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ABSTRACT: Laser-induced ultrafast demagnetization is a phenom-
enon of utmost interest and attracts significant attention because it
enables potential applications in ultrafast optoelectronics and
spintronics. As a spin−orbit coupling assisted magnetic insulator, α-
RuCl3 provides an attractive platform to explore the physics of
electronic correlations and unconventional magnetism. Using time-
dependent density functional theory, we explore the ultrafast laser-
induced dynamics of the electronic and magnetic structures in α-RuCl3.
Our study unveils that laser pulses can introduce ultrafast demagnet-
izations, accompanied by an out-of-equilibrium insulator-to-metal
transition in a few tens of femtoseconds. The spin response
significantly depends on the laser wavelength and polarization on
account of the electron correlations, band renormalizations, and charge
redistributions. These findings provide physical insights into the
coupling between the electronic and magnetic degrees of freedom in α-RuCl3 and shed light on suppressing the long-range magnetic
orders and reaching a proximate spin liquid phase for two-dimensional magnets on an ultrafast time scale.
KEYWORDS: ultrafast spin dynamics, insulator-to-metal transition, α-RuCl3, two-dimensional magnets, TDDFT

In correlated materials, microscopic degrees of freedom (e.g.,
electrons, phonons, excitons, and magnons) are intertwined,

and their interplay is prominent to understanding the
macroscopic properties of quantum materials.1−3 Photo-
excitation with strong laser pulses provides a powerful method
to drive correlated materials into out-of-equilibrium states and
disentangle the dominant interactions (e.g., electron−electron
correlation, spin−orbital coupling, and electron−phonon
interaction). Upon photoexcitation, fundamental insights can
be gained into light−matter interactions, photoinduced phase
transitions, and ultrafast dynamics of quasi-particles.4−14

Photoinduced demagnetization of magnetic insulators paves
the way for launching ultrafast dynamics of spins, which cannot
be reached in terms of conventional methods to modulate the
microscopic magnetism.1,15,16 Owing to the simple honeycomb
crystal structure, the ruthenium-based compound α-RuCl3
provides an attractive platform to explore the physics of
electronic correlations, unconventional magnetism, and opto-
magnetic effects in correlated insulators.17−32 It is illustrated
that α-RuCl3 accommodates essential ingredients of the Kitaev
model owing to the interplay of electron correlations and
magnetic interactions, facilitating a variety of exotic quantum
phases.19−22

Previous studies have found that α-RuCl3 has a substantial
spin−orbit coupling and low-temperature magnetic order,

matching the predictions of being a proximate quantum-spin
liquid.23 Recent experiments using angle-resolved photo-
emission spectroscopy reported a bandgap of ∼1.0 eV,
establishing α-RuCl3 as a spin−orbit coupling assisted
magnetic insulator.20 Numerous studies have explored the
possibility of reaching a phase having gapless spin excitations
under magnetic fields and suggested that adequate perturba-
tions are capable of triggering phase transitions among various
magnetic phases and correlated states.25−30 Kasahara et al.
argued that magnetic fields could destroy the long-range
magnetic order and generate a quantum-spin-liquid state or
lead to the fractionalization of spins into itinerant Majorana
Fermions.24 More relevantly, experiments demonstrated that
light pulses can be utilized to tailor the magnetic free-energy
landscape of α-RuCl3 and that photoexcitation suffices to
induce a quasi-stationary transient spin-disordered phase.29,30

However, it is elusive whether optical modulations with strong
laser pulses can suppress the long-range magnetic order and
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introduce spin dynamics, which is a promising route to
understand correlated physics and calls for studies of the
underlying mechanism of photoexcitation under extreme
conditions.

In this article, we employ ab initio calculations within the
framework of real-time time-dependent density functional
theory (TDDFT)34,35 to investigate laser-driven spin dynamics
of the two-dimensional magnet α-RuCl3. To understand its
optical response, we undertake a comprehensive evaluation of
the electronic and magnetic properties of α-RuCl3, and further
simulate its dynamical response to laser pulses with different
photon energies and intensities. Based on the recently
developed ACBN0 functional,36−39 the spin dynamics of the
correlated insulator as well as ultrafast melting of the bandgap
is explored. We find that the photoinduced demagnetization
significantly depends on the laser wavelength on account of the
photoexcited band renormalization (i.e., insulator-to-metal
transitions) and carrier excitation. The delicate interplay of
the photodoping effect and the insulator-to-metal transition
suggests a way to drive the electronic and magnetic structures
out of equilibrium on a time scale of tens of femtoseconds.

