þ=YIG,
and Ptð3Þ=NiOð2Þ=YIG at the 0.5 T field. (b) R of the
Ptð3Þ=NiOð1Þ=YIG at T ¼ 130 K and 60 K as a function of
H along the x axis (R∥) and the y axis (RT), respectively.
(c) Angular dependence of R in Ptð3Þ=NiOð1Þ=YIG under the
0.5 T field at T ¼ 130 and 60 K. (d) Deduced effective Gr as a
function of T in the Ptð3Þ=NiOð0.6Þ=YIG, Ptð3Þ=NiOð1Þ=YIG,
and Ptð3Þ=NiOð2Þ=YIG from the measured SMR ratio with
subtracting the negative SMR.

FIG. 4. (a) Temperature dependences of the SMR ratio in
the Ptð3Þ=Cuð1Þ=YIG, Ptð3Þ=NiOð1Þ=Cuð1Þ=YIG, and Ptð3Þ=
Cuð1Þ=NiOð1Þ=YIG at the 0.5 T field. (b) Schematic of spin
transport in the Pt=NiO=YIG as T < T!. Spin current generated
by the SHE in the Pt transmits through the NiO and is reflected
from the NiO as Mjjσ. The spin current flowing back from the
NiO to the Pt can be dominated with spin current polarization
along þy as T < T!.
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temperatures similar to that of the enhancement of effective
spin conductance due to AFM magnons and spin fluc-
tuation [15–17]. As found in our previous work using the
SSE [15], the spin conductance has a maximum near the TN
of the NiO layer that increases with the NiO thickness due
to the finite-size effects.
The ΔR=R0 in the Pt=YIG is always positive at the

measured T range. Notably, there is a specific temperature
T!, at which the ΔR=R0 of Pt=NiO=YIG crosses zero. T! is
lower than theTN of theNiO layer and increaseswith theNiO
thickness. AtT!,R does not changewith either the amplitude
or the direction of the applied field, as shown inFigs. 3(b) and
3(c) for the Ptð3Þ=NiOð1Þ=YIG at T! ¼ 130 K. As T < T!,
the ΔR=R0 becomes negative. This is illustrated in Fig. 3(b)
for Ptð3Þ=NiOð1Þ=YIG at T ¼ 60 K, with R∥ < RT , oppo-
site to that at T ¼ 300 K [Fig. 1(c)]. The angular scan
[Fig. 3(c)] for the Ptð3Þ=NiOð1Þ=YIG at T ¼ 60 K also
shows exactly the opposite to that T ¼ 300 K [Fig. 1(d)].
The inverted SMR behaves as R⊥ ≈ R∥ < RT , consistent
with a very recent observation at low temperatures [28].
From the theory of SMR for the NM=YIG structure [24],

the SMR ratio can be expressed approximately as
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where θSH, λN , tN , and σN are the spin Hall angle, spin
diffusion length, thickness, and electrical conductivity of
the NM, respectively, and Gr is the real part of spin mixing
conductance at the NM=YIG interface.
In Pt=YIG and Pd=YIG, Gr at the NM=YIG interface is

known to be barely T dependent [27,29]. The T dependence
of λN gives rise to that of SMR in NM=YIG, as noted
previously [27,29]. Neglecting the small negative SMR at
low temperatures for the moment, one can use Eq. (1) to
calculate the effectiveGr from themeasured SMR, as shown
in Fig. 3(d), where the ΔR=R0 is offset by −1.2 × 10−4 for
subtracting the negative SMR, θSH ¼ 0.07, λN follows 1=T
from1.5 nm atT ¼ 300 K to 4 nm atT ¼ 10 K, tN ¼ 3 nm,
σN ¼ 1.2 × 106=ð1þ 10−3 TÞ Ω−1m−1. We find that the T
dependences of λN and σN of Pt cannot account for the T
dependence of the observed SMR in the Pt/NiO/YIG. The
effectiveGr in the Pt=NiO=YIG can be much larger than the
Gr in the Pt=YIG (about 1 × 1014 Ω−1m−2). Therefore, the
T dependence of SMR in the Pt=NiO=YIG is dominated by
that of the effective Gr, quite different from that in Pt=YIG.
The effective Gr of the NiO and its interfaces to the Pt and
YIG varies strongly with T, consistent with that we observed
using the SSE [15], which is due to AFMmagnons and spin
fluctuation mediated spin current transport [15–18]. In the
presence of the NiO layer, the role of T-dependent spin
conductance becomes important to the SMR.
The SMR of Pt=NiO=YIG not only exhibits strong T

