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Ultrafast antiferromagnetic switching of
Mn2Au with laser-induced optical torques

Check for updates

Jackson L. Ross 1 , Paul-Iulian Gavriloaea 2, Frank Freimuth 3,4, Theodoros Adamantopoulos 4,5,

Yuriy Mokrousov 3,4, Richard F. L. Evans 1, Roy Chantrell 1, Rubén M. Otxoa 6,7 &

Oksana Chubykalo-Fesenko 2

Ultrafast manipulation of the Néel vector in metallic antiferromagnets most commonly occurs by

generation of spin-orbit (SOT) or spin-transfer (STT) torques. Here, we predict another possibility for

antiferromagnetic domain switching by using novel laser optical torques (LOTs). We present results of

atomistic spin dynamics simulations from the application of LOTs for all-optical switching of the Néel

vector in the antiferromagnet Mn2Au. The driving mechanism takes advantage of the sizeable

exchange enhancement, characteristic of antiferromagnetic dynamics, allowing for picosecond 90

and 180-degree precessional toggle switching of the Néel vector with laser fluences on the order of

mJ/cm2. A special symmetry of these novel torques greatly minimises the over-shooting effect

common to precessional spin switching by SOT and STT methods. We demonstrate the opportunity

for LOTs to produce deterministic, non-toggle switching of single antiferromagnetic domains. Lastly,

we show that even with sizeable ultrafast heating by laser in metallic systems, there exist a large

interval of laser parameters where the LOT-assisted toggle and preferential switchings in magnetic

grains have probabilities close to one. The proposed protocol could be used on its own for all-optical

control of antiferromagnets for computing or memory storage, or in combination with other switching

methods to lower energy barriers and/or to prevent over-shooting of the Néel vector.

The potential for fast, deterministic control of the order parameter inmetallic
antiferromagnets (AFMs) at room-temperature without heavy-metal spin
injection is highly promising for spintronics research anddevice applications.
The discovery of classes of high-Néel temperature AFMs, which respond
asymmetrically to external stimuli such as Mn2Au or CuMnAs1,2, represents
an important step for applications in Terahertz (THz) radiation generation3,
as well as for manipulation of magnetic textures for novel AFM spintronics4.
Their use, however, is restricted to methods which reliably activate those
dynamics: the same intrinsic nature whichmakes AFMs so appealingmakes
them insensitive to the traditional methods used to control ferromagnetic
materials (such as applied fields or microwave excitations).

Currently, the most understoodmethod for controlling the AFM order
parameter in spintronic devices is the application of spin orbit torque
(SOT)4–8. But also of interest is the use of spin transfer torques (STTs)9–12 and
THz excitations to drive AFM switching13. However, limitations to these
methods provide challenges for practical implementation: SOT control using
applied currents requires either precise timing to prevent over-switching9,14,15,

weaker fields for longer duration16, or repeated short pulses2,17. STT driven
switching requires complex heterostructures3,10,15, and over-shooting beyond
90-degrees is still a risk9,10. THz driven dynamics represent the most precise
methodof control, buthavenotbeen shownto switch theAFMNéel vector in
metals with current experimental THz excitation strength13. AFM switching
using optical laser pulses has been achieved previously in classes of insulating
rare-earth orthoferrites, but only for cryogenic systems due to their low Néel
temperatures18–20. Thus, it is necessary to look at different materials and
switching strategies for room-temperature spintronic applications.

Recent ab initio work21 has presented a new option for direct manip-
ulation of the order parameter inmetallic AFMs: the induction of staggered
fields using direct optical laser excitation. The experimental evidence for
these torques in metals has been seen in ferromagnetic (FM) materials12,22,
but only recently has the same theoretical formalism23 been applied to
AFMs24 (and specifically Mn2Au

21,25). The frequency dependence of the
induced staggered magnetic fields is calculated for optical and THz exci-
tations, and is shown to generate a net non-staggered torque (see Fig. 1).
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This torque could potentially switch the AFM order parameter, an idea we
consider in detail in the present article.