■ ELECTRONIC AND MAGNETIC PROPERTIES OF
α-RuCl3 IN THE GROUND STATE

Figure 1 exhibits the atomic, electronic, and magnetic
structures of α-RuCl3. α-RuCl3 is a two-dimensional system
with an ideal Ru honeycomb lattice, with the Ru−Cl−Ru angle
being close to 90°. It hosts comparatively modest spin−orbit
coupling in the 4d Ru ions of ∼0.1 eV.19 The ground state of
α-RuCl3 displays an in-plane zigzag antiferromagnetic (AFM)
order, in which the magnetic moments of Ru ions are parallel
to other moments in the same zigzag chain and antiparallel to
those in neighboring zigzag chains (Figure 1a).

We employ the recently proposed ACBN0 functional to
exploit the electronic properties of the strongly correlated
material.36−39 The functional is regarded as a pseudohybrid
reformulation of the density-functional theory plus Hubbard U
(DFT + U) method, enabling us to compute the Hubbard U
and Hund’s J ab initio and self-consistently by solving
generalized Kohn−Sham equations (Note 1 in Supporting
Information). The method has been recently extended to the
real-time case, within the framework of time-dependent
density-functional theory. In practice, the functional is an
efficient and computationally affordable method to study the
optical response of correlated systems driven out of
equilibrium.36−39

As to α-RuCl3, the converged effective Hubbard U terms
(Ueff = U − J) with the ACBN0 functional are 1.96 eV for Ru
4d orbitals and 5.31 eV for Cl 3p orbitals, respectively. The
parameters yield an indirect bandgap of Egap = 1.05 eV (Figure
1b), in excellent agreement with the experimental observation
(∼1.0 eV).20 In contrast, the indirect bandgap of α-RuCl3 with
on-site Hubbard U on only Ru 4d orbitals reduces to 0.60 eV
(Figure 1c), in accordance with previous calculations using
empirical Hubbard U terms.31,32 Furthermore, without on-site
Hubbard corrections, the band structure of α-RuCl3 displays a
metallic state. These results validate the necessity of on-site
terms on both Cl 3p and Ru 4d orbitals.

In previous studies, theoretical calculations based on density
functional theory plus a Hubbard correction yield a relatively
small bandgap (0.6−0.8 eV) in α-RuCl3

31,32 while recent
experiments reported a larger bandgap of ∼1.0 eV,20 indicating
an evident inconsistency. With respect to magnetic moments,
Banerjee et al.19 reported the ordered moments in Ru3+ ions
are around 0.4 μB for the low-temperature magnetic phase
using neutron diffractions. Based on the ACBN0 functional,
the magnetic moments of the Ru atoms are 0.33 μB for the in-
plane zigzag AFM order (with Hubbard correction on both
orbitals), which is considered to be the ground-state magnetic
configuration. These findings reflect that those calculations
with both spin−orbit coupling and Hubbard U corrections on
the Ru 4d and Cl 3p orbitals are able to capture the
microscopic interactions and reproduce the experimental
electronic structures.

From the projected band structures of α-RuCl3 (Figure S1),
the orbitals of both the conduction and valence bands are
found to exhibit non-negligible contributions from Cl orbitals,
validating that on-site Coulomb potentials on both the Ru 4d
and Cl 3p orbitals are critical to obtain accurate electronic and
magnetic properties. This is interpreted as the on-site
Coulomb potential on the chlorine ions increasing the
localization of the lone pairs and, hence, the bandgap. Besides,
we calculated the amount of charge transfer in the compounds.
From Bader analysis (Note 1), the Ru atoms in α-RuCl3 have
the charge of 6.94 e, in contrast to 8 e in the pristine valence
orbitals of the pseudopotential. On the other hand, the charge
of each Cl atom is 7.35 e (out of 7 e), denoting a significant
charge transfer. Therefore, the orbitals of Ru atoms cannot be
considered fully localized, and the use of large Hubbard U as a
fitting parameter lacks a reasonable physical basis.

