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We photoexcite high-energy holon-doublon pairs as a way to alter the magnetic free energy landscape
and resulting phase diagram of the frustrated honeycomb magnet o-RuCl;. The pair recombination through
multimagnon emission is tracked through the time evolution of the magnetooptical response originating from
a-RuCls’s competing zigzag spin-ordered ground state. A small holon-doublon density suffices to reach a
spin-disordered state. The phase transition is described within a dynamical Ginzburg-Landau framework, cor-
roborating the quasistationary nature of the transient phase. Our work suggests a new route to reach a nontrivial

spin-disordered state in Kitaev-like magnets.
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I. INTRODUCTION

Light can be utilized as a tool to manipulate and engi-
neer novel phases in quantum materials [1]. In particular,
excitation via intense light pulses has been used to create
nonequilibrium states of matter nonexistent at thermal equi-
librium, such as transient superconductivity in underdoped
cuprates [2], metastable ferroelectricity in SrTiO3 [3,4], and
unconventional charge-density wave order in LaTes [5]. The
light pulses excite a transient population of quasiparticles or
collective excitations, which acts as a dynamical parameter
to alter the material’s free-energy landscape. For sufficiently
strong excitation densities, a nonequilibrium phase transi-
tion can eventually occur [5-7]. By the same token, intense
pulsed light holds promise to manipulate the spin state of
frustrated magnets [8,9]. These materials, in fact, can host
exotic and elusive phases, such as spin liquids (SL). Whereas
SLs harbors rich many-body phenomena resulting from spin
frustration and possible spin fractionalization [10,11], these
phases often compete with a magnetically ordered ground
state, which is typically energetically favored. Pulsed light
excitation can then provide a mechanism to tip the energetic
balance away from the magnetically ordered ground state
towards a nonequilibrium spin-disordered phase with strong
nontrivial magnetic correlations.

We explore this concept for the Kitaev-like frustrated
magnet, a type of Mott insulator with a layered hon-
eycomb structure and strong spin-orbit coupling [12-14].
For these materials the large spin-orbit interaction leads
to a sizable bond directional spin exchange, whereas the
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symmetric Heisenberg exchange, in principle, cancels out
by virtue of the edge-sharing octahedra geometry, mak-
ing them promising candidates for Kitaev physics [12-14].
Still, the remaining Heisenberg and off-diagonal interaction,
present due to small structural distortions away from the
ideal honeycomb structure [15], is an adversary to spin-
liquid formation, and generally favors a spin-ordered ground
state [13,16,17]. By modulating spin entropy through finite
temperature effects [18,19] or by adding external magnetic
fields [20], one can, however, stabilize proximate or field-
induced spin liquid phases at thermal equilibrium. These
spin liquid realizations show the emergent behavior expected
for the pure Kitaev spin liquid [10], most notably, frac-
tionalized particle statistics [19] and quantized conduction
phenomena [20].

A case in point is @-RuCl;. This honeycomb Mott insu-
lator has nearly ideal jo = % isospins in highly symmetric
octahedra [21,22], making it possibly the most promising
Kitaev spin-liquid host studied to date [18-20]. The (B, T)-
plane in Fig. 1 provides the equilibrium phase diagram as a
function of magnetic field and temperature. Below the Néel
temperature Ty =~ 7K, the isospins couple in a zigzag fash-
ion, consistent with the types of magnetic order captured by
the Kitaev-Heisenberg model [13]. Strong short-range spin
correlations persist between Ty and the crossover temper-
ature Ty ~ 100K, signalling the formation of a proximate
spin liquid (pSL) phase within this intermediate tempera-
ture regime [18,23,24]. Above 100K thermal fluctuations
bring the system into a conventional paramagnetic phase. An
additional tuning parameter is provided by an in-plane mag-
netic field. A field of B, ~ 7T is sufficient to destabilize the
zigzag order. For fields between to 8 T a much-debated field-
induced SL is then stabilized [20], whereas for higher fields a

©2022 American Physical Society
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FIG. 1. The (B, T)-plane sketches a-RuCls’s equilibrium mag-
netic phase diagram. Photoexcited holon-doublon pairs n, form a
new nonequilibrium parameter. For small (red) to intermediate (ma-
genta) quenches the system stays inside the zigzag ordered phase.
Above a critical density n, . a nonequilibrium spin-disordered state
may be induced (light blue arrow).

quantum-disordered state with partial field alignment of the
effective moments forms [15,25,26].

