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Abstract: In many strongly correlated insulators, antiferromagnetic order competes
with exotic and technologically relevant phases, like superconductivity. While control
of the spin order is critical to stabilize new functional states, elucidating the mechanism
of laser-induced demagnetization in complex oxides remains a challenge. In particular,
it is unknown if the optical pulse can quench magnetization non-thermally or if it
instead only acts as a heat source. Here we use ultrafast, broadband, optical
spectroscopy to track the response of the electronic, lattice and spin degrees of
freedom and its relation to antiferromagnetism in the strongly spin-orbit coupled
insulator Srzlr207. We find that magnetization can be rapidly and strongly suppressed
on a sub 150 fs timescale. At low excitation fluences the magnetic recovery is fast
however, the recovery time increases dramatically with the magnitude of
demagnetization. At the same time, we show that the lattice, evidenced through the
Ag phonon frequencies, appears to remain below T, suggesting that the system
remains non-thermal during the optical modulation of spin order. We suggest that
photo-generated spin defects are responsible for the long-lived demagnetized state
and discuss its implications for optical control of solids.
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1. Introduction

In Mott insulators, the breakdown of long-range antiferromagnetic spin order into
phases such as high-temperature superconductivity through doping is a key method
to control quantum materials in equilibrium [1,2]. Out of equilibrium, femtosecond light
pulses have emerged as a powerful tool to access new non-equilibrium phases, but
the role played by the spin degree of freedom remain poorly understood. In particular,
it remains unknown if optical quenching of the spin order requires a concomitant
heating of the lattice, i.e. if the suppression of spin order is due to rapid, but trivial,
heating, or if in contrast, the suppression is non-thermal, potentially enabling access
to new transient states unreachable in thermodynamic equilibrium. [3] Central to
understanding this issue is understanding how photo-excitation influences all degrees
of freedom in the system. However, tracking many different degrees of freedom often
requires the use of multiple techniques, sometimes operating in very different
regimes [4] and such an approach can lead to artefacts. [5]

Ultrafast optical spectroscopy is a powerful method for tracking structural and
electronic transitions. Structural changes can be inferred from the dynamics of the
coherent phonon response [6,7] while electronic changes can be modelled through
changes in the optical conductivity [8]. However, finding unique optical markers for
antiferromagnetism is particularly challenging as the lack of net magnetic moment
hinders the use of traditional magneto-optical methodologies. Such difficultly has
stimulated the development of new methods to probe it on fast timescales, but many
require access to large scale user facilities that makes collecting full datasets difficult
and often sensitivity to magnetic order comes at the expense of sensitivity to other
degrees of freedom. [2,9-16]

Here, we demonstrate that broadband “4D” optical spectroscopy can extract
guantitative information on the electronic, structural and magnetic degrees of freedom
in an antiferromagnetic insulator. We record the transient optical response of a
correlated antiferromagnetic insulator in four dimensions namely, as a function of time,
wavelength, excitation fluence and temperature. This multidimensional approach
allows us to separate out magnetic dynamics from structural and electronic processes
enabling us to map out quantitative magnetic changes, while also assessing the lattice
temperature from the viewpoint of the phonon frequencies. We show that in this
system, moderate photo-excitations causes a large, ~50%, and prompt suppression
of magnetic order which can recover rapidly (under a picosecond). In contrast, at
higher excitation densities, the magnetic order can be completely suppressed,
resulting in a dramatic increase of the recovery time. Crucially, we demonstrate that
the lattice temperature remains below the equilibrium Néel temperature (Tn) while the
system is in the demagnetized state, showing that the long-lived state is non-thermal.
Our experiments and simulations suggest that the formation of photo-induced spin
defects dictates the stability of the demagnetized state and the recovery of magnetic
order. The picture that emerges from our data is one in which the degree of the
system’s disorder plays a dominant role in determining the fate of the photo-excited
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state offering an opportunity to tune antiferromagnetic order without changing the
temperature.