Besides the in-plane AFM state, another possible modulated
zigzag antiferromagnet order is observed where the magnetic

Figure 1. Atomic, magnetic, and electronic structures of α-RuCl3. (a) Atomic structure of α-RuCl3. Orange (gray) spheres denote Ru (Cl) atoms.
Red and blue vectors indicate the magnetic moments in the ground state. (b) Band structure of α-RuCl3 with on-site Hubbard U correction on Ru
and Cl orbitals. The effective Hubbard U values are respectively 1.96 and 5.31 eV for Ru 4d and Cl 3p orbitals after full self-consistency based on
the ACBN0 functional. Inset shows a schematic of the Brillouin zone with high-symmetry points marked. (c) Band structure of α-RuCl3 with on-
site Hubbard U on Ru 4d orbitals. The effective Hubbard U (Ueff = U − J) is 1.78 eV after full self-consistency. The dashed blue lines (0 eV)
indicate the valence band maximum of each panel. Spin−orbital coupling (SOC) is included in all calculations.
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moments are oriented ±35° from the ab plane in experi-
ments.21 Our further simulations of α-RuCl3 with modulated
magnetic orders are presented in Figure S2, where the
magnetic orders are fixed as the starting parameters. For the
two magnetic states, the energy difference is very small (10
meV/atom energetically lower for the modulated zigzag state).
We observe that α-RuCl3 with the modulated zigzag state
exhibits a slightly smaller bandgap of 1.0 eV while the in-plane
ferromagnetic state shows a much smaller indirect bandgap of
0.80 eV. The comparison indicates magnetic states are crucial
to determine the electronic structures of the system. It should
be mentioned that our calculations do not consider the
interlayer magnetic interactions because it is hard to resolve
the interlayer structure of α-RuCl3 in recent experiments.19

The weak van der Waals bonding between the α-RuCl3 layers
enables several stacking configurations, including a rhombohe-
dral phase with space group R3, as well as a C2/m phase. In
this regard, the monolayer α-RuCl3 is used as a prototype to
investigate the magnetic structure and photoinduced response,
as done in other studies.29,30

■ WAVELENGTH DEPENDENCE OF SPIN DYNAMICS
In the following, we focus on the photoinduced out-of-
equilibrium dynamics in α-RuCl3 by altering the laser photon
energies. The typical shape of the electric field introduced by
the applied laser pulse is shown in Figure 2a, with a wavelength
of 1180 nm, whose photon energy corresponds to the bandgap
(1.05 eV) of α-RuCl3. Figure 2b summarizes the real-time
evolution of the magnetic moments (|m|, averaged over the
four Ru atoms in the supercell) in α-RuCl3 under different
photon energies above and below the bandgap. The pump
laser intensity (2.5 × 1012 W/cm2) in Figure 2a corresponds to
6.35 × 10−2 mJ/cm2, which is on the same order with recent
experiments.33

For a photon energy at the bandgap, a closer inspection of
the magnetic moments reveals a clear drop in 25 fs, after which
they become relatively stable with only a small fluctuation. For
lower photon energies, ultrafast melting of the zigzag AFM
magnetic order is observed on a time scale of 20 fs. For a
photon energy higher than the bandgap (ℏω = 1.25 × Egap),
the averaged magnetic moments reduce to 0.23 μB and oscillate
slightly afterward. We find faster demagnetization processes
when considering longer wavelengths corresponding to lower
photon energies (Figure 2b). Notably, the residual magnetic
moment for ℏω = 0.75 × Egap is roughly 0.04 μB at the end of
laser irradiation and similar to the value for ℏω = 0.5 × Egap,
reflecting saturation of the ultrafast demagnetization (see
Figure S3 for snapshots of magnetic moments of α-RuCl3
under laser excitation). The wavelength dependency of spin
dynamics provides a novel knob for the high modulation of
magnetic states under laser excitation and deserves elaborate
investigations.

