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We present time-resolved magneto-optical spectroscopy on the magnetic Mott—Hubbard-
insulating Kitaev spin liquid candidate «-RuCls to investigate the nonequilibrium dynamics of
its antiferromagnetically ordered zigzag groundstate after photoexcitation. A systematic
study of the transient magnetic linear dichroism under different experimental conditions
(temperature, external magnetic field, photoexcitation density) gives direct access to the
dynamical interplay of charge excitations with the zigzag ordered state on ultrashort time
scales. We observe a rather slow initial demagnetization (few to 10s of ps) followed by
a long-lived non-thermal antiferromagnetic spin-disordered state (100-1000s of ps), which
can be understood in terms of holons and doublons disordering the antiferromagnetic
background after photoexcitation. Varying temperature and fluence in the presence of an
external magnetic field reveals two distinct photoinduced dynamics associated with the
zigzag and quantum paramagnetic disordered phases. The photo-induced non-thermal
spin-disordered state shows universal compressed-exponential recovery dynamics related
to the growth and propagation of zigzag domains on nanosecond time scales, which is
interpreted within the framework of the Fatuzzo—Labrune model for magnetization reversal.
The study of nonequilibrium states in strongly correlated materials is a relatively unexplored
topic, but our results are expected to be extendable to a large class of Mott—Hubbard
insulator materials with strong spin—orbit coupling.

1. Introduction

To probe material properties using ultrafast laser pulses is a fascinating aspect of
modern experimental condensed matter physics, which has been shown to be
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very powerful in accessing new transient phases, which are nonexistent under
thermal equilibrium conditions.™* A prime example is the ultrafast manipulation
of magnetic order.** Especially, the understanding of the underlying dynamical
processes, associated time scales and how magnetic order can be controlled is at
the forefront of non-equilibrium condensed matter research. Of particular
interest are Mott-insulators, which exhibit strong electron—-electron interactions
and significant correlations between electronic and magnetic degrees of freedom
giving rise to exotic properties and groundstates.® An interesting case is found in
the magnetic Mott-Hubbard-insulator a-RuCl;, which is believed to be a prime
candidate to realize the so-far elusive Kitaev quantum spin liquid ground state,
resulting from the presence of strong bond-dependent anisotropic coupling
among spins accompanied by quantum fluctuations.*” The trihalide a-RuCl; is
a layered material, in which edge-sharing RuClg octahedra with Ru®*" ions in the
center form a two-dimensional honeycomb structure (c¢f. Fig. 1(a)). The partially
filled t,, orbitals are coupled via nearly 90° superexchange paths.® The 4d°> elec-
tronic configuration of Ru is in a low-spin state with S = 1/2, giving rise to J.g = 1/2
pseudospins due to the presence of the octahedral crystal-field splitting and large
spin-orbit coupling.®*® The on-site interaction U opens a gap inside the Jeg = 1/2
band, creating the upper Hubbard band (UHB) and lower Hubbard band (LHB),
respectively. These properties are essential prerequisites to realize the Kitaev
model in condensed matter systems. Thus, significant efforts have focused on the
rich equilibrium phase diagram to find experimental fingerprints of this highly-
entangled topological state of matter, which is characterized by spin-flip
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Fig. 1 Time-resolved magneto-optical experiment. (a) Crystal structure and zigzag spin
orientation. The color contrast of yellow and dark blue bonds indicates small inequiva-
lence in one of the Ru—Ru bond lengths.** (b) Schematical electronic structure and photo-
excitation process across the Mott—Hubbard gap. (c) Experimental setup (HW: half-wave
plate, P: polarizer, DS: delay stage, C: chopper, M: (beam-splitting) mirror, L: lens, S:
sample, WP: Wollaston prism, PD: photo-diode). (d) In-plane magnetic field and
temperature phase diagram of a-RuCls constructed from the static change in rotation
Lo obtained by iso-magnetic MLD measurements with a fluence of 0.6 W cm™2 (upper
panel) and extracted from the time-integrated transient MLD response Afu p(t) for an
applied pump fluence of 3 uJ cm~2 (lower panel). White circles in the upper panel indicate
the Néel temperature derived from the derivative of the rotation w.r.t. the temperature.*
The color code displays the amplitude of the rotation from 0 to 70 mdeg (upper panel) and
on a relative scale in the lower panel.
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excitations fractionalizing into itinerant Majorana fermions and emergent gauge
fields.'>*>

However, experimentally it has been found that a-RuCl; establishes long-range
antiferromagnetic zigzag (AFM) order below the Néel temperature of =7 K and in-
plane applied magnetic fields <7 T, indicating the presence of significant non-
Kitaev interactions.'**® Above the Néel temperature the zigzag magnetic order is
destroyed and o-RuCl; exhibits a quantum paramagnetic phase (QPM) charac-
terized by strong quantum fluctuations. We have investigated the zigzag phase in
one of our recent studies, where we report on the anisotropic magneto-optical
response under equilibrium conditions and show that magneto-optical spec-
troscopy is a versatile tool to study the antiferromagnetically zigzag ordered
ground state by purely optical means.** Currently, the discussion on o-RuCl;
equilibrium physics is still highly controversial, while there are experimental and
theoretical arguments supporting that the magnetically ordered ground state of o-
RuCl; is unstable under external perturbations and metastable states are likely to
occur under nonequilibrium conditions.*”**

Further, besides being a spin liquid candidate material, the presence of Mott-
Hubbard physics accompanied by strong spin-orbit coupling and the role of
excitons in photoexcited a-RuCl; makes it enormously complex with unique
photoinduced dynamics providing an opportunity to investigate many-body
interactions. Understanding dynamical excitonic correlations and their interac-
tion with a magnetically ordered background is a fundamental scientific ques-
tion.>® Optical spectroscopy and ellipsometry revealed a narrow line shape and
asymmetry of the peak in the optical conductivity at around 1.1 eV associated with
the optical gap, which suggest strong electron-hole interaction, and a small
shoulder extending into the Mott gap indicating the presence of an excitonic
bound state.*** Further, the excitonic fingerprint shows remarkable temperature
dependence in equilibrium, indicating a coupling between high-energy excita-
tions and the magnetic structure.*

