Supporting Information (SI) Appendix
Laser-Induced Transient Magnons in Sr3Ir,O; Throughout the Brillouin Zone

I. SI TIME-RESOLVED RESONANT ELASTIC X-RAY SCATTERING RESULTS

The response of magnetic long-range order on the laser pump was first investigated via reciprocal lattice scans along
the (0, 0, L) and (H, 0, 0) directions around the (-3.5, 1.5, 18) magnetic Bragg peak [notation in reciprocal lattice
units (r.l.u)]. Figure displays datasets before and ~2.5 ps after the arrival of a 32.2 mJ/cm? strong laser pulse.
The laser radiation induces a suppression, but no broadening, of the magnetic Bragg peak within our experimental
Q@-resolution. This provides evidence that all crucial information on transient magnetic long-range order is captured
by the evolution of the magnetic Bragg peak intensity. It is noted that additional H- and L-scans were taken ~40 ps
after laser excitation confirming this conclusion.
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FIG. S1. Laser effect on the magnetic Bragg peak. Reciprocal lattice scans along (0, 0, L) and (H, 0, 0) around (-3.5, 1.5,
18) magnetic Bragg peak in reciprocal lattice units (r.l.u). The blue color denotes a scan that was taken before, and the red
dataset ~2.5 ps after the arrival of a 32.2 mJ/cm? strong laser pulse. Only a suppression of the Bragg peak is observed.

Figure shows the (-3.5, 1.5, 18) magnetic Bragg signal on the area detector before and around 1 ps after the
arrival of the laser pulse. The time evolution of the depleted magnetic Bragg peak intensity is shown in the upper
panel of Fig. . Immediately after the optical pump (¢ = 0) magnetism is reduced by 50-75% for laser fluences
between 5.2 and 32.2 mJ/cm?. A significant fraction of the magnetic signal is recovered within the first picoseconds,
but a slower process is superimposed preventing the full restoration of the original magnetic state. As a result,
the reduced magnetic peak intensity stays roughly constant in the range between 5 and 500 ps without noticeable
recovery. Furthermore, it is noted that a faint oscillatory behavior appears ~50 ps after laser impact for fluences
larger than 14.2 mJ/cm?. This feature is a typical signature of a strain wave that is propagating through the crystal
and subsequently reflected at the sample boundary [IH3].

The time evolution of the transient magnetic long-range order is described by the minimal phenomenological model

1 — Ae t/mmas — C(1 — et/Tmag) 4 De~t/Twave gin(wt), for t >0
1) =1, R (1)
, ort <0

where A quantifies a prompt, step-like decay at t = 0 (as it is much faster than the time resolution), which recovers on
a timescale Tag, and C' is the fraction of the order that has not been restored in 500 ps. The strain wave features an
amplitude D, decay time Tywave and oscillation frequency w. The measured magnetic Bragg peak intensity is modeled
by convolving I(t) with a Gaussian function in order to account for our finite time resolution of 0.15 ps (full-width at
half-maximum). The initial decay of magnetic long-range order was found to be much faster than the time resolution,
and was thus approximated as an instantaneous step function in Eq. [T

Robust fits of experimental results were obtained by constraining the amplitude of the strain wave to D = 0.5.
The frequency of the strain wave at 23.3 mJ/cm? was fixed to 0.03 rad/s (the mean value of all other conditions) to
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FIG. S2. Time evolution of magnetic order in Sr3Ir,O7. (A) Intensity of the (-3.5, 1.5, 18) magnetic Bragg peak [notation in
reciprocal lattice units (r.l.u)] in equilibrium (top) and after laser radiation of ~20 mJ/cm? (bottom). The detector pixels are
0.0086 r.l.u wide (B) Top panel: Relative magnetic Bragg peak intensity as a function of time delay. The error bars follow
Poissonian statistics. Panel is split into short (6 ps) and long (100 ps) time ranges for clarity. Bottom panel: 14.2 mJ/cm?
Sr3lr2O7 data normalized to the maximal depleted volume fraction and fit with the model shown in Eq. The results are
compared to data for SroIrO4 taken from Ref. [4] with a fluence chosen to match the fast recovery of the magnetic volume
fraction. Heisenberg-like SroIrOy4 reveals a slow recovery with onset around 100 ps, which is absent in gapped Srslr2O7. (C)
Fluence dependence of the persistent transient fraction, C, and the fast recovery timescale Tmag. The gray area shows the
standard deviation around the statistical mean value of the fast recovery timescale, i.e. Tmag = 1.3(3) ps.

further stabilize the fit. All other parameters were varied freely and shown in Tab. 1. It is noted that even for strong
fluences A < 1, suggesting some experimental mismatch between pumped laser and probed x-ray volumes (see also
below). This emphasizes the need to also include contributions like the energy transfer out of the illuminated sample
volume in theoretical approaches that model transient magnetic states.