Given the equilibrium results in Figure. 1, it is clear that the
light-induced reduction of U is crucial for the observed
changes in the magnetic structure. In addition, we observe
similar demagnetization for a longer laser pulse of 50 fs, as
shown in Figure S4. To understand the above findings, we
monitored the effective Hubbard U of the Ru and Cl orbitals.
It is noteworthy that the laser decreases the effective U for the
Ru 4d orbital to 1.50 eV for ℏω = 0.5 × Egap (Figure S5). The
modification is obviously faster with regard to ℏω =1.25 × Egap,
in which the residual effective U is 1.39 eV. Since the optical
excitation is an ingredient of paramount importance to tune

the magnetic properties of correlated materials (e.g., charge-
transfer insulators38 and Weyl semimetals39), dynamical
modification of electron−electron correlations may pave the
way to investigate the phase transitions in α-RuCl3 from a new
degree of freedom.

The variations of the magnetic moments of individual Ru
atoms are also provided in Figure 2c,d. For the perpendicular
polarization, the photoexcited dynamics demonstrate that the
magnitude of spins on different sublattices oscillates with
significant out-of-phase components (panel (d) and Figure S3)
and the change follows the frequency of the applied laser pulse.
It could be attributed to laser-induced symmetry breaking in
charge distributions. We should note that laser pulses with
different polarizations are capable of breaking the different
symmetries of α-RuCl3, bringing about different spin
sublattices in the dynamics. For the perpendicular polarization,
laser excitation breaks the mirror plane vertical to the magnetic
moments, and we observe two distinct sublattices for
demagnetization of Ru orbitals. This is attributed to the
symmetry-breaking and the charge redistribution induced by
perpendicular excitations (Figure S6).

■ INTENSITY AND POLARIZATION DEPENDENCE OF
SPIN DYNAMICS

We also investigated the impact of laser intensity on ultrafast
demagnetization. From Figure 3a, it is clear that the laser pulse

Figure 2. Laser-induced spin dynamics in α-RuCl3. (a) Time-
dependent vector potential for a wavelength of 1180 nm. Applied
electric fields are in-plane and polarized perpendicularly to the
magnetic moment of Ru atoms of α-RuCl3 with photon energies
above or below the ground-state bandgap. The peak value of the laser
is at 12.7 fs. (b) Time evolution of magnetic moments of Ru atoms
under laser excitations with different photon energies (ℏω=1.25 ×,
1.0 ×, 0.75 ×, and 0.5 × Egap, respectively). In panels (a) and (b), the
laser intensities correspond to I0 = 2.5 × 1012 W/cm2 for the different
photon energies. |m| indicates the averaged magnet over the values of
four Ru atoms in the supercell. (c) Dynamics of the magnetic moment
of four Ru atoms for laser pulses with parallel polarization and ℏω=
0.5 × Egap. For in-plane polarization parallel to the Ru moments, Ru
#1 follows the dynamics Ru #3, and #2 goes with #4. Inset shows the
labels of the Ru atoms. (d) The same quantities as shown in (c) for
the laser pulses with the polarization perpendicular to the Ru
moments. In the perpendicular case, we find that Ru #1 follows the
same trend with Ru #4 and Ru #2 with Ru #3. The magnetic moment
is calculated by averaging over a sphere of radius 2.22 Bohr around
the Ru atoms.
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with a stronger intensity introduces a more considerable
modulation of the atomic magnetic moments. For an intensity
of I0 = 0.5 × 1012 W/cm2, the residual magnetic moment is
0.21 μB, and the zigzag AFM state is still stable after the laser
illumination. Whereas for I0 = 2.5 × 1012 W/cm2, we obtain a
saturation of the demagnetization at 0.06 μB, indicating a
stronger reduction and complete melting of the magnetic
structure.

Figure 3b illustrates the laser-induced spin dynamics for the
laser pulses with the polarization parallel to the spins. The spin
dynamics follow trends similar to those with perpendicular
polarization and introduce a distorted state with a residual
magnetic moment of 0.04 μB, confirming ultrafast demagnet-
ization is robust for the parallel polarization. Our further
analysis demonstrates that dynamical modification of the
electronic and magnetic parameters in strongly correlated
magnets is indeed possible by purely optical means without
involving the crystal lattice dynamics. It should be noted that
the gap is sensitive to both Hubbard terms and the magnetic
orders, indicating that α-RuCl3 is a Mott−Slater insulator.
Laser polarization may also be a cardinal ingredient of
importance to control the magnetic structures.