We focus on the Ruddlesden-Popper family of iridium- oxides with formula
Srn+1lrmOsn+1 in which n indicates the number of SrirO3 perovskite layers located in
between SrO layers. [17,18] These oxides have raised much interest due to their
similarities with superconducting cuprates and because their strong spin-orbit coupling
generates a Je=1/2 insulating state (Figure 1B) that can lead to new
functionality. [19—-21] Herein, we evaluate the bilayer (n=2) system, Srslr2O7, which
displays an out-of-plane-collinear antiferromagnetic insulating state that emerges from
a paramagnetic insulating state at the Néel temperature, Tn~280 K. [22] Unlike Sr2lrOa4
(n=1), the spin-wave dispersion in Srslr207 is gapped. As a result, high-energy modes
cannot decay through coupling to lower energy modes and decay can only occur
through coupling to other degrees of freedom. This can slow thermalization of the spin
system with other degrees of freedom and may enable long-lived non-thermal states.
Indeed, time-resolved resonant inelastic X-ray scattering measurements of Srslr207
have shown spin excitations throughout the magnetic Brillouin Zone [20] which are
longer-lived than their counterparts in Sr2lrO4. [9] However, the non-thermal nature of
the transient state could not be verified. In the following, we show how broadband
optical spectroscopy can complete this goal and shed light into the demagnetization
mechanism.

Our paper is structured as follows, in section 2 we discuss the origin of the static optical
properties of Srslr207 as well as how the optical region is sensitive to the magnetic
order and how photoexcitation changes the optical spectra both above and below the
Néel temperature. In section 3, we show how, through wavelength selectivity, we can
isolate the magnetic dynamics from the other degrees of freedom, enabling us to
extract detailed information on the magnetic response as a function of fluence, time
and temperature. In section 4, we then focus on the response of the lattice obtained
from the coherent phonon response and show that, despite a significant thermal red-
shift in the phonon mode frequency with temperature, no red-shift is observed
following photo-excitation indicating that the lattice is in a non-thermal state. In
addition, we discuss how the phonons also influence the electronic properties of the
material. Finally, in section 5 we present a discussion of a thermal and non-thermal
scenarios for Srslr207 and present simple Monte Carlo simulation to demonstrate how
increasing light-induced disorder can explain the spin dynamics without need for a
temperature change.

2. Temperature and light-induced changes in reflectivity

Details of the sample can be found in the Supplemental Materials [23] (see also
reference [24] therein). We start by evaluating the change in reflectivity as a function
of temperature (Figure 1A). We focus on the visible region which, as depicted in
Figure 1B, primarily probes charge transfer transitions involving lower-lying O 2p and
Ir 5d states to unoccupied states near the band gap. As the band-gap has a Slater-
like character, it is thus expected to be magnetically sensitive [17,25,26], with the long-
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range magnetic order perturbing the optically-probed magnetic structure. Indeed, we
observe that the static reflectivity significantly increases above Tn but the change is
gradual and not abrupt at the transition temperature (Figure 1A). This likely reflects
the fact that the optical changes are not exclusively associated with magnetism but
also depend on the electronic and structural degrees of freedom. As these also evolve
with temperature, isolating the magnetic signal is non-trivial and hinders accurate
guantification of the magnetic order from the reflectivity alone.
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Figure 1. Srslr207 and its optical response. (A) Temperature dependence of the
static reflectivity above and below the Néel temperature Tn~280 K. The signal is
shown relative to the value at 77 K (AFM). Top: Lineout at ~610 nm showing a change
in reflectivity between low and high temperatures. For clarity, the signal is smoothed;
raw data are displayed in Figure S1 [23]. (B) Schematic summary of the electronic
structure of Srslr207. [25] The strong spin orbit coupling generates a Jerr=1/2 Mott-like
insulating state characterized by relatively small bandgap (Eyg), a filled Lower Hubbard
Band (LHB) and an empty Upper Hubbard Band (UHB). The spectral window of our
broadband experiments is primarily sensitive to changes in the amplitude and energy
of the charge transfer resonance induced by the magnetic, structural and electronic
degrees of freedom.
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This challenge can, however, be overcome with ultrafast broadband spectroscopy.
Figure 2A shows typical broadband transient reflectivity spectra taken above and
below Ty, following photoexcitation with 800 nm (1.5 eV, F = 5 mJ cm™) laser light
(other fluences displayed in Figure S2 [23]). The spectral changes are qualitatively
similar in both cases. Both temperatures show a suppressed reflectivity at short
wavelengths and an increase above ~600 nm (see lineouts on the top panel)
consistent with a photo-induced shift in the O2p-Ir5d charge transfer resonance (red
line in Figure 1B), similar to what is seen in the cuprates [27]. Moreover, both
temperatures exhibit fast dynamics within the first picosecond, followed by a much
slower plateau. The signal is also modulated by an oscillating component due to
coherent phonons, which will be discussed in section 4.
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Figure 2: Transient reflectivity response: Transient reflectivity change upon 800
nm excitation (F = 5 mJ cm?) at (A) 295 K (paramagnetic, PM) and (B) 77 K
(antiferromagnetic, AFM). For each temperature, the top panel shows a lineout at
0.14 ps time delay. Also displayed an example of the coherent oscillations that
modulate the transient response (obtained within 650-700 nm range). The amplitude
of the oscillations is notably larger at 77 K when the sample is in the antiferromagnetic
state (for full kinetic traces see the Supplemental Materials [23])).
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At room temperature, where the system has no magnetic order, the dynamics result
from purely electronic and structural changes. Below T, the spectral response is
similar, but with a different magnitude. In particular, we observe a significant signal
enhancement around 500-650 nm, while the changes above 650 nm are less abrupt.
In addition, the kinetic lineouts show a marked increase in the amplitude of the
oscillations with decreasing temperature, as discussed later. While the different
response between the antiferromagnetic and paramagnetic states indicate a
fingerprint of magnetic behavior, it remains unclear whether the observed optical
signals can be attributed only to the magnetic degrees of freedom.

