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Ultrafast Coherent THz Lattice Dynamics Coupled to Spins
in the van der Waals Antiferromagnet FePS;
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Samuel Mafias-Valero, Margherita Matzer, Rajdeep Adhikari, Alberta Bonanni,
Eugenio Coronado, Alexandra M. Kalashnikova, Davide Bossini, and Mirko Cinchetti*

1. Introduction

Coherent THz optical lattice and hybridized phonon-magnon modes are

triggered by femtosecond laser pulses in the antiferromagnetic van der
Waals semiconductor FePS;. The laser-driven lattice and spin dynamics are
investigated in a bulk crystal as well as in a 380 nm-thick exfoliated flake as
a function of the excitation photon energy, sample temperature and applied
magpnetic field. The pump-probe magneto-optical measurements reveal that
the amplitude of a coherent phonon mode oscillating at 3.2 THz decreases
as the sample is heated up to the Néel temperature. This signal eventually
vanishes as the phase transition to the paramagnetic phase occurs, thus
revealing its connection to the long-range magnetic order. In the presence of
an external magnetic field, the optically triggered 3.2 THz phonon hybridizes
with a magnon mode, which is utilized to excite the hybridized phonon-
magnon mode optically. These findings open a pathway toward the optical
control of coherent THz photo—magnonic dynamics in a van der Waals anti-

ferromagnet, which can be scaled down to the 2D limit.
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The synthesis of few-atomic-layers-thin
materialsl'! has ignited the spark of a
massive research effort aiming at manip-
ulating their macroscopic properties.
More recently, 2D magnetically ordered
materials have been produced as well.+]
The long-range magnetic order in these
compounds appears to be highly suscep-
tible to lattice distortions, rooted in the
role of the magnetic anisotropy in the
stabilization of the long-range order in
2D magnets.[®] The ultrafast generation
of phonons, via a variety of mechanisms,
has been proved to be a powerful tool for
driving and controlling spin dynamics
in bulk magnets at fundamental time-
scales.>™ This route is also viable for
crystals of van der Waals 2D materials,
as recently demonstrated by the pres-
ence of dynamic spin-lattice coupling in a ferromagnetic Crl;
crystal.®l In this context, 2D antiferromagnets offer several
fundamental advantages in spintronic perspective in com-
parison with ferromagnets. Their main benefits lie in their
much more stable ground state as well as in the magnetic
resonance frequencies in the THz range, which are orders
of magnitude higher than in ferromagnets. Crucially, the
coupling of antiferromagnetic magnons to phonons is in the
energy range of optical phonons, which led to recent reports
of hybridized magnon-phonon quasiparticles in 2D antifer-
romagnetic materials.-2% Optically driven collective lattice
modes carry therefore potential for the optical control of the
long-range magnetic order in 2D antiferromagnets, based
on the well-established possibility to drive such modes fully
coherently even with a photon energy far from their eigen-
frequency!?t?2 and on their strong coupling to magnons.
In this context, transition metal trichalcogenophosphates
(MPX;, with M = Ni, Fe, Mn, ... and X = S, Se) represent
an interesting class of van der Waals antiferromagnets.?3-26]
While the optical generation of magnons has been reported
in a free-standing NiPS; bulk single-crystal®! , this mate-
rial lacks from scalability down to the 2D limit. In fact, it
has been experimentally demonstrated that a single atomic
layer of NiPS; is not magnetically ordered[?®! differently from
MnPS;%8 and FePS;.[2%
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2. Results and Discussion

In this work, we therefore select FePS; as a van der Waals anti-
ferromagnet scalable to the 2D limit and investigate first a free-
standing bulk-crystal, and then an exfoliated flake with a lateral
size of =50 um and thickness of =380 nm deposited on a SiO,/Si
substrate (see Supporting Information for details on sample
growth and characterization). The flake represents a structure
that can be scaled down to the 2D limit — one monolayer —
without losing the antiferromagnetic order?>?% and which is
more stable than other 2D magnets (as Crl;).3% We demon-
strate the laser-induced excitation of two coherent lattice modes
in the bulk crystal with frequencies of 3.2 THz and 4.8 THz.
The 3.2 THz mode is observed also in the flake sample and,
crucially, it is intimately coupled to the long-range magnetic
order, since its amplitude vanishes above the Néel temperature.
Moreover, this mode hybridizes with a zone-center magnon
mode under the application of an external field™®-2° that we
exploit here to optically excite the hybrid phonon-magnon
mode.

