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Efficient motion of 90° domain walls in
Mn,Au via pure optical torques

M| Check for updates

Paul-lulian Gavriloaea®'

, Jackson L. Ross ®2, Frank Freimuth ®**, Yuriy Mokrousov ® %,

Richard F. L. Evans ®2, Roy Chantrell ®2, Oksana Chubykalo-Fesenko ® ' & Rubén M. Otxoa ® %¢

Discovering alternative ways to drive domain wall (DW) dynamics is crucial for advancing spintronic
applications. Here we demonstrate via atomistic spin dynamics simulations that a novel laser optical
torque (LOT) excited in the visible spectrum can efficiently drive 90° DWs in the Mn,Au antiferromagnet
but its spatial symmetry forbids the motion of 180° walls. In the steady-state regime, the kinematics
display special relativity signatures accessed for low laser intensities. At velocities higher than the
magnonic limit, the DW enters a proliferation regime in which part of its relativistic energy is invested
into the nucleation of novel magnetic textures. The unique LOT symmetry allows the precise control of
the DW motion direction rotating the laser polarisation or tailoring the wall chirality. Our investigation
contributes towards the fundamental understanding of opto-magnetic effects, supporting the
development of next-generation, all-optically controlled antiferromagnetic spintronics.

Antiferromagnets (AFMs) are envisioned as promising active elements for
the next generation of spintronic devices"”. To this end, rapid and efficient
manipulation of magnetic domain walls (DWs) is desired, aiming towards
the realisation of race-track memories™, logic architectures™ or uncon-
ventional computing protocols® . In ferromagnets (FMs), DW velocities
are significantly hindered by internal instabilities known as the Walker
breakdown''™"* or by spin-wave (SW) emission analogous to the Cherenkov
effect'*">. AFMs however, can display relativistic DW kinematics limited
only by the maximum group velocity of the medium, typically of the order of
tens of km/s'*".

The state-of-the-art mechanism employed to manipulate the AFM
order relies on the relativistic, current-induced Néel Spin-Orbit Torque
(NSOT) effect'® shown to induce switching'** and DW motion'*"7***. At
the same time, laser pulse excitation displays the fastest and least dissipative
control of the magnetic order observed so far*®. Several studies addressed the
question of light-matter interaction in AFMs"”~, with THz laser pulse
excitation shown recently capable of driving ultra-fast, non-linear dynamics
in Mn,Au via NSOT?*". However, the experimental demonstration of all-
optical AFM DW dynamics is yet to be achieved.

A recent ab initio investigation concerning the symmetry and
magnitude of the laser-induced magnetic response in the layered AFM
Mn,Au’>* revealed the appearance of a substantial torque on the Néel
order parameter [ of tens of mT, as a result of visible light excitation,
thus far above the THz regime typically employed experimentally.

Within the non-equilibrium Keldysh formalism™”, a linearly or cir-
cularly polarised laser pulse excitation at optical frequencies was
shown to excite such a torque through the appearance of a staggered
opto-magnetic field which couples to the Mn spins in the distinct AFM
sublattices. To distinguish this effect from the previously studied
NSOT, we will hereon employ laser optical torque (LOT) terminology.
The physical origin of this effect is being attributed collectively to the
Optical Spin Transfer Torque’” and the Inverse Faraday Effect*"*'.
The NSOT effect scales linearly with the laser electric field E and is
dominant at THz frequencies. Since this first-order response oscillates
with the frequency w of the laser field, in the visible frequency spec-
trum the NSOT cannot excite the Mn,Au AFM due to the large mis-
match between w and the AFM resonant frequencies. In contrast, the
LOT is asecond-order response which scales quadratically with E. The
dc contribution of this second-order response makes LOT dominant
at optical frequencies”””. Recently, this LOT mechanism was pre-
dicted capable of inducing coherent 90° and 180° switching of the
AFM order parameter on the ultra-fast timescale*”. Importantly, the
symmetry of the LOT effect is radically distinct from NSOT which in
ref. 42 is shown to give rise to toggle switching by means of the same
laser polarisation, in contrast with conventional NSOT where the
polarity of the E-field must be flipped (be it with current or THz
excitation)’*"*. It is thus fundamentally interesting to apply the
little-explored LOT mechanism also in the problem of DW dynamics.
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Here, we combine the ab initio results in ref. 35 with atomistic spin
dynamics (ASD) simulations®, in an investigation of optically driven DW
kinematics in Mn,Au. Depending on the relative orientation between the
Néel vector I and the electrical field component E of the applied laser pulse,
the symmetry and magnitude of the induced optical torque can be estab-
lished. We demonstrate that the LOT mechanism predicted in ref. 35 may
drive 90° DW dynamics. Interestingly, its symmetry does not allow the
motion of 180° DWs, in contrast with the NSOT mechanism'®'"****. Qur
numerical study is complemented by a theoretical, two-sublattice o-
model'*****, adapted for the present case. Finally, we describe the activation
of highly non-linear AFM DW dynamics in the supermagnonic regime
accompanied by spontaneous DW proliferation events. The last section of
the manuscript is devoted to discussion and perspectives of the developed
ASD model.