We present atomistic spin dynamics simulations of an optical frequency
excitation from ultrafast laser pulses on Mn2Au using the coupling scheme
suggested in Freimuth et al.21. To distinguish between the other laser excitation
torques, acting throughspin transfer techniques,we call this generated torque a
laser optical torque (LOT). Recently, experiments using ultrafast THz pulses
have demonstrated inducedMn2Au dynamics, with modelling predicting the
potential for coherent domain switching13. Unlike THz pulses, which are
predicted to induce both LOT and SOT fields21, the optical frequency is too far
above the AFM frequency to excite SOT dynamics. Note also that the electric
field dependence of the generated SOT scales linearly with E13,21, while the
generated LOT scales quadratically withE21,23,25. Thus, we focus our work here
ondemonstrating thepossibility to switch theNéel vector inAFMusingpurely
LOTs inoptical frequencies.Additionally,we provide amethodusing theLOT
symmetry to preferentially control the switching direction of the Néel vector,
allowing for deterministic, non-toggle all-optical switching (AOS) in AFM.

Methods
Atomistic spin dynamics
Weperform atomistic spin dynamics simulations inMn2AuAFMbased on
the Landau-Lifshitz-Gilbert (LLG) equation using the open source code
VAMPIRE26where we included new LOT torques. Unless specified, for the
majority of simulations we use a cubic Mn2Au crystal lattice of 1600 spins,
(3 nm)3. Figure 1 illustrates Mn2Au unit cell implemented in the atomistic
simulations. The effective Heisenberg spin Hamiltonian includes the fer-
romagnetic (FM) and antiferromagnetic (AFM) exchange interaction
terms, two-ion anisotropy mediated by the Au sublayers, fourth-order out-
of-plane anisotropy, and the fourth-order rotational in-plane anisotropy
(easy axes orientated along the 〈 ± 110〉 direction):

H ¼ �
P

ij

SiJ ijSj � k4?
P

i

S4i;z � 30
35
S2i;z

� �

� k4rot
P

i

sin4θ cos 4ϕ� μs
P

i

Si �HLOT;i:
ð1Þ

The local magnetic moment directions are given by unit vectors Si with
length μs. θ gives the polar angle ofmagnetisation, and ϕ the azimuthal angle
of magnetisation from the x-coordinate. The magneto-crystalline aniso-
tropies (MCAs) are implemented in Cartesian coordinates using the
spherical harmonic formulation given in27 for accurate four-fold rotational
symmetry. Also included is the Au mediated two-ion anisotropy terms,
creating a vectorial form of the exchange constants between sites i and j
across Au sites such that J ij ¼ ðJxx;ij; Jyy;ij; Jzz;ij þ k?2 Þ28 (footnote (Simula-
tionsof the two-ionanisotropy includedas a traditional out-of-planeuniaxial
anisotropy show no discernible differences in the phase diagrams, but the
two-ion anisotropy is known to have a different temperature scaling29,30)).
Table 1 summarizes the parameters used in the simulations. Shick et al.28

discussed situations where thin films ofMn2Au have an additional in-plane,
uniaxial strain anisotropy, creating a preferential 180-degree orientation
along the 〈100〉 or 〈010〉 directions. While SOTs/STTs have been used to
switch 180-degree domains inMn2Au

10,14, we confine our simulations to 90-
degree domains without the additional in-plane uniaxial anisotropy.

Laser optical torque
Optically-induced torques show strong crystal symmetry and frequency-
dependentcoupling to thepolarisedelectricfieldcomponentsof the laser.A full
analysis of the symmetry requirements in the Mn2Au bulk crystal was pre-
viously presented by Freimuth et al.21 based on the Keldysh non-equilibrium
formalism. There, a linearly or circularly polarised laser pulse was shown to be
capable of inducing a torque acting on the Néel vector parameter L via stag-
geredmagneticfields inducedby thesecond-orderelectricfieldcoupling,which
act on theMn spins in the distinct sublattices of the AFM. Themagnitude and
spatial symmetry of the predicted torque depend both on the local orientation
of theNéel vectorL, as well as the electricfield ϵdirection of the applied optical
pulse. To drive magnetic switching using an in-plane torque, the induced field
must be at least equal to the in-plane rotational anisotropy field value of
10.3mT14. Assuming a constant linear relationship between torque and laser
intensity, this would require pulses on the order of 2000mJ/cm2. Thus, this
work seeks to apply out-of-plane torques to take advantage of the exchange
enhancement characteristic of antiferromagnetic switching14,15.

Fig. 1 | Unit cell and diagram of torque symmetry.

aUnit cell with exchange interactions. b–dDiagram

of net torques from Eq. (3) with light linearly

polarised parallel to the azimuthal angle φ from x.