Here, open questions regarding the interaction of Mott-Hubbard excitons with
other degrees of freedom and associated time scales arise. In our previous time-
resolved magneto-optical spectroscopy study on the spin-liquid candidate o-
RuCl;, we showed that the transient magnetic linear dichroism can be used to
study the optically induced quench of antiferromagnetic order followed by
a transient spin disordered state."” It has been known for decades that ultrafast
laser pulses can be used to induce ultrafast demagnetization.**** The demagne-
tization dynamics has been studied extensively and described successfully within
different frameworks, e.g. the well-established phenomenological multi-
temperature model,> a time-dependent Ginzburg-Landau theory approach,”
a combination of both models® or another recently developed general theory of
out-of-equilibrium order parameter correlations.?” Still, the microscopic interac-
tions leading to magnetization dynamics in highly correlated materials has to be
better understood. Especially the ultrafast melting of antiferromagnetic order in
Mott-insulators has been argued to be fundamentally different from metals and
common band insulators due to the presence of enhanced electron-electron
interactions. The (de)magnetization dynamics are believed to be mainly governed
by a redistribution of charge carriers among neighboring lattice sites, leading to
a fast generation of doubly occupied and empty sites, called doublons and holons.
The coupling between charge excitations and the spin order has been argued to be
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the dominant mechanism leading to ultrafast spin dynamics.?® Specifically, the
motion of holons and doublons can create trails of defects in the antiferromag-
netic background, transferring energy from the hot photocarriers to the antifer-
romagnetic order when these quasiparticles hop around. Local spin perturbations
are then dispersed through magnons into the whole system. The recombination
of holon-doublon pairs has been argued to be mediated by multimagnon emis-
sion, which provides an efficient electronic demagnetization mechanism to
transfer the excess energy to the system.'”*® This raises several questions, e.g., of
how an applied magnetic field affects the dynamics of photo-excited holons and
doublons. Further, it is important to understand whether the origin of the photo-
induced dynamics is thermal or non-thermal and what are the potential mech-
anisms driving the recovery dynamics. In this regard, a more comprehensive
study is needed to unravel the underlying physics.

To investigate the dynamics of the coupling between the charge and magnetic
sector in a-RuCl;, we performed time-resolved optical pump-probe experiments,
in which the system is excited by a pump laser pulse over the Mott-Hubbard gap
Ay = 1.1 eV (ref. 22) and the transient magnetization dynamics are probed with
time-delayed weaker probe laser pulses. Pumping o-RuCl; with 1.55 eV photons,
which have an excess energy over the MH gap, leads to multiple hopping
processes via the impact ionization relaxation mechanism® (¢f. Fig. 1(b)). The
pump photons induce intersite d-d charge transfer transitions resulting in
doubly occupied and non-occupied sites creating multiple spinless quasiparti-
cles, the doublons and holons. A recent time-resolved two-photon photoemission
spectroscopy (2PPES) study reported the condensation of these quasiparticles
forming Mott-Hubbard excitons within a few picoseconds after photoexcitation,*
which are expected to interfere with the zigzag ordered antiferromagnetic
background.

In this report, we systematically investigate the magnetization dynamics and
the subsequent recovery processes from fs to ns time scales by transient magnetic
linear dichroism measurements, which have been performed for different applied
pump fluences varying by more than one order of magnitude, at different
temperatures below and above the Néel temperature Ty = 7 K and in external
magnetic field strengths from 0 to £7 T applied along the ab honeycomb-planes.
Our experiments suggest that the presence of photo-induced holons and dou-
blons gives rise to a transient long-lived spin disordered state, which cannot be
reached by just tuning the temperature or magnetic field.

2. Methods

For the study of the dynamics of the antiferromagnetically ordered zigzag ground
state in a-RuCl;, we apply a table-top pump-probe spectroscopy technique
making use of the magnetic linear dichroism (MLD) effect in reflection geometry.
Magnetic linear dichroism is a quadratic magneto-optical effect, in which a rota-
tion of the light polarization (or a change of its ellipticity) occurs due to a differ-
ence in the complex index of refraction for normal incidence light with
a polarization plane oriented parallel and perpendicular to the antiferromagnetic
Néel vector, respectively.®*** The magnetic linear dichroism in antiferromagnets
is sensitive to both the size and the orientation of the Néel vector, ie. the order
parameter. It has been used previously to determine the orientation of the Néel
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vector,* to study zigzag antiferromagnetically ordered phases in equilibrium****
and to track ultrafast dynamics of critical phenomena in antiferromagnetically
ordered systems near a magnetic phase transition.'”*®