Results

Mn,Au is a layered, collinear AFM with four magnetic sublattices in the unit
cell (see sketch in Fig. 1) and is characterised by the so-called PT-
symmetry'®. Inside each layer, Mn atoms are ferromagnetically coupled.
This material possesses a complex set of anisotropies with cubic and uniaxial
in-plane as well as uniaxial out-of-plane components (see “Methods” sec-
tion). Thus, in principle, both 180° and 90° in-plane DWs are possible in
Mn,Au, although experimentally, when grown in a thin film form, mostly
90" domains have been reported’***’. The special PT-symmetry ensures the
existence of intrinsic NSOT which can efficiently move 180° DWs in Mn,Au
by applying electric current'*'"*,

Here by means of large-scale ASD modelling, we investigate DW
dynamics driven by LOT. For this purpose, we numerically integrate
the set of coupled Landau-Lifshitz-Gilbert (LLG) equations for loca-
lised atomic magnetic moments in a 7 um long Mn,Au track. Impor-
tantly, Mn,Au with its material parameters such as anisotropy and
exchange in addition to the LOT magnitude have been obtained pre-
viously via ab initio calculations’*". In the “Atomistic spin dynam-
ics” section, we give details on the ASD model of Mn,Au and the
material constants.

According to”, a linearly polarised pulse at visible frequency, propa-
gating with k|| Oz (perpendicular to the Mn planes) and with the electric field
E set parallel to the [110] direction with respect to the Mn,Au unit cell (see
Fig. la), leads to the appearance ofa LOT (Tf)pt) canting the Néel vector Iin
the Oz direction as described by tensor 24 in Table I of ref. 35 (also consult
Table 1 in the present work). According to spatial symmetry arguments (see
the “LOT analysis: from ab initio to atomistic spin dynamic” section for

90° DW
t+At

180° DW
Topt

Fig. 1 | All-optical 90° DW dynamics in Mn,Au. a A laser pulse in the optical
spectrum propagating with k||Oz, and with E polarised along the [110] diagonal
(y = 45°), will lead to an OOP torque determined by the local spin orientation and
proportional to the laser intensity™. The angles ¢ and y are defined with respect to
the Ox axis. In the top right corner, we represent the geometry of the unit cell along
with the J;, J; and J5 exchange interactions. In red and blue we colour the Mn atoms

details), the induced LOT depends on the local orientation of the Néel vector
and the E-field as:

T}, = Acos(29)sin(2y)z, 1)
where A is the torque amplitude (scaled linearly with the laser intensity, see
“Methods” section), ¢ and y measure the azimuthal deviation of I and E with
respect to Ox which coincides with the [100] crystalographic direction
(Fig. 1a). To maximise the optical torque magnitude we consider here
y=45° Crucially, the NSOT has the symmetry of Zeeman torque (ie.,
proportional to cos(¢) when the current is applied parallel to the [100]
direction)'®" and thus radically distinct compared to the LOT mechanism
described here. Particularly, as it will be detailed later, the cos(2¢) symmetry
of the LOT leads to displacement of 90° DWs and impedes the motion of
180° walls. The LOT corresponds to a staggered opto-magnetic field H. épt,
which we couple to the local spin S; in our ASD model (see “Atomistic spin
dynamics” section for the complete Hamiltonian) via the relationship:

C 1
H =—T xS$ )
0

opt = U opt i

In Fig. 1b we schematically represent the top view of the 90° DW in the
track at a time ¢ during the laser excitation. Focusing on the DW centre, i.e,,
on the atomic site where [ lies parallel to Ox (¢ = 0), we appreciate that the
LOT (Tlopt) cants the sublattices S4, S towards Oz, as graphically detailed in
Fig. 1(c). Under the strong AFM coupling, local exchange fields H2, H?
torque the bipartite system such that the Néel vector rotates counter-
clockwise in the Oxy plane, driving the 90° DW in the subsequent time step
t+ At towards + Ox, as seen in Fig. 1(d) and (e).

At the same time, the cos(2¢) spatial variation of Tfjpt hinders the
dynamics of an 180° DW. The key factor which enables the 90° displacement
with LOT is that it acts along the same direction (parallel or antiparallel to
Oz) at all the atomic sites within the boundaries of the wall such that a
preferential DW sense of motion can be established. This resembles the
NSOT-driven dynamics in the 180° DW geometry'®"’: the NSOT symmetry
— with the torque proportional to cos(¢)— leads to zero torque at the
boundaries of the 180° configuration and preserves the same sign torque
across the transition region between domains. Contrarily, LOT changes sign
twice in a 180° geometry such that the boundaries (green shaded) and the
wall region (purple shaded) tend to rotate in opposite directions (clockwise

1
Oz 7 Sa Topt S
v ® ol x B!
X Thy ®y
© 1
Sa Sg
m, ¢ T @\/@T? ©
O TN ®
H? - ..AHS
®Tlcpt Tl(f)
&

¢ D)

in the staggered sublattices while the Au atoms are represented in gold. b Ata time ¢,
the optical torque gives rise to an OOP canting of the sublattices S, Sp seen in (c).
Large exchange fields H2, H torque the bipartite system such that the Néel vector
rotates counter-clockwise in the Oxy plane, promoting the displacement of the 90°
DW in the subsequent time step ¢ + At (d, e). 180° DW motion under the same
optical torque symmetry is not allowed (f).
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Table 1 | Allowed LOT symmetries in Mn,Au for an in-plane Néel vector geometry as calculated in ref. 35

ID in ref. 35 Xiikpg 9iven in ref. 35 Ti < Xijikpg Tixo,¢

3 (23212) — (13121) Ty x eepll, — e €5l Iy Tyx=0(e,=0)

4 (32221) — (31112) T, < eyepl,ly — exexlyl, T, « — sin(2¢) cos(2y)
9 (21311) — (12322) Ty ezl — e €3l 1, Tyx =0(e;,- = 0)

24 (31211) — (32122) T, exeplyly —eyexlhyl, T, « cos(2¢) sin(2y)

The table discusses the link between the angular-dependent expressions of the LOT used throughout this work and the original tensorial notation.

T
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O
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-3m/4 /4

-T1/2

Fig. 2 | Analysis of DW motion direction with respect to DW chirality. a Mapping
the in-plane Néel vector orientation in the magnetic track along the unit circle. We
display the four possible 90° DW boundaries corresponding to the Ky, easy direc-
tions. Taking as reference the Néel vector parallel to the [110] diagonal, we can
obtain two DW geometries with right and left-hand-side chirality (the sense of
rotation and the colours of the red/blue arrows in (a) represent the right/left-hand-

(b)
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o,y Sense of exchange driven Motion
L,x in-plane rotation direction
+1 (b-1) Oy + Oxa
4 -/4
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1 (b-3) T, <
- Topt
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side chirality) labelled (b-1) and (b-2) respectively. The corresponding spin con-
figurations are displayed in subplot (b). ASD spin dynamics simulations reveal these
two DWs displace in the same direction + Ox because the handedness of the in-
plane Néel vector rotation opposes the chirality of the wall in both cases. Distinctly,
the (b-3) wall geometry is driven towards — Ox because the in-plane spin reor-
ientation matches the chirality of the wall.

and counter-clockwise, respectively) leading to an expansion/contraction of
the DW texture but no overall displacement, see Fig. 1f. Direct ASD
simulations have confirmed that 90° DWs are efficiently moved by LOT and
that 180° DWs under its action only contract or expand.

