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Abstract: We present the first circularly polarized non-resonant pump time-resolved resonant
inelastic X-ray scattering (tr-RIXS) experiment in H3Lilr,Og, an iridium-based Kitaev system.
Our calculations and experimental results are consistent with the modification of the low-energy
magnetic excitations in H3Lilr,Og only during illumination by the laser pulse. We discuss these
results in a cooperative framework between the Floquet engineering of the exchange interactions
and the dynamic renormalization of electron-electron correlations. However, the penetration
length mismatch between the X-ray probe and laser pump and the intrinsic complexity of Kitaev
magnets prevents us from unequivocally extracting towards which ground state H3Lilr,Og is
driven. We outline possible solutions to these challenges for light-driven stabilization and
observation of the Kitaev quantum spin liquid limit by RIXS.
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1. Introduction

The development of scalable topological quantum computing promises to address a major
challenge in the field: the loss of quantum information due to thermal noise and decoherence
[1,2]. In a topological qubit, quantum information is encoded in the topological protected
properties of Majorana zero modes, fractionalized excitations with non-Abelian statistics, making
them robust to local distortions and perturbations [3,4]. While experimental demonstration
and control of Majorana fermions in superconductor-semiconductor nanowire devices remains
inconclusive [5], the Kitaev Quantum Spin Liquid (KQSL) systems might offer an alternative
solid-state platform to access anyon statistics [6,7]. KQSLs refer to exactly solvable quantum
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spin liquid states [8,9] emerging from a set of highly-frustrated spin-1/2 transition metal ions on
a two-dimensional honeycomb lattice interacting via bond-directional Ising-like interactions that
give rise to fractionalized Majorana and gauge flux excitations [6]. Moreover, the KQSL was
predicted to be realizable in strong spin-orbit coupling quantum materials hosting honeycomb
planes with edge-sharing transition metal-ligand octahedra [10,11], opening a new avenue for
topological quantum computing.
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Fig. 1. Tr-Floquet-RIXS in H3Lilr,Og. a) Crystal structure of H3Lilr,Og, illustrating
the layered arrangement of the IrOg octahedra (gray) and interlayer H ions (gold). b)
Schematic of the electronic transitions involved in the RIXS process at the Ir L3 edge.
Left: A resonant x-ray excites a 2p3/ core electron into an unoccupied 5d state above
the Fermi level, creating an electron-hole pair. Right: An electron below the Fermi level
decays, annihilating the core-hole, emitting a photon, and returning to the original state. c)
Schematic of the tr-Floquet-RIXS approach. The circularly polarized optical pump will
induce non-equilibrium dynamics, and then, after a delay (A7), an x-ray probe is used to
measure the system’s response via RIXS and provide insight into excited-state dynamics and
interactions within the IrOg lattice.

However, most Kitaev candidate materials display magnetically ordered ground states [12].
Additional efforts to access the Kitaev limit via external fields, such as hydrostatic pressure and
strong magnetic fields [13,14] or atomic substitution [15] have been prevented by the presence
of a dimerization instability in the phase diagram of Kitaev magnets and the resilience of the
long-range ordered magnetic state to external tuning fields [16]. H3Lilr,O¢ (Fig. 1(a)) stands as
the singular known candidate that lacks long-range order down to low temperature and exhibits
all the characteristic properties associated with quantum spin liquids [17-19]. Moreover, a recent
momentum, energy, and temperature dependent Resonant Inelastic X-ray Scattering (RIXS)
experiment at the Ir L3 absorption-edge [20] uncovered a broad continuum of magnetic excitations
centered at E = 25 meV with a high energy tail extending up to £ = 170 meV. This observation
aligns with expectations for dominant ferromagnetic Kitaev interactions, |K| = 25 meV. Similarly,
a continuum of magnetic excitations were observed in inelastic neutron scattering measurement
in D3IrLioOg [21]. However, the lack of translation symmetry of the magnetic continuum
[20,22], the divergence of the specific heat at low temperatures, the existence of non-vanishing
contributions to the NMR response [17] and the time-field scaling of the longitudinal field uSR
[23] indicate the presence of low energy excitations in H3Lilr, Og due to a departure from the pure
KQSL limit. As such, H3Lilr,Og has been interpreted as displaying a dynamically fluctuating
ground state near bond-disordered versions of the KQSL [24]. Thus, the experimental realization
of the KQSL remains elusive despite concerted synthesis and pressure engineering efforts.

