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Although ultrafast manipulation of magnetism holds great
promise for new physical phenomena and applications, target-
ing specific states is held back by our limited understanding of
how magnetic correlations evolve on ultrafast timescales. Using
ultrafast resonant inelastic X-ray scattering we demonstrate that
femtosecond laser pulses can excite transient magnons at large
wavevectors in gapped antiferromagnets and that they persist
for several picoseconds, which is opposite to what is observed
in nearly gapless magnets. Our work suggests that materials
with isotropic magnetic interactions are preferred to achieve rapid
manipulation of magnetism.

time-resolved resonant X-ray scattering | transient magnetic excitations |
iridates

Itrashort laser pulses are a powerful emerging tool to mod-
ify materials as they can induce new nonequilibrium states
of matter (1-10). Particularly interesting is photoexcited mag-
netism, as in equilibrium magnetic fluctuations are central to
many phenomena including unconventional superconductivity,
charge-stripe correlations, and quantum spin liquids (11-13).
While increasing experimental evidence has shown that mag-
netism is suppressed by photodoping, the exact nature of the
spin configuration in the transient state and its evolution in
time is largely unclear, holding back progress in our understand-
ing. This is mainly because experimental tools for microscopi-
cally probing ultrafast magnetism are still in their infancy with
respect to probing equilibrium magnetism. Most techniques are
only sensitive to the magnetic order parameter or exclusively
probe magnetic correlations at the Brillouin zone center. While
often insightful, these probes cannot distinguish between vari-
ous microscopic states, as their differences appear in the spacial
(or Q) dependence of the magnetic correlations (see Fig. 14).
This is important, for instance, in studies that focus on the tran-
sient behavior of local exchange couplings, as they can be probed
directly through magnons at the magnetic zone boundary. In fact,
several theories predict that the magnetic exchange couplings
among ordered ions change transiently under photoexcitation
(14-17). Thus, clarifying which magnons are excited in the tran-
sient state and how they evolve in time is crucial to unveil the
detailed nature of transient states.
We use time-resolved resonant X-ray scattering to over-
come the aforementioned limitation, enabling studies of tran-
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sient magnetic correlations throughout the Brillouin zone at
ultrafast timescales. The technique uses incident X-rays that
carry an appreciable momentum and whose energy is tuned
to a core-hole resonance, enhancing the sensitivity to mag-
netic modes. Magnetic long-range order is measured via time-
resolved resonant elastic X-ray scattering (tr-REXS). In con-
trast, time-resolved resonant inelastic X-ray scattering (tr-RIXS)
measures the energy loss and momentum change of scattered
photons, enabling probing short-range magnetic fluctuations,
such as magnons, in the transient state. tr-RIXS measurements
of magnons are extremely challenging technically. The first
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Fig. 1. Demagnetization pathways in antiferromagnets. (A) Multiple spin
configurations can give rise to the same macroscopic magnetization. These
are indistinguishable in order parameter measurements, as commonly
probed in ultrafast studies. Three such cases are sketched, corresponding
to a reduced magnetic moment, a collective spin rotation, and a disordered
state. The first two cases are uniform perturbations to the entire spin net-
work, whereas the latter is due to short-range disorder of individual spins.
(B) Relative magnetic (—3.5, 1.5, 18) Bragg peak intensity in Sr3Ir,O7 as a
function of time delay (notation in reciprocal lattice units [r.l.u]). The data
are plotted up to 7 ps after the arrival of the optical pump at t = 0. The error
bars follow Poissonian statistics.

experiment was performed a few years previously on SraIrQOy,
but the only observable effects occurred at the magnetic ordering
wavevector (2). This appears superficially congruent with the
idea that the effectively zero momentum light can only excite
individual magnons at the center of the magnetic Brillouin zone.
Here we study gapped antiferromagnet Sr3IroO7 and directly
show that photoexcitation can modify magnons throughout the
Brillouin zone which persist beyond a picosecond timescale. We
suggest that the large spin gap in SrzIr2O7 blocks the cooling of
transient magnons that appears to occur in SraIrOy.

