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Antiferromagnets exhibit rapid spin dynamics in a net zero magnetic back-
ground which enables novel spintronic applications and interrogation of many-
body quantum phenomena. The layered antiferromagnet Sr,IrO, hosts an exotic
spin one-half Mott insulating state with an electronic gap arising from on-site
Coulomb repulsion and strong spin-orbit coupling. This makes SryIrO, an inter-
esting candidate to interrogate dynamical attributes of the magnetic order using
ultrafast laser pulses. We investigate the magnetization dynamics of Sry,IrO, fol-
lowing circularly polarized photoexcitation with below-gap mid-infrared (mid-IR
— 9 pum) and above-gap near-infrared (near-IR — 1.3 yum) pulses. In both cases, we
observe excitation of a zone-center coherent magnon mode featuring a 0.5 THz
oscillation in the pump-induced Kerr-rotation signal. However, only below-gap
excitation exhibits a helicity dependent response and linear (quadratic) scaling
of the coherent magnon amplitude with excitation fluence (electric field). More-
over, below-gap excitation has a magnon generation efficiency that is at least
two orders of magnitude greater in comparison to above-gap excitation. Our
analysis shows that the helicity dependence and enhanced generation efficiency
are consistent with a one-photon—two-magnon coupling mechanism for magnon
generation. Thus, preferential spin-photon coupling without resonant photoex-
citation of electrons permits extremely efficient magnon generation. Our results
reveal new possibilities for ultrafast control of antiferromagnets.

In strongly correlated materials, the interplay between different degrees of freedom gov-
erns emergence and functionality [1-3]. Of particular interest is the study of exotic magnetic
phases. Magnetically ordered systems are amenable to nonequilibrium optical manipulation
[1, 2, 4-12], and advances in ultrafast laser technology have enabled experiments to ma-
nipulate and control collective excitations (magnons) on pico- or femtosecond timescales
[13-25]. Recently, antiferromagnets (AFM) have drawn considerable interest since the mag-
netic dynamics are considerably faster than ferromagnets (FM) [26, 27] due to their zero net
magnetization. This remarkable property paves the way towards ultrafast magnetic control
with intense laser pulses [22] and spintronic devices. In general, lightwave-control of mag-
netism can be achieved in several ways. This includes direct coupling between the magnetic
field of light and spins [22, 28], modification of exchange interactions [29, 30], intermediate
excitation such as phonons [19, 31], or magneto-optical effects, including the inverse Faraday
effect and the inverse Cotton-Mouton effect [32-38]. Hence, harnessing the potential of cou-
pling magnetism with optical stimuli may provide insights on many long-standing puzzles
in strongly correlated systems and facilitate next-generation information technologies.

The ultrafast manipulation of magnetism in correlated materials can take advantage of the
magnetic phases that emerge from the competition between the on-site Coulomb interaction
and spin-orbit coupling. Iridium oxides (iridates) have attracted attention as 5d electron
systems where the competing Coulomb interaction and spin-orbit coupling are of compa-
rable strength [39-41]. This may also permit various intriguing quantum phases, including
topological Mott insulators, spin liquids, and quadrupolar order [40, 42]. Along these lines,
SroIrQy, a spin-orbit-coupled Heisenberg AFM Mott insulator with a meV-scale in-plane
spin gap [43-46], has emerged as a rich platform to explore photon-magnon interactions and
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Fig. 1. Introduction to SroIrO,4 and experimental configuration. a, Crystal and magnetic
structures of SralrOy4. Spins on Ir atoms are represented by purple arrows. Staggered Ir-O planes
of SroIrOy displaying AFM ordering along the c-axis (black arrows). b, Schematic density of states
(DOS) of SraIrOy4. The 9 pm pump is below the electronic band gap, and above the highest optical
phonon and is thus not resonant to any dipole-active excitation. In contrast, the 1.3 ym pump
resonantly excites the electrons from the J.sf= 3/2 band to the upper Hubbard band (UHB). c,
Experimental scheme: circularly polarized pump pulses at 9 pm or 1.3 pm (blue) are incident on
ab-plane oriented SrolrOy4. A p-polarized 800 nm probe pulse (red) is reflected from the sample, and
the time-resolved magneto-optical Kerr effect is measured (i.e., polarization rotation # of the probe
pulses), which reflects the dynamics of the in-plane Néel vector (and the out-of-plane magnetization
as its conjugate variable). d, Time-resolved Kerr rotation at 10 K from circularly polarized 1.3 um
(dark blue) and 9 pm (light blue) excitation with similar helicity (left circularly polarized light, O :
o4 ). Note that, for magnon oscillations with comparable amplitude shown here, the pump fluences
for 9 ym and 1.3 gym pump are 0.92 mJ/cm? and 5.7 mJ/cm?, respectively. e, Corresponding
Fourier transforms of the Kerr signals, revealing a By, magnon at 0.5 THz.

ultrafast manipulation of magnetic order.

