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Outline: From DC to THz Spintronics

(DC) Principles of operation of AFM memory device 
- 90 degree rotation with current induced SO fields 
- reading with AMR 
- multi-domain character

(THz) Speed of writing
- mangetic dynamics of FM and AFM
- ultrafast (THz) switching
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SPINTRONICS

Electrical switching of
an antiferromagnet
P. Wadley,1*† B. Howells,1* J. Železný,2,3 C. Andrews,1 V. Hills,1 R. P. Campion,1

V. Novák,2 K. Olejník,2 F. Maccherozzi,4 S. S. Dhesi,4 S. Y. Martin,5 T. Wagner,5,6

J. Wunderlich,2,5 F. Freimuth,7 Y. Mokrousov,7 J. Kuneš,8 J. S. Chauhan,1

M. J. Grzybowski,1,9 A. W. Rushforth,1 K. W. Edmonds,1 B. L. Gallagher,1 T. Jungwirth2,1

Antiferromagnets are hard to control by external magnetic fields because of the alternating
directions of magnetic moments on individual atoms and the resulting zero net magnetization.
However, relativistic quantum mechanics allows for generating current-induced internal fields
whose sign alternates with the periodicity of the antiferromagnetic lattice. Using these fields,
which couple strongly to the antiferromagnetic order, we demonstrate room-temperature
electrical switching between stable configurations in antiferromagnetic CuMnAs thin-film
devices by applied current with magnitudes of order 106 ampere per square centimeter.
Electrical writing is combined in our solid-state memory with electrical readout and the stored
magnetic state is insensitive to and produces no external magnetic field perturbations, which
illustrates the unique merits of antiferromagnets for spintronics.

I
n charge-based information devices, per-
turbations such as ionizing radiation can
lead to data loss. In contrast, spin-based
devices, in which different magnetic moment
orientations in a ferromagnet (FM) represent

the zeros and ones (1), are robust against charge
perturbations. However, the FM moments can be
unintentionally reoriented and the data erased
by perturbing magnetic fields generated exter-
nally or internally within the memory circuitry.
If magnetic memories were based on antiferro-
magnets (AFMs) instead, they would be robust
against charge and magnetic field perturbations.
Additional advantages of AFMs compared to FMs
include the invisibility of data stored in AFMs
to external magnetic probes, ultrafast spin dyna-

mics in AFMs, and the broad range of metal,
semiconductor, or insulator materials with room-
temperature AFM order (2–7).
The energy barrier separating stable orienta-

tions of ordered spins is due to the magnetic
anisotropy energy. It is an even function of the
magnetic moment, which implies that the mag-
netic anisotropy and the corresponding memory
functionality are readily present in both FMs and
AFMs (8, 9). The magneto-transport counterpart
of the magnetic anisotropy energy is the aniso-
tropic magnetoresistance (AMR). In the early
1990s, the first generation of FM magnetic ran-
dom access memory (MRAM) microdevices used
AMR for the electrical readout of the memory
state (10). AMR is an even function of the mag-

netic moment, which again implies its presence
in AFMs (11). Although AMR in AFMs was ex-
perimentally confirmed in several recent studies
(12–17), efficient means for manipulating AFM
moments have remained elusive.
It has been proposed that current-induced

spin transfer torques of the form dM=dt ∼ M!
ðM ! pÞ, which are used for electrical writing in
the most advanced FM MRAMs (1), could also
produce large-angle reorientation of the AFM
moments (18). In these antidamping-like torques,
M is the magnetic moment vector and p is the
electrically injected carrier spinpolarization. Trans-
lated to AFMs, the effective field proportional
to ðMA;B ! pÞ that drives the antidamping-like
torque dMA;B=dt ∼ MA;B ! ðMA;B ! pÞ on indi-
vidual spin sublattices A and B has the favorable
staggered property, i.e., alternates in sign be-
tween the opposite spin sublattices.
In FM spin-transfer-torque MRAMs, spin-