■ PHOTOINDUCED INSULATOR-TO-METAL
TRANSITION IN α-RuCl3

We carried out comprehensive calculations for the out-of-
equilibrium electronic properties and photoinduced carrier
excitations in α-RuCl3. Figure 4a exhibits the transient band
dispersion of photoexcited α-RuCl3 for the photon energy of
ℏω = 0.5 × Egap (see Figure S7 for the full trajectory and
corresponding bandgaps). The transient band structures and
bandgaps are computed from the time-evolved density under
various laser excitations; see Note 1 in Supporting Information.
The bandgap drops strikingly to 0.24 eV before the spin
subsystem responds significantly (in 10 fs). After that, the
bandgap melts completely when the laser pulse reaches the
peak at about 15 fs, revealing that the band renormalization
can take place without any structural distortions in α-RuCl3.
We interpret the ultrafast collapse of the bandgap or insulator-
to-metal transition in several tens of femtoseconds as
indicating that the strong laser pulses greatly change the

electron correlations (illustrated by the effective Hubbard
terms) and lead to the modification of magnetic structures.

Furthermore, the ultrafast insulator-to-metal transition is
robust for various photon energies at the laser with a strong
intensity (Figure S8). Regarding all photon energies, the
ultrafast band renormalization takes place within 15 fs. This
explains the smaller modulation of magnetic moments.
Therefore, the bandgap of α-RuCl3 can be easily modulated
by optical excitation. As a direct consequence, the required
excitation energy for Zener tunneling or multiphoton
ionization decreases during laser irradiation in α-RuCl3.

In order to elucidate the origin of the optical response, the
excited carrier densities are analyzed by characterizing the
charge excitation from the valence to conduction bands of
Kohn−Sham orbitals, which are calculated by projecting the
time-evolved wave functions on the ground-state wave
functions of α-RuCl3 (see SI for more details), as displayed
in Figure 4b. For ℏω = 1.25 × Egap, the photoinduced carrier
population increases to 0.40 e/atom within 15 fs and then
oscillates around 0.25 e/atom. Following the shapes of the laser
pulses, the peak of the carrier density reaches 1.36 e/atom for
ℏω = 0.5 × Egap. The excited carrier concentration is also
sensitive to the photon energies of the laser; i.e., longer
wavelengths result in more significant carrier densities. This is
attributed to the laser-induced collapse of the bandgaps and
the laser pulses with smaller photon energies becoming
resonant with the transient bandgaps.

To validate the physical picture, we performed additional
simulations from the modulated zigzag antiferromagnet order
to track the magnetic dynamics and transient band structures
(Figure S9). It is obvious that the laser-induced magnetic and
electronic dynamics are similar for the two possible magnetic
states (in-plane zigzag and modulated zigzag orders). There-
fore, we obtain a robust picture of an ultrafast photoinduced
insulator-to-metal transition in α-RuCl3. The collapse of the
bandgap occurs when the electrons are excited by strong laser
pulses. The saturation at the half of the ground-state bandgap
is interpreted as the excited carrier density being high enough
to modulate the electronic structures and transient bandgaps
and introduce the rapid demagnetization. In addition,
nonlinear excitation processes can also play a role in the
wavelength dependence of the demagnetization, especially at
the beginning of the strong laser pulses. Our findings support

Figure 3. Intensity and polarization dependence of the light-induced
spin dynamics in α-RuCl3. (a) The intensities correspond to I0 = 0.5
×, 1.5 ×, and 2.5 × 1012 W/cm2, respectively. The laser pulse with
perpendicular polarization and higher intensity introduces larger
modulation of the atomic magnetic moments. We take the photon
energy of ℏω = 0.5 × Egap as an example. (b) The influence of laser
polarization on spin propagation. Parallel (perpendicular) direction
denotes the laser polarization along (perpendicular) to the magnetic
moments shown in Figure 1a. The driving intensity and photon
energy of laser pulses are I0 = 2.5 × 1012 W/cm2 and ℏω = 0.5 × Egap,
respectively.