SroIrOy exhibits a layered quasi-2D structure with J.rr = 1/2 pseudospins at each IrOg
octahedra that order antiferromagnetically within a given Ir-O plane below Ty ~ 230 K [47].
In the AFM phase, the system forms a staggered AFM order with a — + +— pattern along
the c-axis (Fig. la, net magnetic moment due to weak spin canting shown in black arrows)
which can transition to a weakly FM state (+ + ++) via an external in-plane magnetic
field of H. ~ 0.2 T [45, 48, 49]. . Crystal field splitting of 5d electron states leads to a
partially-filled t5, manifold which is further split into a filled J.;f = 3/2 band and a half-
filled J.;f = 1/2 band by strong spin-orbit coupling. Finally, Coulomb repulsion splits the
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Fig. 2. Kerr rotation dynamics for 1.3 pym circularly polarized pump excitation. The
pump fluence is 5.7 mJ/cm? for a, b, and c. a, Kerr rotation dynamics upon o, (9, blue) and
o_ (O, gray) excitation at 11 K. The orange vertical dashed line is a guide to the eye, showing
that magnon oscillations are in-phase for both helicities. The o_ pump signal is shifted vertically
for clarity. b, Temperature-dependent Kerr rotation dynamics following o, pump (solid lines).
The differential time traces between o4 and o_ pumping (o4 — o_, dashed lines) are featureless
at all temperatures highlighting the lack of helicity dependence. c, Fluence-dependent o + o_
pump magnon dynamics. Solid lines are fits with a damped oscillator model with the exponential
contribution subtracted. d, o4 pump dynamics at 40 K (blue) and 260 K (red) with a 0.3 T
magnetic field applied along the a-axis, displaying a 0.26 THz resonance (inset).

Jerr = 1/2 band into upper and lower Hubbard bands, opening an electronic gap of ~ 0.5
eV (Fig. 1b) [50, 51].

A thorough study of the magnetic interactions in SrolrO4 warrants experiments with access
to the low-energy magnons. In this work, we investigate the ultrafast magnonic dynamics in
SrolrOy4 utilizing mid- and near-infrared pump - time-resolved MOKE probe experiment (see
Fig. 1c). By pumping SrelrO4 with circularly polarized light at different wavelengths, we
measure the dynamical magnetic response to excitations both above and below the electronic
gap. We emphasize that strong coherent magnon oscillations can be launched by below-gap
pumping at remarkably lower excitation fluences compared to above-gap pumping, as shown
in Fig. 1d-e. These findings demonstrate efficient magnon generation and control using
nonresonant laser fields.

Photoinduced coherent magnon dynamics

We performed time-resolved magneto-optical Kerr effect (MOKE) measurements in polar
geometry on SrplrQy following excitation with circularly polarized above-gap near-IR 1.3
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pm and below-gap mid-IR 9 ym pump pulses. At the near-normal probe incidence used
here, the response is expected to be dominated by polar MOKE sensitivity to the out-of-
plane magnetization, although a small longitudinal contribution cannot be excluded. Fig.
2 depicts the Kerr rotation dynamics for circularly polarized 1.3 pm (0.95 €V) pumping.
The Kerr rotation dynamics at 11 K upon both left (O : o) and right (O : o_) circularly
polarized excitation are shown in Fig. 2a. For both pump helicities, long-lived coherent
oscillations in the Kerr rotation signal are recorded. The frequency of the oscillation is
~ 0.5 THz (2 meV), consistent with a one-magnon resonance previously identified in By,
Raman measurements and RIXS experiments [43-45]. The magnon oscillations are in-phase
for both o, and o_ pump helicities, indicated by the orange vertical dashed line in Fig. 2a.

The temperature-dependent photoinduced MOKE signal for o, pump (solid lines) as well
as the differential time trace signal between o, and o_ photoexcitation (o, — o_, dashed
lines) are shown in Fig. 2b, respectively. The coherent magnon oscillation of the o, pump
persists up to 180 K and redshifts with temperature, consistent with the fact that the 0.5
THz B,, magnon only appears in the AFM phase below the Ty ~ 230 K. In contrast, no
oscillations are observed for the o, — o_ dynamics at any temperature, clearly showing the
lack of a pump helicity dependence (in stark contrast with below-gap excitation as described
below). Fig. 2c plots the fluence-dependent o, 4+ o_ pump-induced dynamics at 80 K. The
coherent magnon oscillation persists up to the highest used fluence of 11.5 mJ/cm?, a fluence
regime previously associated with strong suppression of three-dimensional magnetic order
[13]. The high-fluence experiment begins in the low-temperature ordered phase and evolves
along a strongly nonequilibrium trajectory. The coherent mode can therefore be launched
during the initial ultrafast response, while substantial in-plane correlations persist even if
interlayer order is strongly suppressed. This situation is distinct from equilibrium above
T, where no pre-existing long-range canted AFM order is present to provide the common
phase needed for a spatially coherent Kerr oscillation. This is suggestive of the in-plane 2D
nature of the By; magnon. Furthermore, applying an in-plane external magnetic field of 0.3
T along the a-axis of the sample (Fig. 2d) results in a redshift of the magnon oscillation
to ~ 0.26 THz. A similar redshift of the By, magnon with applied magnetic field has been
observed in Raman measurements [43] as SroIrO4 undergoes an AFM (— + +—) to weakly
FM (4 + ++) phase transition. This confirms that the observed coherent oscillation is the
Bs, magnon.