polarized carriers are injected into the free
FM layer from a fixed FM polarizer by an out-
of-plane electrical current driven through the
FM-FM stack. In analogy, (18) assumes injec-
tion of the spin-polarized carriers into the AFM
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Fig. 1. Theory of the staggered current-induced field in CuMnAs. (A)
Schematic of the inverse spin-galvanic effect in a model inversion asymmetric
Rashba spin texture (red arrows). kx;y are the in-planemomentumcomponents.
The nonequilibrium redistribution of carriers from the left side to the right
side of the Fermi surface results in a net in-plane spin polarization (thick red
arrow) along þz! J direction, where J is the applied current (black arrow).
(B) Same as (A) for opposite sense of the inversion asymmetry, resulting in
a net in-plane spin polarization (thick purple arrow) along −z! J direction.
(C) CuMnAs crystal structure and AFM ordering.The two Mn spin-sublattices
A and B (red and purple) are inversion partners.This and panels A and B imply
opposite sign of the respective local current–induced spin polarizations,

pA ¼ −pB, at spin sublattices A and B. The full CuMnAs crystal is centro-
symmetric around the interstitial position highlighted by the green ball. (D) Mi-
croscopic calculations of the components of the spin-orbit field transverse to
the magnetic moments per current density 107 A cm−2 at spin sublattices A
and B as a function of themagneticmoment angle φmeasured from the x axis
([100] crystal direction).The electrical current is applied along the x and y axes.
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90 degree switching



AMR signal due to perpendicular pulses 

effects described below in more than 20 devices
fabricated from five different CuMnAs films, with
thicknesses ranging from 40 to 80 nm, grown on
either GaP or GaAs substrates. The electrical
data shown in Figs. 2 to 4 were obtained on a
46-nmepilayer on lattice-matchedGaP(001),whose
transmission electron microscopy image (Fig. 2A)
demonstrates excellent structural and chemical
order (20). Consistent with the AFM order of the
CuMnAs film, superconducting quantum inter-
ference device (SQUID) magnetometry mea-
surements (Fig. 2B) show only the diamagnetic
background of the sample substrate. X-ray mag-
netic linear dichroism–photoelectron emission
microscopy (XMLD-PEEM) measurements at
the Mn L3 absorption edge show that the AFM
moments are oriented in the plane of the film,
with a submicrometer-scale domain structure
(Fig. 2C). Neutron diffraction confirmed collinear
AFM order with a Néel temperature TN ¼ 480 K
(20, 36). The CuMnAs film is metallic with a room-
temperature sheet resistivity of 160 microhm cm.
In Fig. 2E, we demonstrate the electrical

writing in a CuMnAs device (Fig. 2D). The sam-
ple was held at a stable temperature of 273 K
inferred from the temperature calibration of the
resistivity of the CuMnAs film. Three successive
50-ms writing pulses of amplitude Jwrite ¼ 4"
106 Acm−2 were applied alternately along the

[100] crystal axis of CuMnAs (black arrow in
Fig. 2D and black points in Fig. 2E) and along
the [010] axis (red arrow in Fig. 2D and red points
in Fig. 2E). Note that Jwrite ¼ 4" 106 A cm−2 is
the current density in the central region of the
device obtained from finite element modeling
for the applied current of 90 mA driven through
the 28-mm-wide writing arms of the device. The
reading current Jread was applied along the [110]
in-plane diagonal and resistance signals, R⊥,
transverse to Jread are recorded 10 s after each Jwrite
pulse. A constant offset is subtracted from R⊥.
The [100]-directed writing pulses are expected

to set a preference for domains with AFM spin
axis along the [010] direction (black double-
arrow in Fig. 2D) and the [010]-directed pulses
for domains with AFM spin axis along the [100]
direction (red double-arrow in Fig. 2D). Consis-
tent with this picture, successive Jwrite pulses in
one direction increase the amplitude of the read-
out R⊥ signal of one sign and pulsing in the or-
thogonal direction increases the amplitude of
R⊥ of the opposite sign. As seen in Fig. 2E, all
the AFM memory states can be written repro-
ducibly. The signals are independent of the po-
larity of the writing current, which is expected
for the current-induced switching in AFMs. The
amplitude of the switching current applied in
our AFM memory is comparable to that of FM

spin transfer torque MRAMs and is much lower
than in the early observations of spin-orbit torque
switching inFMmetals,where 100MAcm−2 pulses
were used to reverse magnetization in a Pt/Co
bilayer (29).
In Fig. 3, A and B, we explore in more detail