dependence but also changes sign. To address this unusual
inverted SMR, we need to locate its source. We use 1 nm
thick Cu as an insertion layer because of its negligible spin
Hall angle and MR [23]. In Fig. 4(a), we show the
T dependences of the SMR in Ptð3Þ=Cuð1Þ=YIG,
Ptð3Þ=NiOð1Þ=Cuð1Þ=YIG, and Ptð3Þ=Cuð1Þ=NiOð1Þ=
YIG. Only the SMR of Ptð3Þ=Cuð1Þ=NiOð1Þ=YIG shows
negative at low temperatures, similar to that of
Ptð3Þ=NiOð1Þ=YIG. The absence of negative SMR in
the Pt=NiO=Cu=YIG at a low temperature reveals the
crucial role of the exchange-coupled NiO=YIG interface.

FIG. 3. (a) Temperature dependences of the SMR ratio in
the Ptð3Þ=YIG, Ptð3Þ=NiOð0.6Þ=YIG, Ptð3Þ=NiOð1Þ=YIG,
and Ptð3Þ=NiOð2Þ=YIG at the 0.5 T field. (b) R of the
Ptð3Þ=NiOð1Þ=YIG at T ¼ 130 K and 60 K as a function of
H along the x axis (R∥) and the y axis (RT), respectively.
(c) Angular dependence of R in Ptð3Þ=NiOð1Þ=YIG under the
0.5 T field at T ¼ 130 and 60 K. (d) Deduced effective Gr as a
function of T in the Ptð3Þ=NiOð0.6Þ=YIG, Ptð3Þ=NiOð1Þ=YIG,
and Ptð3Þ=NiOð2Þ=YIG from the measured SMR ratio with
subtracting the negative SMR.

FIG. 4. (a) Temperature dependences of the SMR ratio in
the Ptð3Þ=Cuð1Þ=YIG, Ptð3Þ=NiOð1Þ=Cuð1Þ=YIG, and Ptð3Þ=
Cuð1Þ=NiOð1Þ=YIG at the 0.5 T field. (b) Schematic of spin
transport in the Pt=NiO=YIG as T < T!. Spin current generated
by the SHE in the Pt transmits through the NiO and is reflected
from the NiO as Mjjσ. The spin current flowing back from the
NiO to the Pt can be dominated with spin current polarization
along þy as T < T!.
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negative SMR

their explanation

As T < TN of the NiO layer, spin current transmission
through the NiO reduces due to less thermal magnons and
spin fluctuation [15,17]. The SMR in Pt=NiO=YIG may
include a spin current reflection from the Pt=NiO interface
in addition to that from the NiO=YIG interface. Below the
TN of the AFM layer, an exchange spring might be formed
in the AFM layer coupled with FM [30,31], but the NiO
moments would have different angles to the YIG magneti-
zation with angular dependence much different from
the cos2α (cos2β) behavior that we have observed in
Pt=NiO=YIG from 10 to 300 K. There is no evidence that
the rotation of the NiO moments contributes to the
observed SMR. Both conventional SMR and inverted
SMR indeed depend only on the magnetization orientation
of YIG.
One possible mechanism of the unusual inverted SMR in