Figure 4. Photoinduced insulator-to-metal transition and carrier
populations for various photon energies. (a) Time-resolved band
structures for the laser with the photon energy of ℏω = 0.5 × Egap for
α-RuCl3 at 25 fs. The dashed blue line represents the Fermi level of
the system. (b) The photon energies range from ℏω = 0.5 × to 1.25 ×
Egap. The number of excited electrons is calculated based on the
projections of the time-evolved wave functions on the ground-state
wave functions. Here, the intensity is I0 = 2.5 × 1012 W/cm2 and the
polarization is perpendicular to the magnetic moments. The results
indicate that smaller photon energies lead to higher excited carrier
densities owing to the collapse of the bandgap.
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that the photoinduced carriers are important to introduce
ultrafast melting of magnetic structures. Notably, the recovery
process after demagnetization is not traced in this work
because the real-time TDDFT method incorporates no
effective energy dissipation channel.

The direct electronic and spin dynamics obtained from our
first-principles calculations enable us to simulate the photo-
induced response of α-RuCl3 at the atomistic spatial scale on a
femtosecond time scale. Strong photoexcitation leads to an
ultrafast insulator-to-metal transition and creates a high density
of electron−hole pairs. The magnetic interactions are
modulated as an effective nonmagnetic state is obtained. It
should be noted that the ultrafast process is not the result of
collective magnetic excitation (e.g., magnons), which would
keep the magnitude of the magnetic moment fixed while
decreasing its components along the local order parameter
directions. We note that extracting information about the
collective excitation should demand more effort from the
model Hamiltonian and TDDFT methods.34,35

For α-RuCl3, laser excitations significantly modify the
Hubbard terms and generate a substantial number of
electron−hole pairs, triggering a rapid insulator-to-metal
transition. In the meantime, excess energy in the electron
system transfers to the spin subsystem, inducing ultrafast
demagnetization. The interplay between the photodoping
effect and the insulator-to-metal transition plays a vital role in
the magnetic dynamics, while the collapse of magnetic
structures causes the reduced bandgap in return. Notably, we
cannot simply view the demagnetization as only a consequence
because the reduced magnetic moments contribute to the
decreased bandgaps.25 Upon significant modification of the
Hubbard terms, the local magnetic moments and the Mott gap
are found to vanish simultaneously. Our results indicate that
both the magnetic ordering and the Hubbard terms are crucial
to stabilize the insulating state.

Regarding the laser energies exceeding the ground-state
bandgap, photoexcitation creates a dense population of
electron−hole pairs. This, in turn, triggers the closure of the
bandgap and initiates an ultrafast demanganization process. In
contrast, when laser energies below the ground-state bandgap
are employed, a concentration of electron−hole pairs is
generated as well, coupled with the presence of in-gap states
and orbital excitations. Consequently, the excited carriers play
a substantial role in modifying the electronic structures,
eventually inducing an intriguing insulator-to-metal transition.
As the energy of the pump laser surpasses the transient
bandgaps, the trends and time scales governing laser-induced
magnetic dynamics exhibit comparable behavior and minimal
discrepancies for both above- and below-gap excitations. In
experiments, the magnetic transition could be probed by the
time-resolved linear magnetic dichroism and X-ray magnetic
circular dichroism,31,32 which is able to illustrate the magnetic
difference. Photoinduced insulator-to-metal transition in α-
RuCl3 can be detected by time- and angle-resolved photo-
emission spectroscopy. It is noteworthy that a femtosecond
laser-induced quantum-spin-liquid state is beyond the current
study and will be the subject of future studies.

In conclusion, our ab initio simulations revealed the nature
of photon-driven electron and spin dynamics in α-RuCl3. We
demonstrated that laser pulses can provoke a magnetic
transformation between zigzag AFM magnetic order and
disordered magnetic states with much smaller magnetic
moments. In addition, the spin response is remarkably sensitive

to the laser wavelength and polarization, on account of the
photoinduced insulator-to-metal transition and different
excited carrier distributions. This subtle interplay suggests a
way to modulate the electronic and magnetic structures by
using ultrashort laser pulses. Our work provides new insights
into photoexcitation-induced magnetic phase transitions and
may pave the way for suppressing the long-range magnetic
order and realizing a quantum-spin-liquid state at ultrashort
time scales.
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Emil Viñas Boström − Max Planck Institute for the Structure
and Dynamics of Matter and Center for Free-Electron Laser
Science, 22761 Hamburg, Germany
Martin Claassen − Department of Physics and Astronomy,
University of Pennsylvania, Philadelphia, Pennsylvania
19104, United States
Dante M. Kennes − Max Planck Institute for the Structure
and Dynamics of Matter and Center for Free-Electron Laser
Science, 22761 Hamburg, Germany; Institut für Theorie der
Statistischen Physik, RWTH Aachen University and JARA-
Fundamentals of Future Information Technology, 52056
Aachen, Germany; orcid.org/0000-0002-9838-6866