the domain reconfiguration by applying a series
of 50 Jwrite pulses of varying length and ampli-
tude along the [010] direction (red points) and
[100] direction (black points) at 273 K. The data,
which again show highly reproducible switching
patterns, illustrate that the imbalance in the do-
main populations increases with the length and
amplitude of the writing pulses and tends to
saturate with the increasing number of pulses.
Because in these measurements, heating of the
central region of the device can reach tens of
degrees during the writing pulses, we did not
explore the switching behavior further beyond
the pulse lengths and amplitudes shown in Fig.
3, A and B. More intense pulses in our device
design can lead to irreproducible characteristics
or device failure due to structural changes. Apart
from the absolute R⊥ values, we also indicate in
Fig. 3, A and B, relative values R⊥=R of the signal,
where R is the longitudinal resistance R aver-
aged over the different states set by the writing
pulses along the [100]/[010] directions. Belowwe
will associate R⊥=R, reaching 0.2%, with the
transverse AFM AMR. Further confirmation of
the picture of the current-induced domain recon-
figuration by the applied writing pulses is given
by XMLD-PEEM measurements and XMLD spec-
troscopy (see figs. S1 and S2 and supplemen-
tary text.)
We now analyze the symmetry of the mea-

sured resistances for different probe current di-
rections. Figure 4 shows switching data for both
the transverse resistance signal and the longi-
tudinal signal,DR=R,whereDR ¼ R − R, obtained
at the sample temperature of 150 K. In these
lower-temperature experiments, we applied five
successive 275-ms pulses of amplitude Jwrite ¼
4:5" 106 A cm−2 along the [100] or [010] axis
to obtain signals comparable to the higher-
temperature measurements. Each row in Fig. 4
corresponds to a different axis along which we
apply the probe current Jread. From top to bottom,
the reading current is applied along the crystal
axis [110], [110], [100], and [010].
Consistent with the AMR symmetry, the trans-

verse signals (also known as the planar Hall ef-
fect) are detected for the AFM spin-axes angle set
toward T45° from the probe current, and the
transverse signal flips sign when the probe cur-
rent is rotated by 90°. The corresponding longi-
tudinal signals vanish in this geometry. For AFM
spin axes set toward T90° from the probe cur-
rent, the transverse signal vanishes and the long-
itudinal signal is detected,which is again consistent
with the AMR symmetries. The AMR nature of
the electrical signals is further confirmed by the
comparable amplitudes of the transverse and
longitudinal signals. We note that apart from the
stable AMR signals, the longitudinal resistances
show an additional time dependence, which is
due to the cooling of the sample after the writing

SCIENCE sciencemag.org 5 FEBRUARY 2016 • VOL 351 ISSUE 6273 589

Fig. 4. AMR symmetry of the electrical readout signals. (A) Optical microscopy image of the device
and of the measurement geometries with different probe current directions (green arrows). The writing

current directions are shown by black and red arrows. (B) Normalized transverse resistanceR⊥=R after five
writing current pulses along the [100] axis (black) and five pulses along the [010] axis (red) for the reading
current directions shown in (A). Vertical lines indicate the times of the pulses.The pulse length is 275 ms

and amplitude Jwrite ¼ 4:5" 106 A cm−2. Measurements were done at a sample temperature of 150 K. A
constant offset is subtracted fromR⊥. (C) As for (B) but for the normalized longitudinal resistance change,

DR=R, where DR ¼ R − R.
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Multi-level memory
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Summary (before going fast)

“Practical” memory based on AFM CuMnAs
- deterministic switching
- room temperature operation
- practical voltages

- Writing pulses
- signal
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Summary (before going fast)

“Practical” memory based on AFM CuMnAs
- deterministic switching
- room temperature operation
- practical voltages

- Writing pulses
- signal

- GaAs, GaP, Si substrates

Advantages of AFM:
- multistate (neuromorphic applications)
- no stray fields (high integration density, robust)
- SPEED !!!
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Ultrafast magnetization switching by spin-orbit torques
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Spin-orbit torques induced by spin Hall and interfacial effects in heavy metal/ferromagnetic
bilayers allow for a switching geometry based on in-plane current injection. Using this geometry,
we demonstrate deterministic magnetization reversal by current pulses ranging from 180 ps to ms
in Pt/Co/AlOx dots with lateral dimensions of 90 nm. We characterize the switching probability
and critical current Ic as a function of pulse length, amplitude, and external field. Our data evidence
two distinct regimes: a short-time intrinsic regime, where Ic scales linearly with the inverse of
the pulse length, and a long-time thermally assisted regime, where Ic varies weakly. Both regimes
are consistent with magnetization reversal proceeding by nucleation and fast propagation of
domains. We find that Ic is a factor 3–4 smaller compared to a single domain model and that the
incubation time is negligibly small, which is a hallmark feature of spin-orbit torques. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902443]