We now describe the magnon dynamics for below-gap 9 pum (138 meV) circularly polarized
pump excitation. This photon energy is well below the electronic gap (~ 0.5 eV) and greater
than the highest energy IR-active optical phonon (~ 82 meV) [53] (Fig. 1b), and is thus
nonresonant with any dipole-allowed phonon or electronic transitions. Fig. 3a displays the
Kerr rotation dynamics for circularly polarized pumping with opposite helicities (o, and
o_) at 10 K. The 0.5 THz coherent By, magnon is generated for both helicities. However,
the corresponding magnon oscillations are 180° out-of-phase, as shown by the orange vertical
dashed line in Fig. 3a. This contrasts with the 1.3 pm pumping described above. Subtracting
the o_ pump response from that of o yields the purely magnetic response, o, —o_. The
temperature dependence of the o, — o_ dynamics are plotted in Fig. 3b. The coherent
magnon oscillation is visible up to ~ 210 K, disappearing at higher temperatures. The
temperature-dependent magnon frequency is plotted in Fig. 3c. The order parameter-like
temperature dependence of the magnon frequency demonstrates that the magnon scales
with the AFM ordering. Above Ty, the long-range canted AFM order vanishes (though,
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Fig. 3. Kerr rotation dynamics for 9 pym circularly polarized excitation. For a and
b, the pump fluence is 0.92 mJ/cm?. a, Kerr rotation dynamics with opposite pump helicities
(04 and o_) at 10 K. The orange vertical dashed line is a guide to the eye, showing that the
the magnon oscillations are out-of-phase. b, Dynamics of o4 — o_ at different temperatures. c,
Temperature dependence of the magnon oscillation frequency fiagnon. The dashed line fits the
magnon frequency to the power law scaling (1 — T/Tn)??| with 8 = 0.134, a value close to %, as
expected for a 2D Heisenberg model [52]. Error bars represent the s.e.m. from four independent
measurements. d, Fluence-dependence of o4 — o_ at 10 K. The solid lines denote fits with a
damped oscillator model with the exponential contribution subtracted.

generally, two-dimensional short-ranged magnetic correlations may persist), and accordingly
the coherent magnon oscillation is no longer observed.

Figure 3d shows the fluence dependent o, — o_ dynamics at 10 K, revealing that the
coherent magnon is observed over the entire range of fluences utilized in these experiments.
Notably, for below-gap 9 um pumping, magnon oscillations of comparable amplitude are
generated with fluences at least one order of magnitude smaller than for above-gap pumping.
This is underscored in Fig. 3d where the 9 um pump with a modest fluence of 0.5 mJ/cm?
launches stronger magnon oscillation than 1.3 pum pumping at much higher fluences (Fig.
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2¢). Surprisingly, the pump penetration depth for 9 ym (1217 nm) excitation is one order
of magnitude larger than that of 1.3 ym pump (141 nm). Dividing the pump fluence by its
penetration depth provides an estimate of the energy density in units of mJ/cm? within the
photoexcited volume. The pronounced disparity in fluence and penetration depth between
the two pumping conditions emphasizes that the below-gap 9 pm pump generates strong
magnon oscillations, despite having a pump energy density two orders of magnitude lower
than the above-gap 1.3 pm pump.

Microscopic mechanisms for below- and above-gap photoexcitation

a 9 um fluence (mJ cm2) b 9 um fluence (mJ cm2)
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Fig. 4. Fluence dependence and schematic of the magnon generation mechanism. a,
Magnon oscillation amplitude Aqgnon shows opposite fluence-dependent trends for 9 pm (solid
blue circles) and 1.3 pm pumping (solid red squares). Apqgnon €xhibits linear scaling at lower
fluences and quadratic scaling at higher fluences, as demonstrated by the fit within the shaded
region for 9 pum pump. However, for 1.3 pm pump, Aegnon decreases with higher fluence (>
3 mJ/cm?).
time constant T,,qgnon showing decrease for the 9 ym pump fluence while increase for the 1.3 pum

Error bars represent the s.e.m. from four independent measurements. b, Damping
pump fluence. Gray lines are guide to the eye. c, The energy diagram showing 9 pm pump below
the electronic gap but above the highest energy optical phonon wy;,. Depiction of photoinduced
magnon oscillations and out-of-plane magnetization (red arrow). d, Schematic of the 9 ym pump
magnon generation mechanism near (7, 7) in the SroIrOy4 spin spectrum in three steps: (1) the
9 pm (138 meV) photon couples to a pair of (virtual) magnons of equal and opposite momenta,
(2) these magnons decay to the low-energy 2 meV magnon at (7, 7) and an outgoing photon via
three-magnon — one-photon scattering processes (green wavy lines), and (3) the 2 meV By, magnon
oscillation probed by MOKE.