Demagnetization Pathways in Antiferromagnets

Fig. 1B shows the time evolution of the Sr3IroO7 magnetic Bragg
peak intensity up to 7 ps after the arrival of the 2-um (620-
meV) laser pump that excites carriers across the band gap (18).
This was measured using Ir Ls-ege tr-REXS at T~ 110 K <
Tn = 285 Kusing the (—3.5, 1.5, 18) magnetic Bragg peak (Mate-
rials and Methods). Immediately after the pump, magnetism is
reduced by 50 to 75% for laser fluences between 5.2 and 32.2
mJ/ecm?. This occurs faster than our time resolution of 0.15 ps,
which is substantially quicker than in other materials including
Sr2IrOy4 (19). It is noted that even for strong fluences some rem-
nant magnetic fraction is observed immediately after the laser
pump, suggesting some experimental mismatch between pumped
laser and probed X-ray volumes (c.f. SI Appendix). However,
the transient signal shows signs of saturation, suggesting the
pumped volume is completely demagnetized. We refer to fur-
ther details on the recovery of the magnetic long-range order in
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SI Appendix. The tr-REXS results in Fig. 1B clearly show that
a 2-pum laser pump results in an appreciable quenching of mag-
netic long-range order that survives on a picosecond timescale.
However, the experiment does not reveal the microscopic spin
configuration of the transient state. As illustrated in Fig. 14, a
transiently suppressed magnetic order parameter can arise from
several very different microscopic configurations that give the
same REXS response. We thus studied the RIXS response of
the transient state to gain insight into the Q dependence of the
magnetic correlations.

Transient Evolution of Magnetic Short-Range Correlations

Fig. 2 A and B display energy-loss spectra of SrzIroO7 measured
at (m, ) and (7, 0), corresponding to the magnetic Brillouin zone
center and zone boundary. The blue data points correspond to
RIXS spectra in the equilibrium state, showing four features:
an elastic line, a collective magnon, a magnon continuum, and
an orbital excitation (20-23). The collective magnon features a
moderate dispersion, shifting in energy from 100 meV at (7, )
to 150 meV at (7, 0), while the magnon continuum (250 meV)
and orbital excitation (680 meV) reveal negligible dispersion.
It is believed that the magnetic excitations in equilibrium arise
predominantly from the combination of Heisenberg-like inter-
actions within the iridium layers and an anisotropic exchange
perpendicular to the tetragonal plane (see also SI Appendix) (20,
24, 25). The orbital excitation, on the other hand, can be under-
stood considering the electronic configuration of Sr3Ir,O7. It
is defined by the five iridium valence electrons, residing in a
crystal-field-derived ¢4 orbital manifold. The ground state is fur-
ther split by strong spin—orbit coupling and moderate Coulomb
interactions, establishing a filled Jer = 3/2 and half-filled Jeg
= 1/2 Mott state (20, 24-26). Thus, the excitation epitomizes a
transition between these two manifolds (20, 22, 23).

We have overplotted the energy-loss spectra in equilibrium
(blue) with transient state data (orange). These have been pre-
pared with a 20 mJ/cm? laser pulse, for which a substantial
suppression of magnetic order has been found (see Fig. 2B).
Because small drifts in the X-ray source position can result in
shifts of the measured RIXS spectrum, static and pumped spec-
tra were measured with alternate shots of the free electron laser
for each delay. The time resolution of the setup equaled ~400 fs
(see Materials and Methods for details). At both reciprocal lat-
tice positions we observe significant changes in the electronic
correlations at ¢ > 0. This is seen most clearly in the difference
spectra shown in Fig. 2 C and D, evincing that the magnon and
orbital excitations are altered upon photodoping at both (r, 7),
and (r, 0).

Further insight into the transient short-range correlations is
gained from a quantitative analysis of the excitation spectra. A
sum of four Gaussian-shaped peaks was used to represent the
energy-loss data in Fig. 2 4 and B (see dotted lines in the fig-
ure and Materials and Methods for further information). The fit
shows that the magnon and orbital amplitudes are suppressed
in the transient state and that their width is enlarged (see Fig.
3 A and B). Notably, at the magnetic wavevector the fitting
parameters are most strongly modified at 0.5 ps and recover only
partially within 5 ps, which is in line with the incomplete recovery
of magnetic long-range order (see Fig. 1B).