Magnetization switching is a topic of fundamental inter-
est as well as of practical relevance for the development of
fast, non-volatile data storage devices. In recent years,
current-induced switching of nanosized magnets has emerged
as one of the most promising technologies for the realization
of a scalable magnetic random access memory (MRAM).1 In
the so-called spin transfer torque (STT)-MRAM, a spin-
polarized current flowing through a pinned magnetic layer
induces a torque on the storage layer that counteracts the
magnetic damping.2,3 STT switching can be made faster by
increasing the injected current or choosing materials with low
damping. However, when the magnetization of the reference
and free layer are at rest, parallel or anti-parallel, the STT is
zero. The resulting non-negligible incubation delay, governed
by thermally activated oscillations, limits ultrafast switching
and induces a broad switching time distribution.4 Several sol-
utions have been explored to reduce the incubation delay,
such as biasing STT devices with a hard axis field4 or adding
an out-of-plane polarizer to an in-plane free layer.5 This has
led to switching times as low as 50 ps in metallic spin
valves6–8 and 500 ps in magnetic tunnel junctions (MTJ).9

Despite such progress, the development of STT-MRAM for
ultrafast applications such as cache memories remains prob-
lematic. Fast switching requires large current through the thin
oxide barrier of a MTJ, which leads to reliability issues and
accelerated aging of the barrier.

Spin-orbit torque (SOT)-induced switching, generated by
the flow of an electrical current in the plane of a ferromag-
netic/heavy metal (FM/HM) bilayer, offers an interesting al-
ternative to STT.10 Theoretical11,12 and experimental10,13–19

studies have evidenced significant antidamping Tk / m
!ðy!mÞ and field-like T? / m! y SOT components in
such systems, which originate from either the bulk spin

Hall effect in the HM layer or interfacial Rashba-type spin-
orbit coupling, or a combination of these effects. Tk is respon-
sible for the switching of the magnetization m. As this torque
is directed parallel to y for a current directed along x, Tk

destabilizes both directions of the magnetization and the
application of a bias field along the current direction is
required to stabilize one magnetic configuration over the
other. Consequently, switching is bipolar with respect to both
current and bias magnetic field.10 SOT has proven very effec-
tive to switch the magnetization of perpendicular10,20,21 and
in-plane magnetized layers,14,15 as well as to control the
motion of domain walls in FM/HM heterostructures.22–24 In

FIG. 1. (a) Schematic of the experimental setup. (b) Current pulses of differ-
ent duration detected in transmission. (c) Magnetization switching of sample
s1 induced by positive and negative current pulses with current density
Ip ¼ 1.65 mA and sp ¼ 210 ps, averaged over 100 pulses. Bx is swept only
once from þ 0.65 to & 0.65 T.a)Electronic mail: kevin.garello@mat.ethz.ch

0003-6951/2014/105(21)/212402/5/$30.00 VC 2014 AIP Publishing LLC105, 212402-1

APPLIED PHYSICS LETTERS 105, 212402 (2014)

Ferromagnets : GHz threshold in writing current

Garello et al., APL (2014)

when reducing sp, whereas on longer time scales (sp! 1 ls),
Ic has a weak dependence on sp. This behavior is qualita-
tively similar to that observed in STT devices30–32 and asso-
ciated with an intrinsic regime where the switching speed
depends on the efficiency of angular momentum transfer
from the current to the magnetic layer and a thermally
assisted regime in which stochastic fluctuations help the
magnetization to overcome the reversal energy barrier.