Fourth order in-plane magneto-crystalline aniso-

tropy (MCA) along 〈 ± 110〉. (Purple): magnetisa-

tion vector, (gold): induced field, (blue): resultant

torque. b electric field polarised along 〈010〉 axis.

c electric field polarised along 〈100〉 axis (same

tensor as in (b) but with opposite symmetry).

d electric field polarised along 〈110〉. b,c produce

equal and opposite torques which are maximal for

the easy axes. For consistencywe use the polarisation

in (b) in our simulations.
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The torque tensors21 depend on the vector components of the electric
polarisation and AFM order parameter:

Ti ¼
a30I

c

EH

_ω

� �2

Im
X

jklm

χijklmϵjϵ
�
kLlLm ð2Þ

where a0 = 4πϵ0ℏ
2/(me2) is the Bohr radius, ϵ0 the vacuumpermittivity, ℏ

the reduced Plank’s constant,m the mass of the free electron, c the speed
of light, e the fundamental electron charge, I ¼ ϵ0cE

2
0=2 the laser

intensity calculated from the electric field component E0,EH the Hartree
energy, ϵj the jth Cartesian component of the electric field and Lj the jth
Cartesian component of the Néel vector, and χijklm the corresponding
susceptibility components. Importantly, the induced torque sums as the
square of the vector components, so the resultant symmetry of the
torque can be non-trivial. The Cartesian vector components of ϵ and
L ¼ ðsin θ cos ϕ; sin θ sin ϕ; cos θÞT (we will use φ as the azimuthal angle
from x for the laser polarisation and the azimuthal angle of the Néel
vector as ϕ). Freimuth et al.21 present thirty tensors which are allowed by
theMn2Au orbital symmetry andwhich produce a torque perpendicular
to the Néel vector. Since Mn2Au has in-plane magnetisation, we
disregard tensors corresponding to an out-of-plane Néel vector
component to good approximation (mz/μB < 10−2); likewise, since we
are interested in exchange enhanced precessional switching, we choose
the geometry with the generated torque to be out-of-plane. Lastly,
Freimuth et al. find that light incident normal to the AFM plane with
electric field linearly polarised parallel to the in-plane angle φ produces
the largest torque values. This geometry reduces the set of thirty tensors
to two (tensors 4 and 24 in Freimuth et al.). The remaining two tensors
calculate an identical magnitude, with the total torque being the sum of
each tensor.

In our simulations we vary only the laser intensity and polarisation angle,
so we collect other physical and susceptibility constants of Eq. (2) into the
variableTðIÞ which defines the excitation strength. A linearly polarised pulse
withϵ∣∣〈010〉with intensity I=1GW/cm2 setat aphotonenergyofhν=1.55 eV
will produce aLOTofmagnitudeT � 1:1× 10�24 J, which corresponds to an
effective field of 14.5mT on each magnetic moment (see Fig. 2 in21).

Tensor χ3 jklm

4 〈32212〉− 〈31112〉

24 〈31211〉− 〈32122〉

The different polarisation and Néel vector dependencies are para-
meterised according to the Cartesian vector components, such that

4 � T3 h32212i � h31112ið Þ
� T3 sin ðφÞ2 cosðϕÞ sinðϕÞ � cos ðφÞ2 cosðϕÞ sinðϕÞ

� �

¼ �T3

2
cosð2φÞ sinð2ϕÞ

24 � T3 h31211i � h32122ið Þ
� T3 sinðφÞ cosðφÞ cos ðϕÞ2 � sinðφÞ cosðφÞ sin ðϕÞ2

� �

¼ �T3

2
sinð2φÞ cosð2ϕÞ

4þ 24 � T3

2 sinð2φ� 2ϕÞ:

For comparison, we can also consider a sub-optimal switching polarisation
geometrywith the laserpolarisation rotated further along the polar angle: an
electric field polarisation along 〈101〉, photon energy of 1.55 eV, intensity of
10 GW/cm2, and Néel vector along 〈100〉 produces an in-plane torque on
eachmagnetic site of ≈ 10−24 J (HLOT = 0.05mT)21. The Keyldish formalism
in21,23uses a constant broadening parameterΓ to simulate disorder andfinite
lifetimes. A Γ = 25meV approximates a clean metallic sample at room
temperature, though recent experiments suggest theΓ value forMn2Aumay
in fact be lower13, leading to a larger torque constant. This value takes into
account the non-equilibriumdisorder from the laser excitation, sowehold it
constant during the simulation.

