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This report summarizes the work of the ASPIN project consortium aiming at predicting new and
explaining existing experimental observations on writing, reading, processing, and storing information
in antiferromagnetic spintronic devices. It spans a broad range of works from those directly relevant
to our proof-of-concept digital and analogue antiferromagnetic memory cells to fundamental studies
of spin-dependent transport, domain structure and dynamics in antiferromagnets. Apart from the
reference to several of our comprehensive reviews, covering our as well as world-wide research in
the field, the report outlines our original results in selected specific topics. We give references to
the corresponding publications featuring details of these results and for each topic we also explicitly
list the contributing teams from the consortium comprising: Institute of Physics in Prague (IOP),
University of Nottingham (NOT), Max-Planck Institutes (MPG), IGS Ltd. (IGS), Charles University
in Prague (CHU), Johannes Gutenberg University in Mainz (JGU).
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anisotropic magnetoresistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
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1 Reviews

1.1 The multiple directions of antiferromagnetic spintronics

Contributing teams: IOP, JGU, IGS, MPG
New developments in spintronics based on antiferromagnetic materials show promise for improved

fundamental understanding and applications in technology. We have reviewed [?] these latest develop-
ments, which range from demonstrations of experimental microelectronic memory devices and optical
control of antiferromagnetic spins to the interplay of antiferromagnetic spintronics with topological
phenomena, noncollinear antiferromagnets, antiferromagnet/ ferromagnet interfaces and synthetic an-
tiferromagnets. We illustrate that the envisaged applications of antiferromagnetic spintronics may
expand to areas as diverse as terahertz information technologies or artificial neural networks.

1.2 Spin transport and spin torque in antiferromagnetic devices

Contributing teams: MPG, IOP, NOT
Ferromagnets are key materials for sensing and memory applications. In contrast, antiferromag-

nets, which represent the more common form of magnetically ordered materials, have found less
practical application beyond their use for establishing reference magnetic orientations via exchange
bias. This might change in the future due to the recent progress in materials research and discoveries
of antiferromagnetic spintronic phenomena suitable for device applications. Experimental demonstra-
tion of new concepts of electrical switching and detection of the Néel order (see Fig. 1) open a route
towards memory devices based on antiferromagnets. Apart from the radiation and magnetic-field
hardness, memory cells fabricated from antiferromagnets can be inherently multilevel, which could be
used for neuromorphic computing. Switching speeds attainable in antiferromagnets far exceed those
of ferromagnetic and semiconductor memory technologies. We have reviewed [1] recent progress in
electronic spin-transport and spin-torque phenomena in antiferromagnets that are dominantly of the
relativistic quantum-mechanical origin. We discuss their utility in pure antiferromagnetic or hybrid
ferromagnetic/antiferromagnetic memory devices.

1.3 Antiferromagnetic spin textures and dynamics

Contributing team: JGU
Antiferromagnets provide greater stability than their ferromagnetic counterparts, but antiferro-

magnetic spin textures and nanostructures also exhibit more complex, and often faster, dynamics,
offering new functionalities for spintronics devices. We have reviewed [2]these key distinctions in
dynamics and magnetic textures between ferromagnets and antiferromagnets.

Synthetic antiferromagnetic spintronics

Contributing team: MPG
Spintronic and nanomagnetic devices often derive their functionality from layers of different mate-

rials and the interfaces between them. We have reviewed [3] the opportunities that arise from synthetic
antiferromagnets consisting of two or more ferromagnetic layers that are separated by metallic spacers
or tunnel barriers and have antiparallel magnetizations.

1.4 Current-induced spin-orbit torques in ferromagnetic and antiferromagnetic
systems

Contributing teams: IOP, JGU
Spin-orbit coupling in inversion-asymmetric magnetic crystals and structures has emerged as a

powerful tool to generate complex magnetic textures, interconvert charge and spin under applied cur-
rent, and control magnetization dynamics. Current-induced spin-orbit torques mediate the transfer
of angular momentum from the lattice to the spin system, leading to sustained magnetic oscillations
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dynamics8 in this Focus issue for more details on the phenomenology 
of the time-dependent phenomena induced by the staggered fields.

The torques acting on an antiferromagnet due to injection of a 
spin-polarized current have been studied in ferromagnet/antiferro-
magnet bilayers in which the ferromagnet and the antiferromagnet 
are exchange coupled. The exchange coupling leads to a shift of the 
ferromagnetic hysteresis loop, which is known as exchange bias9. 
Several experiments have observed that electrical current influences 
the exchange bias10–15. This provides indirect evidence that a spin-
polarized current can influence antiferromagnets. However, the 
exact origin of the observed effect is not clear since exchange bias is 
a complex and not completely understood phenomenon.

The effects we have discussed so far are non-relativistic in origin. 
In contrast, many of the effects that we will discuss in the following 
sections are caused by the spin–orbit coupling. This is a relativis-
tic term in the Hamiltonian, which couples the spin and the orbital 
degree of freedom of an electron. Its significance lies in particular 
in the fact that it couples spin to the lattice and in this way it lowers  
the symmetry of the system and can generate a variety of non-equi-
librium spin phenomena.

Anisotropic magnetoresistance
The first, and still widely employed, method for electrically detect-
ing a reorientation of the magnetization in a ferromagnet is by 

using anisotropic magnetoresistance (AMR)16: the dependence of 
the resistance on the direction of the magnetization with respect to 
current or crystal axes.