The crystal and magnetic structure of FePS; is shown in
Figure la. Below the Néel temperature (Ty =118 K2>31), the
magnetic moments of the Fe-ions are oriented out-of-plane
and form a zigzag pattern within the layers, which build up
to a monoclinic crystal structure with C2/m spacegroup.’?
The band-gap energy of FePS; is reported at =1.5 eV at room
temperature 3334 while a d-d transition =1.1 eV appears in
the absorption spectrum, as reported in the literature.?>3¢ To
detect the optically-induced phonon and magnon dynamics,
we employ pump-probe optical spectroscopy and measure the
photo-induced rotation of the probe polarization. The litera-
ture abundantly demonstrates that this experimental scheme is
able to monitor the lattice dynamics.?!! In magnetic materials
displaying quadratic magneto-optical effects, our experimental
geometry allows to track both the longitudinal and transverse
dynamics of the Néel vector.’’# This is the case in FePSs,
where quadratic effects are indeed enabled by the breaking of
rotational symmetry induced by the zigzag pattern of the mag-
netic moments.[*42

The experimental setup for pump-probe optical spectros-
copy consists of an amplified laser system with a repetition
rate of 200 kHz. The main output of the laser (20 W average
output power) is split into two beams (13 W and 7 W) seeding
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two optical parametric amplifiers (OPA), which generate laser
beams with photon energy in the 0.5-3.5 eV range. The out-
puts of the OPAs, whose photon energies can be tuned inde-
pendently of each other, are employed as pump and probe
beams, as described elsewhere.’] The sample is mounted on a
piezo-driven three-axis-stage inside a cryostat. For the measure-
ments on the bulk crystal, the cryostat is placed inside a super-
conducting magnet, able to generate a magnetic field as intense
as 9 T, while the pump beam is focused by a spherical mirror,
keeping the focus position practically independent of the choice
of the photon-energy. To investigate the flake sample, a collinear
pump-probe scheme, as shown in Figure 1b, is employed. Both
pump and probe beams are focused on the flake with an objec-
tive down to a spot of 1.5 um diameter, as estimated by knife-
edge measurements. This configuration allows to fully focus
both beams into spots on different parts of the flake, so that
homogeneous regions can be addressed in samples with lateral
size larger than 5 pm."*

First, we now focus on the optically excited dynamics in the
bulk crystal. For these experiments the probe photon-energy
was kept constant at 1.45 eV, which is just below the band-gap
energy of 1.5 eVI333 while the pump photon energy was tuned
from below to above the band gap of FePS; in the 0.83-1.9 eV
range. Figure 2a reports the transient rotation measured for
different pump photon-energies with the sample temperature
set to 10 K. The data display both a coherent and incoherent
contribution, which are strongly dependent on the excitation
photon-energy. We first analyze the coherent signal by applying
a Fourier transform as explained in more details in the Sup-
porting Information. The results reveal a superposition of two
coherent oscillations with frequency of 3.2 THz and 4.8 THz.
Both values match the eigenfrequencies of Raman-active
optical phonons reported in the literature.?>2%314] Therefore,
the coherent oscillations observed in the rotational signal can
be ascribed to changes in either the linear crystallographic
birefringence or dichroism, induced by the phonon-modulated
magnetic zigzag pattern, as schematically shown for one mode
in Figure 2d. This is also confirmed by the probe polarization
dependence shown in Figure 2c, following the two-fold sym-
metry of the crystal surface with the highest response at 45°
relative to the symmetry axis (the dependence on the pump
polarization is shown in the Supporting Information). We
stress that the 3.2 THz phonon mode is also visible in the

T=10-300K

L

Color-filter
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detection

A A

Figure 1. a) Fe-ions within the crystallographic unit cell of FePS;. b) Schematic view of the experimental setup for the time-resolved investigations of
flake samples. The pump (0.83-1.08 eV) and probe (1.45 eV) beams are collinear and focused on the 2D flake with a microscope objective.