For the study of the magneto-optical response the a-RuCl; samples grown by
vacuum sublimation® were placed in a helium-cooled cryostat (Oxford Spec-
tromag) with temperatures down to 2.2 K inside the coils of a superconducting
magnet with magnetic field strengths up to =7 T. Characterization of the sample
was done applying a static magnetic linear dichroism experiment,** which
revealed a Néel temperature of =7 K indicating good sample quality.***® Fig. 1(c)
illustrates the experimental setup. The magnetic field was applied within the
crystallographic ab-plane, i.e. within the honeycomb layers. The polarization of
the incident probe light was rotated by a half waveplate and set to the polarization
orientation setting, which gave the maximum signal in zero magnetic field. The
pump beam passes through a computer-controlled delay line and is mechanically
chopped at a frequency of 680 Hz. The pump beam polarization is set cross-
polarized to the probe beam in order to minimize potential pump beam scat-
tering to reach the detector. The measurements of the magneto-optical response
were carried out in the so-called Voigt geometry® at near-normal incidence, such
that the light wave propagation vector k of the probe laser pulses was perpen-
dicular to the honeycomb layer ab planes (k L ab) and magnetic field vector B,
(see Fig. 1(a)). The time-resolved magneto-optical experiment was performed
using 800 nm (=1.55 eV) pump pulses with a temporal width of 40 fs, and probe
pulses of 512 nm (=2.42 eV) with a temporal width of 250 fs, generated with
a laser system based on a LightConversion Pharos equipped with Light-
Conversion optical parametric amplifiers as core components. The penetration
depth of the pump is larger than for the probe, which helps to probe a homoge-
neously excited area.” The pump and probe beams were focused down to a radius
of 40 um and 25 pm, respectively. The repetition rate of the amplified laser system
was set to f = 30 kHz in order to ensure that the system can relax back to the
ground state between consecutive pulses and photoinduced thermal heating is
reduced. Detection of the transient polarization rotation Af(t) was done using
a balanced-detection configuration®® consisting of a A/2 wave plate, a Wollaston
prism, and a balanced photodiode. The signal from the photodiodes was sent
through a pre-amplifier before reading out of the balanced signal by a Zurich
Instruments HF2LI lock-in amplifier.

3. Results and discussion

First, we show that changes in the magnetic linear dichroism Afyp are related to
the magnetic order and probe the zigzag antiferromagnetic phase. The top panel
of Fig. 1(d) shows the phase diagram as a function of temperature T and in-plane
applied magnetic field B obtained under equilibrium conditions (same data as in
ref. 14). The variation of 6y, for different temperatures and fields reconstructs
the already observed B-T phase diagram of a-RuCl;.** We note that the absolute
value of 0y p varies by the formation of three equal zigzag domains depending on
their angle with respect to the polarization orientation of the incident probe
beam, such that it is non-trivial to extract the absolute change in rotation.'*** To
check if the pump induced transient Afy p(?) is also directly related to the zigzag
order, we measured Afyp(f) after photoexcitation and plotted the time-
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integrated signals as a function of equilibrium temperatures and fields in a false-
color plot (see Fig. 1(b) lower panel). The fact that both from the transient A6.
mrp(t) and the static fyp the B-T phase diagram can be reconstructed demon-
strates the sensitivity of our approach to the zigzag antiferromagnetic order.

The fluence-dependent measurements of the induced change in the magnetic
linear dichroism, Ay p(t), at a temperature of 3 K, i.e., deep in the zigzag ordered
phase, are shown in Fig. 2(a). For small pump fluences, up to 7 uj em >, the
transient magneto-optical response Afyy () reaches its maximum on a timescale
of ~400 ps and then relaxes back to its pre-pump value within the accessible time-
window of 4 ns. However, for increasing pump fluences the changes in Ay p(t)
get more pronounced and a ns long-lived (metastable) state with plateauish, non-
decaying behavior is observed. No further increase of |Afyyp| is observed above
a pump fluence of 70 puJ em ™2 We point out that while reducing the fluence again,
all measurements are reproducible indicating no photo-induced sample damage.
Further, the system can relax back to the equilibrium state between consecutive
pulses as we do not observe any residual background, not even with the highest
applied fluence, at negative time delays.
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Fig. 2 Comparison of the magneto-optical response in the zigzag AFM and QPM phase.
(a) Fluence dependence of Afw p(t) in zero magnetic field at 3 K for applied pump fluences
varying between 3 to 250 pnJ cm™2. For applied fluences above 70 nJ cm™2, the maximum
reached Afpm p is constant. (b) Maximum photo-induced polarization rotation Afm p
(squares, black axes) on a lin—lin scale and extracted demagnetization time constants tp
(open circles, blue axes) on a log—log scale. A fit to extract power law scaling of 7p is shown
by the blue solid line. The color code of the symbols indicates the distinct fluence regimes:
black, red and green represent the low, intermediate and high fluence regimes, respec-
tively. Maximum demagnetization is indicated by the greenish background. (c) Field