The polarisation (φ) and Néel angle (ϕ) dependent torque are thus
parameterised as an effective field acting always perpendicular to the spin
direction, as:

HLOT ¼ 1

μs
~TðtÞ sinð2φ� 2ϕÞẑ × S ð3Þ

Eq. (2) provides a linear relationshipwith laser intensity. Thus, to simulate the
influence of the LOT generated by an ultrafast laser pulse, we scale the laser
intensity followingaGaussian time-dependentprofile,with thepulseduration
tp giving the time at full-width at half-height of the pulse intensity31 as

~TðtÞ ¼ TðIÞ exp �4 ln 2
t � 1:5tp

tp

 !2( )

; ð4Þ

The directions of the inducedfields for various light polarisation angles
are illustrated in Fig. 1. The staggered fields then lead to a non-staggered
effective torque. Figure 1b,c shows the laser polarisation directions corre-
sponding with the maximal torques useful for switching. Figure 1d shows
the light polarisation along 〈110〉 inducing a torque relationship which does
not produce a torque useful for switching, as the maximal torque generated
is when the Néel vector is along the hard axis. Thus, in the following
simulationsweuse linearly polarised lightwith polarization parallel to 〈010〉
(Fig. 1b). The case of Fig. 1c produces the torquewith the opposite direction
and the same magnitude.

Results
Toggle switching
TheLOTmodelled byEq. (3) produces90, 180, and270-degreeprecessional
switching of theNéel vector inMn2Au by exchange enhancement generated
by the out-of-plane canting as also seen in simulations of the SOT
switching14,32. Figure 2 provides example of sublattice magnetisation traces
for 90 (grey and blue) and 180-degree (gold) switching. The initial laser
induced field causes an out-of-plane canting of the magnetisation, gen-
erating a large non-staggered torque on the magnetisation sublattices to
rotate the Néel vector.

Table 1 | Exchange and anisotropy constants from
Khmelevskyi45 and Shick et al.28, in line with experimental
values from33,46 and the lattice constants

Interactions Jxx Jyy Jzz Unit

J1 −1.46923 −1.46923 −1.45932 10−20 J/link

J2 −1.09430 −1.09430 −1.08691 10−20 J/link

J3 0.31826 0.31826 0.31826 10−20 J/link

Parameter Value Unit

μs 3.72 μB

k2⊥ −1.9727 × 10−22 J/atom

k4⊥ 3.710 × 10−25 J/atom

k4rot 1.855 × 10−25 J/atom

TN 1220 K

a,c 3.328, 8.539 ̇A

Exchange parameters J1, J2, J3 are defined in Fig. 1a.
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We model the action of the LOT using four sequential pulses 400 fs
long and 8 ps apart for laser intensities I = 2GW/cm2 (Hmax = 42mT; blue)
and I = 4GW/cm2 (Hmax = 84mT; gold). Each consequent pulse produces
switching, as shown in Fig. 3. Note the absence of the Lz component; i.e. the
Néel vector is rotated in-plane as also typical for the SOTswitching13. Unlike
the SOT considered in14,16, the LOT has the additional feature of changing
sign during the switching: the intrinsic spatial symmetry defined in Eq. (3)
ensures the induced LOT changes its sign for any 90-degree rotation of the
Néel vector. This allows for both clockwise and counter-clockwise switching
by means of the same laser polarisation, i.e. toggle switching (see Fig. 3). In
contrast is the SOT torque, where the direction of the applied current needs
to be constantly inverted to change the handedness of rotation for 90-degree
switching2,13.

180-degree switching is possible with LOT for the same laser polar-
isation used to generate 90-degree switching, but with strong enough
intensities capable to induce larger out-of-plane canting, providing more
exchange enhanced torque for the Néel vector rotation (compare the
magnitude of the torques in (b) andmagnetisation in (d) of Fig. 3). The 180-
degree switching events are in the same direction, consistently inducing an
out-of-plane magnetisation with the same sign. We believe that the differ-
ences inmagnitude and sign during the 90 and 180-degree switching events
could be externally detected using a careful experimental setup.