3. Optical fingerprints of antiferromagnetic order

In general, each degree of freedom will produce a different spectral change in the
dielectric function, which is the property measured in our experiment. In the linear
approximation, one can then express the measured change in the reflectivity due to
the changing dielectric function as

6R =% (S26C + 80 +226M) (1)

Where C, Q, M represents the charge, structural and magnetic degrees of freedom
respectively. These three terms will have different wavelength dependences,
therefore, to establish which optical region has the most sensitivity to magnetic order
and least sensitivity to the other degrees of freedom, we measure a 4D dataset,
recording the response of the system as a function of probe wavelength, A, fluence,
F, temperature, T, and time, t. Our aim is to identify a region of the spectra that is
most insensitive to thermal changes in the electronic and structural properties above
Tn. This allows us to subsequently subtract these contributions from the signal below
Tn and thus to isolate the magnetic response. Figure 3A shows a detailed temperature
scan at different probe wavelengths for a fixed fluence and delay, which exemplifies
the merits of our approach. From the data in Figure 2 alone (comparison of spectra at
295 K and 77 K), one might assume that the 500-550 nm region would exhibit the
largest magnetic sensitivity as it shows the largest change when crossing Tn.
However, the full temperature scan reveals that this region is strongly temperature
dependent above Tn, which precludes extraction of the magnetic signal without a
detailed understanding of the non-magnetic temperature evolution of the system.
Likewise, at long wavelengths (> 700 nm) the signal shows a temperature independent
response above Tn, but lacks magnetic sensitivity below Tn. Between these two
extremes, we find that wavelengths around 610 nm are unique because the response
is temperature independent above Tn, whilst retaining sensitivity to magnetic order.
This remains true for all probed fluences and time delays as shown in Figure S3 [23]
and as discussed below.

Page 6 of 19



9

o 0 ——=— 722- 742 nm
® |- 610-622nm
< 524 - 533 nm

Ty
4 AFM—-—:—-—PM
T T T
100 200 300 100 200 300 2 4 6 8 10
Temperature (K) Temperature (K) Fluence (mJcm?)

Fluence (chm'z)
100 ® 15 - e oo
3
® 65
® 10

-0.2 0.0 0.2 04 0.6 0.8
Pump-probe delay (ps)

Figure 3: Changes in the magnetic degree of freedom: (A) Temperature
dependence of the transient reflectivity at different probe wavelengths. For clarity the
traces are offset. The 610 nm region is both sensitive to magnetic order while showing
a temperature independent response above Tn. (B) Temperature dependence of the
magnetic degree of freedom (ARw) at different excitation fluences measured at 360
fs time delay obtained as AR(T) - AR(T>TN) in the 610 nm region. The signal
saturates at high fluences and at temperatures close the Néel temperature as
expected for light-induced demagnetization. We normalize the maximum ARwm value
at 10 mJ cm to 100% demagnetization. (C) Fluence dependence of the magnetic
signal at different temperatures showing that full demagnetization is more rapidly
attained at higher temperatures. (D) Time-evolution of the magnetic signal measured
at 77 K at different fluences showing fast and large (>40%) demagnetization as well
a change from rapid recovery to permanent demagnetization at F > 4 mJ cm (See
also Figure S5 [23]). For comparison, the time evolution of the magnetic Bragg peak
obtained from [20] is also shown (solid translucent lines, scaled).