dependence of Oy p(t) at an applied fluence of 80 uJ cm~2 in the quantum paramagnetic
phase at 9 K. The blue solid line is a single exponential fit with an offset. (d) Maximum
amplitude of Aduip at 9 K for an applied pump fluence of 80 uJ cm~2 as a function of
applied magnetic field, which scales linearly with B? as expected for second-order
magnetic linear dichroism in the field-polarized QPM state.
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Fig. 2(b) shows the fluence dependence of the amplitude Afy; () at a time
delay of 500 ps as well as the demagnetization time constants 7y, associated with
the initial changes in the magneto-optical response after pump excitation. The
fluence dependence of the amplitude Afyyp(¢) indicates three distinct fluence
regimes. In the low fluence regime (LFR) there is an initial sharp increase in
Afyp(t) occurring for applied pump fluences up to 7 pJ em > (black symbols),
followed by an intermediate rise between 10 and 50 uJ cm ™2 (red symbols) called
the intermediate fluence regime (IFR). We observe saturation in the high fluence
regime (HFR) above 70 puJ cm™ > (green symbols), i.e., no further demagnetization
occurs. In contrast, the demagnetization time constant tp, extracted from single-
exponential fits to the initial dynamics shows only two regimes. First, it is almost
constant ~30 ps for fluences up to 7 uJ cm~ 2. Above this threshold fluence 1,
decreases non-linearly for increasing pump fluences F and follows a clear power-
law scaling o« F 7 (blue line in Fig. 2(b)). The fluence dependent behavior of
Abyp(t) (amplitude of the demagnetization) and 1, (risetime of the demagneti-
zation) provide essential information on the photoexcited state. Together with
other experimental observations presented later in this paper and other recently
reported results,'” we will show that all three regimes are non-thermal. In the LFR,
the ultrafast created holons and doublons have already formed a bound pair.
These excitons show an excitation density independent recombination process,
which is indicated by the constant demagnetization time 7, associated with the
recombination via magnon emission.* If the holons and doublons would not be
already bound, the recombination process would depend on the probability to
encounter the oppositely charged particle that causes a non-exponential and
excitation density dependent recombination process.*>** In the IFR, the excess
amount of excited carriers gives rise to the screening effect, which causes a faster
breaking of initially formed excitons into holons and doublons, which experi-
mentally scales with the power-law « F %7, The antiferromagnetic system is
completely disordered in the highest excitation regime, such that no further
change in Afy;p(t)) is observed, but the screening effect is continuously
enhanced (decrease in tp), as expected. The mechanism within the LFR is
conceivable, as already observed in similar Mott-Hubbard systems. At low exci-
tation densities, the holons and doublons form bound pairs, a Mott-Hubbard
exciton, (also reported for a-RuCl; in ref. 31), which then recombine within 10s of
ps, while their excess energy is dispersed through magnons and potentially other
bosonic excitations into the whole system. The clearly different non-linear fluence
dependence of the initial demagnetization dynamics within the IFR thus can be
understood in terms of an increasing unbound holon-doublon density perturb-
ing the zigzag order. The experimental observations indicate that the dominating
demagnetization mechanisms in the LFR and IFR seem to be different. For
sufficiently small excitation densities holon-doublon pair recombination via
magnon emission appears to dominate, the hopping of unbound holons and
doublons in the IFR effectively perturbs the long-range zigzag order. Theory
predicts that in the strong excitation regime indeed a larger fraction of the exci-
tons separates into unbound doublons and holons.** The most intriguing
observation in the IFR is the analogous power-law scaling behavior (< F %7)
observed for the time scale of the gap collapse after photoexcitation in the exci-
tonic insulator materials, e.g. Ta,NiSes (ref. 44) and 1T-TiSe, (ref. 45 and 46),
associated with a free carrier screening effect which is responsible for excitons
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breaking into electron and holes. However, the reported time scales are in the
order of 100s of fs and different to the 10s to few ps timescale observed in our
experiment. This could be related to the small bandgap in Ta,NiSes and 1T-TiSe,,
which is an order of magnitude smaller than for a-RuCl;. The characteristic build-
up time for carrier screening in response to an ultrashort laser excitation is the
plasma oscillation period, which scales with %, where n is the carrier density.”
Since a-RuCl; is a Mott-insulator and the carrier density in equilibrium expected
to be small, the photo-excited carrier density should scale linearly with the
applied fluence and hence a similar scaling behavior is expected. Indeed, the
pump-induced changes in Afy;p(f) in the IFR scales linearly with the applied
fluence. Therefore, the excitation density dependent screening effect plays an
important role in the dynamics in the IFR. In the HER, the photo-induced
magnitude of the demagnetization is constant (in contrast with a saturating
behavior of the risetime) suggesting a completely spin-disordered system. In the
following, we elaborate in more detail on the interaction between holons, dou-
blons and Mott-Hubbard excitons and the underlying magnetically ordered
background.