AMR tends to be smaller than giant or tunnelling magnetoresis-
tance, however, it is simpler to detect experimentally since it is a bulk 
effect and thus does not require complex multilayers. Furthermore, 
as it is an even function of magnetization, it is equally present in 
antiferromagnetic materials17. However, until recently, the effect had 
remained elusive because of the difficulty in controlling the mag-
netic moment direction in antiferromagnets. Nevertheless, AMR has 
now been demonstrated in several antiferromagnets. Marti et al.18  
used antiferromagnetic FeRh for the demonstration of AMR. This 
material becomes ferromagnetic when heated and responds to applied 
magnetic fields. By then cooling back into the antiferromagnetic phase 
with the field still applied, the antiferromagnetic spin direction can 
be controlled. Other experiments used antiferromagnets exchange 
coupled to a ferromagnet19,20, large magnetic fields21,22 or electrical 
current2 (as we discuss in depth later) to manipulate the antiferromag-
netic moments. The full functional form of AMR, shown in Fig. 2a, 
was demonstrated by Kriegner et al.22 in antiferromagnetic MnTe.

AMR has both longitudinal and symmetric transverse com-
ponents. Historically, the transverse AMR is sometimes called  
the planar Hall effect, but we avoid this terminology because the 
true Hall effects correspond to the antisymmetric off-diagonal 
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Fig. 1 | Illustration of the various concepts proposed for the electrical detection and manipulation of antiferromagnetic order. In all panels, blue denotes 
antiferromagnetic or ferromagnetic regions, red arrows denote magnetic moment, j denotes electrical current and R denotes resistance. a, Magnetoresistance 
in antiferromagnetic spin valve or tunnelling junction. It has been theoretically proposed, but so far has not been clearly detected experimentally. The 
orange region denotes non-magnetic or insulating spacer. The blue and red arrows denote magnetic moments on the two sublattices. b, Anisotropic 
magnetoresistance. This method has been demonstrated experimentally in several antiferromagnets. c, Anomalous Hall effect. This method has been 
demonstrated experimentally in non-collinear antiferromagnets. d, Tunnelling anisotropic magnetoresistance. A large readout signal has been experimentally 
demonstrated. e, Spin-transfer torque in an antiferromagnetic spin valve or tunnelling junction. Such torques were theoretically proposed, but so far have 
not been demonstrated experimentally. f, ISGE spin–orbit torque in a ferromagnet (left) and antiferromagnet (right). The blue arrows illustrate the spin-
polarization induced by current. The red and brown arrows denote the initial and final orientations of the magnetic moments. Switching using this torque has 
been demonstrated experimentally. g, The SHE spin–orbit torque. The green region corresponds to a non-magnetic metal, which generates the SHE. The pink 
arrow denotes the electrical current and the black arrows show the direction of flow for electrons with opposite spin-polarizations (denoted by blue).  
The torque in such a device has been experimentally demonstrated and switching has been recently observed with insulating antiferromagnets.
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Figure 1: Illustration of the various concepts proposed for the electrical detection and manipulation
of antiferromagnetic order [1].

or switching of ferromagnetic as well as antiferromagnetic structures. The manipulation of magnetic
order, domain walls and skyrmions by spin-orbit torques provides evidence of the microscopic interac-
tions between charge and spin in a variety of materials and opens novel strategies to design spintronic
devices with potentially high impact in data storage, nonvolatile logic, and magnonic applications.
We have reviewed [4] recent progress in the field of spin-orbitronics, focusing on theoretical mod-
els, material properties, and experimental results obtained on bulk noncentrosymmetric conductors
and multilayer heterostructures, including metals, semiconductors, and topological insulator systems.
Relevant aspects for improving the understanding and optimizing the efficiency of nonequilibrium
spin-orbit phenomena in future nanoscale devices are also discussed.

2 Antiferromagnetic memory devices

2.1 Antiferromagnetic CuMnAs multi-level memory cell with microelectronic com-
patibility

Contributing teams: IOP, IGS, NOT
Following our models of electrical 90◦ switching and detection of antiferromagnetic moments, we

have shown in this work [5] that elementary-shape memory cells fabricated from a single-layer antifer-
romagnet CuMnAs deposited on a III?V or Si substrate by molecular beam epitaxy have deterministic
multi-level switching characteristics (see Fig. 2 and 3). They allow for counting and recording thou-
sands of input pulses and for responding to pulses of lengths downscaled to hundreds picosecond.
To demonstrate the compatibility with common microelectronic circuitry, we have implemented the
antiferromagnetic bit cell in a standard printed circuit board managed and powered at ambient con-
ditions by a computer via a USB interface. These results open a path towards specialized embedded
memory-logic or neuromorphic-computing applications based on antiferromagnets.
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In ferromagnetic materials, all magnetic moments sitting on
individual atoms point in the same direction and can be
switched by running an electrical current through a nearby

electromagnet. This is the principle of recording in ferromagnetic
media used from the 19th century magnetic wire recorders to
today’s hard-drives. Magnetic storage has remained viable
throughout its entire history and today is the key technology
providing the virtually unlimited data space on the internet.
To keep it viable, the 19th century inductive coils were
first removed from the readout and replaced by the 20th century
spin-based magneto-resistive technology1. Twenty first century
physics brought yet another revolution by eliminating the
electromagnetic induction from the writing process in magnetic
memory chips and replacing it with the spin–torque
phenomenon1. In the non-relativistic version of the effect,
switching of the recording ferromagnet is achieved by
electrically transferring spins from a fixed reference permanent
magnet. In the recently discovered relativistic version of the spin
torque2–5, the reference magnet is eliminated and the switching is
triggered by the internal transfer from the linear momentum to
the spin angular momentum under the applied writing current6.
The complete absence of electromagnets or reference permanent
magnets in this most advanced physical scheme for writing in
ferromagnetic spintronics has served as the key for introducing
the physical concept7 for the efficient control of magnetic
moments in antiferromagnets (AFs) that underpins our work.