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.3c02668

Author Contributions
AR conceived the research direction and JZ proposed the
project. Most of the calculations were performed by JZ, with
contributions from all authors. NTD implemented the ACBN0

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c02668
Nano Lett. 2023, 23, 8712−8718

8716

https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02668?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c02668/suppl_file/nl3c02668_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angel+Rubio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2060-3151
mailto:angel.rubio@mpsd.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7830-3464
https://orcid.org/0000-0001-7830-3464
mailto:jin.zhang@mpsd.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicolas+Tancogne-Dejean"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1383-4824
https://orcid.org/0000-0003-1383-4824
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lede+Xian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emil+Vin%CC%83as+Bostro%CC%88m"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Claassen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dante+M.+Kennes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9838-6866
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c02668?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c02668?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


functional into the OCTOPUS code. All authors contributed
to the analysis and discussion of the data and the writing of the
manuscript.
Funding
Open access funded by Max Planck Society.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is supported by the European Research Council
(ERC-2015-AdG-694097), Grupos Consolidados (IT1249-
19), and SFB925. AR is supported by the Flatiron Institute,
a division of the Simons Foundation. We acknowledge funding
by the Deutsche Forschungs-14 gemeinschaft (DFG, German
Research Foundation) under RTG 1995, within the Priority
Program SPP 2244 “2DMP”, under Germany’s Excellence
Strategy - Cluster of Excellence and Advanced Imaging of
Matter (AIM) EXC 2056-390715994 and RTG 2247. JZ
acknowledges funding received funding from the European
Union’s Horizon 2020 research and innovation program under
the Marie Sklodowska-Curie Grant Agreement No. 886291
(PeSD-NeSL). LX acknowledges the support from Distin-
guished Junior Fellowship program by the South Bay
Interdisciplinary Science Center in the Songshan Lake
Materials Laboratory. JZ thanks Michael Sentef for fruitful
discussions.

■ REFERENCES
(1) Kirilyuk, A.; Kimel, A. V.; Rasing, T. Ultrafast optical

manipulation of magnetic order. Rev. Mod. Phys. 2010, 82, 2731−
2784.
(2) Stojchevska, L.; Vaskivskyi, I.; Mertelj, T.; Kusar, P.; Svetin, D.;

Brazovskii, S.; Mihailovic, D. Ultrafast switching to a stable hidden
quantum state in an electronic crystal. Science 2014, 344 (6180),
177−180.
(3) Kampfrath, T.; Sell, A.; Klatt, G.; Pashkin, A.; Mährlein, S.;

Dekorsy, T.; Wolf, M.; Fiebig, M.; Leitenstorfer, A.; Huber, R.
Coherent terahertz control of antiferromagnetic spin waves. Nat.
Photonics 2011, 5, 31−34.
(4) Kimel, A. V.; Kirilyuk, A.; Hansteen, F.; Pisarev, R. V.; Rasing, T.

Nonthermal optical control of magnetism and ultrafast laser-induced
spin dynamics in solids. J. Phys.: Condens. Matter 2007, 19,
No. 043201.
(5) Mentink, J.; Balzer, K.; Eckstein, M. Ultrafast and reversible

control of the exchange interaction in Mott insulators. Nat. Commun.
2015, 6, 6708.
(6) Lindner, N. H.; Refael, G.; Galitski, V. Floquet topological

insulator in semiconductor quantum wells. Nat. Phys. 2011, 7, 490−
495.
(7) Hubener, H.; Sentef, M. A.; De Giovannini, U.; Kemper, A. F.;

Rubio, A. Creating stable Floquet−Weyl semimetals by laser-driving
of 3d Dirac materials. Nat. Commun. 2017, 8, 13940.
(8) Tsuji, N.; Eckstein, M.; Werner, P. Nonthermal antiferromag-

netic order and nonequilibrium criticality in the Hubbard model.
Phys. Rev. Lett. 2013, 110, No. 136404.
(9) Claassen, M.; Jiang, H.-C.; Moritz, B.; Devereaux, T. P.