Figure 4 presents the switching phase diagrams as a function of laser
intensity and duration for two Gilbert damping parameters α = 0.001 and
α = 0.01. The colour variation shows intervals of 90-degree switching,
typical for precessional switching. Importantly, the switching can be pro-
duced by ultrafast laser pulses of several picosecond duration and even
below. The absorbed fluence of the sample is approximately linear with
intensity and pulse duration23,25. Remarkably, we observe an absorbed flu-
ence of 0.5mJ/cm2 (I = 0.3 GW/cm2,Hcrit = 6.34mT) is sufficient to induce
switching on the sub-picosecond timescale for the smaller damping value of
α = 0.001. Increasing the damping parameter shows a linear dependence in
the critical field (see Fig. 4b), commensurate with the theory of SOT
switching16.

Analytically, the dynamic behaviour of collinear AFMs under stag-
gered in-plane SOT fields is discussed in14. Here, the critical field (Hcrit) for
switching has been shown to depend on the characteristic exchange, ani-
sotropy, and induced magnetic fields. Following the method of 14—mod-
ified for the LOT induced field—the dynamics of the Néel vector in the xy

plane can be describ ed by the following equation:

€ϕþ ω2
R

4
cos4ϕ� γωe

TðIÞ
μs

sinð2φ� 2ϕÞ þ 2αωe
_ϕ ¼ 0 ð5Þ

where ωe = ∣5(J1 + 4J2)∣γ/μs is the AFM exchange frequency (ignoring the
2-ion anisotropy term to good approximation), ω4∥ = 2γk4rot is the fourth
order in-plane anisotropy frequency, α is the atomistic damping parameter,

γ is the gyromagnetic ratio, and ωR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ωeω4k
p

. The parameterTðIÞ=μs
corresponds to the amplitude of the LOT field. If the Néel vector is only
considered in the interval of its azimuthal angleϕ∈ [0, π/4], the critical field
for the switching for infinitely long pulse lengths isHcrit =ω4∥/(2γ): a factor
of 2 larger than for SOT14,16, due to the sin 2ϕ dependence of the LOT field.
Analytically, our constants predict an Hcrit = 5.16mT, matching well with
our simulations for α = 0.001 (see horizontal line in Fig. 4a).

x

y

zInitial

Final

φ = π /2

Fig. 2 | Diagram of example magnetisation vector during switching. Sublattice

magnetisation vectors switching from 〈110〉 to 〈 −110〉 with ϵ ∥ 〈010〉. (Opaque):

initial orientation. (Bar): precession axis. (grey): tp = 400 fs, I = 2 GW/cm2, (gold):

tp = 400 fs, I = 4 GW/cm2, and (blue): tp = 3 ps, I = 5 GW/cm2 (z magnetisation

scaled 100× for visibility).

Time (ps)

Time (ps)

I/
I 0

T
o

rq
u

e
 (

x
 1

0
-2

0
 J

)
l i/

l s
)

M
a

g
n

e
ti
s
a

ti
o

n
 (
m

i/m
s
)

a

b

c

d

Fig. 3 | Toggle switching of the Néel vector with multiple optical pulses. a laser

intensity of the pulse (400 fs) 8 ps apart. b total torque. Note that the Tz has been

scaled 100x for visibility. (dashed): Tx; (dot-dashed): Ty; (solid): Tz. c x and y Néel

vector components Li = (m1−m2)/2. Ls = ∣L∣. (dashed): Lx; (dot-dashed): Ly. d Net

magnetisationmi = (m1+m2)/2.ms = ∣m∣. (dashed):mx =my; (dash-dot):mz (scaled

200× for visibility). Blue lines show 90-degree toggle switching for four sequential

pulses. Gold shows 180-degree toggle switching for four sequential pulses.
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For short pulse lengths the critical switching field can be evaluated as

Hcrit

Hcritðτ ! 1Þ ¼ coth
2tp

τe
ffiffiffiffiffi

2π
p ωR

ωe

� �

; ð6Þ

where τe≈π/(2ωe) is the timescale of the exchange interaction (characteristic
precessional time for the Néel vector for rotation over 90-degrees), which is
then scaled in Eq. (6) by

ffiffiffiffiffi

2π
p

=2 to account for the Gaussian profile of the
laser pulse. Then, τp can be called the characteristic pulse duration
τp = 2τeωe/ωR such that cothð2Þ � 1, necessary to achieve energy-efficient
switching with a minimum LOT.

