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a—RuCl; is a Kitaev material suggested to be a proximate quantum spin liquid in a certain temperature
and magnetic field range. Nonequilibrium measurements of transient dynamics have been proposed to detect
fractionalized particles that emerge in the spin liquid and to possibly drive the system into novel photoinduced
magnetic states that cannot be accessed by conventional equilibrium probes. Here we study ultrafast spin
dynamics of photoinduced excitations in @« —RuCl; using pump-probe transient grating spectroscopy. In the real
part of the complex transient reflection coefficient Ar/r, we observe evidence of long-range antiferromagnetic
correlations near the Néel temperature. Most intriguingly, above the Néel temperature in the Kitaev paramagnetic
phase, we reveal a photoexcitation component sensitive to the in-plane magnetic field in the imaginary part
of Ar/r. This component exhibits two distinct lifetimes of about tens of picoseconds. This photoexcitation
component may be connected to novel photoexcited states in the Kitaev quantum spin liquid, and its lifetimes
likely reflect the dynamics of unconventional spin excitations in the Kitaev model.

DOLI: 10.1103/PhysRevB.110.L081111

Introduction. Quantum spin liquids are an exotic state
of matter characterized by strongly entangled spins without
magnetic order [1-3]. Among the forefront candidates for
realizing this state are Kitaev materials [4,5], such as Na,IrO3
(Ref. [6]), polytypes of LiIrO; (Refs. [7-10]), H3Lilr,O¢
(Ref. [11]), and especially «—RuCl; (Ref. [12]) (hereafter
RuCl3).

In RuCls, the discoveries of half-integer quantized thermal
Hall conductivity [13,14] and quantum oscillations of ther-
mal conductivity [15] have generated great excitement for
the possibility of fractional spin excitations. Critical evidence
for unconventional spin excitations in RuCl; is also given by
the broad spectroscopic continuum in neutron scattering [16],
Raman scattering [17], and terahertz absorption [18] measure-
ments. This continuum signifies the multiparticle excitations
of fractional particles, which are distinct from the well-defined
sharp peaks for magnon excitations. Although a breakdown of
conventional magnons has been proposed to explain the con-
tinuum [19], the observed fermionic character [20,21] and its
prominence below Ty ~ 100 K (Refs. [16-18,20,21]), where
the Kitaev exchange dominates over other spin interactions,
highlight its unique features.

To further identify these low-energy excitations, nonequi-
librium measurements of transient dynamics have been
proposed, leveraging their superior sensitivity to excitations
across distinct energy scales [22-24]. A significant exam-
ple is the tracking of photoinduced quasiparticle dynamics
traversing the superconducting gap (~1 meV) in cuprate and
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iron-based superconductors, using probe light in the near-
infrared to visible spectrum [25-31]. Such observations are
possible due to the spectral weight redistribution between the
low-frequency Drude peak, associated with superconducting
electrons, and the high-energy interband transitions during
the breaking and reformation of Cooper pairs [25-33]. More-
over, the nonequilibrium spin dynamics of Kitaev magnets are
attracting increasing attention due to the potential to drive
the system into novel magnetic states through mechanisms
like ultrafast (de)magnetization [34,35], carrier photodoping
[36,37], Floquet engineering [38,39], and quench dynamics
[22,40].

Despite their profound significance, experimental studies
of nonequilibrium photoexcited states in Kitaev materials
remain nascent [34,37,41-45]. Most ultrafast work has so
far focused on the low temperature regime [34,37,41,42,45],
where the long-range magnetic correlation obscures the in-
fluence of the Kitaev interaction on optical responses. In
Na,IrO;3, for instance, a change in transient optical dynamics
across the Néel temperature highlights an abrupt increase
in the binding energy of Hubbard excitons upon entering
the magnetically ordered phase [41]. Direct detection of
spin dynamics in spin liquids presents significant challenges.
Therefore, clear-cut measurements should be performed at
intermediate temperatures, where the system likely approx-
imates a Kitaev paramagnet. Such measurements have the
potential to reveal critical information, such as the lifetimes of
fractional particles and their interaction with other elements in
the system.