We focus first on the short-time regime. In this limit, Ic

is inversely proportional to sp, as shown in Figure 4. Similar
behavior is observed for samples s1–s3, indicating that the
s"1

p dependence is specific to the switching process rather
than to a particular sample. In analogy with STT,31,32 we
model Ic as

Ic ¼ Ic0 þ
q

sp
; (1)

where Ic0 is the intrinsic critical switching current and q is an
effective charge parameter that represents the number of
electrons that needs to be pumped into the system before
reversal occurs, describing the efficiency of angular momen-
tum transfer from the current to the spin system. From the
fit shown in Fig. 4, we obtain Ic0¼ 0.58 mA (jc0¼ 1.76
% 108 Acm"2) and q¼ 2.1% 10"13 C. This linear relation-
ship holds for different Bx [Fig. 4]. When increasing Bx from
91 to 146 mT, q decreases by about 13%, whereas Ic0

increases from 0.58 to 0.61 mA. Further proof that the linear
dependence of Ic on s"1

p is general to the switching distribu-
tion and not dependent on the definition of the critical cur-
rent is reported in the inset of Fig. 4, showing that all the
switching probability curves measured for sp < 1 ns, plotted
as a function of the scaled angular momentum (Ic" Ic0)sp /q,
fall onto the same curve.

The experimental Ic0 can be compared with that
expected from monodomain SOT-induced magnetization re-
versal,33 given by the condition TkðIc0Þ ¼ ðBk=2" Bx=

ffiffiffi
2
p
Þ.

This torque is often expressed in terms of an effective spin
Hall angle heff

SH as Tk ¼ ½!h=ð2eÞheff
SH=ðMstFMÞ)j, where tFM is

the thickness of the FM layer and the current density j is
assumed to be uniform throughout the FM/HM bilayer,33,34

which is a reasonable assumption for Co/Pt. heff
SH is a useful

parameter to compare results from different experiments, but
does not correspond to the bulk spin Hall angle of the HM
layer, as it takes into account neither the finite spin diffusion
length in the HM nor FM/HM interface effects. Here, by
considering the ratio Tk/j¼ 6.9 mT/107 Acm"2 ðheff

SH ¼ 0:11Þ
obtained from harmonic Hall voltage measurements of
Pt(3 nm)/Co(0.6)/AlOx dots in the quasistatic, low current
(j * 107 Acm"2) limit,16 we estimate Ic0 + 2.05 mA. This
value is about 3.5 times larger compared to the experiment.
In order to match the critical current of our samples to the
macrospin prediction, heff

SH should be about 0.4, an unreason-
ably large value for Pt.35 As sp is too fast for thermally
assisted switching, this comparison suggests that the magnet-
ization reverses by a more current-efficient process than
coherent rotation of a single magnetic domain.

Further support for this hypothesis comes from macro-
spin simulations of SOT switching in the sub-ns regime
using the Landau-Lifshitz-Gilbert equation (not shown),
which reveals that Ic , s"b

p with b + 2 rather than b¼ 1 as
found in the experiment. This behavior differs from the mac-
rospin dynamics of perpendicular magnetic layers induced
by STT, for which our simulations confirm the linear scaling
(b¼ 1) found in Ref. 32. The difference between SOT and
STT stems from the competition between Tk and the anisot-
ropy torque, which tend to align the magnetization, respec-
tively, along y and z, whereas in the STT case, they both
tend to align it towards z.

The inconsistency between macrospin models and our
experiment suggests that magnetization reversal occurs by
domain nucleation and propagation. In such a scenario, once
a reverse domain nucleates due to the Tk and T?, switching
is achieved by the propagation of a domain wall through the
dot. Since the domain wall velocity is proportional to j, the
critical switching current is expected to be proportional to
s"1

p , in agreement with our results in the short-time regime
and Eq. (1). In this case, the “effective charge” q is inversely
proportional to the domain wall velocity and can be inter-
preted as the angular momentum required to switch the entire
dot once the reversal barrier of a portion of the sample has
been overcome. The ratio between domain wall velocity and
current density can be estimated by taking the width w of the
sample as the distance that a domain wall has to travel before
switching occurs and divide it by the time s required to cover
this distance. This time can be estimated as s¼ q=jS, so that
v=j¼wS=q¼ 137 (m/s)/108 Acm"2, where S¼w(tFMþ tHM)

10

FIG. 3. Critical switching current of sample s2 as a function of pulse dura-
tion measured with Bx¼ 91 mT. The green solid line is a fit to the data in the
short-time regime (sp< 1 ns) according to Eq. (1). The red dashed line is a
fit to the data in the thermally activated regime (sp! 1 ls) according to Eq.
(2). The blue dash-dotted line represents the intrinsic critical current Ic0.