An emerging approach to controlling quantum materials is to deploy ultrafast light-matter
interaction to access phases of matter unstable in equilibrium [25]. In this context, proposals
to modify exchange interactions in magnetic Mott insulators by dressing the electron hopping
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by the oscillating laser electric field in the minimal coupling limit (Floquet description) have
attracted much attention [26-30]. For comprehensive reviews of Floquet engineering of quantum
materials, we refer the reader to Refs. [25,31] and references there-in. In this regime, if absorption
resonances are avoided the charge subsystem remains unchanged, while a non-thermal regime
can be reached in which local moments interact via renormalized magnetic interactions. When
deployed to Kitaev magnets, Floquet engineering with a circularly polarized laser pulse has been
numerically shown to enable the controllable and independent tuning of magnetic exchange
interactions beyond Heisenberg exchange [32-34] (Fig. 1(b)). Similarly, electron-electron
correlations, namely Hubbard U, have been predicted [35] and experimentally shown [36,37]
to be controllable via strong laser pulses. Thus, ultrafast light-matter interaction emerges as a
unique tuning knob to traverse the complex phase diagram of Kitaev magnets [38] as a function
of pump laser frequency and fluence towards the transient KQSL limit.

Here, we employ time-resolved RIXS (tr-RIXS) (Fig. 1(c)) at the Pohang Accelerator Laboratory
X-ray Free-Electron Laser (PAL-XFEL) facility in combination with circularly polarized strong
1900 nm laser pulses (F = 97 mJ/cm?) to study the Floquet Engineering of magnetic exchange
interactions in H3Lilr,Og. tr-RIXS is a uniquely suited technique to access transient changes to
the magnetic spectrum of quantum materials with sub-ps resolution. This study builds directly
on recent tr-RIXS measurements at the Ir L3-edge on related iridate compounds [5], including
SrIrO4 [39], Sr3lr,O7 [40], and @-LixIrO3 [41]. These pioneering efforts established the
feasibility of probing ultrafast magnetic and electronic excitations in 5d Mott insulators using
XFEL-based hard x-ray RIXS. In contrast to previous work, which typically employed linearly
polarized resonant pump pulses and focused on layered iridates with long-range magnetic order,
our study investigates H3Lilr,O¢—a bond-disordered, proximate Kitaev spin liquid—under
circularly polarized, non-resonant pumping. This unique combination allows us to explore
transient dynamics during illumination in a system lacking long-range order. Our data, emerging
from the first non-resonant excitation tr-RIXS experiment on a Kitaev magnet, are suggestive
of an increase in coherence of the magnetic excitations only during pump illumination. On
the other hand, calculations of the variation of the magnetic exchange interactions within the
Floquet description as a function of laser pump frequency and fluence predict an evolution
of H3Lilr,Og toward the KQSL limit at the sample surface but less than 1% change when
averaged over the proven sample volume. We discuss this dichotomy within a cooperative effect
of Floquet engineering and dynamic renormalization of electron-electron interactions. Our
data and calculations exemplify the intrinsic complexity of Kitaev magnets and of hard X-ray
probe-laser pump experiments. We conclude with a discussion of how this pioneering experiment,
demonstrating transient changes to the magnetic excitations of a topical quantum material, opens
new pathways to transiently accessing control over the KQSL phase.

2. Materials and methods

2.1. Sample growth and characterization

The samples are from the same batch as in Ref. [20]. Precursor single crystals of a-LiyIrO3 were
grown as described elsewhere [42]. 40 x 40um single crystals of H3Lilr,O¢ were grown via
a topotactic exchange by placing a-Li,IrO; inside an autoclave filled with sulfuric acid for 48
hours [22]. The replacement of the inter-honeycomb layer Li with H leads to a modification of
the intra-layer Ir-O-Ir bond angles and of the superexchange pathways. The proximal KQSL
state was characterized by powder x-ray diffraction, specific heat, magnetization measurements
[15], and static RIXS. Before the tr-RIXS experiment, samples were aligned with by synchrotron
XRD at the IVU - Undulator Beamline of the Canadian Light Source (CLS). For the tr-RIXS
experiment, the scattering plane was set along [HOL].
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2.2. tr-RIXS setup at the PAL-XFEL