In their simplest form, compensated AFs have north poles of
half of the microscopic atomic moments pointing in one direction
and the other half in the opposite direction. This makes the
external magnetic field inefficient for switching magnetic
moments in AFs. Instead, our devices rely on the recently
dicovered special form of the relativistic spin torque7,8. When
driving a macroscopic electrical current through certain AF
crystals whose magnetic atoms occupy inversion-partner lattice
sites (for example, in AF CuMnAs or Mn2Au), a local relativistic

field is generated which points in the opposite direction on
magnetic atoms with opposite magnetic moments. The staggered
relativistic field is then as efficient in switching the AF as a
conventional uniform magnetic field in switching a ferromagnet.
This reverses the traditionally sceptical perception of the utility of
AFs in microelectronics and opens avenues for spintronics
research and applications9–12.

In the present paper we focus on the multi-level switching
characteristics of the memory bit-cells patterned into an
elementary cross-shape geometry from a single metallic layer of
the CuMnAs AF deposited on a III–V or Si substrate. The
multiple-stability, reflecting series of reproducible, electrically
controlled domain reconfigurations13, is not favourable for
maximizing the retention and the bit-cell size scalability.
However, in combination with the simplicity of the bit-cell
geometry and unique features of AFs stemming from their zero
net moment, the multi-level nature may provide additional
functionalities, such as a pulse counter, with a utility in
future specialized embedded memory-logic components in the
‘More than Moore’14 internet of things (IoT) applications. The
endurance, retention, and the bit-size scalability are important
parameters governing the development of bistable ferromagnetic
bit-cells for non-volatile magnetic random access memories
(MRAMs). Outside the realm of high-density main computer
memories, the requirements on these parameters might be less
stringent as long as the memories have other merits suitable for
the specific embedded applications. In particular, the components
we perceive are multi-level AF bit-cell chips with each bit-cell
integrating memory and pulse-counter functionalities.

Results
Overview. In the first and second parts of the paper we focus
on the response of our bit-cells to electrical pulses in the
microsecond to millisecond range. To highlight the realistic
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Figure 1 | Antiferromagnetic microelectronic memory device. (a) Scanning transmission electron microscopy image in the [100]–[001] plane of the
CuMnAs epilayer grown on a GaP substrate. (b) Optical microscopy image of the device containing Au contact pads (light) and the AF CuMnAs
cross-shape bit cell on the GaP substrate (dark). Scale bar length is 2 mm. (c) Picture of the PCB with the chip containing the AF bit cell and the input
write-pulse signals (red dots) and output readout signals (blue dots) sent via a USB computer interface.
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Figure 2: Antiferromagnetic microelectronic memory device operated from a PC via a USB port. [5].

2.2 Electric Control of Dirac Quasiparticles by Spin-Orbit Torque in an Antifer-
romagnet

Contributing teams: IOP, JGU, NOT
Spin-orbitronics and Dirac quasiparticles are two fields of condensed matter physics initiated in-

dependently about a decade ago. In this work [6] we have predicted that Dirac quasiparticles can
be controlled by the spin-orbit torque reorientation of the Néel vector in an antiferromagnet. Using
CuMnAs as an example, we show that the protection of Dirac band crossings can be switched on and
off by the Néel vector reorientation. We predict that this concept, verified by our modeling and ab
initio calculations, can lead to a large topological anisotropic magnetoresistance.

2.3 Writing and reading antiferromagnetic Mn2Au by Néel spin-orbit torques and
large anisotropic magnetoresistance

Contributing teams: JGU, IOP, NOT, CHU
Following our earlier theory predictions we have demonstrated in this work [7] in Mn2Au repro-

ducible 90◦ switching using current-induced spin-orbit torques and read-out by anisotropic magne-
toresistance measurements. Mn2Au has high ordering temperature particularly suitable for memory
applications with high retention. Reversible and consistent switching signals in sputtered Mn2Au films
were generated by pulse current densities of ∼ 107 A/cm2. The symmetry of the observed torques
agrees with our theoretical predictions and a large read-out anisotropic magnetoresistance of more
than 6% and strong crystalline component is reproduced by our ab initio calculations and reflects the
Dirac band crossing effects predicted in Ref. [6].

2.4 Electrically induced and detected Néel vector reversal in a collinear antifer-
romagnet

Contributing teams: IOP, NOT, CHU, MPG
Electrical detection of the 180 deg spin reversal, which is the basis of the operation of ferromagnetic

memories, is among the outstanding challenges in the research of antiferromagnetic spintronics. In this
work [8] we have demonstrated electrical detection of the 180 deg Néel vector reversal in CuMnAs which
comprises two collinear spin sublattices with no net magnetic moment. We detect the spin reversal
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Figure 3: Antiferromagnetic multi-level memory bit-cell [5].

by measuring a second-order magnetotransport coefficient whose presence is allowed in systems with
broken space inversion symmetry. Following our earlier models of spin-orbit torque and anisotropic
magnetoresistance, we ascribe the observed phenomenology of the non-linear transport effect to a
microscopic scenario combining anisotropic magneto-resistance with a transient tilt of the Néel vector
due to a current-induced, staggered spin-orbit field (see Fig. 4). We used the same staggered spin-orbit
field, but of a higher amplitude, for the electrical switching between reversed antiferromagnetic states
which are stable and show no sign of decay over 25 hour probing times.