the Pt=NiO=YIG at a low temperature is imbedded in the
SMR theory [24]. It should be noted that, for both conven-
tional SMRand invertedSMR,Rdoes not change as the field
rotated in the zx plane, i.e., R⊥ ≈ R∥, which is the defining
feature of SMR. This is due to spin current being absorbed at
the interface to the FM asM⊥σ. AsMjjσ, the spin current is
reflected at the interface to the FM [24]. In the conventional
SMR, the spin current reflection back to Pt is considered
without a spin flip. After the spin current reflection, the
additional JISHC converted by the ISHE is parallel to the
applied charge current JC, resulting in the decrease of
the measured R and, hence, R⊥ ≈ R∥ > RT [24]. This is
the usual SMR,which also exists in Pt=NiO=YIG atT > T!.
If the spin current flowing back to the Pt from the NiO
involves a spin flip, then the direction of JISHC would be
opposite to that of the JC, as sketched in Fig. 4(b), leading to
the increase of themeasuredR and, thus,R⊥ ≈ R∥ < RT , the
inverted SMR, as apparently occurs in Pt=NiO=YIG at
T < T!. We suggest that the spin-flip scattering for the spin
current flowing back from the NiO to the Pt results in the
inverted SMR at low temperatures.
In conclusion, we demonstrate that the SMR observed in

the Pt=NiO=YIG heterostructures is due to magnon spin
current transmitted through the thin insulating NiO layer and
reflected from the NiO=YIG interface. Unlike that in
Pt=YIG, the SMR in Pt=NiO=YIG shows a very strong T
dependence dominated by effective spin conductance due to
AFM magnons and spin fluctuation. The SMR in
Pt=NiO=YIG even reverses sign at low temperatures due
to a spin-flip reflection from theAFMNiOexchange coupled
with the YIG.
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We report on spin Hall magnetoresistance (SMR) measurements of Pt Hall bars on the antiferro-
magnetic NiO(111) single crystal. An SMR with a sign opposite of conventional SMR is observed
over a wide range of temperatures as well as magnetic fields stronger than 0.25T. The negative sign
of the SMR can be explained by the alignment of magnetic moments being almost perpendicular to
the external magnetic field within the easy plane (111) of the antiferromagnet. This correlation of
magnetic moment alignment and external magnetic field direction is realized just by the easy-plane
nature of the material without the need of any exchange coupling to an additional ferromagnet. The
SMR signal strength decreases with increasing temperature, primarily due to the decrease in Néel
order by including fluctuations. An increasing magnetic field increases the SMR signal strength as
there are less domains and the magnetic moments are more strongly manipulated at high magnetic
fields. The SMR is saturated at an applied magnetic field of 6 T resulting in a spin-mixing con-
ductance of ∼ 1018 Ω−1m−2, which is comparable to that of Pt on insulating ferrimagnets such as
yttrium iron garnet. An argon plasma treatment doubles the spin-mixing conductance.

Antiferromagnets (AFMs) are mostly known for their
exchange bias pinning effect on adjacent ferromagnetic
(FM) layers. Owing to the robustness against magnetic
perturbations of easy-axis AFMs, this coupling allows for
giant[1, 2] and tunnel[3] magnetoresistance devices. More
recently, metallic AFM moments have been manipulated
and read out by applied spin polarized charge currents.[4]
Insulating AFMs can have spin waves carrying spin an-
gular momentum[5–7] which switch ultrafast[8] and act
as efficient spin-current transmitter,[6, 9] thus, playing
an important role in spintronic applications.[10]

Injection and detection of spin angular momentum in
insulating magnets can be done by the combination of
the spin Hall effect (SHE)[11] and the inverse spin Hall
effect (ISHE)[12] in normal metals (NMs). Rotating the
magnetic moments in the adjacent magnet by an applied
magnetic field can change the interaction of the Pt spins
with the magnet. This leads to spin Hall magnetoresis-
tance (SMR)[13–16] which enables the study of various
magnetic systems. In collinear ferrimagnets[13–16], the
magnetic moments align collinear to the external mag-
netic field, resulting in positive SMR contributions. A
reversed angular modulation, or negative SMR signal has
been observed when the average canting angle between
the magnetic moments and the external magnetic field
exceeds 45° in canted magnetic systems[17] The localized
spins of bulk AFMs in an easy plane are nearly perpen-
dicular to the applied magnetic field.[19–21] The perpen-
dicular alignment is expected to create a negative SMR
due to the 90° angle shift, but this effect has not yet been
studied in detail.