Adv. Mater. 2022, 2208355 2208355 (2 of7)

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U0 1 SUOLILIOD BAERID) 3|t |dde a3 Ag peusenoh a1e Spoile YO 88N JO S3IN 104 AXeig 1T 3UIUO AB]1M UO (SUONIPUOD-PUB-SLUBI WO A8 | M- Ale.q1BU1IUO//SANY) SUORIPUOD PUe W L 84} 885 *[£202/T0/60] U0 Afiq1T 8uljuo Ao|IM eIoUBRA 8Q RISRAIN AQ SGE80220Z BWPR/Z00T OT/I0p/W0 A8 | M ARIq 1 UIIUO//SAIY WO paPeouMoq ‘0 ‘G601 TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a) b)
07 == ~ 0.5 Eg~1.56eV
.l| g g= D e
1N g -
5 51 ‘}I','. £ 04 1 E
g 4 3 E
- lI
S‘lo 0.93 eV i £ 031 ¢ 02
]
g 1.03eV 4 £ 0.2 & 3.2 THz x0.
%, -159 | 150y : : 2 0.2 1 4.8 THz
4 1.7ev 3 8
~20 1 7 W g N - :
=
g
(=}
-25 1 00| 8 868 ° r
) -1 0 1 2 3 0.8 1.0 1.2 1.4 1.6 1.8
¢ Delay (ps) Pump Photon Energy (eV)
. 0.10 i\ a
o -
2 0.08 N g \\ 3.2 THz ,,!
E i ! \ 7
g 0.067 \ / ® /
2 a \ I _& /4.8 THz
= 0.04 4 S \\ II/ N \\ ,/ -
Fon) B o
'
0.00 +— - b

T
0 25 50 75
Probe Polarization (deg)

T T T T
100 125 150 175

Figure 2. a) Transient rotation of the polarization measured at 10 K for different pump photon-energies. The pump and probe beam were linearly
polarized 45° away from each other. The pump fluence is kept constant to 2 mJ cm™2 for pump photon-energy below the band gap and to 1 m) cm™ for
pump photon-energy above the band gap. b) Amplitude of the 3.2 THz (purple) and the 4.8 THz (orange) phonon modes as a function of the pump
photon-energy. c) Probe polarization dependence of the two observed phonon modes. d) Schematic representation of the Fe-ions lattice in FePSs,
forming a magnetic zig-zag pattern. The arrows indicate exemplarily the motion of the ions in a Raman-active phonon mode.

transient reflectivity (see Supporting Information). However,
within our experiment, the rotation of polarization is more sensi-
tive to the phonon mode. The phonon lifetime was determined
by scanning longer delay times (see Supporting Information).
We obtained (21 £ 2) ps for excitations below and (5 * 1) ps for
excitations above the band gap. We ascribe the decrease in the
lifetime to the increased scattering probability with incoherent
phonons and hot electrons generated for resonant pumping.

The data shown in Figure 2a are just a few selected traces
of the entire set measured as a function of the pump photon-
energy. Summarizing all the measurements, we visualize the
spectral dependence of the phonon amplitude in the bulk
sample in Figure 2b. The data were obtained by fitting each data
set to a function consisting of an incoherent background super-
imposed to harmonic oscillations (see Supporting Informa-
tion). The extracted amplitude of the phonon modes increases
in the presence of electronic transitions, i.e., in the region
=1.1 eV (d—d- transitions) and then above 1.5 eV (the energy of
the band gap), where we observe a steep slope related to the
onset of the band-gap. Considering this behavior, we argue
that the phonon modes are excited via a displacive mechanism,
where the excitation of electrons into unoccupied states alters
the inter-ionic potentials causing collective lattice movements
to the minima of the new potential. Generally, the excitation
process can also originate from impulsive stimulated Raman
scattering. However, as the laser pulses are relatively long com-
pared to the phonon period, the determination of the oscillation
phase strongly depends on the identification of the zero-delay
position and is unreliable in this case.

Seeking to experimentally establish a connection between
the coherent phonon and the long-range magnetic order, we
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measured the temperature dependence of the pump-induced
rotation of the probe polarization in the crystal. The time traces
obtained by setting the pump photon energy to 1.9 eV are
shown in Figure 3a; they reveal a pronounced dependence of
both the phonon amplitude and the background signal on the
sample temperature. Figure 3b shows the temperature depend-
ence of the amplitude of the 3.2 THz phonon mode, which van-
ishes above the Néel temperature. The phonon mode can thus
be induced and detected only in the presence of the long-range
antiferromagnetic order. We note that this is fully consistent
with the symmetry of the lattice mode, which is a zone-folded
mode. These lattice collective excitations appear in the disper-
sion of the material only in the antiferromagnetic phase, as the
paramagnetic to antiferromagnetic phase transition takes place
in concomitance to a doubling of the unit cell, and thus halving
of the Brillouin zone .