Importantly, only for high intensities and short pulse duration is the
inertia generated by the exchange torque susceptible to overshooting, either
by 180-degrees or even 270-degrees (orange and light blue colour in Fig. 4).
Qualitatively, this is illustrated by the gold track in Fig. 2 For pulse lengths
beyond 1 ps: rather than continually driving the precessional switching
using exchange enhancement, the long pulse duration has the Néel vector
precessing along the laser polarisation axis (blue curve in Fig. 2). The timing
of these precessions follows the characteristic exchange period, and can be
modelled by modifying Eq. (6) to take into account the additional preces-
sions around the LOT polarisation vector: for n precessions, the minimum
pulse time to switch the Néel vector at high intensity is proportional to the
exchange precession timescale and precession number, 4nτe

ffiffiffiffiffi

2π
p

. This
gives a rough approximation to the critical field and laser pulse time:

Hcritðτ; nÞ ¼ nHτ!1
crit coth

2tpωR

nτe
ffiffiffiffiffi

2π
p

ωe

� 4nτe
ffiffiffiffiffi

2π
p

tp

 !

ð7Þ

The analytical estimates of fields and pulse durations are presented in
Fig. 4a), showing a good agreement forn ≤ 3with the lowest damping value,
especially considering the approximations made. Since the precession fre-
quency of these excitations are determined by the exchange and anisotropy
values, it represents an activation of the in-plane AFM THz mode–an
unusual opportunity to activate a THz mode using optical excitation.
Importantly, this represents an opportunity for all optical toggle switching
where the driving mechanism is predicted to be induced fields, rather than
thermal activation (see Temprature effects in Results).

Preferential switching
Equation (2) shows that the quadratic reliance on the electric field
polarisation of the generated torque in Eq. (3) allows a shift of the
maximum torque away from the easy axis by rotation of the laser
polarisation vector. Contrary to the toggle switching caused by ϵ∥〈100〉
or 〈010〉 displayed in Fig. 3, shifting the azimuthal angle of the laser
polarisation will create an asymmetric torque profile, influencing the

Fig. 4 | Switching phase diagram in terms of laser intensity and duration.Colours

represent the end change of angle from 〈110〉. The corresponding maximum field

strength for the laser intensity is given on the second y-axis. Solid colour lines show

the analytic Hcrit values from Eq. (7) a for α = 0.001. Black line: Hcrit = ω4∥/

(2γ) = 5.16 mT. b α = 0.01 Black line: 10× Hcrit, showing that the critical field scales

linearly with damping parameter.

Fig. 5 | Diagram of torque symmetry for rotated

laser polarisation. (Dark blue line): relative size and

direction of the out-of-plane torque as a function of

the magnetisation direction for electric field polar-

isation ϵ ∥ 5π/8. Opaque shows comparable torque

and field sizes further along the path of motion from

the easy axis. Note the unequal torque generated

between clockwise and counter-clockwise motion.

(Faded blue line): the same for ϵ ∥ π/2. Gold vectors

denote relative field size and direction.
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Néel vector dynamical path from the four easy axes (see Fig. 5). Thus,
the magnetisation will experience a larger torque when starting from
only two of the four easy axis directions, giving a preference between
clockwise and counter-clockwise switching (Fig. 5). This breaks the
four-fold degenerate easy axes into “large” and “small” generated
torques.

Figure 6 shows the phase diagram of laser pulse intensity and
duration which distinguishes between non-toggle (preferential)
switching and toggle switching for starting orientations 〈110〉 and
h�110i for laser polarisations φ = 3π/8 (Fig. 6a) and φ = 5π/8 (Fig. 6b).
The switching area labelled “toggle” switching in Fig. 6 is the region
where both starting orientations switch either 90 or 180 degrees.
Furthermore, Fig. 6a) has preferential right-handed switching for the
〈110〉 orientation at low fluence, with toggle switching for both
orientations at higher fluence and middling pulse duration. A 45-
degree rotation of the laser polarisation changes the sign of the pre-
ferential torque, making left-handed switching from h�110i easier at low
fluence (Fig. 6b). Either laser orientation can be used to preferentially
write the Néel vector to a desired orientation without changing the
polarisation angle by using variable pulse duration/intensity (as shown
in the next section).