Here we directly probe the ultrafast dynamics of spin ex-
citations in the Kitaev paramagnetic regime in RuCl; using
heterodyne transient grating spectroscopy. We scrutinize the
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transient change in the complex reflection coefficient across
different temperature and in-plane magnetic field regimes
to differentiate photoexcitations by their origins. Below the
Néel temperature (T ~ 7 K), we observe photoexcitations
tied to the long-range antiferromagnetic order, with the tran-
sient reflection coefficient showing a sharp transition at Ty
and suppression under magnetic fields. Most strikingly, in
the Kitaev paramagnetic temperature regime, we discover a
photoinduced transient reflection component that undergoes
substantial amplitude shifts under the magnetic field. Addi-
tionally, the amplitude of this component fades away with
increasing temperature and vanishes around 7y ~ 100 K, the
crossover temperature from the Kitaev paramagnetic phase to
the conventional paramagnetic phase [46]. These observations
suggest that this component is associated with unusual spin
excitations in the proximate Kitaev spin liquid. This compo-
nent has two lifetimes of ~10 ps and ~55 ps, hinting at the
dynamics of exotic Kitaev spin excitations.

Phased-resolved transient reflectance. Heterodyne tran-
sient grating spectroscopy, a technique excelling in phase-
sensitive ultrafast optical response [47], has been applied to
study photoinduced nonequilibrium excitations in a variety of
strongly correlated materials [41,48-50], as well as ambipolar
transport and spin transport in semiconductors [51-56]. This
method captures transient changes in the complex reflection
coefficient Ar, composed of in-phase (Re) and out-of-phase
(Im) components relative to the equilibrium reflection co-
efficient r. By inspecting them at relevant temperature and
magnetic field regimes, we can distinguish Ar components
from different origins. In contrast, only the in-phase com-
ponent is measured in conventional pump-probe reflectivity
experiments. Details of the experimental methods and the
heterodyne transient grating spectroscopy are provided in the
Supplemental Material (SM) [57].

To clearly illustrate Ar/r responses of RuCl;, we first
show time traces of the Re and Im signals at three representa-
tive temperatures. The signals are noticeably different in three
different temperature regimes: high [Fig. 1(c)], intermediate
[Fig. 1(b)], and low [Fig. 1(a)].

In the high temperature regime (>100 K), the system is
in the conventional paramagnetic phase. Figure 1(c) shows
that both Re{Ar/r} and Im{Ar/r} undergo an initial rapid
relaxation within less than 1 ps, followed by a slow decay
of ~ 100 ps at 120 K. This behavior is attributed to the
cooling of photoexcited hot carriers and their recombination,
termed “SP” for “single particle” [Fig. 1(f)]. The ultimate
return to equilibrium, via thermal diffusion on a much longer
timescale, is shown as offsets in the figure, denoted as “Th”
for “thermal.” Since both components are insensitive to tem-
perature and external magnetic fields (see the SM [57]), they
represent conventional excitations unrelated to the Kitaev
model.

Below Ty ~ 100 K, the system enters the Kitaev param-
agnetic phase, where short-range spin correlations become
strongly entangled and exotic fractionalized spin excitations
may emerge. At 40 K, Re{Ar/r} shown in Fig. 1(b) displays
a similar rapid rise and slow decay pattern as seen at 120 K,
indicating conventional excitations with minor temperature
and magnetic field dependence (Figs. S4 and S6 in the SM
[57]). Conversely, compared to 120 K, Im{Ar/r} at 40 K
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FIG. 1. Transient grating signals in RuCl; at three representative
temperatures under zero magnetic field with a 190nJ cm™2 laser
fluence. (a)—(c) Re{Ar/r} and Im{Ar/r} at 5, 40, and 120 K, which
are representative signals in the antiferromagnetic state, Kitaev para-
magnetic state, and conventional paramagnetic state, respectively.
The 40- and 120-K data are magnified by 40 and 100 times, respec-
tively. (d)—(f) Schematics of the Ar phase diagrams in three different
temperature regimes. Distinct Ar components represent different
photoexcitation species. KSE: Kitaev spin excitations; AFM: AFM
correlation; SP: single-particle excitations; Th: thermal diffusion
process. The procedure to extract the optical phases is detailed in
the SM [57].

exhibits distinct dynamics, with a component that rises and
decays on ~ 10 ps timescales after the initial rapid relaxation.
This component in Im{Ar/r} has strong temperature and
magnetic field dependence (discussed later), suggesting its
association with the Kitaev spin excitations (KSEs). This KSE
component may not be revealed in conventional pump-probe
reflectivity that measures only Re{Ar/r} (see the SM [57]).