The observed long-lived B, magnon oscillation at ~ 0.5 THz is indicative of a small
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magnon gap whereas a 2D square lattice Heisenberg model is known to involve a gapless
Goldstone mode (Note that magnons in layered SryIrOy are quasi-two-dimensional, with no
discernible c-axis dispersion [54]. The 14, /acd space group reduces to Dy, at the I'-point
[55]). However, incorporating a small exchange anisotropy I' into the Heisenberg model
opens a spin gap. The interaction can be written as >=; ['(S7SY + SZJSf) Here, I' ~ 3 peV
and it stems from strong spin-orbit coupling and Jahn-Teller distortions [45, 46]. Meticulous
efforts to investigate the spin gap have been made using Raman scattering, resonant inelastic
X-ray scattering (RIXS) and inelastic neutron scattering (INS) experiments [45, 47, 5661,
and recently a 2 meV spin gap at (7, 7) point in reciprocal space was reported via RIXS [45].
Hence, the physics of SrolrO,4 can be approximately explained by an XY model with a small
in-plane two-fold anisotropy that gives rise to a weakly-gapped magnon mode. Further, the
coherent magnon we observe corresponds to precession at (7, 7). We note that the (m, )
point is expressed using a smaller unit cell notation used in literature [45], and it maps onto
the (27, 0) point of the true chemical unit cell, carrying the same crystal momentum as the
I’ point. The four closely spaced in-plane magnon branches differ primarily in the relative
phase of the spin motion among the layers. Because these branches are not resolved within
the spectral linewidth of the present ¢ ~ 0 optical measurement, we cannot determine their
individual contributions or detailed interlayer phase patterns. Nevertheless, the observation
of a finite By, Kerr oscillation shows that the layer-weighted magneto-optical responses do
not cancel completely in our experimental geometry.

To gain insight into the microscopic mechanism of the photoinduced magnon generation
dynamics, we first showcase the key differences between the 1.3 ym and 9 pm excitation data.
Looking at the dielectric permittivity tensor e;; = £f; + &}, which consists of antisymmetric
(a) and symmetric (s) contributions, differences can "be seen from the symmetry of the two
responses. The magnon amplitude for 1.3 pm pumping does not flip sign between the two
pump helicities, suggesting it arises from changes in €f;. Since the driving frequency of 1.3 um
lies above the optical gap of the system, excited charge carriers and the associated scattering
and recombination play a key role in the generation of the low-energy magnon mode (see
below). Such an incoherent mechanism is consistent with the observed independence of
the pump beam’s polarization [8]. In contrast, the sign reversal of the magnon for the
two different pump helicities of the 9 pm pump originates from ef;, which indicates that a
coherent magneto-optic effect is at play, in this case, the inverse Faraday effect (IFE). The
c1rcularly olarlzed pulse can thus be treated as an effective out-of-plane magnetic field:

% )* [32], where M(O) is the magnetization while E( ) and ﬁ( ) is
the electrlc ﬁeld of the pump pulse and its complex conjugate, respectively. The amplitude
and relaxation of the coherent magnon also exhibit different fluence dependences for both
pump schemes, as shown in Fig. 4a, b. At lower fluences, the magnon oscillation amplitude
Ajpagnon scales linearly with the 9 pm pump fluence, while at higher fluences, it follows a
quadratic scaling. On the other hand, for the 1.3 pm pump, A,,4gn0n increases in the low
fluence regime before decreasing monotonically from 3 to 11 mJ/cm? (Fig. 4a). In addition,
the lifetime of the magnon, 7,,4gn0n shows an increase (decrease) with 1.3 pm (9 pm) pump
fluence (Fig. 4b). We link the anomalous increase in lifetime for the 1.3 ym pump to noise
affecting the accuracy of data extraction from the fits. Ultimately, the striking difference
in the symmetry and fluence dependence suggest distinct microscopic magnon generation
mechanisms for the 1.3 ym and 9 gm pumping.

We now examine the 1.3 um (0.95 eV) pump scheme, which is resonant with charge
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excitations from the J.rr = 3/2 band to the upper Hubbard band. A charge recovery time
of ~ 2 ps was demonstrated by previous measurements [13, 17, 62]. Moreover, time-resolved
RIXS has shown an increase in the spectral intensity of the low-energy magnon at (7, 7) with
2 pm pumping which resonantly excites electrons from J.;; = 1/2 to the upper Hubbard
band. This was ascribed to high-energy magnons scattering and relaxing to low-energy
magnons upon charge excitations [13]. We posit that a similar process is involved for 1.3
pm pumping. The charge excitation is fast and impulsive with respect to the energy of
the magnon at (7, 7), and magnon-magnon coupling allows higher energy magnons, i.e., at
K = (m, 0) (see Methods for details), to relax to the low-energy magnon at the spin gap
at (m, m). This is a complex process that involves both the charge and spin channels. A
complete theoretical description is beyond the scope of this work.