Discussion

The cross-section of the orbital excitation around 680 meV
is dependent on the respective charge occupations of the
Jeti = 3/2 and Jer = 1/2 state. The intensity would, for instance,
decrease if fewer than four electrons per Ir side reside in the
Jei = 3/2 ground state and increase if the Jer = 1/2 state was
empty. The transient depletion of the excitation thus provides
direct evidence that not only Jer = 1/2 but also 3/2 electrons
are pumped over the insulating band gap, and that some of
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Fig. 2. Static and transient electronic short-range correlations of Sr3lr,O;. Tr-RIXS spectra at the minimum (A) and maximum (B) of the dispersion. The
spectra show an elastic line, a magnon, a magnon continuum, and an orbital excitation at ~680 meV, before the arrival of the laser pump (blue) and for
different time delays (orange). Error bars are determined via Poissonian statistics. The dotted lines are contributions of best fits to the data (solid lines),
consisting of four Gaussians and a constant background. Their difference spectra are shown in C and D.

the Jer = 3/2 carriers do not decay into their orbital ground
state within 5 ps. This supports a picture in which the elec-
tronic subsystem remains in a transient state for appreciable time
delays.

Having established the dynamics of the orbital excitation, we
now turn to the transient behavior of the collective (pseudo-
)spins. In equilibrium, magnetic long-range order ensures the
existence of well-defined spin-waves. Upon photoexcitation,
broader peaks are observed while the magnetic exchange cou-
plings are unaffected. This can be conceptualized as a redistri-
bution of magnons out of the modes populated in equilibrium
into a range of transient magnons around the original mode.
Our data allow us to directly investigate how magnons are modi-
fied at different delays after photoexcitation and to examine how
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representative points.

The substantial anisotropy perpendicular to the tetragonal
plane leads to collinear magnetic long-range order, revealing a
large magnon gap that is minimal at (7, 7) and maximal at (7, 0)
(cf. Fig. 4B for details) (20-24). Thus, the results in Fig. 34 show
that magnons are modified over an extended area in recipro-
cal space and that these changes persist for several picoseconds.
This experimental result is strikingly different from the behavior
in materials hosting a gapless excitation spectrum. In isotropic
Heisenberg-like SrpIrO4 (see Fig. 44), for instance, the only
observable changes in the magnon occurred at the magnetic Bril-
louin zone center of (7, 7) (2). In the following discussion, we
aim to assess these differences.
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Fig. 3. Ultrafast evolution of electronic correlations in Sr3Ir,O;. Time dependence of the relative (A) magnon and (B) orbital amplitude, A, and full width
at half maximum (FWHM), T, respectively. The magnon and orbital amplitudes are suppressed in the transient state and their width is enlarged. Note the
difference in scale. Error bars are derived from the least-squares fitting algorithm.
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Fig. 4. Spin-bottleneck mechanism. (A) Heisenberg-like Sr,IrO4 features a
near-zero-energy Goldstone mode establishing a well-defined channel (indi-
cated schematically by the blue arrows) over which transient correlations
decay into lower-energy multiparticle excitations. This leads to strong differ-
ences in the ultrafast magnetic response at (, w) and (m, 0). (B) Such a decay
channel is absent in gapped antiferromagnet Sr3Ir,07, leading to transient
magnons that are trapped in the entire Brillouin zone.

The transient state created here features suppressed magnetic
long- and short-range correlations throughout the Brillouin zone
and it, therefore, has some similarities to a thermal state at
elevated temperature. This state, however, appears to form effec-
tively instantaneously, within our time resolution of either 150 or
400 fs depending on whether one considers the REXS or RIXS
signatures. These timescales are much faster than typical ther-
malization processes in magnetic insulators, ranging from several
to hundreds of picoseconds (27-30). We thus consider the phys-
ical mechanisms at play, beyond a simple effective temperature
model.