In this work, we report on the observation of a transient
long-lived spin-disordered state in the frustrated honey-
comb magnet «-RuCl; induced by pulsed light excitation.
Holon-doublon pairs are created by photoexcitation above
the Mott gap, and provide a new nonequilibrium dimension
to a-RuCls’s magnetic free energy landscape and resulting
phase diagram, as illustrated in Fig. 1. The subsequent holon-
doublon pair recombination through multimagnon emission
leads to a perturbation of the zigzag magnetic order. This
is tracked through the magnetooptical response of the sys-
tem, providing the dynamical evolution of the zigzag order
parameter. For a sufficiently large holon-doublon density the
magnetooptical response vanishes, showing that a long-lived
transient spin-disordered phase is induced. The disordering
dynamics is captured by a time-dependent Ginzburg-Landau
model, corroborating the nonequilibrium quasistationary na-
ture of the transient phase. The observations in «-RuCls
suggests a new route to induce an unconventional spin-
disordered state in honeycomb Mott insulators with residual
interactions beyond the bond-directional Kitaev exchange.
More generally, the holon-doublon recombination-induced
nonequilibrium quasistationary state description provides an
advancement in the understanding of strongly correlated hot
carrier recombination dynamics and nonequilibrium phase
transitions in Mott-Hubbard insulator materials with intrinsi-
cally coupled charge and spin degrees of freedom.

II. ZIGZAG SPIN ORDER PARAMETER AND
NEAR-EQUILIBRIUM MAGNETIZATION DYNAMICS

Before turning to the magnetization dynamics of «-RuCls,
we establish its linear magnetooptical response as a probe of
the zigzag spin order parameter. High-quality o-RuCl; crys-
tals were prepared by vacuum sublimation [27,28]. For our
work we used the as-grown shiny sample shown in Fig. 2(a).
Figure 2(b) shows the optical polarization rotation upon re-
flection as a function of temperature, measured at 532-nm
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FIG. 2. (a) The shiny as-grown «-RuCl; sample used for this
work. (b) The temperature-dependent magnetooptical response
(black spheres) shows a clear scaling law behavior. A fit to Oy p o
L*> « (1 -T/Tx)* with B = 1/8 is shown in red. (c) Pho-
toinduced change in polarization rotation —A6fyp(¢) for various
temperatures below and above Ty ~ 7K. (d) Integrated change in
rotation (black spheres) and gy [ps] (red circles) as a function of
temperature. A critical slowing down of the disordering is observed
upon approaching the magnetic phase transition at 7y ~ 7K. The
green curve shows a fit to the dynamical scaling-law behavior ex-
pected for a-RuCl;.

probe wavelength by a double-modulation scheme [29,30].
A magnetooptical response with clean power-law behavior is
observed below Ty & 7 K. The small structural monoclinicity
can lead to an additional polarization rotation component,
but this term appears to have a negligible contribution over
the relevant temperature range of our study [15,31]. The
magnetooptical rotation, more specifically, magnetic linear
dichroism Ovp, is proportional to the square of the zigzag
antlferromagnetlc order parameter L = My — M, where M,
and M , give the sublattice magnetizations [32,33]. The red
line in Fig. 2(b) shows a fit to the scaling law Oy p ox L? o
(1 — T/Tx)*#, with B = 1/8 the critical exponent for a two-
dimensional (2D) Ising spin system [34]. This observation
establishes polarization spectroscopy as an all-optical alterna-
tive to neutron diffraction for probing «-RuCls’s zigzag spin
order.

a-RuCly’s near-equilibrium magnetization dynamics is
studied by weak photoexcitation and consecutive time-
delayed probing of the change in the magnetooptical response
for various bath temperatures. The sample is excited above
the Aymy ~ 1.0 eV Mott-Hubbard gap [35] with a pho-
ton energy of hw ~ 1.55 eV. A low pump fluence F =
0.8 uJ cm™2, corresponding to an excitation density of n, ~
0.4x10" cm~3 was used [36]. Figure 2(c) displays the pho-
toinduced change in polarization rotation —A6fyp(f), as
measured by a polarization-dependent balanced detection
scheme [29,37]. «-RuCl; shows spin-disordering dynamics
on the tens of a ps timescale, followed by ns recovery dy-
namics below the Néel temperature Ty ~ 7 K. Above Ty the
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FIG. 3. (a) Density-dependent Oy p(¢) for different excitation
densities n,, as indicated with spheres. The modeled rotation ()
is indicated with thick lines. (b) Maximum change in the magnetic
linear dichroism (MLD) rotation Afyp(#) as a function of photon
density n,. Above the critical density 7, ¢i & 3x10'7 cm™ the max-
imum change in MLD-rotation saturates. (c) The honeycomb lattice,
consisting of Ru-sites (dark-blue sites) and chloride ligand ions (red
sites). The lower process shows the photogeneration of a holon-
doublon pair. The upper process shows the subsequent multimagnon
emission by holon-doublon recombination.