We explore the feasibility of isolating the magnetic component by subtracting the
electronic, temperature independent, contribution from the total reflectivity (AR(T)-
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AR(T>Tn)) around 610 nm. We label this assay of magnetism as ARwm. Figure 3B
shows this analysis for data collected at 360 fs time delay at different excitation
conditions (see Figure S4 for other time delays and details). Above T the signal is
zero at all fluences, as expected by our methodology. At Tn there is a discontinuity
and the magnetic response rises sharply. Such jump with temperature contrasts with
the much slower change seen in reflectivity measured statically (Figure 1A), and is
indicative that our magnetic assay is able to isolate the light-induced change in
magnetic order from the other degrees of freedom. Further corroboration of the
magnetic sensitivity can be inferred from the fluence dependence of the signal.
Increasing the pump fluence increases the signal, indicating that the system shows a
greater degree of demagnetization. Moreover, for the highest fluences the signal
saturates, as would be expected for a complete demagnetization (Figure 3C).
Importantly, both the saturation fluence and signal magnitude are temperature
dependent. The magnitude of the signal at saturation increases as the sample is
cooled below Ty; this is indicative of the fact that a greater fraction of the material
displays long-range magnetic order at lower temperatures, which can then be melted
by the pump pulse and manifest in the optical response. Furthermore, the shift in the
saturation fluence with temperature is consistent with the fact that more energy is
needed to demagnetize more of the sample. Based on this, we assign the saturation
fluence as the fluence required to completely suppress magnetic order. For all
temperatures we observe that fluences above ~4-5 mJ cm result in saturation. Thus,
we normalize ARw to the value obtained at the highest excitation fluence (F = 10 mJ
cm), which provides a scale for a quantitative analysis of the demagnetization.
Figure 3D shows the change in the normalized magnetic signal at 77 K when the
sample is in the antiferromagnetic state (see also Fig S5 [23]). We observe a sharp
change in the magnetic signal immediately after photoexcitation. Notably, we find a
very large (>50%) demagnetization even at low fluences, which is a strong indicator
that the magnetic order can be efficiently perturbed by the laser pulse in this material.

We note that our conclusions rely on two assumptions. Firstly, we assume that higher-
order cross-couplings between the different degrees of freedom, not considered in
equation 1, do not significantly impact the signal. Second, we assume that the high-
temperature response still remains constant below Tn. Neither case is expected to
strictly hold. For example, the phonons de-phase less at lower temperatures. Thus,
subtracting the high temperature phonon response from the low temperature data will
still show a residual coherent oscillation that should not be attributed to a modulation
on the magnetic response. However, we assume that these deviations and others are
small compared to the resolution of our data.

In order to confirm the validity of our approach, we overlay to our signal, the time
evolution of a magnetic Bragg peak measured at several (high) fluences using XFEL
radiation and which is a direct probe of magnetic order [20]. Due to difference in the
pump wavelength and differences in penetration depth of the probe, the two data sets
need to be scaled in fluence (see the Supplemental Materials [23]), but the agreement
between the optical and x-ray data is remarkable and demonstrates that the potential
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issues with our method of analysis do not have a quantitate influence on our results
within our measurement accuracy. The identification of a reliable marker of magnetic
order via reflectivity measurements, while not a direct probe of the spin system,
provides a tool to systematically map out the response of the sample under a broad
range of experimental conditions to those achievable during XFEL measurement.

Inspection of the data in Figure 3D reveals that the recovery dynamics of the spin
system are strongly fluence dependence. Following the initial rapid demagnetization
step, at low fluences the signal decays and recovers rapidly. In contrast as saturation
fluence is reached only a minimal decay within 1 ps occurs, indicating near-complete
and long-lasting demagnetization. The observed fluence dependence, suggests that
the laser excitation is able to trigger different mechanisms of de- and re-magnetization
depending on the strength of the perturbation. Such behavior can have important
implications for optical control of magnetism. Yet, from these data alone, it is
challenging to understand what is driving this change in behavior and measurements
of the other degrees of freedom are needed. However, comparing different
experimental techniques can be challenging. This is particularly true when comparing
excitation fluences often recorded in very different conditions. [5] By validating our
optical probe of magnetism, we are now able to confidently compare the response of
the charge and structural degrees of freedom with the known suppression of the
magnetic order.