3 Spin transport in complex antiferromagnetic systems

3.1 Spin transfer torques and spin-dependent transport in antiferromagnetic tun-
neling junction

Contributing teams: JGU, IOP
In this work [9] we have studied spin-dependent electron transport through a ferromagnetic-

antiferromagnetic-normal metal tunneling junction (see Fig. 5) subject to a voltage or temperature
bias, in the absence of spin-orbit coupling. We derive microscopic formulas for various types of spin
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Figure 4: Schematics of the mechanism of the second-order magneto-resistance in antiferromagnetic
CuMnAs and experimental electrical detection of the180 deg reversal of the Néel order in a CuMnAs
memory device [8].

torque acting on the antiferromagnet as well as for charge and spin currents flowing through the
junction. The obtained results are applicable in the limit of slow magnetization dynamics. We iden-
tify a parameter regime in which an unconventional damping-like torque can become comparable in
magnitude to the equivalent of the conventional Slonczewski’s torque generalized to antiferromagnets.
Moreover, we show that the antiferromagnetic sublattice structure opens up a channel of electron
transport which does not have a ferromagnetic analog and that this mechanism leads to a pronounced
field-like torque. Both charge conductance and spin current transmission through the junction depend
on the relative orientation of the ferromagnetic and the antiferromagnetic vectors (order parameters).
The obtained formulas for charge and spin currents allow us to identify the microscopic mechanisms
responsible for this angular dependence and to assess the efficiency of an antiferromagnetic metal
acting as a spin current polarizer.

SPIN TRANSFER TORQUES AND SPIN-DEPENDENT … PHYSICAL REVIEW B 98, 014406 (2018)

Heff
A ∝ ∆ex a†σ2a Heff

B ∼ −Heff
A ∝ ∆ex b†σ2b

FIG. 5. Illustration of dephasing processes through A and B

sublattices. An electron tunnels into a superposition of up and down
states due to the difference in the quantization axes in F and AF. The
dephasing leads to precession of the electron spin, whose chirality is
opposite for the two sublattices. This intrasublattice process is the only
channel of electron transport through AF if there is no intersublattice
overlap tl = 0.

into a superposition of up and down spin states in one sublattice,
which have different de Broglie wavelengths. Accordingly,
they dephase as they propagate and induce precession of the
transverse spin component. The precession frequency differs
for different orbital indices l. Upon averaging over l, the
transverse component of the injected spin current is rapidly
lost and absorbed into the magnetizations SA,B as required by
the overall spin conservation, resulting in the torque.

Note that the torque !m
dl appears as the expectation value of

the staggered spin operator σ2 ⊗ τ3. It is due to the opposite
handedness of the dephasing-induced precession in the two
sublattices as depicted in Fig. 5. Our generalized expression
(30) shows that the spin transfer torque in antiferromagnets is
as effective as in ferromagnets even when tl ̸= 0 and multiple
tunneling processes are taken into account.

B. Nonstaggered fieldlike torque

As stated above, the transverse component of spin is rapidly
lost upon entering the antiferromagnet according to the two-
ferromagnet description. Next, we discuss the fate of transverse
spin conservation in the presence of tl ̸= 0 by looking at !n

fl,
which is essentially the expectation value of the x component
of the spin σ1 ⊗ 1SL and given by

!n
fl = −

∫
dϵ
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∑

l

2&ex

τN
l

×
[
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(
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l
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− δl
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(
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. (33)

Note that the second term in the second line is one order higher
in δl/&l compared to the first term. It has been kept, neverthe-
less, since the leading order term is proportional to |tl|2, which
implies that this contribution would have been absent in the
two-ferromagnet model and is unique to antiferromagnets.

In AF with nonvanishing tl , all the four bands (t/b,↑/↓)
have a nonzero amplitude at both A and B sublattice sites as

tl

ẑA = ẑ

ẑB = −ẑ

ẑB ≈ −ẑ − x̂
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∆l
sin θ

ẑA ≈ ẑ − x̂
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FIG. 6. Two mechanisms of transverse spin conservation in AF.
(Left) When tl ̸= 0, a ferromagnetic electron may propagate through
AF as a superposition of up and down states that have exactly the
same energy and wavelength. In the perturbative picture, an electron
that tunneled into the A site is initially a superposition of up and
down with different wavelength. Subsequently, one of the electron
states may hop onto a state in the B site via tl , which has the same
wavelength as the state remaining at A. The phases of the two states
evolve at the same rate, thus avoiding dephasing. (Right) The tilt of
the quantization axes. At the first order in δl/&l , the axes for both A

and B sites change by the same amount. At each sublattice, the z′
A,B

component of the spin is conserved, which has a finite x component.

shown in Fig. 3(b). Thus a ferromagnetic electron may tunnel
into a superposition of up and down states of exactly the same
energy and wavelength, say (t, ↑) and (t, ↓). Alternatively,
if one treats tl as a perturbation, an electron tunnels into a
superposition of, e.g., (A, ↑) and (A, ↓), then via tl , the state
(A, ↓) hops onto (B, ↓) that has exactly the same wavelength
as (A, ↑) due to the sublattice symmetry. Either way, after
the tunneling, the two electron states, representing a single
electron, propagate with exactly the same phase evolution,
dephasing is thus avoided, and the transverse spin is conserved
(Fig. 6). We reiterate that this is a consequence of the complete
sublattice symmetry assumed in our model. Consequently,
there will be a nonvanishing expectation value of the x compo-
nent of spin proportional to the fraction of electrons undergoing
the intersublattice hopping |tl|2/&2

l , which is represented by
the first term in Eq. (33). This also explains the factor (&ex/&l)2

in Eq. (30), which coincides with the fraction of electrons
propagating with different wavelengths and affected by the
dephasing. We note that a related mechanism was discussed in
the context of antisymmetric F/N/F spin valves [37].