Spin-transfer measurements through insulating AFMs
have been studied with stacked Pt/NiO/YIG devices.
Magnons are created in YIG (yttrium iron garnet,
Y3Fe5O12) by ferromagnetic resonance[22–24] or the spin

Seebeck effect,[25–27] propagate through the NiO layer
and are detected in Pt by the ISHE. For NiO layers
thicker than ∼5 nm, the transmitted spin current de-
creased rapidly with thickness. The sign of the SMR
signal in these Pt/NiO/YIG stacks is observed to be pos-
itive at room temperature and becomes negative at low
temperatures.[28–30] The authors explain this domina-
tion of the positive SMR at room temperature by spin
currents injected at the Pt/NiO interface, transmitted
through NiO and partly reflected when entering the YIG.
At low temperatures, the spin currents towards and from
the YIG are suppressed due to the vanishing spin trans-
mittance in NiO, thus, the total signal is dominated by
the negative SMR from NiO. For the Pt/NiO/YIG sam-
ples, the NiO magnetic moments are indirectly aligned
perpendicular to the magnetic field via an exchange cou-
pling with YIG which is saturated at 0.06 mT. [28–30]

In this letter, SMR signals are obtained from Pt/NiO
heterostructures by direct manipulation of the AFM
spins in the magnetic easy plane with an applied mag-
netic field and without the need of any exchange coupling
to an additional ferro- or ferrimagnet. The surface of the
studied NiO bulk single crystal has a (111) cut, so that
the Pt/NiO interface has the easy plane of the NiO mag-
net. A strong magnetic field will align the moments per-
pendicular to the magnetic field direction due to Zeeman
energy reduction, aside from contributions due to mag-
netic anisotropy or domain formation by magnetostric-
tion. Therefore, by rotating the magnetic field, the mag-
netic moments follow the rotation with almost a 90° angle
shift within this magnetic easy plane.[20, 21]

Figure 1 (a) shows the atomic face centered cubic unit
cell of NiO. The superexchange interaction between Ni2+

ions mediated by O2− ions aligns the Ni2+ magnetic mo-
ments antiparallel. Below the Néel temperature of 523 K,
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We report on spin Hall magnetoresistance (SMR) measurements of Pt Hall bars on the antiferro-
magnetic NiO(111) single crystal. An SMR with a sign opposite of conventional SMR is observed
over a wide range of temperatures as well as magnetic fields stronger than 0.25T. The negative sign
of the SMR can be explained by the alignment of magnetic moments being almost perpendicular to
the external magnetic field within the easy plane (111) of the antiferromagnet. This correlation of
magnetic moment alignment and external magnetic field direction is realized just by the easy-plane
nature of the material without the need of any exchange coupling to an additional ferromagnet. The
SMR signal strength decreases with increasing temperature, primarily due to the decrease in Néel
order by including fluctuations. An increasing magnetic field increases the SMR signal strength as
there are less domains and the magnetic moments are more strongly manipulated at high magnetic
fields. The SMR is saturated at an applied magnetic field of 6 T resulting in a spin-mixing con-
ductance of ∼ 1018 Ω−1m−2, which is comparable to that of Pt on insulating ferrimagnets such as
yttrium iron garnet. An argon plasma treatment doubles the spin-mixing conductance.

Antiferromagnets (AFMs) are mostly known for their
exchange bias pinning effect on adjacent ferromagnetic
(FM) layers. Owing to the robustness against magnetic
perturbations of easy-axis AFMs, this coupling allows for
giant[1, 2] and tunnel[3] magnetoresistance devices. More
recently, metallic AFM moments have been manipulated
and read out by applied spin polarized charge currents.[4]
Insulating AFMs can have spin waves carrying spin an-
gular momentum[5–7] which switch ultrafast[8] and act
as efficient spin-current transmitter,[6, 9] thus, playing
an important role in spintronic applications.[10]

Injection and detection of spin angular momentum in
insulating magnets can be done by the combination of
the spin Hall effect (SHE)[11] and the inverse spin Hall
effect (ISHE)[12] in normal metals (NMs). Rotating the
magnetic moments in the adjacent magnet by an applied
magnetic field can change the interaction of the Pt spins
with the magnet. This leads to spin Hall magnetoresis-
tance (SMR)[13–16] which enables the study of various
magnetic systems. In collinear ferrimagnets[13–16], the
magnetic moments align collinear to the external mag-
netic field, resulting in positive SMR contributions. A
reversed angular modulation, or negative SMR signal has
been observed when the average canting angle between
the magnetic moments and the external magnetic field
exceeds 45° in canted magnetic systems[17] The localized
spins of bulk AFMs in an easy plane are nearly perpen-
dicular to the applied magnetic field.[19–21] The perpen-
dicular alignment is expected to create a negative SMR
due to the 90° angle shift, but this effect has not yet been
studied in detail.