Below Ty ~ 7 K, a zigzag antiferromagnetic order ap-
pears, affecting both the in-phase and out-of-phase parts of
Ar/r. Figure 1(a) reveals that the slow rise of Re{Ar/r}
at 5 K differs from higher temperature trends and links to
long-range magnetic correlations. Similarly, Im{Ar/r} at 5 K
is characterized by slow dynamics, demonstrating that this
antiferromagnetic component has projections on both the Re
and Im axes.

Long-range magnetic order. We first investigate the effects
of long-range magnetic correlations by examining the temper-
ature and magnetic field dependence of Ar/r near the Néel
temperature.

Figures 2(a) and 3(a) present the Re and Im parts of Ar/r
versus time from 4.5 to 15 K, respectively, at a laser fluence of
38nJ cm~2. Influenced by the magnetic order, both parts have
growing amplitudes with increasing temperature below Ty
and exhibit amplitude jumps between 6.5 and 7 K. Crucially,
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FIG. 2. Effects on Re{Ar/r} from the antiferromagnetic order.
(a) Re{Ar/r} from 4.5 to 15 K under zero magnetic field with a
pump fluence of 38 nJ cm~2. The dashed line on the 6.5-K curve is a
representative fit for the data below 7y using a single-exponential
function with an offset. (b) The characteristic timescale obtained
from fits to the data and the signal amplitude at 45 ps in (a) as
a function of temperature. Error bars of the timescale are smaller
than the markers. The dotted line is a power-law fit of the charac-
teristic timescale showing the critical behavior near 7y. The markers
represent the nominal temperatures measured by the thermometer,
and the associated error bars for temperature, resulting from laser
heating, were estimated by a model in Ref. [65], using the thermal
conductivity data [66] and heat capacity data [67]. (c) Re{Ar/r}
under an in-plane magnetic field from 0 to 6.5 T at 3.5 K with a
pump fluence of 68 nJ cm~2. The effective temperature is lower than
Tx when laser heating is considered. (d) The signal amplitude at 45
ps in (c) as a function of the magnetic field. By denotes the spin-
flop transition, where the three zigzag antiferromagnetic domains
transition into two.

Re{Ar/r} dies away around 10 K whereas Im{Ar/r} persists
to higher temperatures, suggesting that KSEs reside in the Im
part.

We focus on Re{Ar/r} to study the long-range magnetic
correlation. After fitting the data below 7 K in Fig. 2(a)
using a single exponential function with an offset, we plot
the extracted characteristic timescale and the signal ampli-
tude at 45 ps as a function of temperature in Fig. 2(b). Both
the characteristic timescale and amplitude show divergent
behavior as Ty is approached, signaling a connection to crit-
ical spin fluctuations near the ordering temperature [42,62—
64]. In particular, the divergent spin fluctuations also mani-
fest as an extremely slow-rising signal above Ty. Based on
the amplitude of Re{Ar/r}, we determine that the critical
spin fluctuations preceding the magnetic ordering disappear
around 15 K.

The enhancement of both the characteristic timescale
and amplitude of the photoinduced reflectivity change has
been observed in various systems undergoing second-order
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FIG. 3. Temperature dependence of Im{Ar/r}. (a),(b) Im{Ar/r}
from 4.5 to 15 K (38nJ cm™2) and from 10 to 120 K (190 nJ cm™2).
(c) Temperature dependent amplitude of KSEs. The low fluence
data is multiplied by a factor of 5 to make up for the pump power
difference. (d) Temperature dependence of the lifetimes of KSEs. 1,
and 1, are the short and long lifetimes, respectively, with LF and HF
indicating low (38 nJ cm~2) and high (190 nJ cm~2) fluence. Despite
different pump fluences, the excellent overlap between the two data
sets in (c) and (d) suggests that the amplitude scales linearly with the
pump fluence and the lifetimes remain largerly fluence independent
in the experiment’s low power regime. The dotted line is the power-
law fit to the data between 10 and 60 K. The temperature dependence
of 7, yields a power-law exponent of —1.40 £ 0.05. Error bars in
amplitude and lifetimes represent the x2 uncertainty when fitting the
raw data in (a) and (b) to exponentials. Error bars in temperature are
smaller than the markers.

magnetic phase transitions [42,62-64,68]. In particular, the
zigzag antiferromagnetic order was also probed in iridates by
Re{Ar/r} with the standard pump-probe technique [42,43].
Due to the different specific heats of electron and spin reser-
voirs [69], the measured timescale reflects the relaxation time
when the spin temperature reaches quasiequilibrium with the
electron temperature [62].