FIG. 4. Critical switching current of sample s1 as a function of 1/sp for dif-
ferent values of Bx. The thin red line shows a linear fit to the short-time data
(1/sp> 1 GHz) measured at Bx¼ 91 mT using Eq. (1). Inset: P in the short-
time regime as a function of sp (Ic" Ic0)/q. The red line represents an aver-
age fit of all the curves using a sigmoidal function.
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GHz switching in CuMnAs
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b 10μm
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FIG. 4. a, Writing energy density (red dots), ✏ = ⇢j2⌧p, required to obtain a 1 m⌦ switching

signal as a function of the writing speed 1/⌧p in the linear scale (main plot) and in the log-log

scale (inset). All data points, except for the point at 1/⌧p=1 THz are obtained from the contact

measurements. The point at 1/⌧p=1 THz in the inset is from the non-contact measurement using

the conversion based on the breakdown energy reference (black dashed line in the main plot - to be

properly measured). b, Magnitude of the switching signal as a function of the THz field amplitude

(main panel) and of the converted current density (inset) for 1, 2 and 3 µm size CuMnAs/GaAs

bit cells. Top insets show electron microscopy images of the 1 and 3 µm size devices. Light regions

are Au-contact pads, grey regions are etched down to the GaAs substrate, and black regions are

CuMnAs. c, Contact writing by 200 ms pulses of current density 1⇥ 10
7
Acm

�2
(white intervals)

and the contact writing superimposed on the non-contact writing by a train of ps-pulses with a

kHz repetition rate and a THz field amplitude corresponding to an additional current density of

approximately 2.2⇥ 10
9
Acm

�2
(grey intervals). Data were measured in a 10 µm-size CuMnAs/Si

bit cell.
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Energy constant in sub-nanosecond range
- thermally assisted switching 
- shorter pulses could work !!!
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THz switching – individual pulses
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THz switching
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FIG. 2. a, Reversible multi-level switching by 30 s trains of µs electrical pulses with a Hz pulse-

repetition rate, delivered via wire-bonded contacts along two orthogonal directions. The applied

writing current density in the 3.5 µm-size CuMnAs/GaAs cell is 3 ⇥ 10
7
Acm

�2
. Intervals with

the pulse trains turned on are highlighted in grey and the two orthogonal current-directions of the

trains are alternating from one interval to the next. Electrical readout is performed at a 1 Hz

rate. Right insets show schematics of the transverse AMR readout. White double-arrows represent

the Néel vector orientation and white dashed lines the readout current orientation. b, Same as

a for ps-pules with a kHz pulse-repetition rate. The writing current density in the 2 µm-size

CuMnAs/GaAs bit cell recalculated from the amplitude of the applied THz electric-field transient

is 3.7⇥ 10
9
Acm

�2
. Electrical readout is performed at a 8 Hz rate.
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THz writing – Energy of pulses
Energy  density of pulse writing 1mW signal

Constant energy below 1 ns

Energy constant in sub-nanosecond range
- thermally assisted switching  



Conclusions

CuMnAs AFM memory devices
- Deterministic switching using Néel SO fields
- Multilevel character
- Ultrashort (1 ps) writing pulses

Remains 
- Time resolved experiments 

SPINTRONICS

Electrical switching of
an antiferromagnet
P. Wadley,1*† B. Howells,1* J. Železný,2,3 C. Andrews,1 V. Hills,1 R. P. Campion,1

V. Novák,2 K. Olejník,2 F. Maccherozzi,4 S. S. Dhesi,4 S. Y. Martin,5 T. Wagner,5,6

J. Wunderlich,2,5 F. Freimuth,7 Y. Mokrousov,7 J. Kuneš,8 J. S. Chauhan,1

M. J. Grzybowski,1,9 A. W. Rushforth,1 K. W. Edmonds,1 B. L. Gallagher,1 T. Jungwirth2,1

Antiferromagnets are hard to control by external magnetic fields because of the alternating
directions of magnetic moments on individual atoms and the resulting zero net magnetization.
However, relativistic quantum mechanics allows for generating current-induced internal fields
whose sign alternates with the periodicity of the antiferromagnetic lattice. Using these fields,
which couple strongly to the antiferromagnetic order, we demonstrate room-temperature
electrical switching between stable configurations in antiferromagnetic CuMnAs thin-film
devices by applied current with magnitudes of order 106 ampere per square centimeter.
Electrical writing is combined in our solid-state memory with electrical readout and the stored
magnetic state is insensitive to and produces no external magnetic field perturbations, which
illustrates the unique merits of antiferromagnets for spintronics.