For the 9 um (138 meV) pumping, the photon energy is below the Hubbard gap, and is
therefore too low to generate charge excitations, and above any optical phonon resonance
(highest phonon energy being 82 meV) [53] (Fig. 4c, d). We note that the energy of the
pump is within the two-magnon density of states, suggesting a purely magnonic excitation.
A quantum theory for IFE in SroIrO4 was developed in Ref. [63] which explains many aspects
of the observed data. Time reversal symmetry dictates that the electric field of light couples
to spin bilinears (~ S%S7) through the spin-dependent polarization. Here, we emphasize
the crucial role of the staggered in-plane rotation of the oxygen octahedra which doubles
the square lattice and breaks the inversion symmetry about the bond centers between two
Ir ions. The reduced symmetry allows for several non-trivial couplings between the electric
field and spin bilinears [63] which are otherwise forbidden for the full space group of the
square lattice. This also implies significant magnetoelectric effects [64, 65] which could guide
the identification of further materials exhibiting coherent magnon excitations via below-gap
driving. Through coupling to the field, high-energy magnons of equal and opposite momenta
are excited. Finally, via anharmonic magnon-magnon scattering, lower energy magnons are
generated. This process is rapid in comparison to the magnon oscillation period and thus
serves as an impulsive excitation of the precessional mode at (m, m). The time evolution
of the low-energy magnons can be modeled by equations (2)-(3) presented in the Methods
section. The out-of-plane magnetization m(t¢) is a canonical variable (angular momentum)
conjugate to the Néel rotation angle u(t). Hence, the dynamics of the in-plane precession
of the Néel vector (B, magnon with coordinate u(t)) is observable via a time-dependent
measurement of the out-of-plane moment in a polar MOKE geometry (i.e., the polarization
rotation observed for a probe beam at near-normal incidence).

Towards ultra-efficient magnon generation

Explicit calculation of the effective fields acting on the low-energy magnon mode from
the pump (see Ref. [63]) for nonresonant excitation reveals a linear dependence on the
pump intensity (i.e., a quadratic dependence on the pump electric field), consistent with the
experimental observations in Fig. 4a. The sign reversal when pump helicity is reversed is also
explained via a quantum treatment of IFE. The process is depicted schematically in Fig. 4d,
which shows the magnon dispersion (for details, see Methods) around (7, 7). The coupling
of the mid-IR pump pulse to the low-energy B, magnon involves three steps. First, the
9 pum (138 meV) pump pulse directly couples to virtual pairs of high-energy magnons with
equal and opposite momenta through the spin-dependent electric polarization. Subsequently,



the presence of the pump pulse generates anharmonic magnon-magnon interactions, which
allows the high-energy magnons to scatter and relax down to the gap at (7, 7). Finally, since
both the pump and magnons are high-energy compared to the gap, these fast interactions
act as an effective impulsive field on the in-plane By, magnon, driving the coherent magnon
mode detected by MOKE.

Taking both fluence dependence and penetration depth into account, we showed above that
9 pum pulses generate magnons with an energy density two orders of magnitude lower than
1.3 pm pulses. Consequently, direct magnon excitation with below-gap 9 ym driving results
in a magnon generation efficiency two orders of magnitude higher than that of above-gap
excitation, enabling extremely efficient ultrafast manipulation of magnetism.

We note that 9 pm and 1.3 um pump wavelengths were deliberately chosen in order to
span the two most physically distinct excitation regimes relevant to SrolrO4. The 9 pm pulse
is well below the electronic gap and above the phonon continuum, enabling nonresonant,
spin-selective excitation without photodoping. In contrast, the 1.3 pum pump directly couples
to the Jog = 3/2 — UHB transition, driving charge excitations and fundamentally different
magnon generation dynamics. These measurements establish a clear contrast between below-
gap and above-gap excitation, but they do not determine how the nonresonant magnon
response evolves with pump photon energy. In the microscopic framework of Ref. [63],
the light-induced effective fields depend on the pump frequency through the two-magnon
density of states and the coupling to different spin bilinears. The relative strengths of
the displacement-like and impulsive excitation channels, and therefore the amplitude and
phase of the coherent magnon, may consequently vary within the below-gap regime. A
systematic mapping of this dependence would provide an important further test of the
proposed mechanism but would constitute a substantial extension of the present work.

Outlook

Our work provides evidence for a mechanism to control and generate magnons in the spin-
orbit coupled antiferromagnet SroIrO, using ultrafast laser pulses. The key result is that
direct excitation of the spin spectrum leads to nonlinear magnon generation with two orders
of magnitude higher efficiency compared to excitation that is resonant with charge excita-
tions. This is consistent with the mechanism proposed in Ref. [63] that involves mid-IR
light-magnon coupling through generation of high-energy magnons that scatter and relax
to the low-energy By, magnon at (m, 7) being mediated by anharmonic magnon-magnon
interaction. We note that photoexcitation at other pump energies (within the magnon band-
width) also holds possibilities to enhance magnon generation efficiency since the effective
fields are strongest when the pump is tuned to the maximum of the two-magnon density of
states, which in this case, is at the edge of the Brillouin zone. Moreover, these results have
broader implications for below-gap driving coherent magnon generation which can be applied
to a suite of exotic magnetic materials. Overall, our observation of the coherent magnon
establishes time-resolved MOKE as a powerful probe of magnetoelastic effects in quantum
magnets, which can include 2D van der Waals materials with unusual magnetic properties.
Our results may unlock exciting opportunities in spintronics by efficient nonlinear magnon
generation, and may motivate research in spin qubit-based quantum computing. Finally,
these findings could positively contribute to the study of topologically nontrivial magnon
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excitations which may contain Berry curvature information as well as nonzero Chern num-
bers.
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METHODS
Sample growth

Millimeter-scale single crystals of SrolrO,4 were grown using a self-flux technique from off-
stoichiometric quantities of IrOg, SrCO3 and SrCly. The ground mixtures of powders were
melted at 1,470°C in partially-closed platinum crucibles. After a soaking phase of more than
20 hours, the mixture was slow-cooled at 2°Ch~! to reach 1,400°C. Then the crucible was
cooled down to room temperature at a rate of 100°Ch~".