In particular, we wish to understand whether the response of the magnetic system can
be simply interpreted in terms of a three-temperature model or other mechanisms are
at play. In a classical thermal scenario, the photo-excited electrons rapid heat the spin
system above Ty triggering the loss of long-range order. Subsequently, the spins cool
by transferring energy to the lattice. After spin-lattice thermalization, if the lattice
temperature remains below Ty, the magnetic order should recover. In contrast, if the
lattice temperature rises above Tn the system remains in a demagnetized state until
the lattice temperature cools via thermal diffusion, which is generally slow. Such
behavior has been previously observed in metallic systems, [3] and points toward
strategies of optical control in which the laser acts effectively as a heat source, but
may not be applicable in systems with energy gaps that can prevent thermalization.
Alternatively, the magnetization dynamics may be non-thermal and follow a different
path in which the electronic, spin and lattice degrees of freedom are not in thermal
equilibrium, thus providing exotic paths for optical control. To understand which model
applies, it is essential to establish the response of the lattice and importantly, with
optical spectroscopy, these details can be obtained in the same experimental
conditions.

4. Tracking the lattice deqree of freedom

In order to explore the role of the lattice during the magnetic dynamics, we take
advantage of the coherent oscillations that modulate the transient reflectivity. Analysis
of the high time-resolution scans were performed at room temperature and at 77 K
and under low fluence excitation, yield two frequencies at ~146 cm™ (4.4 THz) and
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~182 cm? (5.4 THz) corresponding to Aig modes (see Figure 4A and the
Supplemental Materials for details [23] and reference [28] therein). As expected, these
modes red shift at higher temperature with a concomitant decrease in amplitude. The
values obtained are in good agreement with those measured with equilibrium Raman
spectroscopy [22]. We can then use this temperature dependence of the mode as a
proxy for the lattice temperature as we increase the excitation fluence. Figure 4B
shows that the frequency of both Aig modes only exhibit a small red shift with fluence,
which is less than that the room temperature value. This strongly points to the fact that
even at high fluences, where magnetism is completely suppressed for multiple
picoseconds [20], the lattice heats, but remains below Tn.

Further evidence for a non-thermal state of the system can be found by looking at how
the phonon dynamics influence the electronic states. Figure 4C shows the wavelength
dependence of the amplitude of each phonon mode at 77 K at different fluences. We
observe that the 182 cm™ mode couples almost exclusively to short wavelengths
whereas the 146 cm™ mode is boarder and primarily couples to longer wavelengths.
Most strikingly, we find that the peak of the 146 cm™ mode’s electronic resonance red
shifts with increasing excitation, while the other mode remains unchanged. Beyond
these spectral changes, we find that the amplitude of the high frequency mode
increases slowly in a linear-like fashion with excitation fluence. In contrast, the low-
frequency mode increases linearly and rapidly up to ~4-5 mJcm and subsequently
plateaus and exhibits a slight decrease at the highest fluences (Figure 4D). The red
shift in the wavelength maxima is an indicator that the 146 cm ! mode shifts the charge
transfer resonance that dominates the spectral window, as previously observed for the
analogous mode in bilayer cuprates [27]. The mode amplitude saturation at moderate
fluences is in good agreement with the saturation of the magnetic signal observed in
Figure 3B and may suggest a strong link of the 146 cm™ mode in particular with the
magnetic order of the system. We note that the fluence at which the mode’s amplitude
decreases matches the fluence at which the mode’s frequency starts to shift; this could
be the result of more significant lattice heating in the high photoexcitation regime.
Additional corroboration of the sensitivity of the modes to magnetic order can be found
in their spectral response at different temperatures. We observe that above Ty, at 295
K, the spectral dependence of the ~182 cm vibration is the same as at 77 K, while,
the ~146 cm™® mode becomes broad and featureless (Figure S6 [23]), further
indicating its high sensitivity to magnetization. However, from optical measurements
alone, we cannot determine if the amplitude of the atomic displacements is saturating,
or if it the coupling of the mode to the electronic states is changing.
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Figure 4: Changes in the lattice degree of freedom (A) Fourier transform of the
oscillations in the transient reflectivity at 77 K (AFM) and 295 K (PM) at F = 2.5
mJcm-2. The characteristic high and low energy Aig modes can be captured. The
amplitude decreases and the central frequency shifts with increasing temperature.
(B) Change in the mode frequency as a function of excitation fluence at 77 K (AFM).
For comparison the frequency measured at 295K (PM) at low fluences is also
displayed (red square). Despite large demagnetization achieved at all fluences, the
modes remain mostly unchanged and exhibit only an inflection at the highest
fluences. (C) Spectral response of the two Aig modes as a function of fluence. The
182 cm™ mode couples to low wavelengths while the 146 cm* mode couples to
longer wavelengths and exhibits a red shift with increasing fluence. (D) Maximum
amplitude of the phonon modes as a function of fluence (obtained by fitting the
spectral response, see the Supplemental Materials for details [23]).