Note additionally that there is another out-of-plane (OOP) LOT
symmetry, labelled tensor 4 in ref. 35, which is predicted to arise for light
polarised either along Ox or Oy, given an in-plane Néel vector (see Table 1).
This term is proportional to — sin(2¢) cos(2y), which changes sign across
the 90° wall due to the sin(2¢) angular variation and thus cannot move it.
Additionally, for y = 45° which corresponds to the laser geometry in Fig. 1,
this contribution is zero. At the same time, the combined effect of tensors 4
and 24 can efficiently switch the AFM domains®. The two other in-plane
LOT symmetries labelled 3 and 9 in ref. 35, arise for E polarised in the Oxz or
Oyz planes. However, these torques cannot efficiently move DWs due to the
large K;, anisotropy which competes against the canting of the individual
sublattices in the Oxy plane. Moreover, in our E-field geometry, these
contributions are shown to be zero as discussed in the “Methods” section.

The DW motion direction depends on the product of DW chirality and
the LOT direction (Fig. 2). Mapping the spin configuration along the unit
circle, one can trace eight possible 90° DW geometries in our bi-axial AFM.
ASD simulations reveal four of these configurations will displace along + Ox
while the other four in the opposite — Ox direction. The direction of motion
depends on the sign of the optical torque relative to the chirality of the wall.
We assign C = +1 for right-hand-side DW chirality (clockwise spin rotation)
and C=—1 for left-hand-side DW chirality (counter-clockwise spin rota-
tion). Since the optical torque maintains its sign across the DW configuration,
we can distinguish two situations, positive and negative optical torque
Tope = +1. If the product T,,,«Cis positive, the DW will displace towards + Ox,
otherwise, the motion will take place in the opposite direction. In Fig. 2 we

exemplify this behaviour for three distinct DW configurations. Taking as a
reference the Néel vector parallel to the [110] direction in Fig. 2a, we construct
two 90° DW configurations following a right or left-hand-side rotation along
the unit circle. The corresponding spin arrangements labelled (b-1) and (b-2)
can be observed in Fig. 2b. Both T,,,; and C change their sign in between the
two geometries, hence the product T,,,C remains positive and the DW dis-
placement direction is preserved. This can be understood in light of the strong
in-plane AFM torque excited in the two-step driving mechanism discussed in
Fig. 1. Depending on the sign of T, the resulting in-plane rotation of the
Neéel vector will take place in opposite directions. Top = +1 gives rise to
counter-clockwise rotation, while T, = —1 promotes clockwise rotation. To
maintain the DW direction of motion, the handedness of this in-plane
rotation must oppose the chirality of the wall. Therefore the T, change of
sign in between configurations (b-1) and (b-2) matches this requirement and
thus preserves the direction of motion towards 4 Ox. The situation changes if
we compare the (b-2) and (b-3) 90° DW profiles. Here the T,,,,C product
changes sign which promotes displacement in opposite directions as con-
firmed by our ASD simulations. Taking as a reference any other 90° DW
configuration along the unit circle in Fig. 2a, we observe the same behaviour.

It is also worth pointing out here that a 90° rotation of the E-vector to
the [110] (y = —45°) direction changes the sign of the LOT and consequently
the direction of motion. In turn, a 180° rotation to [110] (y = —135°) pre-
serves the positive sign of the torque and the motion direction towards + Ox
given C=+1.

Our direct ASD simulations show that 90° DWs propagate along the
track under the action of LOT as dynamical solitons, i.e., with a stationary
velocity and no change in shape until the driving force reaches some
threshold value, see Fig. 3. A well-known behaviour of AFM solitons, mainly
discussed previously for 180° DWs'®", the laser-induced dynamics of our
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Fig. 3 | Numerical results and SG predictions of steady-state 90° DW dynamics.
a Velocity saturation with the laser intensity for A = 10">and A = 10~>. b Contraction
of the DW width as a function of the propagation velocity. Theory and calculations
yield the same wall width at rest (up to two decimals): A, = 50.82 nm. The numerical
results overestimate the maximum velocity to a value of 46 km/s compared to the
analytical prediction of 43.39 km/s. For better fitting, we adjust vy, to the former
value in subplots (a) and (b).