Re{Ar/r} atlow temperatures is also highly sensitive to the
in-plane magnetic field, shown in Fig. 2(c), providing further
evidence for its magnetic origin. Figure 2(d) illustrates that the
amplitude of Re{Ar/r} at 3.5 K rises with an applied field up
to ~ 1.5 T, then stabilizes on a plateau, and starts to decrease
at ~ 4.5 T, continuing this decline until the maximum field
of 6.5 T. The 1.5-T transition aligns well with the spin-flop
transition identified by neutron scattering [70] and magneto-
optical spectroscopy [71]. This transition corresponds to the
rearrangement of the three zigzag antiferromagnetic domains
into two, which preferentially align with the field direction.
The amplitude drop at 4.5 T agrees with previous results on
the decline of the magnetic order [70,71]. Notably, although
an in-plane field of around 6 T can induce a transition into
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FIG. 4. Magnetic field dependence of Im{Ar/r}. (a) Im{Ar/r} under the magnetic field from 0 to 6.5 T at 15 K. SP (the green curve): the
contribution to Im{Ar/r} from the conventional single-particle excitations under the zero field that is inferred from the Re{Ar/r} signal after
considering the SP component’s optical phase [57]. (b) Shift of Im{Ar/r} (defined in main text) from 3 to 6.5 T at 15 K. The data below 3 T are
not shown due to their small signal-to-noise ratio. All data are normalized. KSE stands for the Kitaev spin excitation component in Im{Ar/r}.
(c) Im{Ar/r} amplitude shift at 45 ps time delay as a function of temperature. Original time traces for other temperatures are shown in Fig. S7

in the SM [57]. The data were taken with a pump fluence of 517 nJ cm™=.

an intermediate ordered phase due to interlayer exchange
coupling (Refs. [71-73]), such a transition is not evident in
our observations due to the limited field strength available.

Spin excitations in the Kitaev paramagnetic regime. As
mentioned earlier, a distinct component in Ar/r appears ex-
clusively on the Im axis and below Ty ~ 100 K. We now
investigate this component in detail. Figures 3(a) and 3(b)
provide the temperature dependence of Im{Ar/r} from 4.5 to
15 K at a pump fluence of 38 nJ cm~2, and from 10 to 120 K at
190 nJ cm~2, respectively. The higher fluence at intermediate
temperatures is used to maintain acceptable signal quality. In
Fig. 3(b), this component’s thermal evolution can be clearly
identified as a growing bump between 10 and 30 ps as tem-
perature decreases.

To isolate the component relevant to the Kitaev param-
agnetic temperature regime, we subtract the contributions of
the long-range magnetic correlations and the single-particle
excitations from Im{Ar/r} (see the SM [57]). The remaining
signal in Im{Ar/r} can be fit with a double-exponential func-
tion, Alexp(—t/12) — exp(—t/t1)], with two lifetimes t; and
7, where 11 < 15.

Figures 3(c) and 3(d) show the temperature-dependent am-
plitude and lifetimes of KSEs derived from the fits. Between
10 and 60 K, 7; exhibits a strong power-law dependence on
temperature: 7, o< T~'4°. By contrast, 7, (~55 ps) remains
long-lived and largly unaffected by temperature change. Be-
low 10 K, 7, decreases, likely owing to the development of
magnetic order. Above 60 K, both the lifetimes and amplitude
plummet with increasing temperature and disappear around
100 K due to the crossover from a Kitaev paramagnet to a
conventional paramagnet. This is consistent with previous ter-
ahertz, inelastic neutron, and Raman scattering measurements
[16-18,46,74].