The photo-excitation process promoting charge carriers across
the insulating gap leaves behind local spin vacancies that
create nonthermal magnons spread across the entire Bril-
louin zone. These high-energy magnons can decay into lower-
energy multiple-particle excitations via magnon—-magnon scatter-
ing processes following the dispersion relation—which, in lowest
approximation, is similar to the one of the unperturbed state.
A full thermalization of the system, however, requires coupling
to other subsystems, which becomes unavoidable for the dissipa-
tion of transient magnons around the minimum of the dispersion
relation.

In gapless antiferromagnets, such as SroIrOy4 (25, 31), a steep
magnon dispersion from high to effectively zero energy estab-
lishes a well-defined decay channel (see Fig. 44). Thus, spin
waves at high energy face multiple possibilities to disintegrate,
but the options become increasingly limited around the mini-
mum of the Goldstone-like mode. This gives a natural expla-
nation of why ultrafast magnons were observed only at (,7)
but not at (m,0) for SraIrOy4 (2). Furthermore, the small spin-
wave gap enables an efficient energy transfer into the lattice
subsystem via low-energy phonons, restoring the equilibrium
configuration.

We note that Néel order in Sr2IrOy is unstable if one considers
only a single Ir layer but stabilized by a very small interlayer c-axis
coupling amplified by a divergence in the in-plane magnetic cor-
relation length within the Ir layers (see SI Appendix). This is in
strong contrast to bilayer materials such as SrzIroO7 which order
magnetically without necessarily invoking coupling between dif-
ferent bilayers. Although the bilayer system features far stronger
anisotropy and intrabilayer coupling, this is offset by the spin
gap impeding the growth of the in-plane magnetic correlation
proceeding the transition. Empirically, SrglroO7 and Sr2IrOg4
feature comparable Néel temperatures (285 and 240 K, respec-
tively) despite the spin-wave gap of the former material being
roughly 150 times larger (see Fig. 4) (20, 25, 31). Thus, no pro-
nounced decay channel is present in Sr3IraO7, which inherently
limits the thermalization of transient magnons along a partic-
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ular wavevector. Furthermore, phonon-assisted energy transfer
processes are strongly reduced by the large spin gap, leading to
long-lived magnons that are trapped over a large reciprocal space
area.

Following this argument, the partial recovery of magnetic
long-range order at a picosecond timescale may arise from
two mechanisms. The magnetic time constant is close to the
charge timescale that has been reported previously via ultra-
fast reflectivity measurements (32). This may attest to a link
between charge and magnetic degrees of freedom, which is
also supported by the wavevector-independent suppression of
the orbital excitation below 2 ps (see Fig. 3B). In Mott mate-
rials the (pseudo-)spin configuration is directly related to the
charge distribution on the atomic sites, whose recovery reinstates
the original one spin/site population. Thus, it is conceivable to
attribute the partial recovery of magnetic order in SrzlrO7
to its Mott nature. Alternatively, the partial recovery of mag-
netic long-range order may originate from a redistribution of
transient magnons within the Brillouin zone, pointing toward
a scenario in which the laser pump generates an excess of
magnons at the magnetic wavevector. In fact, the results shown
in Fig. 34 suggest a suppression of spin waves at (7, 7), which is
absent at (7, 0).

In summary, we report a near-instantaneous creation of tran-
sient magnons in the gapped antiferromagnet Sr3IroO7 after a
laser excitation of 2 um. The ultrafast transverse short-range
correlations occur at both extremes of the magnetic disper-
sion in momentum space, showing the existence of trapped spin
waves that are likely present throughout the entire Brillouin
zone. This demonstrates an incoherent response of transient
magnetism, which is fundamentally different from in gapless
antiferromagnets such as in Heisenberg-like SroIrO4 (2). The
results are interpreted in the context of a spin-bottleneck effect.
In Sr2IrOy4 a steep dispersion exists from high energy magnons
at the magnetic zone boundary into low-energy magnons at
(m, ), which allows for a highly efficient magnon decay. In
contrast, the large magnon gap and moderate dispersion of
SralraO7 leads to transient spin waves that are trapped in the
entire Brillouin zone. Thus, our results emphasize the need
to include contributions like anisotropic magnetic exchange
interactions alongside electron—-phonon couplings in theoreti-
cal approaches that model transient magnetic states. Finally,
we remind the reader that neither a collinear antiferromag-
netic spin alignment nor magnons are exact eigenstates of an
S =1/2 quantum magnet. Thus, it may be natural to expect
strong magnon-magnon scattering occurs in some transient
states. Further experimental and theoretical efforts along these
lines will be vital to progress in the understanding of the ultrafast
dynamics in quantum materials, including cases where com-
plex competitions of macroscopic quantum phases appear via
photodoping.