Deterministic control of the Néel vector
The anisotropicmagneto-resistance (AMR)measurements typically used to
determine the magnetic state in antiferromagnets2 depend only on the
parallel component of the Néel vector ”aligned” or ”anti-aligned” with the
resistance measurement vector. Thus, the π/4 and 3π/4 (−π/4 and −3π/4)
Néel states can be considered equivalent starting orientations for AMR
measurements. This reduction from 4-fold to 2-fold symmetry allows the
possibility to deterministically switch between non-equivalent orientations.

The preference for rotation direction from the starting orientation can
beused in combinationwith the toggle switching (achievedby the same laser
polarisation but with more intense pulses) to deterministically control the
Néel vector for the two non-equivalent directions. To demonstrate how
preferential and toggle switching pulses from the same laser polarisation
could be used for this purpose, we simulate a series of four laser pulses of
varying intensity for each of the four starting orientations.

Figure 7 details the Néel vector dynamics following sequential laser
pulses with starting AFMorder parameters along each of the easy axes with
laser polarisation parallel to the 5π/8 azimuthal angle. The pulses are
separated by 16 ps to allow the magnetisation to return to equilibrium. The
second pulse has more intensity than the others (Fig. 7a). Figure 7b shows
that the first, ”small” pulse failed to switch the 3π/4 and−π/4 orientations,

Fig. 6 | Switching phase diagram for rotated laser

polarisations. a φ = 5π/8 and b φ = 3π/8 showing

preferential (a) right-handed switching for starting

magnetisation vector orientation 〈110〉 vs (b) pre-

ferential left-handed switching for starting orienta-

tions h�110i.
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but switching took place with the second, ”large” pulse. Now that the
magnetisation has been reoriented to the quadrant which experiences the
maximal torque, it does successfully switch following a small pulse. This
dependence is shownwith theπ/4 and−3π/4 orientations aswell: since they
start their magnetisation in the maximal torque quadrant, they show
switching following the first, ”small” pulse, as well as the second and third
pulses, but not the fourth, since themagnetisationhasmoved to aminimum
torque quadrant. Thus, the equivalent 〈110〉 (π/4) and h�1�10i (3π/4) states
both switch to the other non-equivalent direction, defined by either h1�10i
(−3π/4) or h1�10i (−π/4). The same is also true for the other pair of the

equivalent orientations. Most importantly, by choosing the appropriate
combinationofpulses,we can fully control the switching, or lackof, tooneof
the non-equivalent orientations.

Temperature effects
While thepredicted laser intensities necessary for switching are quite low, an
ultrafast temperature raise can be expected in thismaterial, especially due to
a high conductivity of Au in metallic Mn2Au. Our low temperature results,
however, could be applicable to insulating AFMs with low Néel tempera-
tures.The electronandphonon temperaturedynamics for some typical laser

Fig. 7 | Dynamics of the Néel order parameter for

laser excitation. Four sequential pulses of 400 fs

width and 16 ps apart. Each panel shows the Néel

vector starting along each easy axis. The second

pulse has an intensity of 2.6 GW/cm2; all others are

2 GW/cm2. Light polarisation is parallel to the angle

φ = 5π/8. aNormalised laser intensity. bNéel vector

with time.
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intensities/durations is presented in the Supplementary Information I. In
what follows, we couple our atomistic simulations to the electronic tem-
perature given by the two-temperaturemodel (see details in Supplementary
Information I).

A full analysis of temperature effects on LOT switching is beyond the
scope of this article and would require a very large system size and large
statistics. Here we model a granular Mn2Au system, similar to the one
experimentally studied in13,33,34. As seen in other temperature switching
models16,24,32, the inclusion of temperature lowers the anisotropy barrier for
switching and introduces the superparamagnetic effect,which is system-size
dependent. We model a magnetic grain of approximately
(75 × 75 × 10 nm3) and calculate the switching probability for this grain. As
seen in Fig. 8a, in the absence of LOT and the presence of laser heating, this
system does not praesent the superparamagnetic effect. Moreover, the
transient heating from the laser pulse for intensities we consider is not
enough to fully quench themagnetisation, and successive pulses donot raise
the lattice temperature of the system substantially, which could potentially
damage the sample.