Despite extensive efforts to discover materials exhibiting quantum spin liquid behavior under
equilibrium conditions, such discoveries have remained inconclusive. The process of renormal-
izing magnetic exchange parameters through photo-assisted virtual hopping pathways offers a
promising opportunity to identify topological excitations within the quantum spin liquid. In
this regard, the use of tr-RIXS experimental setup at the XFEL facility emerges as the primary
spectroscopic tool for monitoring the emergence of non-equilibrium quantum phases, with
particular attention to intensity modulations as a function of momentum, which provide critical
insights into these phenomena [39-41,43-45].

The tr-RIXS experiment was conducted at the X-ray Scattering and Spectroscopy (XSS) hutch
of the PAL-XFEL [46]. Self-seeded hard x-ray pulses were generated with the electron bunch
charge of 170 pC and the undulator K parameter of 1.87 with a period of 28 mm [47]. A
narrowband seed pulse was filtered after eight 5 m-long undulators by forward Bragg diffraction
(FBD) of the [224] peak through a 100 um-thick diamond [100] crystal [48]. The seed pulse was
then directed by a bandpass filter with a delay of tens of femtoseconds, and overlapped in time
with the detoured electron bunch by a magnetic chicane to amplify the narrow seed intensity in
the following undulators [49]. The incident XFEL beam was assessed by diagnostic tools placed
along the beamline from upstream to downstream [50]. To calibrate the incident photon energy,
we measured the x-ray absorption spectrum of IrO, powder sample in total fluorescence yield at
room temperature, as shown in Fig. 2 (a).
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Fig. 2. Characterization of the tr-RIXS experimental setup at the PAL-XFEL. a) X-ray
absorption spectrum of IrO, powder sample measured in total fluorescence yield at room
temperature. The vertical dashed line indicates the main Ir L3 resonance at E; = 11214 eV. b)
Elastic scattering from a Scotch tape (circular markers) and fit to a Pseudo-Voigt profile (red
dashed line) with a FWHM = 95.7 meV. c) Room temperature RIXS spectrum of NayIrO3
measured at I" for 15 min. d) Transient light-induced modulation of the Bi (111) Bragg peak

intensity after arrival of a 1900 nm laser pulse with F = 97 mJ cm™2.
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For the RIXS setup, a spherically bent analyzer (diameter = 100 mm, radius of curvature =
1000 mm) with Si(844) diced crystals (2 x 2 mm?) was positioned at 26 =90°. A two-dimensional
(2D) JUNGFRAU detector (pixel size = 75 um) was aligned to the Rowland circle for the Bragg
reflection of E; = 11214 eV (05 =86°) in the vertical diffraction plane. The detector’s active area
was shielded with lead tape except for an opening to the crystal analyzer to minimize background.
The Bragg angle of the Si(844) crystal analyzer was slightly increased such that the elastic peak is
close to the highest energy within the 1.6 eV energy dispersion window of the Si(844) dice. The
output from the JUNGFRAU was converted from pixel to energy by applying a calibration factor
of epp = 31.87 meV pixel™'. An avalanche photodiode (APD) was installed on the same side of
the Si(844) crystal analyzer to monitor x-ray fluorescence from the sample. A helium-flowing
environment was made along the x-ray flight paths. The self-seeded pulses at a repetition rate
of 60 Hz were then focused to a spot size of 20 um in full width at half maximum (FWHM) at
the sample position by a set of beryllium compound refractive lenses (CRLs). Unless specified,
the average x-ray pulse energy was 15 uJ after the CRLs. To calibrate the energy resolution
of the spectrometer, we measured elastic scattering signal from a Scotch tape while tuning
a double-crystal monochromator (DCM) from Si(111) to Si(333) Bragg diffraction with the
electron bunch energy and the FBD of diamond [100] crystal kept at their optimal condition for
the Ir L3 edge, E; = 11214 eV. Figure 2 (b) shows the reference elastic signal for the spectrometer
with an optimal resolution of AE = 95.7 meV, extracted from a fit to a Pseudo-Voigt line shape.
The sample environment was set by a nitrogen-flow cryostat with a base temperature of 7=100 K.
Figure 2 (c) shows an energy loss spectrum (Ej,ss = E; — Er) at T for a NayIrOj3 single crystal with
optimal resolution measured at room temperature. To prevent radiation damage on the sample at
resonance, the x-ray was defocused to a spot size of 146 um, which degraded the resolution to
AE =~ 120 meV.