transient response vanishes. The integrated transient response,
plotted in Fig. 2(d), shows a pronounced increase, followed
by a rapid reduction. This behavior is qualitatively rational-
ized by considering that the photoexcitation will have the
largest transient effect where the derivative of the zigzag
order parameter with respect to temperature is the largest.
Concomitantly, we observe a slowing down of the disordering
dynamics when approaching the equilibrium phase transition
temperature [38,39]. The corresponding demagnetization time
Tdecay 18 plotted in Fig. 2(d) [38,39]. The temperature depen-
dence is well captured by a Tgecay o |1 — T /Tn|™"* power law
with critical exponent vz = 2.1, compatible with the univer-
sality class of the 2D Ising model-A dynamics, applicable to
«-RuClj [34,38,40]. Signatures of slowing down of the equi-
librium magnetization dynamics in the zigzag-ordered phase
were earlier observed in «-RuCl; and the related honeycomb
iridate material Na,IrO; through nuclear magnetic resonance
spectroscopy [41,42].

III. NONEQUILIBRIUM SPIN-DISORDERED STATE
AND EXCITATION MECHANISM

Strong photoexcitation allows one to induce a mag-
netic order-disorder transition along a nonequilibrium route.
Figure 3(a) shows the transient rotation traces Oy p(t) for
various initial photoexcitation densities n,, (sphere symbols)

at a bath temperature of T, = 5 K [36]. The photoexcitation
dependence of the maximum MLD change, AfByip max, 1S
depicted in Fig. 3(b). Markedly different dynamics is observed
compared to crossing the order-disorder transition along the
equilibrium axis [cf. Fig. 2(c)]. Qualitatively, two excitation
regimes can be distinguished. For lower excitation densities
(ny, < ny, it ~3x107 cm™), the spin system partially dis-
orders, followed by a subsequent recovery. In this regime
the disordering time slows down with increasing photoexcita-
tion density. For the high excitation densities (n, > ny ¢t ~
3x10' cm™3) a faster disordering time is observed and the
change Abfyip max Saturates to a value of ~ —125 mdeg
[Fig. 3(b)]. This transient disorder magnitude agrees well
with the value expected from the equilibrium rotation mea-
surement [Fig. 2(b)]. These observations thus imply that the
photoexcited system resides in a L = 0 state for multiple 100s
of ps. Referring to the magnetic phase diagram (Fig. 1 and
Refs. [15,20]), this means that for quench strengths above
ny ot the zigzag order can be fully suppressed, leaving the
system in a spin-disordered state. The disordering mechanism
and the nature of the long-lived transient state is corroborated
below.

Strong photoexcitation allows one to induce a mag-
netic order-disorder transition along a nonequilibrium route.
Figure 3(a) shows the transient rotation traces Oy p(f) for
various initial photoexcitation densities n, (sphere symbols)
at a bath temperature of T, = 5 K [36]. The photoexcitation
dependence of the maximum MLD change, AOmLD max. 1S
depicted in Fig. 3(b). Markedly different dynamics is observed
compared to crossing the order-disorder transition along the
equilibrium axis [cf. Fig. 2(c)]. Qualitatively, two excitation
regimes can be distinguished. For lower excitation densities
(ny, < ny, it 3x10"7 cm™3), the spin system partially dis-
orders, followed by a subsequent recovery. In this regime
the disordering time slows down with increasing photoexcita-
tion density. For the high excitation densities (n, > n, ¢t &~
3x10' cm™3) a faster disordering time is observed and the
change AOmip max saturates [Fig. 3(b)], implying that the
photoexcited system resides in a L = 0 state for multiple 100s
of ps. Referring to the magnetic phase diagram (Fig. 1 and
Refs. [15,20]), this means that for quench strengths above
ny ¢ the zigzag order can be fully suppressed, leaving the
system in a spin-disordered state. The disordering mechanism
and the nature of the long-lived transient state is corroborated
below.