Dynamical time reversal symmetry breaking and photo-induced chiral
spin liquids in frustrated Mott insulators. Nat. Commun. 2017, 8,
1192.
(10) Afanasiev, D.; Gatilova, A.; Groenendijk, D.; Ivanov, B.; Gibert,

M.; Gariglio, S.; Mentink, J.; Li, J.; Dasari, N.; Eckstein, M.; et al.
Ultrafast spin dynamics in photodoped spin-orbit Mott insulator
Sr2IrO4. Phys. Rev. X 2019, 9, No. 021020.
(11) Pesin, D.; Balents, L. Mott physics and band topology in

materials with strong spin−orbit interaction. Nat. Phys. 2010, 6, 376−
381.

(12) Wulferding, D.; Choi, Y.; Do, S.-H.; Lee, C. H.; Lemmens, P.;
Faugeras, C.; Gallais, Y.; Choi, K.-Y. Magnon bound states versus
anyonic Majorana excitations in the Kitaev honeycomb magnet α-
RuCl3. Nat. Commun. 2020, 11, 1603.
(13) Tauchert, S.; Volkov, M.; Ehberger, D.; Kazenwadel, D.; Evers,

M.; Lange, H.; Donges, A.; Book, A.; Kreuzpaintner, W.; Nowak, U.;
et al. Polarized phonons carry angular momentum in ultrafast
demagnetization. Nature 2022, 602, 73−77.
(14) Eckstein, M.; Kollar, M.; Werner, P. Thermalization after an

interaction quench in the Hubbard model. Phys. Rev. Lett. 2009, 103,
No. 056403.
(15) Fähnle, M.; Haag, M.; Illg, C.; Mueller, B.; Weng, W.;

Tsatsoulis, T.; Huang, H.; Briones, J.; Teeny, N.; Zhang, L. Review of
ultrafast demagnetization after femtosecond laser pulses: a complex
interaction of light with quantum matter. Am. J. Mod. Phys. 2018, 7,
68−74.
(16) Koopmans, B.; Malinowski, G.; Dalla Longa, F.; Steiauf, D.;

Fähnle, M.; Roth, T.; Cinchetti, M.; Aeschlimann, M. Explaining the
paradoxical diversity of ultrafast laser-induced demagnetization. Nat.
Mater. 2010, 9, 259−265.
(17) Kitaev, A. Anyons in an exactly solved model and beyond. Ann.
Phys. 2006, 321, 2−111.
(18) Do, S.-H.; Park, S.-Y.; Yoshitake, J.; Nasu, J.; Motome, Y.;

Kwon, Y. S.; Adroja, D.; Voneshen, D.; Kim, K.; Jang, T.-H.; et al.
Majorana fermions in the Kitaev quantum spin system α-RuCl3. Nat.
Phys. 2017, 13, 1079−1084.
(19) Banerjee, A.; Bridges, C.; Yan, J.-Q.; Aczel, A.; Li, L.; Stone, M.;

Granroth, G.; Lumsden, M.; Yiu, Y.; Knolle, J.; et al. Proximate Kitaev
quantum spin liquid behaviour in a honeycomb magnet. Nat. Mater.
2016, 15, 733−740.
(20) Zhou, X.; Li, H.; Waugh, J.; Parham, S.; Kim, H.-S.; Sears, J.;

Gomes, A.; Kee, H.-Y.; Kim, D.; Dessau, Y.-J. Angle-resolved
photoemission study of the Kitaev candidate α−RuCl3. Phys. Rev. B
2016, 94, No. 161106.
(21) Suzuki, H.; Liu, H.; Bertinshaw, J.; Ueda, K.; Kim, H.; Laha, S.;

Weber, D.; Yang, Z.; Wang, L.; Takahashi, H.; et al. Proximate
ferromagnetic state in the Kitaev model material α-RuCl3. Nat.
Commun. 2021, 12, 4512.
(22) Baek, S.-H.; Do, S.-H.; Choi, K.-Y.; Kwon, Y. S.; Wolter, A.;

Nishimoto, S.; Van Den Brink, J.; Büchner, B. Evidence for a field-
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