5. Discussion

We have used broadband optical spectroscopy to identify markers for both the spin
and lattice degree of freedom. In agreement with XFEL measurements, we observe
that laser excitation can induce large (>50%) changes in antiferromagnetic order even
at low fluencies. However, the magnetization dynamics are strongly fluence
dependent. Below approximately 4-5 mJ cm the system is rapidly demagnetized and
quickly restored. In contrast, at higher fluences the demagnetization saturates and
becomes longer-lived. Moreover, by tracking the coherent phonons in the system we
observe that the low frequency Aig mode frequency is only moderately perturbed and
remains consistent with a low temperature lattice, despite the complete melting of
magnetic order. In addition, the coupling between the phonon mode and the electronic
structure also reports evidence of the demagnetized state.
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These results strongly suggest that the magnetic system shows a non-thermal
response and the long-lived demagnetized state is not simply a state in which the
lattice temperature has risen above Tn. Hence our data rules out multi-temperature
models [3] and indicates that lattice temperature increases are not required to either
suppress long-range spin order, nor prevent its recovery. Instead, our observations
can be explained by considering how photo-excitation modifies magnetic order in
insulating quantum materials with strong spin-orbit coupling (SOC). Optical excitation
creates electron-hole pairs causing changes in orbital occupancies. Due to the small
charge gap in Srslr207, it is energetically favorable to create zero-spin doubly occupied
sites following photoexcitation effectively generating ‘spin defects’ in the system
(Figure 5A). [21] This configuration is unstable and at low excitation density the
excited electron can recombine with its corresponding hole via the emission of
phonons. Although it is in principle possible for any electron to recombine with any
available hole (leading for example to hole motion), the strong exchange coupling,
which is only slightly smaller than the charge gap, disfavors an electron from
recombining with a hole that does not result in antiparallel spin alignment. This is
depicted in Figure 5A-B. If the electron-hole pair recombine before the surrounding
spin system has time to react, the magnetic order can be restored without disordering
the spin system beyond the initial creation of the spin defects. This suggests a direct
link between electrons rapidly relaxing back to the valence band and the fast recovery
of magnetic order, as measured at low excitation fluences. We indeed observe that
the magnetic recovery in such a regime and the electronic relaxation times measured
above Tn are comparable, suggesting electron-hole recombination in the low-density
limit can restore the initial spin configuration. Notably, this process is markedly non-
thermal and represents magnetic perturbations beyond linear spin-wave theory. At
higher excitation fluences, a large density of spin defects is created, as depicted in
Figure 5C. When these defects are close, the energy barrier preventing electron-hole
recombination events that result in non-antiparallel spin alignments is significantly
reduced. This result in a mixture of parallel and antiparallel spin alignments that
eventually disorders the underlying spin network, slowing down the regeneration of
the long-range order.

To test the feasibility of this scenario, we examine the recovery of a 3D spin-1/2 Ising
model following a change in the magnetic order using a Monte Carlo simulation. This
model neglects the specific details of Srslr207, but instead focuses on how order is
established from various disordered states while the bath temperature is kept
constant. We assume the creation of doubly occupied sites can be simplified as direct
spin flips, with the flipping fraction depending on the laser fluence, but no temperature
change occurs. We then count how many Monte-Carlo steps are required to return to
the equilibrium conditions (see the Supplemental Materials for details on the Monte-
Carlo simulation [23] and references [29-31] therein). Figure 5D shows that when
the spin network is only weakly perturbed, order recovers quickly. However, when the
system approaches complete demagnetization, the recovery slows down dramatically
and the system remains demagnetized, despite the temperature of the simulation