The inherently strong charge-spin coupling of Mott in-
sulators leads to an efficient nonlinear demagnetization
mechanism upon photoexcitation above the Mott-Hubbard
gap [43,44]. To illustrate this mechanism, first consider the
photoexcitation process corresponding to the lowest tzsg tzsg —

té‘g tzég hopping-type excitation across the Mott-Hubbard gap,
as indicated by the lower hopping process in Fig. 3(c). Within
a quasiparticle picture, this intermediate excited state corre-
sponds to a spinless holon (tfg) and doublon (tzﬁg), by which
effectively two magnetic moments are removed from the
zigzag lattice. Their mere creation at the used low densities
of 4-85 ppm photons/Ru’*-site, however, does not suffice
to explain the magnitude and timescale of the zigzag disor-
dering [36]. Instead, once created, the dominant pair-decay
mechanism is recombination through multimagnon emission
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[upper hopping process Fig. 3(c)] [43]. An order of magnitude
estimate for the released amount of magnons per decayed
hd-pair (holon-doublon pair) is provided by Ayy/W ~ 40
(Ref. [43]), with W &~ 25 meV the exchange energyscale,
estimated as the extent of «-RuCl;’s magnetic scattering
continuum [19,24,26]. The holon-doublon recombination by
multimagnon emission therefore provides an efficient elec-
tronic demagnetization mechanism.

To further delineate the excitation mechanism and result-
ing magnetization dynamics, we model the time-domain data
within a dynamical Ginzburg-Landau (GL) model [38,40].
The holon-doublon density, representing the nonequilibrium
dimension in Fig. 1, comes in as a new dynamical variable
here. We first consider the modified free energy for the anti-
ferromagnetic order parameter L and the holon-doublon-pair
density n:

F(n, L) = %‘(n — eeg)L + ‘;—ZL‘* +Em., (1)

with
F(n) = azn + a—4n2 + a—5n3, 2)
2 3
where a;,i = 1, ..., 5 are phenomenological parameters. The

terms with even powers in the zigzag order parameter L are the
symmetry-allowed terms in the Landau free-energy expansion
for an antiferromagnet [40,45]. Notice that odd powers of L
are ruled out by the inversion symmetry of «-RuClj [15]. The
initial value of the holon-doublon pair density n(0), or quench
strength, is taken proportional to the experimental photoexci-
tation densities n,, i.e., n(0) o n,, where each photon creates
one hd-pair. The first term in F(n, L), coupling the hd-pair
density n to the order parameter L, leads to a destabilization
of the magnetic order for a sufficiently strong excitation of hd-
pairs, thus reproducing the process of annihilation of hd-pairs
into magnons [43,46]. The parameter 7. q is introduced as the
critical hd-pair density at equilibrium. The functional F(n),
independent of the order parameter L, describes the excess
energy of the hd-density and its relaxation in the absence of
magnetization. It therefore accounts for decay mechanisms
other than the nonradiative multimagnon emission discussed
above, such as nonradiative phonon emission, spontaneous
decay under radiative emission [47], and possible hd-pair
diffusion out of the probe volume. The form of F(n)is chosen
as a third-order polynomial, although its exact form is not
crucial for the analysis.

The time evolution of the hd-pair density n and magnetic
order parameter L is described by the coupled equations of
motion

dL _ §F dn _ F

=, = =_ 3

dt SL dt dn @)
To relate Eqs. (3) to the experimentally measured rotation
OmLp, We rewrite the equations in terms of the polarization
rotation & = L?/2, to finally obtain

do

= —2a1 (1 — Ne.q)0 — 4a26?, (4a)
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FIG. 4. Free-energy landscape F (n, L) as a function of the zigzag
order parameter L and hd-pair density n (cf. the phase diagram in
Fig. 1). The initial quench n(0) brings the system to a high-energy
state, after which the system relaxes. For small quenches (red tra-
jectory), the order parameter L stays finite under the relaxation of
the density n. For intermediate quenches (magenta trajectory) the
system approaches the L = 0 line. For strong quenches (light blue
trajectory, highest energies not shown) the system relaxes along the
L = 0 line, implying that the system is described as a nonequilibrium
quasistationary spin-disordered state.

By using Eq. (4a), the trajectories n(t), 6(t) can be modeled
for different initial quench strengths n(0), taken proportional
to the experimental 7, densities. The curves for 6(z) are
superimposed on the experimental Oy p(¢) in Fig. 3(a). The
model captures the dynamical slowing down and speeding up
below and above n,, i, respectively. For the higher excitation
densities the magnetic order vanishes, reproducing the long-
lived transient L = 0 state. The inclusion of the n3-term in
F(n) ensures that the GL description does not overestimate
the lifetime of the disordered state [48]. The nonlinear order
parameter dynamics is overall well captured considering the
minimal amount of parameters needed in the nonequilibrium
GL description.