Experimental setup

Extended Data Fig. 1 shows a schematic of our experiment. We used a Spitfire Ace
regenerative amplified titanium:sapphire laser amplifier system with pulse energy of 6 mJ,
pulse duration of 100 fs, 1 kHz repetition rate and 800 nm central wavelength as the main
light source. The incoming beam from the light source is split into two beams using a beam
splitter: one beam is used for generating pump pulses while the second beam is used to
generate the probe pulses.

The first beam is further divided in two paths via another beam splitter, and the resultant
two 800 nm beams have 1.9 mJ energy each. These beams are injected into a TOPAS-
TWINS system which consists of two 2-stage optical parametric amplifiers (OPA). Each
OPA is tunable, and generates signal beams with wavelengths from 1.16 - 1.6 ym and idler
beams from 1.6 - 2.6 um.

The 9 pm mid-IR beam having 300 fs pulse duration and stable carrier envelope phase
(CEP) is generated by mixing two near-IR signal beams (tunable from 1.1 - 2 um) from the
output of the TOPAS-TWINS in a 0.6 mm thick GaSe crystal. The generation mechanism
is type-1I difference frequency generation (DFG) where the mid-IR frequency is determined
by the frequency difference and phase matching condition of the two near-IR beams mixing
in the GaSe crystal. To accomplish this, one output from the TOPAS-TWINS was fixed at
1.2 pm while the other output was tunable from 1.2 - 1.5 um. A delay stage was used to
control the delay between these two beams.

The 1.3 pm pump pulses with 145 fs pulse duration are directly from one of the outputs of
the TOPAS-TWINS. In order to generate circularly polarized pump beams, a quarter-wave
plate was placed after the GaSe crystal that enabled light ellipticity control. The incidence
angles for pump and probe pulses on the sample are around 20° and 10°, respectively.

The 800 nm probe pulse is reflected off the sample and is steered by a gold mirror (Thor-
labs PF 10-03-M01). It then propagates through a plano-convex lens with 100 mm focal
length (Thorlabs N-BK7 LA1251), a zero-order half-wave plate (Thorlabs WPH10M-808),
and an AR-coated calcite Wollaston prism (Thorlabs WP10-B) which divides the signal
into vertically- and horizontally-polarized components. The two components then reach two
balanced photodiodes (Newport 2307, 1 MHz bandwidth). The pump-induced polarization
rotation can be measured by the difference of photocurrents Al between the two photo-
diodes, and the MOKE signal A7/2I (21 is the sum of the photocurrents) is recorded as
a function of the time delay between the pump and probe pulses. For signal detection, a
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Stanford Research System lock-in amplifier (Model SR830) was utilized which was triggered
by the output from a phase-locked optical chopper (chopped at 500 Hz frequency, model:
Newport/New Focus 3502) used to modulate the pump pulse.

In order to perform cryogenic measurements, the sample was placed inside a Janis ST-
300 cryostat connected to a liquid He dewar, under vacuum condition. This allowed for
low-temperature measurements down to 9 K.

Peak electric field calculation

For a given fluence F', the peak electric field of the mid-IR beam can be estimated from
the formula, Ey = ’/ﬁim‘ Here, ¢ is the speed of light, ¢y is the vacuum permittivity,

and At is the pulse duration (100 fs in this experiment). The maximum pump pulse energy
used in the measurement was 26 nJ, which was focused down to a spot size of 60 pm. This
corresponds to a maximum fluence of 0.92 mJ/cm?, attaining a peak electric field of 1.4
MV /cm.

Penetration depth calculation

The penetration depth of light § is calculated based on the real part of the optical conduc-
tivity oy and real part of the permittivity e, [66]. It can be written as 6 = A/27k, where,
k = Im(y/e1 +1igg). In this relation, €5 is the imaginary part of the permittivity that is
obtained from o;.

We have computed the penetration depth of 800 nm probe, 1.3 ym pump and 9 pm to
be 157 nm, 141 nm and 1217 nm, respectively. It is noted that the 1.3 pym pump has
similar penetration depth as the probe, while the 9 ym pump penetrates nearly one order
of magnitude deeper into the sample compared to the probe.

Pump-induced heating

Heating effects must be considered in all pump probe measurements since the effective
lattice temperature after the intensive pump is different than the equilibrium temperature.
We use the two-temperature model to estimate the effective lattice temperature after the
electron-phonon thermalization (i.e. a few picoseconds). The specific heat of SralrOy is de-
scribed as: C,(T) = yT?+ BT?, with v = 2 mJmol K2, = 0.5 mJmol 'K, For a given
pump fluence we estimate the absorbed energy on the photo-excited area and calculate the
effective temperature after the electron-phonon thermalization by integrating the equation:

Qurmp = /T rfpf NC,(T) dT. (1)

Here, T; and T} are the initial and final temperatures, N is the number of moles in the
excited volume. The absorbed energy @Q,um, is estimated by the relation, Qump = FA(1—R),
where F' is the fluence, A is the beam size on the sample, and R is the reflectivity. The
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photoexcited volume of the sample is estimated using the pump penetration depth ¢ and
the beam size [67].