The lower panel of Fig. displays the best fit to the normalized intensity at 14.2 mJ/cm? (see also Materials
and Methods section). The fluence dependence of T,,s and C' is displayed in Fig. . The fast timescale Tyag =
1.3(3) ps is fluence independent and we find C' > 0 for all fluences. This is different than in nearly gapless SralrOy4
- a related material where at fluences leading to a similar fast recovery of the magnetic volume fraction, the onset
of a slow magnetic recovery is observed around 100 ps (see lower panel of Fig. ) []. The different behaviors are
likely to arise from their distinct magnetic interactions and resulting magnon dispersions. A phonon-assisted energy
transfer from excited (pseudo-)spins into the lattice degrees of freedom, for instance, is expected to be reduced in
large gap antiferromagnets, yielding a much slower magnetic recovery when compared to nearly gapless materials.

TABLE I. Time evolution of REXS fitting parameters. Time dependence of the depleted magnetic volume fraction A, the
unrecovered volume C' after 500 ps, the fast recovery timescale Tmag and the timescale Twave and frequency w of the strain wave.

fluence (mJ/cm?) A C Tmag (DS) Twave (DS) w (rad/s)
5.2 0.54(4) 0.023(5) 0.85(5) NaN NaN
9.7 0.66(3) 0.154(4) 1.24(7) 12(2) 0.025(4)
14.2 0.65(2) 0.225(3) 1.58(9) 11(1) 0.035(4)
18.7 0.72(4) 0.303(4) 1.26(9) 18(2) 0.027(3)
23.2 0.71(2) 0.356(4) 1.7(1) 19(1) 0.03 (fixed)
32.2 0.78(2) 0.429(4) 1.3(1) 13(1) 0.033(4)
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FIG. S3. Time evolution of RIXS fitting parameters. Relative time dependence of the integrated magnon, Imag, and orbital,
l44, intensity, the magnon and orbital position, Ena.e and Eg4q, the amplitude of the elastic line, A1, and the full-width at
half-maximum of the broad magnetic feature I'i-mag at higher energies.

II. SI TIME-RESOLVED RESONANT INELASTIC X-RAY SCATTERING RESULTS

The time-resolved resonant inelastic x-ray scattering (tr-RIXS) spectra in Fig. 2a and b of the main manuscript
reveal an elastic line, a collective magnon at ~100 and 150 meV for (w, 7) and (w, 0), respectively, a magnon
continuum at ~250 meV and an orbital excitation at 680 meV. A sum of four Gaussian-shaped peaks was used to
represent the energy-loss data. The center of the elastic line and its width were fixed in the analysis to 0 meV and
the experimental resolution of 70 meV, respectively. Robust fits were obtained by further constraining the energy of
the magnon continuum to 260 meV and its amplitude to the mean free value of 2.02 and 1.44 for (w, ) and (m, 0),
respectively. All other parameters were varied freely. Figure [S3|shows the relative time dependence of the integrated
magnon, In,g, and orbital, Iy4, intensity, the magnon and orbital position, E.s and Eqq, the amplitude of the elastic
line, Ae1, and the width of the broad magnon feature I'gimag. Significant changes are observed only in the amplitude
and width of the magnon and orbital excitation that are discussed in the main manuscript.

III. SI ESTIMATION OF THE X-RAY AND LASER PENETRATION DEPTH

The optical penetration depth A of a beam incident at angle o with respect to the sample surface is defined by [5]

A= ﬁ {s ( N2 — COS%@))} _1, (2)

where 3 signifies the imaginary part, X is radiation wavelength, and N = n + ik is the complex index of refraction.
We define the penetration depth as the distance over which the beam intensity drops by 1/e, and we remind the
reader that N = v/ where £ is the relative permittivity. For the x-ray calculation, the dielectric constants below and
above the Ir L-edge were calculated based on the crystal structure of Sr3lroO7 using the xrayutilities Python package
[6]. The imaginary part of the index of refraction at the resonance was corrected considering the x-ray absorption
white-line intensity [7]. At the Ir Ls-edge we find Ax,ay = 162, 214 and 378 nm for o = 1.6,2.1 and 3.7°, respectively.
Using the reported optical conductivity results of Ref. [8], we find Ajaser = 82 nm for a & 20°.