To prove experimentally that the presence of long-range zigzag antiferromag-
netic correlations is crucial to observe the Afyyp(f) dynamics in Fig. 2(a), we
conducted measurements at 9 K in the disordered QPM phase of a-RuCl; (see
Fig. 2(c)). We point out that even at a high pump fluence of 80 pj em™> (¢f.
saturation of Ay p(t) at 3 K) transient changes in the polarization rotation A#d.
mip(?) are very small in zero magnetic field in the QPM phase. This is the behavior
that is naturally expected, since in the QPM no long-range magnetic order exists
and hence no magnetic linear dichroism is expected to be observed. However, by
applying an external field, a transient change in Afyp(f) can be observed
experimentally. The sign of Afyp(¢) at 9 K is opposite to the one at 3 K. This is
more evidence that the probed demagnetization dynamics originates from two
distinct magnetic phases. The maximum photo-induced changes in Afyyp(t)
scale quadratically « (uoH)” in the externally applied field, which indicates that
we are probing the magnetic linear dichroism in the field-aligned QPM phase with
a finite net magnetization o« xH (cf. Fig. 2(d)). Moreover, the dynamics of A6y p(¢)
has a clearly different character than the dynamics in the AFM phase governed by
a field-independent quick rise followed by a single exponential decay with a time
constant of ~800 ps for all applied field strengths showing relaxation on ns time
scales. As expected, there is no signature of a long-lived plateauish state.

After comparing Afyp(t) in the zigzag AFM ordered and QPM phases, we now
turn to temperature dependent high fluence measurements at 6.2 and 6.8 T (F =
80 uJ cm ™ ?) (see Fig. 3(a)). Higher field measurements allow us to understand the
nature of the long-lived plateauish state under higher pump laser excitation and
to detect the QPM contribution in Afy;p(t) more evidently. It is crucial to
understand whether there is a significant effect of laser induced heating on the
transient magneto-optical response. If the heating effect is negligible, a temper-
ature induced crossover from the AFM to the QPM upon increasing the bath
temperature should be visible in the MLD transients. As the bath temperature is
raised the sign of Afyp(f) changes from negative to positive. We interpret this
behavior as being indicative of the thermal crossover from the zigzag AFM
towards the QPM phase (¢f. Fig. 2(a and c)). Further, in the early dynamics, one
can immediately recognize a mixture of two dynamical components, which

244 | Faraday Discuss., 2022, 237, 237-258  This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2fd00006g

Published on 08 June 2022. Downloaded by Y unnan University on 8/20/2025 7:55:49 PM.

View Article Online
Faraday Discussions

(b)

A x 10 (arb. u.)

3 .