The physics behind the second term should then be related
to intrasublattice processes as it also comes with the factor of
(&ex/&l)2. It represents the residual x component of spin that
has managed to survive the dephasing. One way to interpret
this term is to consider the tilt of electron quantization axes
in AF due to the influence of F. It should not be confused
with the tilt of SA,B as they are assumed fixed in the electron
time scale. The part of self-energy proportional to δl can be
considered as an additional Zeeman term in the direction of
the ferromagnetic moment σz cos θ − σx sin θ . In the leading
order approximation in δl/&l , taking it into account yields
the direction of the effective magnetic field (preferred quanti-
zation axis) ẑ′ ∼ ẑ − (δl sin θ/&l)x̂ for the antiferromagentic

014406-7

Figure 5: Illustration of dephasing processes through antiferromagnetic spin-sublattices; the dephasing
leads to precession of the electron spin, whose chirality is opposite for the two sublattices. [9].

3.2 Spin-Polarized Current in Noncollinear Antiferromagnets

Contributing teams: MPG, IOP
Noncollinear antiferromagnets, such as Mn3Sn and Mn3Ir, were recently shown to be analogous

to ferromagnets in that they have a large anomalous Hall effect. In this theoretical work [10] we
have shown that these materials are similar to ferromagnets in another aspect: the charge current in
these materials is spin-polarized. In addition, we show that the same mechanism that leads to the
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spin-polarized current also leads to a transversal spin current, which has a distinct symmetry and
origin from the conventional spin Hall effect. We illustrate the existence of the spin-polarized current
and the transversal spin current by performing ab initio microscopic calculations and by analyzing the
symmetry. Based on the spin-polarized current we propose an antiferromagnetic tunneling junction,
analogous in functionality to the magnetic tunneling junction (see Fig. 6).

Discussion.—The spin currents discussed here are similar
to the spin-polarized currents in FMs, but they differ in some
aspects. In FMs, in the absence of SOC, spin is a good
quantum number and the current can be decomposed into
spin-up and spin-down currents. This is the so-called two
currentmodel. Since the spin-up and spin-down electrons that
carry the current have different properties (such as density,
velocity, or scattering rate), the spin-up and spin-down
currents are different and the current is thus spin polarized.
For noncollinear AFMs such a description is not possible

because in the presence of the noncollinear magnetic order,
spin is not a good quantum number even without SOC.
Therefore, the electrons at the Fermi level can have spins
oriented along various directions, as illustrated in Fig. 3(a).
Since there is no net magnetic moment, the integral of the
spin of all electrons is zero. The integral of spin times
velocity also vanishes and thus there is no spin current in
equilibrium. Upon applying electric field, electrons at the
Fermi level are redistributed [see Fig. 3(b)]. This results in a
net current as well as a net spin current. The main features
of the Fermi level depicted in Figs. 3(a) and 3(b) can be
captured by considering only three types of electrons, as
illustrated in Figs. 3(c) and 3(d). It is then easy to verify that
the redistribution of electrons results in both longitudinal
and transverse spin current [the resulting spin currents are
shown in Fig. 3(b)]. In contrast, in FMs, in the absence of
SOC, the odd spin currents are only longitudinal.
We first focus on the longitudinal spin currents. These spin

currents are analogous to the spin-polarized currents
in FMs and will thus have similar implications. When a

spin-polarized current is injected into an AFM it generates a
STT which can efficiently manipulate the AFM order
[54–57]. Thus, the STT will be present in a junction
composed of two AFM layers separated by a thin metallic
or insulating layer [see Figs. 3(e) and 3(f)]. Such a hetero-
structure is analogous to the FM spin valve or MTJ. With
large enough current, the STT could be used to switch the
junction between a parallel and an antiparallel configuration.
Analogously to the case of SHE and inverse SHE, theremust
also exist an inverse effect to the spin-polarized current: a
charge current generated by injection of a spin-polarized
current. This current will flow in the opposite direction when
the spin polarization of the spin-polarized current is reversed.
The parallel and antiparallel configurations will thus have a
different conductivity or equivalently different resistance,
similarly to the GMR or TMR effect. The AFM junction is
thus, in principle, analogous in functionality to the FM spin
valve or MTJ; however, predicting the magnitude of the
magnetoresistance and the torque is beyond the scope of
this work.
It has been predicted by many authors that magneto-

resistance and a STT will occur even in spin valves or
tunneling junctions composed of collinear AFMs in which
current is not spin polarized [11,58–67]. These effects,
however, rely on quantum coherence and perfect interfaces
and were shown to be strongly suppressed by disorder
[64,65,68]. The effects we have described here, on the other
hand, do not rely on perfect interfaces and are expected to
be similarly robust as the analogous effects in FMs since
they rely only on the existence of the spin-polarized
current. We also remark that the longitudinal spin currents
can occur in nonmagnetic materials as well if the crystalline
symmetry is low enough [69]. Such spin currents differ
from the spin-polarized currents discussed here since they
are even under time reversal and require SOC.
The transverse spin currents are similar to the spin currents

due to the SHE, but differ in some key aspects. Because their
origin is different they will depend differently on disorder
and material properties such as SOC. Perhaps more impor-
tantly, the symmetry of the odd spin currents is distinct from
the SHE. As a consequence the odd spin currents can have
different spin polarization than SHE, which could be
important for the SOT [25]. Furthermore, since these spin
currents are odd under time reversal, they will tend to cancel
out in samples with many magnetic domains. Recently,
several experiments have demonstrated a SOT inMn3Ir=FM
heterostructures [26,28–30]. While the origin of such a
torque is not clear [29] it is known that in heavy metal-
FM heterostructures, the SHE plays an important role
[37,70]. Since our calculations show that the odd transverse
spin currents are in Mn3Ir larger than the intrinsic SHE [the
intrinsic SHE in Mn3Ir is 215 ℏ=eðΩ · cmÞ−1 [36]], we
expect them to also contribute to the SOT. Taking the odd
spin currents into account could help towards a better
understanding of the unexplained features of the SOT [29].