Using these relations, we calculated and plotted the effective temperature upon the 9 pm
and 1.3 pm pump excitations with initial temperature of 10 K and 80 K, respectively in
Extended Data Fig. 2. With the highest fluence we used for 9 ym pump (0.92 mJ/cm?) and
1.3 ym pump (11.5 mJ/cm?), it was observed that the effective temperature was well below
the Néel temperature, indicating the non-thermal nature of the coherent magnon control.

Spin spectrum of SroIrQOy

The spin spectrum of SrylrOy4 around (7, ) in Fig. 4d is calculated using SpinW library
[68]. The magnetic interaction Hamiltonian for (m, 7) is: H = Hy + Hpy + Hspin—tattice
[45, 46].

The Heisenberg term is Hy = 3-; Jiji . §;, where ?Z is the pseudospin at site ¢ and J;;
corresponds to in-plane first, second, third nearest-neighbor interactions Ji, Jo, J3 and next
first and second interlayer nearest-neighbor interactions .Jy;, Jo;. The Dzyaloihinsg-Moriya
(DM) interaction Hamiltonian is written as, Hpy = X 5y J.57SF + D - (S5 x S;). Here,

B is the out-of-plane DM vector, inducing the spin canting of 13°. The final term is the
lattice distortion-induced exchange anisotropy: Hepin—iattice = ¢y L' (S{'S] + S} S%), where
I' is the anisotropy strength.

Extended Data Fig. 3 depicts the full in-plane spin spectrum along a-axis across the full
Brillouin zone based on the linear spin wave theory. The 2 meV spin gap that we observed
is located at (7, m). Thus, we limit our interest to the spin excitations around (m, ).

Effective fields acting on low-energy magnons upon photoexcitation

After photoexcitation with 9 gm mid-IR circularly polarized pump, the electric field of the
light couples to the spin bilinears and generates anharmonic magnon-magnon interactions.
The mid-IR pump pulse is a high-energy degree of freedom, compared to the spin gap. As
such, along with the high-energy magnons, these high-energy pump modes can be integrated
out to obtain effective magnetic fields acting on the low-energy magnons. The generalized
dynamics is governed by the following equations of motion,

O = x"'m — — — hy, 2)

u

oym = —Ku — Tﬂ + hy. (3)

Here, m is the out-of-plane magnetization, u is a linearized angle for the deviation of the
in-plane Neél AFM order parameter from its equilibrium ordering axis, xy~! is the out-of-
plane susceptibility, x is proportional to an in-plane anisotropy. In addition, 7,,, and h,,,
are the phenomenological relaxation times and light-induced effective fields, respectively.
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In the ultrafast regime, when the pump pulse is short, the effective field h,, acts as an
impulse providing an initial velocity, while h, provides an initial amplitude of m. To prove
this, we first write the equation of motion for m(t), which is given by

OPm + 2yO,m + wgm = kh,, + Oihy. (4)

This resembles a driven harmonic oscillator where v = 7(% + %) and w2 = k/x. The
trivial homogeneous solution m = 0 is derived for initial conditions m(0) = 9,ym(0) = 0. For

the inhomogeneous solution, we use the Green’s function for a harmonic oscillator,

G(t—t’)zjoo dw_ e

—o0 27 W2 4 2iyw — W

—tw(t—t")

()

In the next stage, the magnetization dynamics m,,(¢) and m,(t) in the presence of effective
fields h,, and h,,, respectively, are obtained by the convolution:

- /_ S A h ()Gt — 1), (6)

/ dt' hy (1 G (t — 1), (7)

where we used h,(+00) = 0. Taking causality into account, unit pulses of strength h and
duration t, starting at t = 0 can be written as Ay, ,(t) = hpn[O(t) — O(t — t,)]. Plugging
this into (6) and (7) yields

KiPom, I
mm(t) = m[@(t)[w — e " (ysinwt 4+ w cos wt)]
— Ot —t,)[w— e ) (ysinw(t —t,) + wcosw(t —t,))]], (8)
my(t) = Zj‘[@(t)e—mf sinwt — Ot — t,)e ") sinw(t —t,)], (9)

where @ = /w3 — 72 is the damped eigenfrequency. When the pump pulse is turned off at
t = t,, the magnetization m(t¢) temporally evolves according to the homogeneous equations
of motion with initial conditions set by the m,, ,(t) shortly after t,. We evaluate m,,(t) and
its derivative at ¢ = ¢ which gives

Kl o
M () = m@ Mrlwe — ysinwt, — wcoswt,) = O(t2), (10)
0 by _ Kl ot, = kh o(t 11
i (t,, ) = € rsinwt, =k mtp + O(t,). (11)
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Following the similar procedure for m,(t), we obtain

Iy _ =
my(t)) = 56_%" sinwt, = hyt, + O(tz), (12)
ITL’(L
Opm,(t)) = —5677’5" e + ysinwt, — wcoswt,] = O(t2). (13)

It is evident from equations (10)-(11) that for a short pulse ¢, < w™!, v, the effective
field h,, acts as an impulsive drive by giving the magnetization a finite initial velocity 0ym.
On the other hand, equations (12)-(13) show that h, provides an initial amplitude for the
oscillations by displacing the magnetization.