90° wall display special relativity signatures manifesting through wall-width
contraction as the propagation velocity approaches the “magnonic barrier”
— see Fig. 3. This is revealed in the ASD simulations by applying a constant,
laser-induced torque of increasing strengths which allows us to access a
steady-state DW motion regime.

The numerical results compare well with analytical predictions
obtained within a two-sublattice, o non-linear model which maps the AFM
LLG equations of motion expressed for the I and n vectors onto a Lorentz-
invariant, sine-Gordon (SG) like equation'**** in terms of the azimuthal
angle ¢. Here we adapt this model for 90° DWs and LOT (see Supplemental
Material section I). For ease of calculation in the analytical model presented
here, we perform a 45° in-plane rotation of the Ky, easy-axes such that they
point along the Ox and Oy cartesian directions in contrast with Fig. 1. For
this reason, the angular variation of the optical torque acting on the Néel
vector 1 is o< sin(2¢). The SG-like equation thus reads:

1. 1 . .
aﬁ(p - V—Zq) — Esm 49 — hoy sin(29) — 19 =0, 3)
m 0

where vy, is the effective “speed of light” or the magnonic limit, encoded by
the exchange interactions and evaluated in our case to v,, = +/alJ;|/h =
43.39 km/s, where a = 8a2(J; + |J,1/2) and a, is the spin-lattice constant
along Ox and Oy (see Supplemental Material section I). Importantly, one
should note that the role of the AFM parameter J, is to keep the sublattices in
a weakly non-collinear AFM state. Once this state is ensured, the dynamics
are independent on J,, as previously demonstrated in ref. 48. Furthermore,

Ay = 4/a/(8Ky) = 50.8 nm is the DW width at rest and the reduced

optical field hiqp¢ is defined as hgpe = 8yhiH p/a. The last term represents the
phenomenological damping field # = 8A%/a.

In a steady-state motion regime, when the optical excitation counter-
balances the dissipation, Eq. (3) admits the soliton solution for the 90° DW
profile: p(x, t) = arctan[exp((x — vt)/A(v))]. The equilibrium between the
damping and the optical excitation ensures the steady-state dynamics in (3)

and yields the velocity-dependent wall width A(v) = Ay, /1 — ;’—227 obeying

the Lorentz transformation. Here v is the steady-state velocity
2o, where vy = 2Hopdo/1.

— m

p=—m
A 14V /)

In Fig. 3, we analyse the numerical wall width and velocity in the
steady-state regime at different laser pulse intensities and compare them
with the analytic expressions presented earlier. The simulations compare
well with the developed theory (see Supplemental Material section I), below
the predicted magnonic barrier.

LOT-excited 90° DW dynamics enter a highly non-linear regime near
the magnonic barrier, similar to AFM DW motion driven by NSOT". It is
characterised by the proliferation of additional magnetic textures, breaking
of the Lorentz invariance and supermagnonic motion, see Fig. 4. Since the
LOT “Zeeman-like” energy (S, - H, f)pt) always remains zero in our case, as
the geometry in Eq. (2) maintains H,,, always perpendicular to the local
spin direction S; (note that the torque is not zero), the question is, therefore,
where does the energy required for the nucleation of additional magneti-
sation textures arise from? In Fig. 4a, we represent the azimuthal angle ¢
along the track during a 90° wall displacement excited via a half-Gaussian,
laser pulse of peak intensity I = 0.65 GW/cm” (see laser profile in subplot c).
Time-steps t;, t,, and t; show the characteristic low-frequency SW, lagging
behind and broadening the width of the 90° DW as it is pushed beyond the
magnonic barrier. A gradual, corresponding decrease in the exchange
energy is evidenced by Fig. 4b. Due to the competition between the aniso-
tropy and exchange energies, this broadening cannot indefinitely take place,
forcing a rebound process characterised by a contraction of the wall. A
drastic reduction of the DW width can be observed between ¢; and ¢, along
with a large increase in the exchange energy. This continuous deformation
leads to the appearance of oscillatory patterns at the front of the propagating
wall, which on a ps timescale invest part of the relativistic energy carried by
the DW towards the nucleation of an additional magnetisation texture, as
evidenced at t, and t5. Unlike the 180° NSOT-driven DW case"’, the newly
formed pattern does not follow the geometry of the parent texture as further
evidenced by Fig. 4d, e. Visible at #, t, and fg, the initial spin structure
morphs into a static magnetisation texture pinned around the x=3.5 um
mark, while its surplus, relativistic energy is invested towards pushing ahead
a novel spin structure. The pair spin textures are stable in a reasonable
timeframe achieved by atomistic simulations after the laser pulse is stopped
and provided they do not overlap.