Spin-transfer measurements through insulating AFMs
have been studied with stacked Pt/NiO/YIG devices.
Magnons are created in YIG (yttrium iron garnet,
Y3Fe5O12) by ferromagnetic resonance[22–24] or the spin

Seebeck effect,[25–27] propagate through the NiO layer
and are detected in Pt by the ISHE. For NiO layers
thicker than ∼5 nm, the transmitted spin current de-
creased rapidly with thickness. The sign of the SMR
signal in these Pt/NiO/YIG stacks is observed to be pos-
itive at room temperature and becomes negative at low
temperatures.[28–30] The authors explain this domina-
tion of the positive SMR at room temperature by spin
currents injected at the Pt/NiO interface, transmitted
through NiO and partly reflected when entering the YIG.
At low temperatures, the spin currents towards and from
the YIG are suppressed due to the vanishing spin trans-
mittance in NiO, thus, the total signal is dominated by
the negative SMR from NiO. For the Pt/NiO/YIG sam-
ples, the NiO magnetic moments are indirectly aligned
perpendicular to the magnetic field via an exchange cou-
pling with YIG which is saturated at 0.06 mT. [28–30]

In this letter, SMR signals are obtained from Pt/NiO
heterostructures by direct manipulation of the AFM
spins in the magnetic easy plane with an applied mag-
netic field and without the need of any exchange coupling
to an additional ferro- or ferrimagnet. The surface of the
studied NiO bulk single crystal has a (111) cut, so that
the Pt/NiO interface has the easy plane of the NiO mag-
net. A strong magnetic field will align the moments per-
pendicular to the magnetic field direction due to Zeeman
energy reduction, aside from contributions due to mag-
netic anisotropy or domain formation by magnetostric-
tion. Therefore, by rotating the magnetic field, the mag-
netic moments follow the rotation with almost a 90° angle
shift within this magnetic easy plane.[20, 21]

Figure 1 (a) shows the atomic face centered cubic unit
cell of NiO. The superexchange interaction between Ni2+

ions mediated by O2− ions aligns the Ni2+ magnetic mo-
ments antiparallel. Below the Néel temperature of 523 K,
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FIG. 1: (a) Atomic unit cell of the NiO crystal. The
blue and white balls represent Ni2+ and O2− ions and
the green planes indicate the (111) planes in which the
moments are aligned. (b) Heterostructure of the upper
(111) planes of the NiO and the Pt layer where the SHE

converts lateral charge current Je to vertical spin
current. (c) The spin accumulation is decomposed into
two components: a collinear component µ|| which is
reflected back into Pt and a perpendicular component
µ⊥ which is transferred to the NiO. Here, the angle α of

the magnetic field B is defined with respect to the
direction of Je. (d) The spin current from the reflected
collinear component is converted back into a charge

current J’e by the ISHE.

the total interaction cause the spins to have their pref-
erential orientation in one of the {111} planes. Mag-
netostriction creates rhombohedral distortions in the di-
agonal <111> directions and causes the emergence of
domains in a single crystal.[21]
In a NM with large spin-orbit coupling, the electrons

deflect in a direction depending on their spin orientation,
resulting in a spin current perpendicular to the charge
current direction - known as SHE. Since NiO is an insu-
lator, a vertical spin polarized charge current in the NM
results in a spin accumulation at the interface, which
is shown in Fig. 1(b). However, the spin angular mo-
mentum can be transferred to NiO when the magnetic
moments of NiO are perpendicularly aligned to the ac-
cumulated spins. Figure 1(c) shows the spin transfer of
perpendicular (µ⊥) and the reflection of collinear (µ||)
components of the spin accumulation.
The ISHE converts the reflected collinear component

into charge current as shown in Fig. 1(d). The spin trans-
fer depends on the microscopic interaction of the spin ac-
cumulation with the NiO and can reduce the back-flow of
the spin current depending on the direction of the mag-

netic moments of NiO at the interface. The changes in
reflected spin current and, thus, in resistivity of the NM,
can be measured both longitudinally and transversally.
The spin transfer through the interface is given by [6]