According to the calculations, h, and h,, contain terms which are maximized for circularly
polarized excitations, and flip sign for opposite helicity. In addition, other terms are maxi-
mized for linearly polarized excitation. The strengths of all these terms depend on the pump
frequency through the two-magnon density of states as well as coupling of the pump pulse
electric field to different spin bilinears (see Ref. [63] for more details). As a consequence,
this formalism provides a fresh perspective on distinct magnon excitation mechanisms as
a function of pump energy and polarization. Importantly, the magnetization m and (lin-
earized) angle u are coupled. As such, driving either m or u can induce the magnetization
dynamics which can be tracked by the MOKE probe (Extended Data Fig. 4a-b).

Excitation with linearly polarized pump

Linearly polarized above-gap 1.3 pm pump can also drive magnetization dynamics, result-
ing in a 0.5 THz coherent magnon oscillation as represented in Extended Data Fig. 5a-b.
These results show that upon above-gap driving, the magnon generation occurs for both
circularly and linearly polarized light. In consideration of the signal independence on left-
and right-circular polarization, such an observation is suggestive of a non-magneto-optic
mechanism (e.g. rapid scattering) for coherent magnon generation. Theory [63] further
predicts polarization-dependent effective fields for subgap excitation, which in limiting cases
can produce predominantly cosine-like and sine-like responses for linearly and circularly
polarized light, respectively. The signal generated by the linearly polarized below-gap 9
pm pump at 11 K is notably weak. The phase of the coherent oscillation provides a more
specific test of the excitation mechanism than the observation of spectral weight at the
magnon frequency. In the short-pulse limit described by Eqs. (10)—(13), the effective field
h., primarily imparts an initial velocity to the measured magnetization, producing a predom-
inantly sine-like response, whereas h, primarily produces an initial displacement and hence
a predominantly cosine-like response. Ref. [63] predicts that the pump polarization changes
the relative weights of these two excitation channels; pure sine- and cosine-like responses
represent limiting cases in which one channel dominates. A phase-resolved comparison of
linearly and circularly polarized excitation would therefore provide a more stringent test of
the microscopic mechanism. Although the FFT amplitude spectrum shows a weak feature
near 0.5 THz (Extended Data Fig. 5¢—d), the small oscillatory signal, the nonoscillatory
background, and the uncertainty in determining time zero do not permit a reliable extrac-
tion of its phase. The present data therefore indicate that linearly polarized below-gap
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excitation couples weakly to the mode, but they do not determine whether the response is
predominantly displacement-like or impulsive.
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Extended Data Fig. 1. Schematic of the experimental configuration. Experimental setup
for 9 pm or 1.3 um pump - 800 nm magneto-optic Kerr effect (MOKE) probe spectroscopy. HWP:
half-wave plate, QWP: quarter-wave plate, MIR: mid-IR, PD: photodiode. The 9 ym mid-IR beam
is generated by mixing two near-infrared beams (tunable from 1.1 to 2 um) from the output of a
TOPAS-TWINS dual OPA system in a GaSe crystal while the 1.3 pgm pump pulses are directly
from one of the outputs of the TOPAS-TWINS.
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Extended Data Fig. 2. Pump-induced heat. The effective temperature of the sample based
on the two-temperature model upon 9 pm pumping at 10 K (a) and 1.3 pm pumping at 80 K (b).
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Extended Data Fig. 3. Full spin spectrum of SroIrO,4. The parameters used for simulation
are the same as in Ref. [45]: J; = 57 meV, J; = —16.5 meV, J3 = 12.4 meV, Jy; = 16.4 peV,
Joy=—6.2 ueV, J, =29 meV, D =28 meV, and I' = 2.7 ueV. Gaussian broadening 6 E = 7 meV
is used for clarity.
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Extended Data Fig. 4. Microscopic mechanism of MOKE in SryIrO4. a, circularly or
linearly polarized pump exciting the sample by driving small angle fluctuation from the AFM
ordering axis u or out-of-plane magnetization m. The MOKE probe captures the photoinduced
dynamics by monitoring the Kerr rotation angle which is proportional to the magnetization. b,
Green zigzag line shows coupling between m and w. As such, driving either m or u can produce
oscillations in magnetization m. For a short pump pulse, its electric field induces an effective field
h (blue curve) which acts as an impulsive drive and sets initial condition for the dynamics of m,
manifested in a magnon oscillation detected by the MOKE probe (red curve).
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Extended Data Fig. 5. Excitation with linearly polarized pump. a, Kerr rotation dynamics
for linearly polarized 1.3 pm (s-polarized) above-gap pump as a function of temperature at 4
mJ/cm? fluence. b, The normalized spectrum at 11 K showing a peak at 0.5 THz, in conjunction
with the in-plane By, single magnon frequency. ¢, Kerr rotation dynamics for linearly polarized 9
pm below-gap pumping and d, Normalized FFT spectrum at 11 K.
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