FIG. 3. (a) Simplified Fermi level of a noncollinear AFM.
Green line denotes the Fermi level, blue and gray arrows denote
the mean values of spin and velocity, respectively. (b) The electric
field causes a redistribution of electrons at the Fermi level,
signified by a thicker or thinner green line. The arrows inside the
circle show the corresponding spin currents. (c),(d) The main
features of the Fermi level can be captured by considering only
three types of electrons with velocities oriented parallel or
antiparallel with their spin. (e),(f) Parallel and antiparallel states
of the AFM junction. Gray dashed arrow denotes the direction of
the spin current flow, blue arrows denote the spin polarization of
the spin current, and red arrows denote the magnetic moments.
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Figure 6: Models of Fermi level spin textures, spin-polarized current and tunnel junction in non-
collinear antiferromagnets [10].

4 Spintronics in insulating antiferromagnets

4.1 Spin Hall magnetoresistance in antiferromagnet/heavy-metal heterostructures

Contributing team: JGU
In this work [11] we investigate the spin Hall magnetoresistance in thin film bilayer heterostructures

of the heavy metal Pt and the antiferromagnetic insulator NiO. While rotating an external magnetic
field in the easy plane of NiO, we record the longitudinal and the transverse resistivity of the Pt layer
and observe an amplitude modulation consistent with the spin Hall magnetoresistance. In comparison
to Pt on collinear ferrimagnets, the modulation is phase shifted by 90 deg and its amplitude strongly
increases with the magnitude of the magnetic field. We explain the observed magnetic field-dependence
of the spin Hall magnetoresistance in a comprehensive model taking into account magnetic field induced
modifications of the domain structure in antiferromagnets. With this generic model we are further
able to estimate the strength of the magnetoelastic coupling in antiferromagnets. Our detailed study
shows that the spin Hall magnetoresistance is a versatile tool to investigate the magnetic spin structure
as well as magnetoelastic effects, even in antiferromagnetic multidomain materials.

4.2 Full angular dependence of the spin Hall and ordinary magnetoresistance in
epitaxial antiferromagnetic NiO(001)/Pt thin films

Contributing team: JGU
In this work [12] we report the observation of the full angular dependence of the spin Hall mag-

netoresistance (SMR) in a thin film of epitaxial antiferromagnetic NiO, without any ferromagnetic
element. The angular dependence of the magnetoresistance was measured in magnetic fields up to 11
T, using three orthogonal angular scans. We find that the total magnetoresistance has contributions
arising both from SMR and ordinary magnetoresistance. Due to the particular NiO(001) orientation,
and due to the fact that NiO(111) planes are easy-planes for the antiferromagnetic moment rotation,
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SMR is observable in all orthogonal planes. The onset of the SMR signal occurs between 1 and 3 T
and no saturation is visible up to 11 T. The sign of the SMR is consistent with recent theoretical pre-
dictions and our results can be explained more quantitatively by a model considering the field-induced
redistribution of S-domains, competing with the destressing energy arising from the interaction of the
magnetostrictive NiO layer with the nonmagnetic MgO substrate. From the observed SMR ratio, we
estimate the spin mixing conductance at the NiO/Pt interface to be greater than 1× 1014 Ω−1 m−2,
comparable to early works on YIG/Pt systems. Our results highlight the presence of negative SMR
in antiferromagnetic thin films, confirming the existence of efficient spin transport and suggesting the
possibility of an electrical detection of the Néel vector in this class of materials, even for thin films rele-
vant for applications. Moreover, we show that a careful subtraction of the ordinary magnetoresistance
contribution is crucial to correctly estimate the size of the SMR.

4.3 Spin caloric effects in antiferromagnets assisted by an external spin current

Contributing teams: JGU, IOP
Searching for novel spin caloric effects in antiferromagnets we study in this work [13] the properties

of thermally activated magnons in the presence of an external spin current and temperature gradient.
We predict the spin Peltier effect – generation of a heat flux by spin accumulation – in an antiferro-
magnetic insulator with cubic or uniaxial magnetic symmetry. This effect is related with spin-current
induced splitting of the relaxation times of the magnons with opposite spin direction. We show that
the Peltier effect can trigger antiferromagnetic domain wall motion with a force whose value grows with
the temperature of a sample. At a temperature, larger than the energy of the low-frequency magnons,
this force is much larger than the force caused by direct spin transfer between the spin current and the
domain wall. We also demonstrate that the external spin current can induce the magnon spin Seebeck
effect. The corresponding Seebeck coefficient is controlled by the current density. These spin-current
assisted caloric effects open new ways for the manipulation of the magnetic states in antiferromagnets.

4.4 Spin colossal magnetoresistance in an antiferromagnetic insulator

Contributing team: JGU
Colossal magnetoresistance (CMR) refers to a large change in electrical conductivity induced by

a magnetic field in the vicinity of a metal-insulator transition and has inspired extensive studies for
decades. In this work [14] we demonstrate an analogous spin effect (see Fig. 7) near the Néel temper-
ature TN=296 K of the antiferromagnetic insulator CrO. Using a yttrium iron garnet YIG/CrO/Pt
trilayer, we injected a spin current from the YIG into the CrO layer, and collected via the inverse spin
Hall effect the signal transmitted in the heavy metal Pt. We observed a change by two orders of mag-
nitude in the transmitted spin current within 14 K of the Néel temperature. This transition between
spin conducting and nonconducting states could be also modulated by a magnetic field in isothermal
conditions. This effect, that we term spin colossal magnetoresistance (SCMR), has the potential to
simplify the design of fundamental spintronics components, for instance enabling the realization of
spin current switches or spin-current based memories.