Js =
Gr

4π
n× µ× n+

Gi

4π
µ× n (1)

where n is the Néel vector and Gr and Gi are the real and
imaginary components of the spin-mixing conductance
G↑↓, respectively. The first part of Eq. 1 containing
Gr is governed by Umklapp reflections and the second
part containing Gi is associated with specular reflections
similar to the ferrimagnetic case.[6, 31]
The exchange approximation is used since the net mag-

netization m = (mA + mB)/2 is considerably smaller
than n = (mA − mB)/2, where mA and mB the mag-
netization of the two sublattices. Still, a small canting
of the moments lowers the Zeeman energy and aligns the
NiO magnetic moments almost perpendicular to the ap-
plied in-plane magnetic field. Therefore, the magnetic
field couples to this small magnetization and the mag-
netic moment directions are following the magnetic field
with about 90° angle shift.
Resulting changes in the longitudinal and transverse

SMR (ρL and ρT , respectively) can be described by the
magnetization of the ferromagnetic sublattices. The reg-
ular ferromagnetic SMR equations[14, 15] are adapted to

ρL =
!

i=A,B

< 1−m2
y,i > ∆ρ1 + ρ+∆ρ0 (2)

ρT =
!

i=A,B

< mx,imy,i > ∆ρ1 +∆ρHallBz (3)

with ρ being the electrical resistivity of Pt, ∆ρHallBz de-
scribes the change in resistivity caused by the ordinary
Hall effect with an out-of-plane component of the mag-
netic field Bz. mx,i and my,i are the components of a
sublattice magnetization in the x and y directions, re-
spectively. Due to the quadratic dependence on m, the
resulting resistivity change is equal for the two sublat-
tices. ∆ρ0 and ∆ρ1 are resistivity changes defined as[14]

∆ρ0
ρ

= −θ2SH
2λ

dN
tanh

dN
2λ

(4)

∆ρ1
ρ

= θ2SH
λ

dN
Re(

2λG↑↓ tanh
2 dN

2λ

σ + 2λG↑↓ coth
dN

λ

) (5)

where λ, dN , σ and θSH are the spin relaxation length,
thickness, bulk conductivity and the spin Hall angle in
the NM, respectively. G↑↓ is the spin-mixing conduc-
tance of the NM/(A)FM interface.

The two bulk single crystals investigated here are
black colored due to vacancies with the dimensions of

3

FIG. 2: SMR signals in the (a) longitudinal and (b)
transversal geometry, performed at 300K on the

unetched sample. The right axes show the change in
resistance Rα −R0 with Rα th angular dependent and

R0 the constant resistance; R0,xx=460 Ω and
R0,xy=0.685 Ω for the longitudinal and transverse

geometry, respectively. The left axes show the relative
change in resistivity, where ∆ρxx

ρ (∆ρxy

ρ ) is Rα,xx−R0,xx

R0,xx

(Rα,xy−R0,xy

R0,xx/7.53
) in the longitudinal (transverse) direction

and 7.53 is the geometric conversion factor.

5 × 5 × 1 mm3. For the device fabrication, the crystals
are polished along the (111) surface in the line of the
technique described by Aqeel et al.[32] The crystals have
been grinded (SiC P4000) and polished (diamond 6 µm
and 3 µm, silica 0.04 µm, AlOx 0.02 µm). To remove
any residuals of polishing, the samples are rinsed (hot
water, ethanol), blow dried, rinsed again (propanol), and
annealed at 200°C. The crystallographic (111) surfaces
are confirmed by x-ray diffraction and the peak-to-peak
surface roughness is 0.24 nm as determined by atomic
force microscopy.