Figure 3c shows the absolute value of the incoherent back-
ground as a function of temperature. This component of the
signal is only present in the magnetically ordered phase as well.
Moreover, the inset of Figure 3¢ shows that the signal is much
stronger in case of excitation with photon-energy above the
band-gap. A visual inspection of the data in Figure 3a reveals
that the characteristic time associated with the incoherent
background increases as the Néel temperature is approached.
This behavior is in agreement with a critical slow-down of
photo-induced incoherent spin dynamics, that has been already
reported in FePS;.[l Similar features have been observed in the
rotation of the probe polarization, and interpreted as demag-
netization of the antiferromagnetic sublattices, provided that
quadratic magneto-optical effects are allowed in the used exper-
imental geometry."4¢# Summing up all these considerations,

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U0 1 SUOLILIOD BAERID) 3|t |dde a3 Ag peusenoh a1e Spoile YO 88N JO S3IN 104 AXeig 1T 3UIUO AB]1M UO (SUONIPUOD-PUB-SLUBI WO A8 | M- Ale.q1BU1IUO//SANY) SUORIPUOD PUe W L 84} 885 *[£202/T0/60] U0 Afiq1T 8uljuo Ao|IM eIoUBRA 8Q RISRAIN AQ SGE80220Z BWPR/Z00T OT/I0p/W0 A8 | M ARIq 1 UIIUO//SAIY WO paPeouMoq ‘0 ‘G601 TZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

A o b) Tn=~118K ©) Tn=~118K
< 1.25 1 e 120 - N
[} —~
® _s0d £ 1.00 1 £ 100 1 ., 10K
g S E o] 2012
-t £ 0.75 1 El £
& =100 - & 5 60 O-esy g ,
T £ 050 1 g Lo 14 1.9
2 g 5 407
~150 - £ 0.25 8 504
&
. . 0.00 . | . . 09 1 . .
0 2 0 100 200 300 0 100 200 300
Delay (ps) T (K) T (K)

Figure 3. a) Transient rotation measured as a function of sample temperature with a pump photon energy of 1.9 eV. b) Amplitude of the 3.2 THz mode
as a function of the sample temperature. c) Temperature dependence of the absolute value of the incoherent background. Inset: dependence of the

incoherent background on the pump photon energy.

we thus ascribe the incoherent background to the demagnetiza-
tion of the two Fe?" sublattices triggered by photon absorption
and dissipative processes.[3848]

Let us now explore the hybridization of the 3.2 THz phonon
to a zone-center magnon by applying an external magnetic field
up to 9 T to the crystal. Figure 4a shows the transient rotation
detected 20 ps after optical excitation as a function of the applied
external field. Using this rotation signal at late delays it is possible
to make even minor variations in the phonon frequency visible.
In fact, for an applied field more intense than 5 T, a reduction in
the oscillation frequency becomes indeed visible as an apparent
shift in the phase, that can be appreciated by observing the inter-
ception of the curves with the y-axis. To convert such phase shift
A into the corresponding change in frequency o, we relate the
two quantities using the formula Ag = t(@w(0 T) — w(uH)), with
t=214ps and o (0 T) = (3.2407+0.0006) THz, and obtain the data
shown in the inset of Figure 4b, where it is clear that the frequency
decreases with increasing magnetic field (more information on
data analysis can be found in the Supporting Information). The
numeric Fourier transformation of the data recorded at 0 and 9 T
for delays between 0.1 and 24 ps is shown in Figure 4b and con-
firms this trend. We label this peak as PML, to distinguish it from