0 100 200 300 0 100 200 300
Time (ps) Time (ps)
(c) , (d)
0.06 ==
.\
1@015 i { b {} } e
5 0.00 . 5 0.04 L} ‘\‘ 2
o -+AFM a \ [
= e QPM| 1 \ v T
7015 £ 0.02; Voo
o 5] \ B )
o 2 w T
< -0.301 1 0.001 |
<
0431 0.02 ,
2 3 4 5 9 10 27374 5 6 7 8 9 10
Temperature (K) Temperature (K)

Fig. 3 Coexistence of the QPM and AFM phase dynamics. Temperature dependence of
Omip(t) at an applied magnetic field of (a) 6.2 T and (b) 6.8 T for an applied pump fluence of
F = 80 pJ cm™2. The solid lines display the fits described in the main text. (c) Extracted
amplitudes of the two component exponential fit related to the zigzag AFM and the QPM
phase for the fits derived from (a). The zigzag AFM component vanishes towards crossing
the phase boundary, while the QPM dynamical component survives. (d) Changes of the
integrated magneto-optical response as a function of temperature. The inset shows the
B-T phase diagram and red lines indicate the applied field strengths of 6.2 and 6.8 T,
respectively.

motivated us to apply a multi-exponential fit with two distinct dynamical
components related to the AFM and QPM state.

Abrip(f) = Aarm(l — exp(—t/tapm)) X exp(—t/ty)
+ Agpm(1l — exp(—t/tgpm)) % exp(—1t/12) (1)

Here, Aspm, Agem correspond to the contribution of the AFM and QPM phases to
the amplitude of the transient MLD; Tagm, Tqpm display the demagnetization time-
constants for the two distinct phases and 74, 7, are added to capture the recovery
dynamics on the 100s of ps time scales. An additional Gaussian response function
capturing the laser profile was added, but does not influence the fit due to the
different time scales. Interestingly, the time constants typy and tqeym 0f the two
distinct states differ significantly, while being temperature-insensitive. We ob-
tained ~5 ps and ~10 ps time constants for AFM and QPM demagnetization,
respectively. This observation indicates that the system is optically driven into
a non-thermal state. In addition, the extracted amplitudes of the fit (shown in
Fig. 3(c)) show an interesting behavior. While the component related to the zigzag
AFM dynamics vanishes approaching a temperature of =5 K for an applied field
strength of 6.2 T, the QPM component is temperature independent. The van-
ishing of the AFM component at around 5 K is perfectly in line with static MLD
measurements (cf. Fig. 3(d)) indicating negligible laser heating effects even at the
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highest pump fluences. These findings indicate that the overall pump induced
heating is negligible on macroscopic scales and that we observe the emergence of
a photo-induced bi-partite phase, which is non-accessible by just tuning the bath
temperature. These observations support the interpretation that the long-lived
state at high fluences is not appearing due to a change in the temperature of
the system but has its origin in the transient photo-induced change of the elec-
tronic and magnetic structure. Similar phase-coexistence in the vicinity of
magnetic phase transitions has been observed previously. The mixture of two
dynamical components far from equilibrium has been understood in terms of
transiently quenched magnetic interactions by laser irradiation, which triggers
the local formation and nucleation of magnetic domains of the other thermo-
dynamic phase.*®

Having established the non-thermal nature of the fluence dependent A6y p(t)
shown in Fig. 2(a), we now turn to discuss the possible underlying mechanisms
and the origin of the long-lived state. The initial demagnetization time is on the
order of 10s of ps and no faster component on sub-ps time scales has been
observed in our measurements. Previous magneto-optical studies on magnetically
ordered systems reported similar time scales for an initial photo-induced
demagnetization process,*>* although the relevance of the involved micro-
scopic degrees of freedom in different systems lead to a wide spreading of time
scales in the literature.** Recent 2PPES* directly revealed a sub-ps lifetime of
doublons in the UHB after photo-excitation across the Mott gap, which is initially
unexpected for such a large Mott-gapped insulator. In the same study some
signatures of sub-ps creation of Mott-Hubbard excitons have been reported,
which has been interpreted as a reason for the fast decay of the doublons in the
UHB in line with ref. 29. This fact underlines that the transient magnetic linear
dichroism signal monitors the magnetic dynamics driven by the photo-excitations
rather than the purely electronic response of the photo-excited charge carriers in
the UHB. To reveal the underlying processes, which lead to the demagnetization
dynamics displayed by the transient magnetic linear dichroism, the here pre-
sented comprehensive study under different experimental conditions, i.e., varying
the applied pump fluence, bath temperature and external applied magnetic field,
is crucial. At this point, the formation of holon-doublon pairs and Mott-Hubbard
excitons is important, which have been observed in different Mott-insulating
systems with an AFM ordered groundstate.”****> A recent study on the spin-
orbit coupled Mott insulator Sr;Ir,O, (ref. 52) revealed that the photo-induced
density of spin-less doublons is indeed crucial in understanding the dynamics
after demagnetization. As mentioned above, the photodoping of a Mott insulator
creates holons and doublons in the LHB and UHB, respectively. By this charge
excitation multiple spinless quasiparticles are created, such that magnetic
moments are effectively removed from the lattice. When these charge excitations
hop through the lattice, they continuously perturb and destroy the magnetic
order.”® This can be interpreted as creating spin defects, which naturally quench
the zigzag order locally and hence decrease the zigzag antiferromagnetic order
parameter. The strong charge-spin coupling has been theoretically proposed to
display an efficient nonthermal demagnetization process.”® In this regard, the
fluence dependent MLD transients reveal the influence of the photo-excited
holon-doublon density on the zigzag ordered state. At low excitation densities
the changes in the orbital occupancies given by the present holon and doublons
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induce only minor spin defects and hence perturbations to the zigzag antiferro-
magnetic background. Any local frustration in the zigzag order given by mis-
aligned pseudospins decreases the effective hopping between the sites. Hence,
the surrounding intact zigzag order prevents the holons and doublons moving
around, since this is energetically unfavorable in terms of the magnetic correla-
tions. This is displayed by the experimental data, where no or short-lived pla-
teauish state can be observed at low excitation fluences, but the photo-induced
changes in the transient MLD recover (c¢f. Fig. 2(a)), ie., the zigzag order is not
perturbed beyond the initially created spin defects. Moreover, the amount of
emitted magnons due to the excess energy during the recombination of holon-
doublon pairs does not suffice to fully spin disorder the system. Beyond the
creation of holons and doublons it is theoretically predicted that the photodoping
results in enhanced initial excitonic correlations, the behavior opposite to that
caused by simple heating.*® It has been argued that long-lived excitations are
generic for Mott-Hubbard insulators with large U giving rise to the excitonic
Mott-Hubbard insulator rather than a transient metallic state after photo-
doping,* which has been commonly observed for narrow gap excitonic- and Mott-
insulating materials.*****” The Hubbard U in a-RuCl; has been reported to take
avalue of U = 4.35 eV.”® In a-RuCl; the holons and doublons are found to form
indeed an excitonic state in the Mott gap due to direct Coulomb interactions with
a long-lived character, which is in accord with theory predicting in-gap states to be
longer lived compared to short-lived excitonic states within the doublon-holon
continuum.” Different to the hopping of single holons and doublons the move-
ment of holons and doublons paired up to a Mott-Hubbard exciton does not lead
to a further disordering of the zigzag ordered groundstate, hence leaving zero net
disorder behind, and they only contribute to the magnetization through magnon
emission in the recombination process. At the time, the presence of Mott-Hub-
bard excitons can be regarded as a bottleneck for the re-establishment of long-
range antiferromagnetic zigzag order, as in a-RuCl; the holon-doublon bound
together to an exciton are long-lived with lifetimes exceeding 100s of ps.*
Thinking of an antiferromagnetically disordered zigzag groundstate by the
presence of Mott-Hubbard excitons with long lifetime and breaking to single
holons and doublons is in good agreement with the start of the recovery process at
long times for low pump fluences. For increasing fluence, i.e., a higher excitation
density the screening effect leads to a faster and larger amount of spin defects, the
dynamics becomes different. As discussed above, the power law scaling of the
initial demagnetization time tp with the fluence might indicate a breakdown of
the Mott-Hubbard excitons, such that the number of free holons and doublons
increases. Theory confirms that in the strong excitation regime a larger fraction of
the excitons separates into unbound doublons and holons.?® For a larger amount
of subsequent spin defects the zigzag order is already strongly perturbed, such
that the holons and doublons then move easier through the lattice. In this regard
they can separate further leaving a trace of disordered spins behind. In this way,
the spin disordered state can be understood as a metastable state driven by the
photo-induced holon-doublon density. In analogy, it has been reported for the
magnetoresistive pyrochlore Tl,Mn,0O, that the temporal persistence of the
photoexcited carrier density can be strongly influenced by spin disorder.”® For
a certain amount of spin defects the long-range antiferromagnetic order cannot
be re-established by the magnetic exchange interactions. Hence, the fluence