In addition to the temperature dependence, the KSE com-
ponent depends also strongly on the in-plane magnetic field.
At 15 K, where long-range order is absent, applying a
magnetic field significantly alters Im{Ar/r}, as depicted in
Fig. 4(a). The green curve is the conventional SP and ther-
mal contributions to Im{Ar/r}. The figure illustrates that
the magnetic field modulates (rather than suppresses) the
KSE’s amplitude from positive to negative (compared to the

green curve) as the field increases. Importantly, the shifts
of Im{Ar/r} under different field values [AIm{Ar/r}(B) =
Im{Ar/r}(0 T) — Im{Ar/r}(B)] can be scaled together and
overlap well with the KSE component at zero field [15 K
in Fig. 4(b), other temperatures in Fig. S8 in the SM [57]],
demonstrating that the magnetic field does not affect the KSE
component’s lifetimes. Furthermore, the magnitude of the
field-induced shift, calculated by AIm{Ar/7}(6.5 T) at 45 ps
delay, decays with increasing temperature in a manner similar
to the KSE’s amplitude [Fig. 3(c)] and plummets at ~ 60 K.
By contrast, the magnetic-field dependence of Re{Ar/r} is
negligible in the same temperature regime (see Fig. S6 in the
SM [57]).

The above analysis shows that the KSE component, emerg-
ing within the Kitaev paramagnetic temperature regime, is
highly sensitive to in-plane magnetic fields. This confirms
the origin of KSE from magnetic photoexcitations specific
to this regime. This component likely probes the spin states
within the energy continuum observed in neutron scattering
[16], Raman scattering [17], and terahertz absorption [18]
experiments. After the pump pulse excites electrons across
the Hubbard gap, the relaxation of photoinduced carriers pop-
ulates these low-energy spin states. We speculate that the
transient optical response at the probe laser wavelength stems
from the spectral weight transfer from the optical resonance
at the Hubbard bands to these low-energy spin excitations.
This mechanism is analogous to observations in ultrafast op-
tical studies of cuprate and iron-based superconductors using
near-infrared lasers [25-31,33]. However, it should be noted
that while the superconducting condensate is described by a
delta function at zero frequency, the continuum for fractional
particles exhibits finite intensity and width. In superconduc-
tors, photoinduced conversion from a small fraction (1%)
of the superconducting condensate to quasiparticles at the
gap edge can cause a reflectance change of 107* at 1.55 eV
(Refs. [30,75]), even if the superconducting gap is as small as
50 meV.

The two lifetimes revealed in our study could reflect the be-
haviors of fractional particles in the Kitaev model, specifically
itinerant and localized Majorana fermion (MF) excitations
[22]. Itinerant MFs likely show reduced lifetimes with
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increasing temperature due to increased spin-phonon scat-
tering, whereas localized MFs exhibit more thermally stable
scattering rates. However, the observed T'#° decay rate
diverges from the theoretical prediction of spin-phonon scat-
tering rate, which anticipates a T2 dependence [76]. We hope
that our work will stimulate future theoretical exploration into
the interplay among photoinduced charge, spin, and phonon
excitations in realistic Kitaev materials.

Conclusions. In summary, we have studied the ultrafast
spin dynamics in RuCls, a strong Kitaev spin liquid candidate,
using optical transient grating spectroscopy. The observed
changes in the complex transient reflection coefficient Ar/r
disclose distinct magnetic states in different temperature and
magnetic field regimes. Near the Néel temperature, we have
observed photoexcitations related to the long-range antiferro-
magnetic order in Re{Ar/r}, which exhibits a sharp phase
transition at the Néel temperature, and the signal amplitude
is suppressed under high in-plane magnetic fields. In the
Kitaev paramagnetic temperature regime, we have identified
a component in Im{Ar/r} whose amplitude is sensitively
tuned by the magnetic field and diminishes with increasing

temperature. These results suggest links to photoinduced spin
excitation in the proximate Kitaev spin liquid. This compo-
nent has two distinct lifetimes of ~10 ps and ~55 ps, with the
former exhibiting a 7~'4Y dependence and the latter being
temperature insensitive. Our results provide direct evidence
of spin dynamics inherent to the Kitaev spin liquid state and
open the door for comprehensive studies on ultrafast nonequi-
librium phenomena in Kitaev materials.
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