In the presence of LOT, the results in Fig. 8a show the toggle switching
with the probability approaching one in a range of pulse durations for a
given intensity and φ = π/2 polarisation. Figure 8b shows the right-handed
vs left-handedswitchingprobabilities for a rotatedφ = 3π/8 laser orientation
ondifferentNéel vector starting orientationswith intensity I = 0.6 GW/cm2,
Fig. 8c) intensity I = 1.2 GW/cm2. The lower pulse intensity shows the clear
preference for the h1�10i starting orientation, while a larger intensity with
shorter pulse duration provides toggle switching with high probability for
both orientations. A longer laser pulse shows saturation of the probability,
consistent with stochastic switching from thermal activation. Therefore,
while the addition of temperature to the simulations lowers the energy
barrier for the system to achieve toggle switching, the simulated magnetic
grain shows all types of dynamics discussed previously. We expect the
temperature effects to be even smaller for larger system sizes.

Discussion
By means of atomistic spin dynamics simulations with LOT we predict the
possibility formetallic AFMall optical switching (AOS) on the sub- and low
picosecond timescale. The unique symmetry relations of this torque
prioritise 90-degree toggle switching for long pulse times, but also allow 180
or 270-degree switching provided sufficiently large pulse intensities are
used. Importantly, repeated laser pulses do not drive the order parameter
continuously clockwise (counter-clockwise) like SOT/STT excitations, but
instead provides toggle switching to the Néel vector. We also predict that

rotation of the laser polarisation to generate a quadrant-asymmetric torque
introduces an additional level of control to the switching process, allowing
forpreferential, non-toggle switching. Finally, the combinationof toggle and
non-toggle switching canprovide a full control over the two-foldNéel vector
non-equivalent orientations, distinguishable in the AMR measurements.
Temperature simulations which include the effects of laser heating on the
granular metallic sample show results consistent with the 0 K diagrams.
These results suggest the significant opportunity the LOT could provide for
deterministic AOS in AFM spintronics.

The efficiency of the LOTmay be preferred to other AOSmethods.
The minimum pulse intensity and fluence necessary to switch on the
low sub-picosecond timescale using the LOT is estimated 1 GW/cm2

and 0.65 mJ/cm2, respectively. This is compared to the fluence for
GdFeCo AOS in35 of 4.4 mJ/cm2 and the 6.51 mJ/cm2 for Fe ultrafast
demagnetisation generating spin current which is used for the STT
switching in10. Additionally, the LOT has the advantage of not needing
to be applied over short fs time scales to outpace the large laser heating
effect from large intensities24.

The category of the torque as an optical-frequency excitation also has
direct implications for ease of experimental procedure: the generation of
THz frequencies is a non-trivial procedure, and metallic AFM switching
using THz excitation remains hampered by insufficient effective electric
fields13. The LOT may thus offer a more accessible route to activating THz
AFM modes for room-temperature spintronic devices, even with the large
frequency discrepancy between the laser pulse and AFM mode. This
application could be extended to Mn2Au heterostructure systems with
exchange bias or multi-domain systems used for neuromorphic
computing36 where THz activation through current or STT is less-
preferable.

Applications of this torque method could be done in place of (or in
conjunction with) spin-injected SOT/STT and intrinsic SOT control
methods to improve the efficiency of switching14, domain wall
driving37–40, or THz generation41–43. Moreover, this work seeks to
expand the efficacy of second order laser coupling schemes for AFMs:
while the results presented here are specifically for Mn2Au, we extend
the comment in Freimuth et al. that LOT is not unique to Mn2Au

21;
second order terms in electric field with exotic and useful symmetries
could exist in many other PT-symmetric AFMs, undiscovered and
unlooked for up to now. While the effects of second order optical
coupling has been used to switch insulating AFMs at cryogenic
temperatures20,44, their effects have not been studied for metallic AFMs.
As the study and characterisation of asymmetric AFM responses to

Fig. 8 | Temperature-dependent switching prob-

ability. a Switching probability for a grain

75 × 75 × 10 nm3with laser polarisation alongφ = π/

2. Laser intensity I = 0.4 GW/cm2. Unpolarised

(thermal-only) laser pulses show no switching

probability. b Laser intensity I = 0.6 GW/cm2.

Probability of switching depending on starting

orientation. Laser polarisation along φ = 3π/8.

c Laser intensity I = 1.2 GW/cm2.
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external stimuli continues, morematerials of relevant symmetry should
be included in the theoretical and experimental study of optically
generated spin torques beyond the first order coupling traditionally
explored for metallic magnetic materials.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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