A 5 nm thick Pt Hall bar with a 100 × 1000 µm2

main bar and four, longitudinally 753 µm separated,
100× 20 µm2 Pt side contacts was patterned by e-beam
lithography. The Pt has been sputtered at a base
pressure of 2.5 × 10−7 mbar and a sputter pressure
of 4.9 × 10−7 mbar. The etched sample was given an
additional 15 second argon plasma exposure at 200 W
before the Pt has been deposited to study the effect on
the spin-mixing conduction between the Pt and NiO.

Figure 2(a) shows the relative change of resistivity
and the according change of resistance (0.25× 10−3 and
124 mΩ for 8 T, respectively) of the longitudinal SMR
at room temperature. The resistivity is minimal when
the accumulated spins and the magnetic moments are
colinear since the interface electrons are deflected by the
ISHE into the direction of the current at the correspond-
ing field angles, 0° and 180°. At other field angles, there
is a spin current into the NiO which decreases the spin
accumulation and increases the resistivity as sinα.
Futhermore, the spin transfer alters the spin direction

of the accumulated electrons. This affects the direction
of the ISHE mediated electron deflection, creating trans-
verse deflection and more scattering of electrons in the
longitudinal geometry. Since the change in spin direc-

tion is a function of its relative direction with the NiO
magnetic moments, this also leads to an increase in re-
sistance as sinα. The combination of the two angular
dependencies cause the observed modulation of the resis-
tance Rα,xx ∝ sin2 α in the longitudinal geometry.

In FMs however, the longitudinal resistivity is max-
imal when the magnetic field and the spin accumula-
tion are perpendicular since the magnetic moments co-
herently follow the applied magnetic field. Therefore,
a phase shift of 90° arises in the angular dependence
of the SMR of an AFM as compared to a FM. The
cos2 α angular dependent SMR of a FM[13] changes into
cos2(α − 90°) = sin2 α = 1 − cos2 α for an AFM. The
modulation has changed from a positive to a negative
cos2 α, giving reason to call it a negative SMR.
Since a transverse deflection creates a voltage differ-

ence in the transverse geometry as − cosα, the angu-
lar dependence in the transverse geometry is Rα,xy ∝
− cosα × sinα = − 1

2 sin 2α. The relative changes in
resistivity and resistance (0.24 × 10−3 and 15 mΩ for
8 T, respectively) are measured as shown in Fig. 2(b).
These transverse results agree with the longitudinal rela-
tive change of resistivity taken the geometric conversion
factor of 7.53 into account, which is the ratio between
length and width of the main Hall bar segment. The
peak to peak changes of the angular dependent resistiv-
ity parts in Eqs. (2) and (3) match up to an average
factor of 0.95±0.06. This means that for both the trans-
verse and the longitudinal case, ∆ρ1 is equal and there
is no difference in spread as a result of domain formation
or anisotropy. For the etched sample however, this ratio
is 0.85± 0.02, showing that the first part of Eqs. (2) and
(3) are significantly different in this sample.
Besides the SMR signal, there is also a 360° period Hall

contribution in the transverse geometry which originates
from a slight misalignment of the sample resulting in a
small out-of-plane component of the magnetic field. A
fit shows that the signal is one order of magnitude lower
than the SMR signal, as can be seen in Fig. 3(a-c). The
Hall component of both samples increases linearly with
magnetic field strength as expected. However, the Hall
contribution is 2.11 ± 0.01 times higher in the etched
sample due to a larger misalignment angle.

Figures 3(a) and 3(b) show relative signal strengths
for the unetched and etched samples which increase with
magnetic field strength and start to saturate around
6 T. The low SMR signal at low magnetic fields is at-
tributed to the multidomain state of the single crystal
under these conditions. A strong magnetic field could
magnetoelastically increase the size of the domain with
surface in the easy plane resulting in a higher SMR. The
minimal magnetic field required for domain movement
is about 0.24 T,[19] while the transition to a single do-
main state occurs at fields of about 2.5 T in well oriented
crystals.[20, 21, 33] In the obtained results there is an
SMR signal starting from 0.25 T, although the satura-
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