5 Antiferromagnetic THz detector and emitter based on spin torques

Contributing teams: JGU, IOP
In this work [15] we have theoretically studied dynamics of antiferromagnets induced by simultane-

ous application of dc spin current and ac charge current, motivated by the requirement of all-electrically
controlled devices in the terahertz (THz) gap (0.1-30 THz). We show that ac electric current, via Néel
spin-orbit torques, can lock the phase of a steady rotating Néel vector whose precession is controlled
by a dc spin current. In the phase-locking regime the frequency of the incoming ac signal coincides
with the frequency of auto-oscillations, which for typical antiferromagnets falls into the THz range.
The frequency of auto-oscillations is proportional to the precession-induced tilting of the magnetic

8
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of more than 100 times around 290 K. Above this temperature, a 
voltage with a peak of VSSE ≈  500 nV appears at T =  296 K. When 
T <  282 K, VSSE is close to the noise floor, ~5 nV (Fig. 2e). By contrast,  

in the YIG/Pt bilayer device, VSSE varies little across the same tem-
perature range (Fig. 2f)21, which indicates that Js

in is nearly constant. 
This equivalently means that the Ts of Cr2O3 changes more than 100 
times around 290 K, which is calculated according to equation (1) 
and plotted in Supplementary Fig. 2c.

We attribute the abrupt change of VSSE in the YIG/Cr2O3/Pt 
device to the change in the Ts of the Cr2O3 layer, which marks the 
transition of the Cr2O3 layer from a spin conductor to a spin non-
conductor at T =  296 K. This critical temperature coincides with the 
Néel temperature of the Cr2O3 thin film22,23, and we associate the 
change in spin-current transmissivity with the onset of magnetic 
order. We found a similar spin conductor–non-conductor transition 
in a spin-pumping measurement for devices with the same YIG/
Cr2O3/Pt structure as shown in Fig. 2g (Supplementary Note 1),  
which demonstrates that the spin conductor–non-conductor tran-
sition in Cr2O3 does not depend on the method of spin-current 
generation. We also ruled out magnetic interface effects between 
the exchanged coupled YIG and Cr2O3 (such as exchange bias or 
spin-reorientation transitions) as causes of the large change of Ts. 
Using a control sample with a 5 nm Cu layer (a non-magnetic metal 
but good spin conductor) inserted between the YIG and Cr2O3 lay-
ers, we observed results similar to that in the YIG/Cr2O3/Pt trilayer 
(Fig. 2h and Supplementary Note 2). By measuring the VSSE for a 
Cr2O3/Pt bilayer, we also confirmed that VSSE comes from the spin 
current generated in the YIG and transmitted through the Cr2O3, 
rather than the spin current that originates within Cr2O3 (Fig. 2h 
and Supplementary Note 2).

With the spin conductor–non-conductor transition established, 
we show that the spin-current transmissivity of Cr2O3 has an aniso-
tropic response to magnetic fields in the critical region of the mag-
netic transition. The spin-current transmissivity of Cr2O3 depends 

Spin current

Spin current

Spin conductor

Spin non-conductor

Spin
conductor–non-conductor
transition

Metal–insulator
transition

Charge current

Charge current

Charge conductor

Charge insulator

HH

a b

Fig. 1 | Concept of SCMR. a, A schematic illustration of CMR. CMR is a 
property of some materials in which their electrical resistance changes 
steeply in the presence of a magnetic field, typically due to the strong 
coupling between a steep metal–insulator transition and a magnetic 
phase transition. b, A schematic illustration of SCMR: the spin-current 
transmissivity changes steeply due to the change in symmetry (here due 
to a magnetic phase transition). The spin-current transmissivity is also 
modulated by an applied magnetic field.
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Fig. 2 | Spin conductor–non-conductor transition in Cr2O3. a, The schematic shows the concept of the measurement of the spin-current transmissivity  
of a YIG/Cr2O3/Pt trilayer device. The temperature gradient, ∇ T, is along the z direction with the external magnetic field (H) is along the y direction.  
The magnetic insulator, YIG, is used as a spin source to inject spin currents JJs

in  into the Cr2O3 based on the SSE, and transmitted spin currents JJs
out through 

the Cr2O3 are detected as voltage signals in the Pt layer via the ISHE. b, A cross-sectional TEM image of the YIG/Cr2O3/Pt trilayer device used in this 
work. Scale bar, 5!nm. The easy axis c of the Cr2O3 is in the out-of-plane direction z of the film, as the inserted axis shows. c, The external magnetic field H 
dependencies of the voltage signal V measured in a YIG/Pt bilayer device at 300!K. d, The external magnetic field H dependencies of the voltage signal V 
measured in the YIG/Cr2O3/Pt trilayer device at various temperatures. e, The temperature dependence of the spin Seebeck voltage VSSE at H!= !0.1!T for  
the YIG/Cr2O3/Pt trilayer device at dCr O2 3

= !12!nm f, The temperature dependence of the spin Seebeck voltage VSSE at H!= !0.1!T for a YIG/Pt bilayer device.  
g, The temperature dependence of spin-pumping signals VISHE for YIG/Cr2O3/Pt trilayer devices with various values of the Cr2O3 layer thickness dCr O2 3

.  
h, The temperature dependence of the spin Seebeck voltage VSSE at H!= !0.1!T for the various devices. The measurement errors are smaller than the size of 
data points in all the figures.
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Figure 7: Concept of spin colossal magnetoresistance (b) compared with the charge colossal magne-
toresistance (a) [14].