Near-infrared (NIR) laser pulses (100 fs in FWHM) were synchronized to the half-repetition
rate of the XFEL pulses, i.e., 30 Hz, and propagated at the incident angle of 10 ° with respect
to the XFEL. Data acquisition by the JUNGFRAU detector was synchronized to the XFEL
repetition rate and tagged (laser on, laser off) for data analysis. The laser was focused to a spot
size of 340 um in FWHM at the sample interaction point, and its fluence was set to 97 mJ cm™2,
corresponding to a peak electric field E = 5.4 GV/m. For this experiment, the pump laser was set
at 1900 nm, such that the drive photon energy is proximal but non-resonant with the Ir intra-1,
excitations to minimize heating effects [20]. A spatiotemporal overlap between the x-ray and 1900
nm laser pulses was determined by tracking the transient modulation of a Bi(111) Bragg peak
intensity [51]. The decay at At = 0 ps, when optical pump and x-ray probe arrive simultaneously
at the sample, and subsequent oscillations of the Bragg peak intensity due to photoexcited phonon
dynamics observed in Fig. 2(d) confirm the stable arrival time and synchronization of the pair of
XFEL and laser pulses without the need for timing-jitter corrections. The overall time resolution,
i.e., instrument response function, of the tr-RIXS setup was determined to be 167 fs in FWHM.

3. Results and discussion

The main experimental results of our work are summarized in Fig. 3. Each data set is the average
of between 5 and 10 independent measurements, in which successive pairs of pump-on/pump-off
measurements were collected for 12 min each. Error bars at each energy are calculated from
the mean standard deviation over this set of measurements. In Fig. 3 (a)-(c), we show the RIXS
spectra at grazing incidence (o = 0.5° or @ = 0.2°) from H3Lilr, Og with and without the incident
1900 nm circularly polarized laser pulse of F = 97 mJ/cm? at three different time delays: a),
At = -1 ps, b), At = 0 ps, and ¢), At = 5 ps. To evaluate the effect of the circular pump at 1900
nm on the RIXS spectrum of H3Lilr,Og, we plot the relative change, AI/I = 1,,-Iog/(Ion+1,5), in
Fig. 3 (d)-(f). The lack of statistically significant changes in the elastic RIXS response at earlier
time delays, Ar = —1 ps [Fig. 3 (d)], indicates the absence of average heating effects despite
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the large pump fluence. The observed AI/I = 0 at later times At = 5 ps [Fig. 3 (f)], particularly
in the energy range of the intra-#,, excitations in H3LilryOg (Ejoss € [500, 1200] meV) [20],
confirms the non-resonant nature of the laser excitation, and rules out a hot phononic bath, which
generally thermalizes in = 10 ps timescales [52-54], and a charge renormalization due to the
creation of holon-doublon pairs in a driven Mott insulator [55,56]. On the other hand, at Ar = 0
ps, we observe changes in the RIXS intensity above the largest mean standard deviation in the
Ejoss € [50,300] meV range, the tail of the broad magnetic continuum in H3Lilr,Og associated
with the presence of fractionalized excitations [20], that vanish at At = 5 ps. We note that such
fast dynamics are unusual given the insulating nature of H3Lilr,Og [12] and the lack of phononic
excitations in this energy loss range [19]. Thus, our data suggest that the non-resonant circularly
polarized excitation in H3Lilr,Og leads to photo-induced gain of coherence of the magnetic
excitations in H3Lilr,Og, possibly due to the transient modification of the exchange interactions
and the suppression of magnetic fluctuations towards a magnetically ordered state.
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Fig. 3. Ultrafast modification of the magnetic excitations in H3Lilr,Og. a)-c) RIXS
spectrum at resonance and 7 = 100 K with (on, red circular markers) and without (off, blue
square markers) a 1900 nm laser pulse at various time delays: a), Ar = —1 ps, the average of
5 individual scans of 12 min exposure for each condition b), Az = 0 ps, the average of 10
individual scans, and c¢), At = 5 ps, the average of 4 individual scans. The vertical dashed
line signal encodes the energy of the laser pump. « is the angle of incidence of the x-ray.
d)-e) Relative change of the RIXS spectrum due to the laser pulse at d), At = —1 ps, e),
At = 0 ps, and, f), Ar = 5 ps scans. The gray bar illustrates the mean standard deviation.
Red and blue shading indicates increased or decreased intensity due to the laser excitation.

