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General ways to switch AFMs or ferrimagnets
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Incoherent processes Coherent processes

Heating, “destroy & rebuild”

E.g., GdFeCo

Stanciu et al, PRL 99, 047601 (2007)
Ostler et al, Nat. Comm. 3, 666 (2012)

E.g. (Rashba - ) Edelstein effect
“staggered torque in AFMs”

Zelezny et al, PRL 113, 157201 (2014)

Zelezny et al, PRB 95, 014403 (2017)  
Wadley et al, Science 351, 587 (2016) 

CuMnAs

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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Switching in ferrimagnets
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Experiment Theory

Radu et al, Nature 472, 205 (2011)

“Destroy & rebuild”

XMCD PEEM Fe L3 edge

LeGuyader et al, PRB 93, 134402 (2016)

Very long restoring time ~ 1 ns 
of incoherent process
Re-writable at > 0.5 ns

Nearly fully 
demagnetized ~ 1 ps

GdFeCo



Possible coherent processes
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𝑀!"# 𝜔 = 𝜒 𝜔 𝐸(𝜔) Current or THz field (ps)

Zelezny et al, PRL 113, 157201 (2014)
Wadley et al, Science 351, 587 (2016) 

Requires local symmetry breaking

Staggered torques

𝑀!"# 0 = 𝜅$%& 𝜔 𝐸∗×𝐸 = 𝐾$%&(𝜔)𝐸((𝜔) fs-laser field

Kimel et al, Nature 435, 655 (2005)
Berritta, Mondal, Carva, PMO, PRL 117, 137203 (2016)

Disadvantage: not much known about it

John et al, Sci.Rep. 7, 4114 (2017)

symmetry breaking not required

§ Inverse Faraday effect

§ (Rashba - ) Edelstein effect

𝑀!"#



Nonmagnetic metals / ferromagnets
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Ø Antisymmetric in helicity for nonmagnetic materials
Ø Opposite effect of spin and orbital IFE contributions 

possible
Ø Asymmetric for ferromagnets

(!Γ = 0.03 Ry)𝑀!"# 0 = 𝐾$%&' 𝜔 + 𝐾(%&' 𝜔 ⁄𝐼 𝑐, 𝐼 = 𝜀)𝑐 ⁄𝐸* 2

Berritta, Mondal, Carva, PMO, PRL 117, 137203 (2016) John et al, Sci.Rep. 7, 4114 (2017)

FePt

Dichroic absorption

Freimuth, Blügel, Mokrousov, PRB 94, 144432 (2016)

2nd order response theory



Antiferromagnetic materials 
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MFe = ±1.635µB

M Mind

Small effect, antisymmetric?

Mind
⇑ (σ + ) = −6.4×10−4µB

Mind
⇓ (σ + ) =1.1×10−3µB

I=1 GW/cm2 ω=2.5 eV

Gives staggered induced moments

Fe (AFM)



Antiferromagnetic CrPt
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Cr1      Mind (σ+)=-0.08μB

Cr2     Mind (σ+)= 0.014μB

Pt1        Mind (σ+)= 0.03μB

Pt2 Mind (σ+)= 0.03μB

ω=2.26 eV
I= 1 GW/cm2

Dannegger, Berritta, Carva, Selzer, Ritzmann, PMO, Nowak, PRB 104, L060413 (2021)

Cr1 Cr2

Staggered induced 
moments, not equal size

TN ~ 760 K



Atomistic spin dynamics simulations
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Talk of Uli Nowak, poster Tobias Dannegger

Ø Switches in ~200 fs, completed at 500 fs
Ø Nonthermal switching, much heat works 

against switching probability
Ø 90°coherent switching possible
Ø AFM exchange enhanced switching



From AFM to ferrimagnet
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Ferrimagnetic order – unequal sublat. moments

AFM

Ferrimagnet



Current induced switching in Mn2Au
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Bodnar et al, Nat. Commun. 
9, 348 (2018)

Orb. Edelstein effect Spin Edelstein effect 

“Rashba” “Dresselhaus”

jij
ind
i EM ×= c

Ø Orbital REE dominant (not due to SOC)
Ø Large non-Néel elements present (spin)
Ø Orbital polarization is staggered

Salemi, Berritta, Nandy, PMO, Nat. Commun. 10, 5381 (2019)

10-5 μB10-3 μB

Lin. response
Mn1      
Mn2



Atomistic spin dynamics simulations
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E || [110]

E || [100]

E =1.9 107 V/m

E =3.1 107 V/m

Switching path

E || [110]

E || [100]

Switching assisted by 
temperature !

E = 107 V/m, T = 300 K

E = 107 V/m, T = 500 K

With ab initio input

AFM exchange enhanced

Roy, Otxoa, Wunderlich, 
PRB 94, 014439 (2016)

Selzer, Salemi, Deak, Simon, Szunyogh, PMO, Nowak, PRB in press

90°switching simulation for 20 ps pulse (T=0 K, high E field)
=> Fast switching ~4 ps

𝑇 ~ (𝐸"#$𝐸%&')()/+



Other possible coherent torques?
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Short time scale (fs-ps), but 
intrinsic I – how to steer it?

§ Inertial torque ú
û

ù
ê
ë

é
¶
¶
×´= 2

2

t
MIMT inert

Mondal, Berritta, Nandy, PMO, PRB 96, 024425 (2017)

Neeraj et al, Nat. Phys. 17, 245 (2021)
Cherkasskii et al, PRB 102, 184432 (2020)

Mondal, Großenbach, Rozsa, Nowak, PRB 103, 104404 (2021) 

𝐼 ∝ − ̅𝜏 𝛼 ̅𝜏 ≈ 700 𝑓𝑠

§ Optical spin-orbit torque s
OSOT jM

cm
eT ´-=

0
22

2

2 e
Photon spin angular moment

Mondal, Berritta, Paillard et al, PRB 92, 100402R (2015)

Mondal, Donges, Nowak, PRRes 3, 023116 (20121)
Mondal, Berritta, Oppeneer, JPCM 29, 194002 (2017)

Some possible observations (?)



Other possible torques?
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t
HMT FDT
¶
¶

´µ§ Field-derivative  torque

Mondal, Berritta, PMO, PRB 94, 144419 (2016)
Mondal, Donges, Ritzmann, PMO, Nowak, PRB 100, 060409R (2019)

§ for THz pulses FDT could be important
§ phase difference between Zeeman 

torque and FDT
§ No experimental observation so far

(non-relativistic)



Conclusions

§ Inverse Faraday effect can give staggered induced moments in AFMs 
(no symmetry-breaking needed)  

§ Can initiate fast AFM switching process (~200fs) in CrPt w/o incoherent heating 
§ Electric-field induced switching in Mn2Au possible in ~ 4 ps
§ Heating by current pulses strongly assists the AFM switching in Mn2Au
§ Other possible torques for ultrafast switching: 

Inertial torque, FDT, and OSOT – not enough known and possibly too small
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H2020