The physical origin of the effect relies on the rapid transfer of relativistic
energy from a propagating DW near the magnonic barrier into new stable
magnetisation textures. Comparing snapshots t; and 5, we estimate the
energy transfer across the track from the parent to the child magnetic texture
takes place with an average velocity of 89 km/s (0.89 um travelled in 10 ps),
largely exceeding the speed limit of a steady-state soliton, also called the
“effective speed of light”. This breakdown of the Lorentz invariance and
soliton-like behaviour occurs due to dynamical changes of the DW shape
which result in the creation of new textures with repulsive interaction
leading to acceleration. Interestingly, these results can find similarities with
dislocation dynamics. As shown in refs. 52,53, dislocations may enter a
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Fig. 4 | Proliferation event in the supermagnonic regime. a ¢(x, t) variation along
the track during the 90° DW displacement. Time snapshots #, t, and 3 showcase a
gradual wall-width broadening and a corresponding decrease in the exchange energy
penalty Exq, (b) under the influence of the lagging SW mode. A subsequent rebound
contraction and increase of E,, takes place due to the competition between the exchange
and anisotropy energies, leading to oscillatory patterns at the front of the propagating
wall, which result into a proliferation event seen at ¢, and #;. The initially moving DW

morphs into a static magnetic pattern pinned around the x = 3.5 pm mark, while the
surplus relativistic energy is invested towards pushing ahead the novel spin structure. The
energy transfer from the parent to the child magnetic texture takes place with an average
velocity of =89 km/s, extracted by comparing snapshots £; and ts. Subplots (a) and (b)
share the time legend. ¢ Optical excitation protocol with a peak laser intensity of
I=0.65 GW/cm’. d, e Schematics of the Néel vector configuration corresponding to the
purple and green shaded regions in (a), at t; =40 ps and t3 = 90 ps respectively.

super-sonic regime surpassing the sonic barrier, the underlying reason for
this being the generation of secondary kinks (topological defects) via the so-
called “mother-daughter” kink nucleation.

Finally, we would like to point out another interesting effect obtained
under a rotation of the E-field laser polarisation vector. So far, the effect of
LOT was calculated with the assumption that the y azimuthal angle is 45°, or
in other words the electric field E was aligned parallel to the [110] direction.
Interestingly, rotating the y angle to 0° or 90° which corresponds to
E||[100] and E || [010] respectively, leads to periodic DW contraction and
expansion on the ultra-fast timescale (in these geometries, the LOT sym-
metry is given by tensor 4 which is maximal in amplitude while tensor 24 is
zero as seen in Table 1). In Fig. 5 we display the time variation of the DW
width as a function of increasing laser pulse intensity for the two distinct
E-field geometries demonstrating periodic contraction and expansion of the
wall on the ultra-fast timescale. Notably, the amplitude of the oscillations is
proportional to the laser pulse intensity and the time-dependent signal is
dephased in between the two laser polarisations leading first to expansion
followed by contraction in the y = 0° case whilst the situation is reversed at
W =90°. Since the exchange contributions to the total energy of the DW are
prevalent over their anisotropic counterparts, naturally the expansion
processes of the wall are enhanced in amplitude compared to the observed
contraction.