IV. SI SPIN-WAVE DISPERSION AND ESTIMATION OF NEEL TEMPERATURE

The superexchange interactions in octahedrally coordinated 5d° iridates are strongly dependent on bond angles.
In general, isotropic Heisenberg, anisotropic Heisenberg, Dzyaloshinskii-Moriya and Kitaev exchange couplings can
be present. For the simplified case of exactly straight bonds, symmetric octahedra coordination and assuming that
Coulomb repulsion, U, is much larger than Hund’s exchange, Jy, pseudo-dipolar and Kitaev interactions vanish by
symmetry and the magnetic exchange becomes purely isotropic Heisenberg-like [9]. Since SroIrO4 and Sr3IroO7 possess
iridium-oxygen-iridium bond angles that are close to 180° [I0HI2], the dominant exchange term is Heisenberg-like, and
the subdominant terms are anisotropic Heisenberg, Dzyaloshinskii-Moriya and Kitaev exchanges with the latter term
generally considered negligible. This has been predicted in several theoretical works [I3HI5] and verified by RIXS and
Raman scattering [I6HI8]. Thus, magnetism in SryIrOy4 can be described by a Heisenberg Hamiltonian with in-plane
isotropic coupling J, anisotropic coupling I', Dzyaloshinskii-Moriya interaction D and interlayer coupling J. [13]

Hys= Y [JSiSm+TSi8% +D(—1)" v (S58% —SUSz) ]+ Y. hSaSa+ Y. JYaSa+ . JeSaiSai.
(7 7) () (G, ))) 7l
(3)

Here, 7l = (ng, ny) are vectors to sites within the IrO, layers and [ is the layer index, defining gﬁ’l as the spin operator
at site 7 of layer [. (7, m), ((ri,m)) and ({(7,m))) denote first, second and third nearest neighbors in the tetragonal
plane and J, J5 and J3 are the corresponding isotropic interaction constants. We mention that some reported models
also include an anisotropic, symmetric exchange term in Ho14 [I4] [I5]. This term is, however, much smaller than the
interlayer coupling and can, thus, be neglected for our purposes.

In cases where the spins are aligned in the tetragonal plane, the nearest-neighbor interactions in Eq. [3| can be
mapped onto an effective isotropic exchange Hamiltonian with interlayer coupling as [13]:

Hoo= Y J J545 +ZJ 50841 (4)

The transformation involves a rotation of the two sublattices in the tetragonal plane, where Sﬁ,l is the rotated spin
operator and J = +/J2 + D2. Since the transition temperature in the case of J > J. is dominated by the spin-wave
velocity, we have neglected the second and third nearest neighbor couplings here. Ty is defined as the temperature
for which the expectation value (SZ) (calculated with linear spin-wave theory) vanishes. For Ty < J/2 the Néel
temperature is given by [19]

e (5)

log(77;)

So if the interlayer coupling in SroIrOy4 could be switched off, it would be predicted not to display magnetic order at
any finite temperature. Using J = 50 meV to match a spin-wave energy of 200 meV at (, 0), we can reproduce the
experimentally observed Ty = 285 K by assuming an interlayer coupling of 1.1 pueV. Ty = 384.2 K is obtained when
using the previously reported value J. = 15.9 peV [13].

As c-axis couplings gain particular importance in SrzIraO7 the Hamiltonian of Eq. 3] needs to be extended to

Hsor= Y [JS71Smi+T85,85, ]+ Y D(=1)"=*mtl(ss 5% — ¥ S5 )
(7,m),l (i m),l
> [JeSi1Sa2 +TeS5,1 55, + ZD et (e S8, — SY S5 ) (6)

n

with the additional terms I'. and D., which couple the planes within a bilayer. This model neglects coupling between
the bilayers. The Néel temperature of a collinear antiferromagnetic spin alignment is found from the numerical
solution of (SZ ;) = 0 with

s\ 1 By Bg_
(Sz1)=1- @/ {E+(g') coth (5E+(q_')) + B (@ coth (BE,(@) dgxdgy. (7)



E4(q) = /B2 — |Cz+|? define the two magnon branches with
B=1/(ksTn)
1
By = L8487 4+ J,+ ) — 471 = coslas) cosla,)) — 41— vag) — 21ae(1 % 7)

1 i
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and kg = 8.617-10~2 meV/K the Boltzmann constant. A reasonable Néel temperature Ty = 118 K, which is within
a factor of three of the experimental value, is obtained for J = 46.6 meV, J. = 25.2 meV, J, = 5.95 meV, J3 =
7.3 meV, Joe = 6.2 meV, I' = 2.2 meV, I'c = 34.3 meV, D = 12.25 meV and D, = 28.1 meV. The analysis shows
that magnetic order perpendicular to the tetragonal plane can be stabilized even in the absence of long-range c-axis
coupling. Furthermore, in Sr3lroO7 we do not expect the same extreme anisotropy between the ab-plane and c-axis
correlations as in SralrQy.
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