This journal is © The Royal Society of Chemistry 2022  Faraday Discuss., 2022, 237, 237-258 | 247


https://doi.org/10.1039/d2fd00006g

Published on 08 June 2022. Downloaded by Y unnan University on 8/20/2025 7:55:49 PM.

View Article Online
Faraday Discussions Paper

dependent demagnetization time fits to the picture of initially created spin
defects causing a faster disordering of the zigzag order accompanied by
a dramatic increase in the lifetime of the disordered state, which is in line with
our observations. Monte Carlo simulations of a simple 3D spin-1/2 system showed
that the amount of spin-flips, treated as the creation of double occupied sites, has
significant influence on the recovery dynamics. For weak perturbations a quick
recovery is seen, whereas the recovery dramatically slows down upon strong
perturbations and a long-lived spin-disordered state appears.*

Next, we turn to the field-dependence of Afyyp(2) at a temperature of 3 K and
an applied pump fluence of F = 15 pJ em ™2, which is shown in Fig. 4(a). One can
clearly see that in general the total change in Afyyp(¢) decreases with increasing
applied magnetic field, which can be naturally assigned to the field-driven
decrease of the order parameter. In small magnetic fields the dynamics is very
similar, while for fields larger than 2 T the signal amplitude Afyy (f) changes and
the plateau observed in the fluence dependence data in 0 T starts to become
longer lived. Recent measurements found that at zero magnetic field the zigzag
ground state is degenerate, ie., there can be three differently oriented zigzag
domains with the zigzag chain directions deviating by 120° from each other.
Applying a small in-plane magnetic field induces a change in the domain pop-
ulation that lifts the degeneracy and fits the observations of an initial small
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Fig. 4 Field-dependent magneto-optical response in the zigzag AFM phase. (a) Field
dependence of fup(t) at 3 K for an applied pump fluence of 15 pJ cm~2. (b) Extracted
changes in Oup (t = 500 ps) (red squares), which follows the static magneto-optical
response. The black circles indicate the lifetime of the plateau, which diverges towards
approaching the equilibrium critical field strength above which «-RuCls enters the
quantum disordered paramagnetic phase. (c) Normalized transients of Aé (t = 1300 ps)
shown in (a) for the long time delays. The red arrow indicates a slowing down of the
recovery dynamics. (d) Fluence dependent demagnetization constants tp at different
applied field strength on a log—log scale. The power law scaling discussed in the main text
is indicated by the blue solid line.
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change in |Ad(t)| between 0 and 1 T. In addition, under an in-plane magnetic field
oriented perpendicular to one of the symmetry equivalent {1, 1, 0} axes a field-
driven metamagnetic transition has been identified at around 1.5 to 2 T."*
Interestingly, the amplitude changes in Afyyp (t = 500 ps) displayed in Fig. 4(b)
show an initial rise and sharp drop at around 2 T, which is related to the domain
reorientation and clearly matches the reported hysteresis in the zigzag phase,™ in
line with expectations. In addition, the lifetime of the metastable plateauish
regime tends to diverge for increasing field strength approaching the field-driven
phase transition boundary becoming longer lived than the accessible time delay,
such that a lower bound of 4 ns at a field of 7 T has been assigned (see Fig. 4(b)).
As the external applied field approaches the critical field value, magnetic corre-
lations get suppressed and fluctuations in the order parameter occur in the
vicinity of the phase transition.”” In this picture holons and doublons then move
on a many body fluctuating background with decreased magnetic correlations,
which hinders the re-establishment of magnetic long-range order. Besides the
longer lived spin-disordered phase also the recovery dynamics under an in-plane
applied magnetic field slow down as shown in the normalized transient Af (¢ =
1300 ps) in Fig. 4(c). In contrast, the initial fluence dependent demagnetization
dynamics show the power law scaling « F %7 for all applied magnetic field
strengths (see Fig. 4(d)). This provides more proof for our initial discussion about
the purely electronic mechanism behind the demagnetization. The holon-dou-
blon density is indeed crucial in understanding the photo-induced quench of the
zigzag antiferromagnetic state. Up to a threshold fluence 1y, is constant, which
points towards the initial formation of Mott-Hubbard excitons by the photo-
excited holons and doublons referring to ref. 31. Above this threshold fluence
the amount of excess free holons and doublons increases and causes a screening
effect, such that the formed excitons break up into free holons and doublons. This
corresponds to a larger amount of spin-defects disturbing the AFM background,
which leads to the emergence of the long-lived plateauish regime in Afyyp(?).
From the experimental data, we can conclude that the field dependent tran-
sient MLD responses for the zigzag AFM and the QPM phase are intrinsically
different. Considering the results for the field-aligned QPM phase (cf. Fig. 2(b)) we
can make the following statements. Although the excitation mechanism above
and below Ty is the same, the difference in the demagnetization dynamics
indicates clearly that the presence of antiferromagnetic correlations influences
the dynamics of photo-excited holons and doublons significantly and is crucial in
understanding the formation of a long-lived spin-disordered state. From inho-
mogeneous nonequilibrium dynamical mean-field theory, it is predicted that
antiferromagnetic correlations indeed influence charge excitations.®® Based on
our experimental data we conclude that the presence of AFM long range inter-
actions restricts the movement of holons and doublons for sufficiently low exci-
tation densities. Further, a certain amount of holons and doublons needs to be
created to break up the already formed excitons and to decrease the AFM corre-
lations via the creation of a high density of local spin defects. In addition, the
magnetic field also reduces AFM correlations and leads to a slowing down of the
recovery dynamics in the zigzag AFM phase as shown in Fig. 4(c). In contrast, the
recovery of Afyp(f) at 9 K is similar for all applied field strengths and does not
show a field dependence. This is another indicator that the recovery dynamics are
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influenced by the interaction between the holons and doublons and the under-
lying long range magnetic order.

Up to now we have mainly discussed the demagnetization and the induced
metastable phase. We now turn to the recovery, we discuss the recovery dynamics
of the transient magnetic linear dichroism, which displays how the photo-
induced magnetically disordered state recovers back to its pre-excitation equi-
librium state. Differently from the observed non-linear fluence dependence of the
initial demagnetization dynamics, the fluence dependence of the recovery
dynamics indicates a universal scaling behavior. Although the starting point of
the recovery process is non-linear in the applied fluence and shows a field
dependent behavior due to the reduced antiferromagnetic background (Fig. 3(c)),
in the following, we argue that the mechanism of recovery is similar for all
measured conditions. In Fig. 5(a) we show the rescaled long-time recovery of
Abyip(t) at 2.5 K and zero applied field. The MLD data has been normalized to its
amplitude value at which the recovery process starts and the time axis has been
rescaled by t;,,, the time at which Afyp(¢) has already recovered by 50%. As can
be seen clearly, the rescaled transients fall on top of each other pointing towards
an underlying universal decay process. The recovery dynamics can be best fit
using a compressed exponential decay function o exp(—(t/7)°), with an extracted
fluence-independent exponent 8 = (2.3 & 0.2). The recovery time constant ~1 ns
of the unscaled data transients matches the time scale of slow diffusion driven
processes, which are often observed in pump-probe experiments, when the heat
in the excited probe area is transferred along a temperature gradient to unpum-
ped, colder regions. Although we cannot exclude the presence of diffusion driven
recovery, the fluence-independent compressed exponential behavior points to
a minor heating effect, which should otherwise influence the dynamics signifi-
cantly. A compressed exponential behavior has been observed in the dynamics of
antiferromagnetic domain wall dynamics,* for a variety of soft matter systems
undergoing ‘jamming’ transitions, disordered glassy states and has also been
interpreted in terms of ballistic motion of elastic deformation in response to
heterogeneous local stress.®” Further, the phenomenon of compressed
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Fig. 5 Universal recovery dynamics in the zigzag AFM phase. (a) Rescaled fluence
dependence of the long-time recovery Oy p(t) in zero magnetic field at 3 K for applied
pump fluences varying between 3 to 250 uJ cm~2. (b) Rescaled field dependence of the
long-time recovery fup(t) at 3 K for applied pump fluences of 15 pJ cm™2. The data in (a)
and (b) is normalized to its value at which the recovery process starts and the time axis is
rescaled to ty, as discussed in the main text. The red solid line indicates a compressed
exponential fit associated with domain propagation dynamics.
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exponential relaxation has been discussed in terms of magnetization reversal in
magnetic thin films.*® Here, the Fatuzzo-Labrune model describes magnetization
reversal in a simple and intuitive way in terms of an initial and probabilistic
nucleation process, which is followed by either further nucleation governed
magnetization reversal or by a domain wall propagation driven process. Although,
the Fatuzzo-Labrune model makes an oversimplification of the present magnetic
domains treating them as circularly shaped, it can give useful qualitative infor-
mation. The time evolution of the dynamics is generally captured by exp(—(t/7)®),
while the value of 8 gives information about the underlying recovery processes®**
and allows to distinguish between domain wall propagation and nucleation
driven relaxation. It was established that the shape of the relaxation curves
depends on the relative importance of domain wall motion and nucleation
processes. The relaxation curves show an S-shape (compressed exponential) for
relaxation dynamics dominated by domain wall propagation (8 > 1), while for
nucleation dominated reversal the relaxation curve takes a (stretched) exponential
shape (8 =< 1).%%