Discussion
Our simulations revealed the possibility of driving a 90° AFM DW under the
novel LOT mechanism. Interestingly, unlike the NSOT mechanism, this
excitation protocol does not allow the motion of 180° DWs. Typical
experiments of laser-induced DW dynamics in FMs make use of fluences in
the range of a few mJ/cm’ which amount to intensities normally in the 1 and
10 GW/cm?” interval'"**. In comparison, we predict 90° DW kinematics up
to the supermagnonic limit (v = 46 km/s) by single pulse excitation below
0.3 GW/cm’. Although heating effects are expected due to the metallic
nature of Mn,Au, we estimate via a two-temperature model the ultra-fast
picosecond phonon heating timescale with temperature going back to room
one at a timescale below 1 ns (see Supplemental Material section II). A
particularly important advantage of LOT compared to the NSOT
mechanism is its reliance on laser excitations in the visible spectrum rou-
tinely excited in ultra-fast experiments in contrast with the much more
challenging THz setups.

In addition to the possibility for all-optical 90° DW dynamics, the LOT
mechanism offers abundant rich physics and potentially interesting features
for device applications. We systematically characterised the role of the DW

chirality in setting the motion direction as well as analysed the effect of
rotating the E-field polarisation vector. Interestingly, by adjusting the E
orientation we can also achieve a pinned AFM DW configuration whilst
periodically driving width contraction and expansion on the ultra-fast
timescale displaying thus a route to explore potential applications for AFM
domain wall-based nano-oscillators™™.

Manipulating highly non-linear dynamics in magnetic systems may
play an important role in the development of future neuromorphic reservoir
computing archetypes'””’*. We envision thus a combined, opto-electronic
experimental scheme, towards the realisation of a multiple-node reservoir.
Driven by an optical input, fast and periodic nucleation events could be
manipulated in an AFM DW fabric™, whereas based on the anisotropic
magnetoresistive effect’’, an output electrical signal may be correlated to
changes in the magnetic texture, thus posing an interest for pattern recog-
nition and prediction applications.

Evidently, in experiments, the DW dynamics may be influenced by the
presence of defects, magnetostriction effects, multi-domain states etc and all
pose interesting fundamental questions which deserve to be analysed. A
particularly interesting question is the influence of acoustic waves and the
spin-phonon coupling on the DW velocity. Previously, in orthoferrites
crystals, certain velocity anomalies with respect to the strength of the
excitation were attributed to magnetoelastic contributions®. Lastly, the
diversity and natural abundance of antiferromagnetically ordered materials
call for an exploration of similar optical torque symmetries in other crystal
structures, as well as the natural extension towards the emergent landscape
of altermagnets®’.

Methods
Atomistic spin dynamics
The extended Heisenberg Hamiltonian in our Mn,Au system is'’***:

H o= —3U;8-S

(i)
- % Z [(S; - ) +(S; - uz)ﬂ — Hols Z S; - Hépt.

- Ky Z(si -2 = K%Z (S;i-2)"
1 1 (4)

The adimensional S;; unit vectors denote the orientation of the local
spin magnetic moments at sites i and j. The first energy term char-
acterises the nearest-neighbours exchange interactions between S, and
S;. Jij= (J1, J2, J3) collectively denotes three interactions present within
the unit cell, two of AFM kind (J;, /) and a third FM-like exchange (J3).
The Hamiltonian also contains three magnetocrystalline anisotropy
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Fig. 5 | Periodic ultra-fast DW contraction and expansion. Subplots (a) and (b)

display the time variation of the DW width for increasing laser pulse intensity with the
E-field vector polarised along [100] (y = 0°) and [010] (y = 90°) respectively (in these
geometries, the LOT symmetry is given by tensor 4 which is maximal in amplitude
while tensor 24 is zero as seen in Table 1). We underline the DW in these situations is
pinned and no overall displacement along the track is observed. Subplot (c) displays
the laser intensity as a function of time normalised to the peak intensity. The LOT

magnitude is proportional to the laser intensity as discussed in the Methods section.