Our tr-RIXS data is thus reminiscent of predictions of Floquet engineering of magnetic
excitations in Kitaev spin liquids [32-34]. To capture the pump-induced modification of Kitaev
and Heisenberg exchange couplings only during the pump illumination, we study a minimal
model of two neighboring Ir ions coupled via ligand-mediated electron tunneling processes. A
single hole resides on average in the #,, orbital manifold per Ir site, which splits into jeg = 1/2
and jeg = 3/2 states via strong spin-orbit coupling A. In the large cubic crystal field limit, a
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combination of strong local Coulomb (U) and Hund’s (Jy) interactions opens a gap for charge
excitations. The Kanamori-type Hamiltonian Hy is given by

I:IO = UZ ﬁiaTﬁia,L + Z (U’ - 6(ra"JH)ﬁiaa"ﬁtﬁ’0'
ia ioco’,a<f

ey

. - A
A oAt A A A oA AT A ¥
+Jy E (CiaTCialcsziﬁT - cmTcmlclmciﬁT) + > E ¢, (L-S);
ia#B i

with i summing over the Ir sites, and «, 8 indexing the tp, orbitals of Ir. We assume Cj3 rotation
symmetry, which neglects a weak additional crystal field splitting.

Hopping between Ir sites is modeled by four Slater-Koster parameters #y; v;, fyzyz» fyyxy and
tyzxy- Electrons are coupled to light via the Peierls substitution éjaéja/ — ei%rv"A(’)éjaéja,, where
r;; is a bond vector and A(f) = A[sin(wt), cos(wt)] is the vector potential for a circularly polarized
laser with frequency w. For a periodic drive, this defines a (dimensionless) Floquet parameter
rj-A@t) = F S:os(wt) where F = ape&/(hw) is defined via the peak electric field strength &
and ap = 3.1 A, the interatomic Ir-Ir distance. e the electron charge. The hopping Hamiltonian
between two sites 7 and j along a z bond then reads

Lixz Iayr Daxy

iy’ _ iF cos(wt) | At AT N . ot X X
Hif(t) - Z ¢ [Cidxz(r Cidyz(r Cidxy(r Lieye  baxz Dy ¢ jdy.or c jdyeor c jdyor (2)
o
Dzay  Teay  Doyay

following the model discussed in Ref. [38,57,58].

If the pump field with frequency w is off-resonant from d — d excitations, charge excitations
remain largely suppressed, provided the pulse duration is sufficiently short. In this case, Floquet
modifications of spin exchange processes can be readily computed by simultaneously integrating
out charge excitations (two-hole Ir states) and photon absorption processes via a Schrieffer-Wolff
transformation [32—-34]. The resulting spin Hamiltonian for a y-direction bond takes the form

50 _ & QL ptrR QadB L B
HY = Z JS; - S + K88 + (878 + 373) 3)
i)y -aBy)