sublattices related to the so-called dynamical magnetization. We show how the incoming ac signal
can be detected and formulate the conditions of phase locking. We also show that the rotating Néel
vector can generate ac electrical current via inverse Néel spin-orbit torque. Hence, antiferromagnets
driven by dc spin current can be used as tunable detectors (see Fig. 8) and emitters of narrow-band
signals operating in the THz range.O. GOMONAY, T. JUNGWIRTH, AND J. SINOVA PHYSICAL REVIEW B 98, 104430 (2018)

FIG. 1. Scheme of a bilayer system of an antiferromagnet (AF)
and a heavy metal (Pt) for detection of THz signal. The dc spin-
polarized current with spin polarization s induces rotation of the stag-
gered magnetization M1 ↑↓ M2 within the film plane. The incoming
signal is created by an ac charge current with the current density jac

within an AF layer.

these vectors are slightly tilted such that m = M1 + M2 ̸= 0.
However, due to the strong exchange coupling between the
magnetic sublattices Hex, the magnetization m is small, and
the state of the AF is fully described by the Néel vector (or
staggered magnetization) n = M1 − M2.

The dynamics of the Néel vector is driven by two external
torques: (i) the antidamping Néel torque [7,15] ∝ n × s × n,
which emerges from the dc spin-polarized current with spin
polarization s, |s| = 1 (Fig. 1), and (ii) the staggered-field
NSOT [7] ∝ n × ẑ × jac, created by an ac charge current with
density jac.

The equation of motion for the Néel vector is [15– 17]

n × (n̈ + 2αGγHexṅ − 2γ 2HexMsHn)

= γHexn × (γHdcs × n + 2λNSOTMsjac × ẑ), (1)

where αG is the Gilbert damping constant, γ is the gyro-
magnetic ratio, and Hn = − ∂wan/∂n is the internal effective
field defined by the profile of magnetic anisotropy energy
wan. For convenience, we characterize the effective density
of spin-polarized current with the value Hdc, which has the
dimensionality of the magnetic field. In the particular case
when the spin current is generated by the spin Hall effect (see
Fig. 1), Hdc = h̄εθHjdc/(2edAFMs ), where h̄ is the Planck
constant, dAF is the thickness of the film, 0 < ε ! 1 is the
spin-polarization efficiency, θH is the bulk spin Hall angle,
e is the electron charge, and jdc is the dc current density in
the heavy-metal electrode. Since for the spin Hall effect the
polarization is typically in plane, a side structure (different
from the one shown in Fig. 1) would be necessary. We use the
spin Hall effect here just for the purposes of estimating the
required order of magnitude of the dc current. For the numeri-
cal calculations we use the following estimated parameters of
Mn2Au: Hex = 1300 T, µ0Ms = 1 T [18], Han = 0.25 T, and
λNSOT = 35 s − 1 A − 1 cm2 [12]. In Appendix A we describe our
procedures for estimating material parameters of Mn2Au and
CuMnAs, and in Appendix B we show numerical results for
CuMnAs.

The last term on the right-hand side of Eq. (1) describes
the effect of the staggered-field NSOT assuming an ac steady
current. Note that this expression can be applied for an ac

FIG. 2. Average frequency of spin-current-induced rotation of
the Néel vector n as a function of dc current density calculated for
Mn2Au from Eq. (1). θs is the angle between the spin current and hard
axis. The horizontal line shows the AFR frequency ωAFR/2π . The
field-current conversion Hdc/jdc = 10 mT/(MA/cm2) corresponds
to spin pumping via the spin Hall effect with the Hall angle θH = 0.1
[19] into the sample with thickness dAF = 1 nm.

current as long as the oscillation period (picoseconds) is much
larger than the electron relaxation time (femtoseconds).

We demonstrate next that an AF is a favorable candidate
for the phase-sensing detector as it possesses all necessary
features: it (i) has a tunable auto-oscillating regime, (ii) ef-
ficiently couples to the electrical ac signal, and (iii) creates a
measurable response.

III. ANTIFERROMAGNET AS A
SPIN-TORQUE OSCILLATOR

To study the auto-oscillation regime of the AF we solve
Eq. (1) in the presence of only a dc spin current (jac = 0) for
different orientations of the spin polarization s and arbitrary
initial conditions for the Néel vector n. The spin-polarized
current induces steady precession of the Néel vector within
the plane perpendicular to s (inset in Fig. 2) [3,4]. This state
can be achieved for any orientation of s and from any initial
state of an AF. However, to generate the auto-oscillations it
is necessary to overcome the threshold Hdc " H thr

dc ≡ Han/sz,
whose value is sensitive to the orientation of s with respect
to the magnetic hard axis. This behavior is illustrated in
Fig. 2, which shows the dependence of the average frequency
of steady rotations !dc on the current density Hdc for two
different orientations of s. The minimal threshold H thr

dc = Han
is obtained when s is parallel to the hard axis.

Above the threshold, the average frequency !dc is de-
fined from the balance of the spin pumping (γHdcs × n) and
internal damping (2αGṅ). It grows linearly with the spin-
current amplitude, !dc = γHdc/2αG. !dc is comparable to
the antiferromagnetic resonance frequency (AFR) ωAFR ≡
2γ

√
HanHex of the lowest mode (see Fig. 2) and thus falls

into the THz range.
Phase locking and signal detection. In the auto-oscillation

regime, the components of the Néel vector oscillate with the
frequency !dc and thus produce an ac “reference signal.”

To illustrate the phase-locking effect in the auto-oscillating
AF we consider a geometry in which the dc spin current
is polarized along the hard axis, s∥ẑ, corresponding to the

104430-2

Figure 8: Schematics of a bilayer system of an antiferromagnet and a heavy metal for detection of
THz signal [15] .
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