I
n charge-based information devices, per-
turbations such as ionizing radiation can
lead to data loss. In contrast, spin-based
devices, in which different magnetic moment
orientations in a ferromagnet (FM) represent

the zeros and ones (1), are robust against charge
perturbations. However, the FM moments can be
unintentionally reoriented and the data erased
by perturbing magnetic fields generated exter-
nally or internally within the memory circuitry.
If magnetic memories were based on antiferro-
magnets (AFMs) instead, they would be robust
against charge and magnetic field perturbations.
Additional advantages of AFMs compared to FMs
include the invisibility of data stored in AFMs
to external magnetic probes, ultrafast spin dyna-

mics in AFMs, and the broad range of metal,
semiconductor, or insulator materials with room-
temperature AFM order (2–7).
The energy barrier separating stable orienta-

tions of ordered spins is due to the magnetic
anisotropy energy. It is an even function of the
magnetic moment, which implies that the mag-
netic anisotropy and the corresponding memory
functionality are readily present in both FMs and
AFMs (8, 9). The magneto-transport counterpart
of the magnetic anisotropy energy is the aniso-
tropic magnetoresistance (AMR). In the early
1990s, the first generation of FM magnetic ran-
dom access memory (MRAM) microdevices used
AMR for the electrical readout of the memory
state (10). AMR is an even function of the mag-

netic moment, which again implies its presence
in AFMs (11). Although AMR in AFMs was ex-
perimentally confirmed in several recent studies
(12–17), efficient means for manipulating AFM
moments have remained elusive.
It has been proposed that current-induced

spin transfer torques of the form dM=dt ∼ M!
ðM ! pÞ, which are used for electrical writing in
the most advanced FM MRAMs (1), could also
produce large-angle reorientation of the AFM
moments (18). In these antidamping-like torques,
M is the magnetic moment vector and p is the
electrically injected carrier spinpolarization. Trans-
lated to AFMs, the effective field proportional
to ðMA;B ! pÞ that drives the antidamping-like
torque dMA;B=dt ∼ MA;B ! ðMA;B ! pÞ on indi-
vidual spin sublattices A and B has the favorable
staggered property, i.e., alternates in sign be-
tween the opposite spin sublattices.
In FM spin-transfer-torque MRAMs, spin-

polarized carriers are injected into the free
FM layer from a fixed FM polarizer by an out-
of-plane electrical current driven through the
FM-FM stack. In analogy, (18) assumes injec-
tion of the spin-polarized carriers into the AFM
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Fig. 1. Theory of the staggered current-induced field in CuMnAs. (A)
Schematic of the inverse spin-galvanic effect in a model inversion asymmetric
Rashba spin texture (red arrows). kx;y are the in-planemomentumcomponents.
The nonequilibrium redistribution of carriers from the left side to the right
side of the Fermi surface results in a net in-plane spin polarization (thick red
arrow) along þz! J direction, where J is the applied current (black arrow).
(B) Same as (A) for opposite sense of the inversion asymmetry, resulting in
a net in-plane spin polarization (thick purple arrow) along −z! J direction.
(C) CuMnAs crystal structure and AFM ordering.The two Mn spin-sublattices
A and B (red and purple) are inversion partners.This and panels A and B imply
opposite sign of the respective local current–induced spin polarizations,

pA ¼ −pB, at spin sublattices A and B. The full CuMnAs crystal is centro-
symmetric around the interstitial position highlighted by the green ball. (D) Mi-
croscopic calculations of the components of the spin-orbit field transverse to
the magnetic moments per current density 107 A cm−2 at spin sublattices A
and B as a function of themagneticmoment angle φmeasured from the x axis
([100] crystal direction).The electrical current is applied along the x and y axes.
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