with Kitaev K, Heisenberg J and off-diagonal interactions I" interactions. We neglect weak
anisotropic interactions I'” of the form S;’S‘]y [59]. Within our Floquet-Kitaev model, all exchange
interactions become functions of the driving field amplitude A and frequency w (K(A, w),
Heisenberg J(A, w), T'). Physically, this dependence arises from effective photon-dressed
exchange processes, whereby a hole virtually tunnels to a neighboring Ir site while absorbing a
photon to mitigate its intermediate-state energy penalty due to another hole on the same site;
the second hole can subsequently tunnel back and re-emit a photon [32-34]. Figure 4(a)) shows
the calculated light-induced modification of K(A, w), Heisenberg J(A, w) with respect to the
equilibrium values for U = 2.2 eV, Jg = 0.3 eV, 4 = 0.540 eV. Following Ref. [20], which directly
encoded the role of structural disorder in the hopping Hamiltonian, we fix inter-Ir hopping values
Lizxz = 0.050 eV, 1, = 0.440 eV. The remaining hopping parameters are set to #,y r, = 0.08 eV
and t,; v, = 0.04 €V, consistent with [57] and the expected equilibrium Kitaev exchange interaction
~ 30 meV. The corresponding normalized Floquet Kitaev parameter (K.z = K/[|J| + |K| + |I'[])
is shown in Fig. 4(b)). While across the range of Floquet parameters and pump wavelengths
considered in our calculations, we observed the enhancement and suppression of the exchange
interactions, K.z shows a small increase for all parameters.

Our calculations predict that Floquet engineering can bring H3zLilr,Og into the true Kitaev
limit. However, this result is extremely sensitive to changes of U and the inter-orbital hopping
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Fig. 4. Floquet Control of Exchange Parameters in H3Lilr,Og. (a) Light-induced modifica-
tion of Heisenberg (J(A, w)) and Kitaev (K(A, w)) exchange couplings, with respect to their
values in equilibrium (Jeq, Keq), as a function of the Floquet parameter F and pump frequency.
(b) Normalized Floquet Kitaev exchange parameter Ko = K/[|J] + |K| + |['|]. Dashed line
in a) and b), at E = 0.8 eV, indicates the charge resonance. (c) Mean and standard deviation
of the Floquet Heisenberg and Kitaev exchange parameters for w = 0.65eV, averaged over
variations of the electronic parameters (inter-orbital hopping and Coulomb interactions).

parameters Zyy ,y and fy;y. To account for this variability, in Fig. 4 ¢) we show the mean and
standard deviation of J(A, w) and K(A, w) computed for a range of parameters U € [1.9,2.4]
eV, tyxy € [-0.14,0.14] eV and 1., ,, € [-0.1,0.1] eV. Nonetheless, for our pump parameters,
w = 0.65 eV and fluence 97 mJ cm™2, larger by two orders of magnitude than the driving field
needed to generate Floquet states in graphene [60,61], gives a corresponding Floquet parameter
F = aeE/hw = 2.56 comparable to that used to engineer optical nonlinearities in a 2D van der
Waal material [62]. Our calculations show that for this value of F, J# would be fully suppressed
while maintaining a finite value of K. indicating a Floquet-driven transition into the KQSL
limit. However, our calculations contrast with our experimental data (Fig. 3), in which the
photo-induced gain of coherence of the magnetic continuum suggests a departure from the KQSL
limit towards a potentially ordered magnetic state.

A second alternative explanation to the Floquet engineering of the exchange interactions is
the dynamic renormalization of the Coulomb U and charge transfer energies due to the creation
of delocalized states during pump illumination via multi-photon absorption processes [35-37].
Within this picture, the hopping parameters remain unaltered, but the transiently delocalized
carriers screen the electron-electron interactions, leading to photo-induced modifications of
the crystal field and ligand environment. This mechanism has been shown to induce changes
at Ar = 0 ps to the x-ray absorption spectroscopy spectrum in two other correlated insulators
[36,37] and require weaker fluences than those needed for Floquet engineering. Under this
picture, the dynamic modification of U and Jg can lead to a sudden modification of J and K and
a reduction of the effective Ir spin, inducing a suppression of spectral weight in the tail of the
magnetic continuum as observed in Fig. 3. Moreover, creating transiently delocalized charges
could explain the slight increase in spectral weight at Ej,;; = 500 meV observed in Fig. 3 (e).
Nonetheless, we note that crystal field excitations in H3Lilr,Og are broad and modifications of U
and Jy have small to no effect on the energy of the intra-#,, excitations in iridates, where the
dominant intra-atomic energy scale is 4 [63].