Materials and Methods

Sample Preparation and Characterization.

All measurements were performed on Sr3lr,O; single crystals that
were grown with a flux method as described in ref. 33 and refer-
ences therein. The high quality of the crystals was confirmed via Laue
and single-crystal diffraction. Here, we denote reciprocal space using a
pseudo-tetragonal unit cell with a = 3.896 A and ¢ = 20.88 A at room
temperature.

All experiments were conducted on the same sample with crystal orien-
tations [1,0,0] and [0,0, 1] or [1,1,0] and [0, 0, 1] in the scattering plane
for tr-REXS or tr-RIXS experiments, respectively. In both cases, a horizontal
scattering geometry was used and the sample was cooled to T = 110 K via
nitrogen cryostreams.

Optical Laser Pump.

One hundred-femtosecond-long pump pulses of 620 meV (2 um)
were generated by an optical parametric amplifier similar to pre-
vious ultrafast experiments on SryIrOs (2). The angle between the
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incident X-ray and infrared pulses was 20°. This leads to an estimated
laser penetration depth of ~82 nm for grazing incident X-rays (see S/
Appendix).

tr-REXS.

The ultrafast recovery of magnetic long-range order was studied at
beamline 3 of the SPring-8 Angstrom Compact free-electron LAser (SACLA)
featuring a repetition rate of 30 Hz (34, 35). The X-ray energy was tuned
to the Ir L3-edge at 11.215 keV and refined via a resonant energy scan
of the (—3.5, 1.5, 18) magnetic Bragg peak. The reflection was detected at
26 = 92.2° using a multiport charged coupled device area detector (0.0086
r.l.u. per pixel) (36). The Bragg condition was established by rotating the
sample surface normal Ax = 21.2° out of the scattering plane. The X-rays
were focused to a spot size of 20-pum FWHM and hit the sample at a grazing
angle of ~ 1.6°. The X-ray penetration depth was estimated to 162 nm (see
SI Appendix). The laser spot size was ~230-um FWHM at normal incidence.
The detector was read out shot-by-shot and thresholded to reduce back-
ground arising from X-ray fluoresence and electrical noise. Two-dimensional
detector images were integrated around the position where the Bragg peak
was observed. Each data point contains statistics from 300 to 600 shots. The
300-fs jitter of the free electron laser was corrected with a GaAs timing
tool for delays t < 7 ps, yielding an effective time resolution of 150 fs at
FWHM (37).

Fig. 1B reports the magnetic Bragg peak ratio lon/los, Where Ion denotes
the intensity after laser excitation and /¢ when the laser was switched
off. It is noted that even for strong fluences some remnant magnetic
signal is observed for t > 0, suggesting some experimental mismatch
between pumped laser and probed X-ray volumes Further information
on the time evolution of the magnetic order parameter is given in
SI Appendix.

tr-RIXS.

The ultrafast recovery of magnetic short-range correlations was studied
at the X-ray Pump Probe instrument of the Linac Coherent Light Source
(LCLS) running at a repetition rate of 120 Hz (38). The data at (m, w) and
(7, 0) correspond to measurements at (—3.5, 0.5, 20) and (—3.5, 0, 19.6) with
20 =93.7 and 91.8°. The X-rays were focused to a spot size of 50-um FWHM.
We used a grazing incident geometry of 3.7 and 2.1° for the two reciprocal
lattice positions, yielding an X-ray penetration depth of 378 and 214 nm,
respectively (see SI Appendix). The laser spot size equaled 845-um FWHM
at normal incidence and the fluence was fixed to 20 mJ/cm?. The same RIXS
spectrometer as in ref. 2 was used, delivering an energy resolution of ~ 70
meV with an angular acceptance of 6° (0.28 A" on the analyzer. The
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