(=3
—

9T
& 8T
% 7T
6T
5T
4T
3T
2T
1T
0T

20.0 20.5 21.0 21.5 22.0 22.5 23.0 23.5
Delay (ps)

a second peak present in the Fourier transform of the 9 T data at
(3.42 £ 0.04) THz, that we label as PMU. These observations can
be explained by considering that, in the presence of an external
magnetic field, the phonon mode at 3.2 THz hybridizes with a
magnon mode with an eigenfrequency of 3.6 THz at OT!1819:253143]
giving rise to two phonon-magnon branches!®2%: the phonon-
magnon lower branch, PML, and the phonon-magnon upper
branch, PMU. Since the pure magnon mode is not detectable in
our experiments at 0 T, we deduce that it is the additional phon-
onic component resulting from the hybridization that makes the
PMU and PML modes detectable in our experiments. Crucially,
the magnetic field dependence of the PML can be taken as experi-
mental proof of the phonon—-magnon hybridization and of the fact
that we are indeed exciting the hybrid mode optically, by pumping
FePS; below the band gap. This is a very important step toward the
generation and control of coherent THz spin and lattice dynamics
in van der Waals antiferromagnets. For example, we propose that
coherent control of amplitude and phase (as reported in refer-
encel*®)) could also be implemented on the hybridized mode.

We now turn to the investigation of the flake sample, which
should serve as a proof of principle for the scalability of our
approach for flakes transferred on a substrate that can be

207 324 0000,

PML

Fourier Amplitude

T
3.0 3.5 4.0 4.5 5.0
f (THz)

Figure 4. a) Magnetic field dependence of the rotation 20 ps after pump excitation at 1.03 eV. b) Fast Fourier-transformation of the extended time-
traces with the absence of an external field (green) and at 9 T (blue). PML labels the peak of the lower branch of the phonon-magnon mode, which
corresponds to the 3.2 THz phonon when no external field is applied. The peak labeled PMU is the upper branch phonon-magnon mode, appearing at
9 T. The other peak corresponds to the 4.8 THz phonon mode, which is unaffected by the external magnetic field. The inset shows the frequency shift
of the PML mode caused by the phonon—-magnon hybridization.
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Figure 5. a) Amplitude of the 3.2 THz signal of the flake sample (blue) compared to the signal from the bulk crystal (purple). Both data set have been
measured at T=10 K and normalized to the value at 1.03 eV. The grey curve is the optical absorption of FePS; measured in reference [*l. b) Schematic

of the d—d electronic transitions between the crystal field 3d-state of the Fe?* ions split by the octahedral and trigonal ligand fields.

produced as thin as a monolayer down to the 2D limit. In these
experiments, the pump photon energy is kept below 1.1 eV, to
avoid detrimental excitation of electrons in the conduction band
of the silicon substrate. Figure 5a shows the dependence of the
3.2 THz mode from the pump photon energy in the flake com-
pared to the bulk crystal. Both samples show the same behavior,
where the amplitude of the phonon follows the trend of the
absorption spectrum (grey line). In the region =1.1 eV, optical
absorption in FePS; is dominated by d—d transitions of the Fe?*
ions, whose energy levels are split by the crystal field of the
surrounding ligands. In particular, the two features at 0.98 eV
and 1.1 eV can be ascribed to the optical transitions depicted in
Figure 5b.1%1 The possibility of exciting optical phonons in this
photon energy range is extremely important especially for the
flake sample, as using photon energies below the band gap will
prevent thermal damage of the low dimensional structures.
Before concluding, we show in Figure 6a the temperature
dependence of transient rotation measured on the flake with a
pump photon energy of 1.03 eV. We have measured a further

a)

o)
—

[42]

data set for pump photon energy of 0.98 eV. Figure 6b,c shows
respectively the amplitude of the 3.2 THz mode and of the inco-
herent background as a function of temperature. The results
reveal the same trends discussed before in the bulk, where both
the zone-folded phonon as well as the incoherent background
vanish above Ty. We take this correspondence as a confirma-
tion that our approach can be successfully applied also to flakes.