However, the penetration depth mismatch between the pump laser and the hard X-ray probe
must be taken into account. At the Ir L3, based on the H3Lilr,Og density p = 3.620 g/cm? and
the Ir atomic absorption coefficient [64], we calculate a penetration depth of the hard x-ray beam
in H3Lilr,Og probe of approximately 10um. On the other hand, based on that of a-Li;IrO3, the
absorption coefficient of H3Lilr,Og at NIR wavelengths is @ = 300 nm [65]. Figure 5(a))-b)
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shows the evolution of E and F. After the first 2um, F is negligible, and so are the effects of the
laser electric field on the exchange interactions of H3Lilr;O¢ (Fig. 5(c)). However, the average
Floquet parameter over the sample estimated thickness (d = Sum), F' = 0.128, would lead to
small changes of AK/K,g = 0.12% and AJ/J.z = —0.7%. While the dependence of J.# and
K. on model parameters should also be considered in the low F regime, making calculating
the expected changes to the exchange interactions difficult, the small effective modification of
the exchange parameters should not lead to changes in the coherence or to resolvable changes
in the center energy of the continuum. On the other hand, the dynamical screening of electron-
electron interactions requires order of magnitude weaker fluences [36]. It is thus possible
that the observed ultrafast changes to the magnetic excitations in H3Lilr,O¢ emerge due to a
cooperative interplay of Floquet engineering and dynamic renormalization of electron-electron
interactions. Nonetheless, the changes observed in the low-energy magnetic continuum of
H;LilIr,Og during pump illumination are more modest than those reported in previous XFEL
RIXS studies on Ruddlesden-Popper (RP) perovskite iridates [39,40]. However, this distinction
reflects fundamental differences in the ground states: while RP iridate possesses well-defined
magnon modes tied to long-range order, H3Lilr,Og hosts a disordered, dynamically fluctuating
magnetic state even at low temperatures. Consequently, the transient enhancement of magnetic
coherence reported here may represent an initial step toward light-induced ordering in a system
where no such order exists in equilibrium. This highlights the challenges and opportunities of
Floquet engineering in bond-disordered quantum spin liquids. While the tr-RIXS signal observed
in H3Lilr,Og is relatively subtle, we emphasize that the novelty of our work lies in both the
experimental platform and the system under study. Our implementation departs significantly
from earlier tr-RIXS setups by employing circularly polarized, 1900 nm pulses in a non-resonant
Floquet-driving regime.

6 3
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Fig. 5. Effects of the penetration depth mismatch. Evolution of a) the Electric field, E,, b)
the Floquet parameter, F and ¢) Floquet-induced modification of the exchange interactions,
AJ = J(A,w) — Jeq; AK = K(A, w) — K,q as a function of the sample depth.

4. Conclusions and outlook

Altogether, our theoretical calculations and experimental results establish photo-induced effects
during pump illumination as a new approach to tune the magnetic Hamiltonian of Kitaev magnets.
However, the intrinsic complexity of time-resolved hard X-ray experiments in light-engineered
quantum magnets, namely exchange frustration, structural disorder, decoherence, and penetration
depth mismatch, hinders us from conclusively demonstrating the realization of the light-induced
KQSL. To unequivocally demonstrate the light-matter engineering of long-range entangled
magnetic ground states in Kitaev magnets, a systematic approach combining improved material
synthesis, pump-probe-specific sample fabrication and methodology, theory, and experiment
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development is needed. In the context of Kitaev magnets for out of equilibrium, a possible
avenue is to consider other new generation iridium-based Kitaev magnets beyond H3Lilr, Og
[15]. Recently, D;Lilr,Og [21] has emerged as an alternative since the heavier deuterium atoms
will lead to fewer stacking faults in the structure than in H3Lilr,Og. Alternatively, the use of
exfoliated flakes or thin films of iridium-based Kitaev magnets could minimize the penetration
depth mismatch between the laser pump and X-ray probe. On the other hand, pump and probe
penetration depths are comparable in Kitaev materials with transition metal oxides with L edges
in the soft X-ray regime. We highlight earth-abundant cobalt-based Kitaev material, such as
NaCo,TeOg, as a platform for future experiments [66]. The results presented serve as stepping
stone towards achieving the elusive Kitaev limit and will motivate future tr-RIXS experiments
in Kitaev magnets as well as presenting the need to develop a formal theory of fractionalized
excitations in Floquet KQSLs and their signatures in tr-RIXS.
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