Page 12 of 19



being significantly below Tn (see also Figure S8 which includes simulations which
increase the lattice temperature [23]). This fast recovery at small perturbations and
the generation of a long-lived state at high defect concentrations in the absence of
system heating is in good agreement with our experimental observations. We
emphasize that this basic model does not honor the complexity of Sralr2O7. For
example, the model is blind to the mechanism of perturbation beyond imposing an
instantaneous change, which is something that will depend on the dominant energy
scale of the system. Indeed, while charge transfer in any Mott insulator is expected to
produce rapid demagnetization [32], the exact nature of the spin-orbit coupling and
the exchange interaction are likely key factors for explaining the magnitude and speed
of the switching process [33]. Notwithstanding the limitations of the model, this
approach allows us to explore the initial basic response of a system to a disruption of
long-range order and highlights the role played by the degeneracy of the spin-
disordered state in preventing a rapid recovery. This points towards a central role of
disorder in determining the physics of irradiated solids [34,35] and may be best
understood as glass-like systems. [36] While disorder has been largely regarded as
undesirable, increasing evidence suggest it might be essential in enabling and
controlling functionality in systems such as solar cells and photocatalysts and might
provide new paths to control the excited state [37-39].
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Figure 5: Disorder mediated recovery of magnetic order. (A) Ground state
characterized by a large exchange coupling (J) that leads to antiferromagnetic
(AFM) order. (B) Photoexcitation at low fluences results in the formation of a small
density of spin vacancies and doubly occupied states with zero net moment.
Effective destruction of the moment is enabled by the small charge gap. Rapid
recombination events regenerate the antiferromagnetic order but recombination
paths that produce parallel spin alignments are prevented by the dominant
antiferromagnetic exchange coupling (C) Photoexcitation at high fluences. The
formation of a large density of spin vacancies relaxes the recombination constraint
leading to a long-lived disordering of the spin system. (D) Monte Carlo
Magnetization dynamics in a 3D spin-1/2 Ising model resulting from an
instantaneous and random spin flips at different degrees of excitation. If a small
fraction of spins is flipped the system recovers fast. In contrast when a large number
of spins are flipped inducing large disorder, long-lived change in magnetization
occurs.

Another key observation in our data is that the electronic coupling to the low-frequency
A1g mode is strongly modulated by temperature and photoexcitation and, correlates
with changes in the magnetic order. In particular, we observe that the mode spectrum
is highly temperature sensitive and red-shifts with increasing fluence. Moreover, the
amplitude of the mode increases linearly with excitation and saturates at a fluence
coinciding with the full demagnetization of the sample. In contrast, the optical window
modulated by the high frequency Aig mode does not strongly change with temperature
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and fluence. We note, there is no consensus in the literature on the assignment of the
Aig vibration in Srslr207. However, in analogy to bilayer cuprates of the similar
structure, it is likely that the mode is responsible for the degree of charge transfer
between the metal and the oxygen centres within the perovskite layers. This is in
agreement with the strong coupling of the mode to visible wavelengths, which probe
the charge transfer resonance. Activation of this mode has strong implications for
functionality control as, for example, in cuprates the charge transfer is known to
correlate with the superconductive state [27]. Specifically for iridates, in our
experiments, charge excitation shifts the phonon equilibrium position and quenches
magnetization depending on the density of spin vacancies generated. Direct
perturbation of the mode could provide a pathway to modulate both the degree of spin
disorder and the exchange interaction in the system and ultimately control
antiferromagnetic order.

6. Conclusion

In summary, although optical reflectivity does not couple to magnetism directly, we
have outlined a strategy to infer magnetic behavior from the wavelength-dependent
optical reflectivity. Using this marker, we have shown how photo-excitation of Srslr207
can non-thermally suppress the magnetic long-range order. We have found a regime,
at low fluences and low temperatures, in which we are able to manipulate the magnetic
order by up to 50%, but where the system can recover within a picosecond. In contrast,
at higher fluences we measure a crossover to a regime in which the magnetization is
completely suppressed, but where the lattice temperature remains below Tn. We
argue that such crossover emanates from the generation of photoinduced spin defects
that enable a pathway for spin disordering and long-lived breaking of magnetic order
without significant lattice heating. We have also identified a Raman active mode that
is strongly coupled to the electronic structure of the magnetic state. The light-induced,
non-thermal change of spin order opens new opportunities to investigate transient
phases in solids. In particular, the iridates have long been thought of as the 5d
analogues of cuprates, but the disruption of magnetic order through static doping did
not allow to induce superconductivity. Optical excitation and manipulation of long-lived
spin order via charge or through phonon control [40,41] might enable a new route to
access and stabilize superconductivity.
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