3. Conclusion

In conclusion, we have demonstrated THz coherent phonon—
magnonic dynamics and incoherent spin dynamics in the
antiferromagnetic phase of a bulk FePS; crystal, driven by fem-
tosecond laser pulses in a region of weak absorption. We have
provided experimental evidence that our results can be scaled
down to thinner flakes, by demonstrating the generation of
the same coherent lattice mode in a 380 nm thin FePS; flake
deposited on a SiO,/Si substrate. Our results are extremely
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Figure 6. a) Pump-induced rotation of the probe polarization detected at different values of temperature. The excitation photon energy was set to
1.03 eV. b) Temperature dependence of the 3.2 THz phonon amplitude for excitation photon-energies of 1.03 and 0.98 eV. c) Incoherent background
contribution as a function of temperature for excitation photon-energies of 1.03 and 0.98 eV. The error bars lie within the markers.
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promising, especially in terms of recent advances in spintronic
devices based on 2D materials and in their large-scale co-inte-
gration with conventional microelectronics materials.’% Here
we highlight FePS; as a promising 2D antiferromagnet where
the coupling between phonon and magnons could be exploited
to implement schemes for the optical control of magnetism
at THz frequencies in miniaturized photo—magnonic devices,
scalable down to the 2D limit.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft
through the International Collaborative Research Centre 160 (Projects
B9 and Z4) and the Project BO 5074/1-1. Funding from the European
Union’s Horizon 2020 Research and Innovation Programme
under Project SINFONIA, Grant 964396 and by the COST Action
MAGNETOFON (grant number CA17123) and ERC-2017-ADG-788222
is also acknowledged. A.B. acknowledges Austrian Science Fund
(FWF), Project P31423. A.M.K. acknowledges RFBF (Grant No. 19-52-
12065). E.C. acknowledges the Spanish Government (2D-HETEROS
PID2020-117152RB-100, co-financed by FEDER, and Excellence Unit
“Maria de Maeztu” CEX2019-000919-M) and the Generalitat Valenciana
(PROMETEO Program and PO FEDER Program, IDIFEDER/2018/061).
Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in the
ZENODO database at https://doi.org/10.5281/zenodo.7383138.

Keywords

2D materials, antiferromagnets, magnon, phonon, spintronics, ultrafast
pump-probe spectroscopy, van der Waals semiconductors

Received: September 12, 2022
Revised: November 18, 2022
Published online:

[1] K.S. Burch, D. Mandrus, J.-G. Park, Nature 2018, 563, 47.

[2] ).-G. Park, J Phys Condens Matter 2016, 28, 301001.

[3] M. Gibertini, M. Koperski, A. F. Morpurgo, K. S. Novoselov, Nat.
Nanotechnol. 2019, 14, 408.

[4] B. Huang, G. Clark, E. N. Navarro-Moratalla, D. R. Klein, R. Cheng,
K. L. Seyler, D. Zhong, E. Schmidgall, M. A. Mcguire, D. H. Cobden,
W. Yao, Di Xiao, P. Jarillo-Herrero, X. Xu, Nature 2017, 546, 270.

[5] C. Gong, L. Li, Z. Li, H. Ji, A. Stern, Y. Xia, T. Cao, W. Bao, C. Wang,
Y. Wang, Z. Q. Qiu, R. J. Cava, S. G. Louie, J. Xia, X. Zhang, Nature
2017, 546, 265.

Adv. Mater. 2022, 2208355 2208355 (6 of 7)

www.advmat.de

[6] L. Thiel, Z. Wang, M. A. Tschudin, D. Rohner, |. Gutiérrez-Lezama,
N. Ubrig, M. Gibertini, E. Giannini, A. F. Morpurgo, P. Maletinsky,
Science 2019, 364, 973.

C. Boix-Constant, S. Manas-Valero, A. M. Ruiz, A. Rybakoy,

K. A. Konieczny, S. Pillet, J. J. Baldovi, E. Coronado, Adv. Mater.

2022, 34, 2204940.

[8] N.D. Mermin, H. Wagner, Phys. Rev. Lett. 1966, 17, 1133.

[9] T. F. Nova, A. Cartella, A. Cantaluppi, M. Férst, D. Bossini,
R. V. Mikhaylovskiy, A. V. Kimel, R. Merlin, A. Cavalleri, Nat. Phys.
2017, 13, 132.

[10] A.S. Disa, M. Fechner, T. F. Nova, B. Liu, M. Férst, D. Prabhakaran,
P. G. Radaelli, A. Cavalleri, Nat. Phys. 2020, 16, 937.

[11] D. M. Juraschek, P. Narang, N. A. Spaldin, Phys. Rev. Res. 2020, 2, 043035.

[12] A. Stupakiewicz, C. S. Davies, K. Szerenos, D. Afanasiey,
K. S. Rabinovich, A. V. Boris, A. Caviglia, A. V. Kimel, A. Kirilyuk,
Nat. Phys. 2021, 17, 489.

[13] F. Formisano, R. M. Dubrovin, R. V. Pisarey, A. M. Kalashnikova,
A. V. Kimel, J. Phys. Condens. Matter 2021, 34, 225801.

[14] L. Soumah, D. Bossini, A. Anane, S. Bonetti, Phys. Rev. Lett. 2021,
127, 077203.