The out-of-equilibrium nature of the spin-disordered phase
is best visualized in the hd-pair density-dependent free-energy
landscape F(n, L) of Fig. 4. For low densities, the free energy
retains its double-well profile, whereas for higher densities a
single well forms [39]. Representative trajectories n(t), L(t)
for different excitation densities are drawn into the free-
energy landscape, with colors corresponding to the conceptual
trajectories of Fig. 1. The quench n(0) brings the system
into a high-energy state, after which n and L relax along the
minimal energy trajectory. For a small quench (red trajectory)
the zigzag order parameter L(¢) stays finite and eventually
recovers. For the intermediate densities (magenta trajectory)
the n(t), L(t) coordinates approach the L = 0 line. For the
higher excitation densities (light blue trajectory) the hd-pairs
have sufficient excess energy to let n(t), L(¢) follow a trajec-
tory along the L = 0 line, i.e., full spin disordering is reached.
We emphasize that, for strong quenches, the excitation density
n(t) still varies in time, even though L(¢) takes the quasista-
tionary value L(t) = 0. A sufficiently strong photoexcitation
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quench thus provides a mechanism to induce a nonequilibrium
quasistationary spin-disordered state in «-RuCl;.

The maximum lifetime of the nonequilibrium quasistation-
ary spin-disordered state is dictated by the recombination rate
of the hd-pairs. The time evolution of n(¢) obtained from
the nonequilibrium GL model provides us with an estimate
of a few nanoseconds for the recombination timescale of
the hd-pairs [48], in agreement with the long electronic re-
laxation timescale observed by time-resolved photoemission
[49]. The recombination timescale is expected to grow ex-
ponentially with the number of magnons needed to traverse
the Mott gap, i.e., T ~ /W [43]. Considering the weak
exchange-interaction scale W in «-RuCl;, one may indeed
expect significantly longer recombination times compared to
materials with an order of magnitude stronger exchange, such
as Nd,CuQy and Sr,IrO4, where hd-pair lifetimes on the order
of 0.1 ps were reported [44,50]. In addition to the common
interaction mechanisms which extend the lifetime of transient
electronic carriers, such as carrier dressing by phonons [51],
the large ratio between the Mott gap and the exchange interac-
tion energy thus emerges as the key element to ensure a long
lifetime of the nonequilibrium quasistationary state.

Consensus crystallizes towards an understanding of
a-RuCl; ‘s equilibrium disordered phase above Ty as a re-
alization of a proximate quantum spin liquid [14,18,23].
Since the used low photoexcitation densities in our study are
by far not sufficient to drive «-RuCls into a conventional
paramagnetic state along purely equilibrium thermodynamics
arguments [28,52], it appears plausible that the nonequi-
librium quasistationary-disordered phase has a microscopic
character reminiscent of the equilibrium proximate spin-liquid
phase. We envision the use of time-resolved inelastic light
scattering techniques as a powerful method to probe magnetic
correlations in the out-of-equilibrium spin disordered phase
[19,53]. Exact diagonalization [54] and nonequilibrium dy-
namical mean-field theory [55,56] methods may elucidate the

role of hd-excitations in the Kitaev-Heisenberg model and
the resulting phase diagram, and hence further resolve our
findings from a microscopic viewpoint.

IV. CONCLUSION

In conclusion, we unveiled a pulsed light excitation driven
mechanism allowing to trap the frustrated honeycomb magnet
a-RuCl; into a nonequilibrium quasistationary spin disor-
dered state. Photoexcitation above the Mott-gap generates a
transient density of holon-doublon quasiparticle pairs. The
subsequent pair-recombination through multimagnon emis-
sion provides a way to dynamically destabilize «-RuCl;’s
competing zigzag-ordered ground state, and thereby keeps
the system in a long-lived out-of-equilibrium spin-disordered
state. Our findings suggest a new route to induce an uncon-
ventional spin-disordered state in honeycomb Mott insulators
with residual interactions beyond the bond-directional Kitaev
exchange. The insights to hot carrier recombination dynamics
and nonequilibrium phase transition kinetics in a strongly
correlated environment are expected to be extendable to a
large class of Mott-Hubbard insulator materials with strong
charge-spin coupling.
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