terms which stabilise an in-plane 90° DW configuration: one easy-
plane contribution K, ; and two tetragonal terms K, ; and Ky);. The unit
vectors u;, and u, denote the in-plane, diagonal directions [110] and
[110], respectively. We underline in the SG-like equation given in (3),
that these easy directions are rotated such that they point along [100]
and [010] instead to facilitate the calculations. The last energy
term describes the Zeeman interaction with the staggered optical
field Hi,pt, where y is the Mn atomic magnetic moment and y, is
the vacuum permeability. The unit-cell geometry used in our work and
the material parameters correspond to the previous works in refs.
17,20,48. Thus, the lattice constants in the tetragonal unit cell
are set to ao=3.328 A along Ox, Oy and ¢=8.539 A on Oz”. The
atomistic exchange constants evaluate to J; = —5.4673 x 10~ J/link,
J, = —7.3451 x 107" J/link and J5 = 1.5877 x 10~2! J/link™. Further, the
anisotropy constants are given by K,; =—1.303x 10 **J/atom,
Ky =1.8548 x 107 J/atom and K, = 3.7096 x 10~ J/atom’". Finally,
the Mn atomic magnetic moment is equal to y,=3.73 up”. For the
investigation of DW dynamics, we integrate the LLG equation below:

ds, Y i i
dar - _msi x [Heff + ’\(si x Heff)]’ )

where y is the electron gyromagnetic ratio and A is an adimensional, phe-
nomenological damping parameter. The effective field acting at each atomic

site i given by: Hyy = — .0- S
considered, A = 10> and A = 10~°. The simulated system is 7 um in length,
four Mn wide and four Mn tall, with periodic boundary conditions along Oy

and open boundary conditions along Ox and Oz.

. Two distinct damping parameters are

LOT analysis: from ab initio to atomistic spin dynamics
Based on the Keldysh non-equilibrium formalism™, an expression for the
LOT in the Mn,Au crystal was derived in ref. 35:

r(3)l SH 2 * L1
Ti = T % Im Zejek)(ijkpq Pq? (6)

jkpq

where 1 = 4regh’/(me”) is Bohr’s radius, ¢ is the velocity of light and € is the
vacuum permittivity. Following I = ¢,cE3 /2 is the light intensity and £y =
e? /(4me,r,) is the Hartree energy. Finally, €;, € denote the j,and k Cartesian
components of the light polarisation vector and their complex conjugates
respectively, while I, [, indicate the Cartesian components of the Néel
vector. The tensor components y;x,, describe the allowed LOT symmetries
in Mn,Au given its crystallographic point group and the positions of the up/
down spins in the unit cell. Table I in ref. 35 (also Table 1 in this work)
presents thirty possible torque symmetries for Mn,Au which according to
equation (6) depend both on the orientation of the Néel vector I as well as the
direction of the E polarisation vector. In spherical coordinates, these vectors
can be written as:

1 = (sin 6, cos ¢, sin 6, sin ¢, cos 6)), 7)

E = (sin 0, cos y, sin 8, sin y, cos 0,), 8)

where 0, 0, are the polar and ¢, y the azimuthal angles respectively. The
large number of allowed y;j,, tensors reduces greatly for an in-plane
orientation of the Néel vector (6 =m/2), typical for Mn,Au experimental
samples. In ref. 35 these are labelled as tensors 3, 4, 9 and 24. Below we
discuss the symmetries of these torques and link the notation employed in
ref. 35 with expressions useful for our ASD. To simplify the discussion we
assume the laser polarisation is fixed in the Oxy plane (0, = 7/2). Equations
(7), and (8) thus can be recast as:

1= (cos ¢,sing,0), 9)

E = (cosy,siny, 0). (10)
The relationship between the opto-magnetic torques in tensorial notation
found in ref. 35 and the trigonometric representation based on the ¢, y
angles is detailed in Table 1. First of all, it is easy to see that given the 6, = /2
condition, tensors 3 and 9 become null in our geometry since €, . are zero.
Secondly, it is worth pointing out that tensors 4 and 24 are linked via +7/4
rotations with respect to ¢ and y. As such, if we set y = 45° to maximise the
magnitude of tensor 24, tensor 4 becomes zero. Finally, the spatial variation
of tensor 24 can be written in a compact form as:

T, = Acos(2¢) sin(2y), (11)
where we insert the proportionality factor A in units of Tesla to recover
Eq. (1) in the main text. As presented in Fig. 2 of ref. 35, for a typical laser
intensity of I = 10 GW/cm’, photon energy of v = 1.55 eV and I'= 25 meV,
A evaluates to 12 yJ/u, or approximately 0.346 T.

Data availability
The data supporting the findings of this study are available from the cor-
responding author upon reasonable request.
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