Therefore, examination of the shape of the scaled recovery transient curves
suggests that the reversal is mainly governed by domain wall propagation (see
Fig. 5). Normally, magnetization reversal is a slow process on time scales
extending up to several seconds or even minutes.®*®” However, magnetization
reversal in these studies is usually triggered by an external applied magnetic field
under purely equilibrium conditions. Here, the situation is drastically different
since we report on the dynamics of the magnetic sector under nonequilibrium
conditions. This might pave the way to understand the clearly different time
scales we observe here. The pump laser excitation quenches the zigzag antifer-
romagnetic order locally within the area of the laser spot. A metastable state is
created, which is, as discussed above, mainly described by the presence of holons
and doublons interpreted as local spin defects in the zigzag phase. The
compressed exponential clearly indicates a relaxation process driven by domain
wall propagation within the here proposed model. The picture of domain wall
propagation also holds under applied magnetic fields as can be deduced from
Fig. 5(b). The recovery dynamics in field can also be rescaled and follow
a compressed exponential recovery with an exponent of § = (2.21 + 0.04) in line
with the fluence dependence recovery in 0 applied magnetic field. Hence, it seems
that after a certain time the zigzag AFM order builds up locally again, i.e. a first
zigzag domain is formed within a spin-disordered state. This domain then
expands in time, ie. its domain wall propagates throughout the probed area in
contrast to a multiple domain nucleation scenario. Which process helps to form
this initial starting domain is not evident. The presence of local defects and
domain wall pinning are considerable,*” but experimental probes, which visualize
the domain structure directly,*® are necessary to address this question in more
detail. It is interesting that the temporal behavior governed by a compressed
exponential decay matches the observations for magnetic reordering processes in
thermodynamic equilibrium pretty well. This interpretation supports our argu-
ment about the strong effect of magnetic background on the fast recovery in the
LFR and the long-lived plateau in the IFR. Here the domain wall propagation is
indicative of locally strong antiferromagnetic order which assists holons and
doublons to relax and becomes dominant after initial random nucleation in the
beginning of the recovery process.
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4. Summary and conclusions

In this report, we presented the time-resolved dynamics of the spin liquid
candidate a-RuCl; throughout the whole low-temperature zigzag antiferromag-
netically ordered phase upon photo-excitation above the Mott-Hubbard gap. The
photo-excitation creates holons and doublons in the lower and upper Hubbard
bands, respectively. Due to strong charge-spin coupling in the spin-orbit assisted
Mott insulator, the effect of charge excitations on the antiferromagnetically
ordered state can be efficiently probed via transient magnetic linear dichroism.
Our measurements reveal that the density of these spinless quasiparticles opens
a nonequilibrium way to destabilize the zigzag antiferromagnetic order and can
be treated as an additional dimension to the a-RuCl; phase diagram to create
a non-thermal photo-induced long-lived and spin-disordered state. The presence
of holons and doublons and their effect on the antiferromagnetically ordered
background can be understood within a picture of spin defects that move around
and disturb the zigzag order. Further, our measurements indirectly point towards
the presence of holon-doublon pairs forming Mott-Hubbard excitons with 30 ps
lifetime at low excitation densities. The results show the demagnetization is
a consequence of the relaxation of excited holons and doublons and it occurs
through competing mechanisms, either magnon emission or hopping of
unbound carriers. The dominating demagnetization process seems to be
dependent on the excitation density. Whereas, for small excitation densities the
exciton recombination vie magnon emission is dominant, the hopping of
unbound holons and doublons effectively perturbs the zigzag order upon high
excitation densities. Further, the magnetic field dependent transient magnetic
linear dichroism shows pseudocritical behavior, especially a longer lifetime of the
photoinduced metastable state reminiscent of the field driven decrease of zigzag
antiferromagnetic correlations. Besides the creation and nature of the long-lived
spin-disordered state, our study also indicates that the recovery dynamics can be
understood in terms of a magnetic reordering process rather than simple heat
diffusion driving thermalization of the magnetic, lattice and charge degrees of
freedom. The recovery dynamics follow a universal compressed exponential form
with a compressing exponent 8 = (2.3 £ 0.2) indicative for a domain wall prop-
agation dominated reordering process.

Our study revealed that photoexcitation of charge carriers can be used to
destabilize magnetic order in systems with strongly intertwined degrees of
freedom like a-RuCls. It is interesting to study other spin liquid candidates (e.g.
Na,IrO; (ref. 69)) and other magnetic Mott insulators to clarify that the presence
of charge excitations does play a critical role in stabilizing hidden phases, helps to
quench antiferromagnetic order and to access metastable non-thermal states. In
this regard, there remain still some important open questions that need to be
addressed in future experiments. First, a broad spectral probing of the magneto-
optical response would give a deeper understanding of the interactions between
the charge, lattice and magnetic sectors. Further, it would be interesting to study
the electronic and lattice dynamics at low temperatures and long delays more
directly by complementary time-resolved techniques,”® like time-resolved
ARPES,”* XRD,”> Raman,” etc. These studies will reveal the intrinsic time scales
and interactions of holons and doublons and other quasiparticles and could
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answer whether a transient lattice deformation can quench magnetic exchange
interactions, while simultaneously enhancing the anisotropic Kitaev interactions
to drive a-RuCl; into the Kitaev spin liquid state. Moreover, it would be important
to understand theoretically the qualitative correspondence between the here
observed compressed exponential decay under nonequilibrium conditions and
magnetization reversal in ferromagnets in equilibrium.
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