[15] P. Padmanabhan, F. L. Buessen, R. Tutchton, K. W. C. Kwock,
S. Gilinsky, M. C. Lee, M. A. Mcguire, S. R. Singamaneni,
D. A. Yarotski, A. Paramekanti, J.-X. Zhu, R. P. Prasankumar, Nat.
Commun. 2022, 13, 4473.

[16] T. T. Mai, K. F. Garrity, A. Mccreary, J. Argo, J. R. Simpson, V. Doan-
Nguyen, R. V. Aguilar, A. R. H. Walker, Sci. Adv. 2021, 7, eabj3106.

[17] Y-). Sun, ).-M. Lai, S.-M. Pang, X.-L. Liu, P.-H. Tan, J. Zhang, J. Phys.
Chem. Lett. 2022, 13, 1533.

[18] D. Vaclavkova, M. Palit, J. Wyzula, S. Ghosh, A. Delhomme, S. Maity,
P. Kapuscinski, A. Ghosh, M. Veis, M. Grzeszczyk, C. Faugeras,
M. Orlita, S. Datta, M. Potemski, Phys. Rev. B 2021, 104, 134437.

[19] Q. Zhang, M. Ozerov, E. V. Bostrém, J. Cui, N. Suri, Q. Jiang,
C. Wang, F. Wu, K. Hwangbo, J.-H. Chu, D. Xiao, A. Rubio, X. Xu,
arXiv:2108.11619 (cond-mat) 2021.

[20] S. Liu, A. Granados Del Aguila, D. Bhowmick, C. K. Gan, T. Thu Ha
Do, M. A. Prosnikov, D. Sedmidubsky, Z. Sofer, P. C. M. Christianen,
P. Sengupta, Q. Xiong, Phys. Rev. Lett. 2021, 127, 097401.

[21] R. Merlin, Solid State Commun. 1997, 102, 207.

[22] H. ). Zeiger, ). Vidal, T. K. Cheng, E. P. Ippen, G. Dresselhaus,
M. S. Dresselhaus, Phys. Rev. B 1992, 45, 768.

[23] B. L. Chittari, Y. Park, D. Lee, M. Han, A. H. Macdonald, E. Hwang,
J. Jung, Phys. Rev. B 2016, 94, 184428.

[24] M. ). Coak, D. M. Jarvis, H. Hamidov, C. R. S. Haines, P. L. Alireza,
C. Liu, S. Son, I. Hwang, G. |. Lampronti, D. Daisenberger,
P. Nahai-Williamson, A. R. Wildes, S. S. Saxena, |.-G. Park, J Phys
Condens Matter 2019, 32, 124003.

[25] J.-U. Lee, S. Lee, J. H. Ryoo, S. Kang, T. Y. Kim, P. Kim, C.-H. Park,
J.-G. Park, H. Cheong, Nano Lett. 2016, 16, 7433.

[26] K. Kim, S. Y. Lim, J.-U. Lee, S. Lee, T. Y. Kim, K. Park, G. S. Jeon,
C.-H. Park, J.-G. Park, H. Cheong, Nat. Commun. 2019, 10, 345.

[27] D. Afanasiey, |. R. Hortensius, M. Matthiesen, S. Mafias-Valero,
M. Sigkins, M. Lee, E. Lesne, H. S. ). Van Der Zant, P. G. Steeneken,
B. A. Ivanoy, E. Coronado, A. D. Caviglia, Sci. Adv. 2021, 7, eabf3096.

[28] G. Long, H. Henck, M. Gibertini, D. Dumcenco, Z. Wang,
T. Taniguchi, K. Watanabe, E. Giannini, A. F. Morpurgo, Naro Lett.
2020, 20, 2452.

[29] X. Wang, K. Du, Y. Y Fredrik Liu, P. Hu, ). Zhang, Q. Zhang,
M. H. S. Owen, X. Lu, C. K. Gan, P. Sengupta, C. Kloc, Q. Xiong, 2d
Mater 2016, 3, 031009.

[30] M. Ramos, F. Carrascoso, R. Frisenda, P. Gant, S. Manas-Valero,
D. L. Esteras, J. ). Baldovi, E. Coronado, A. Castellanos-Gomez,
M. R. Calvo, npj 2D Mater. Appl. 2021, 5, 19.

[31] A. Mccreary, ). R. Simpson, T. T. Mai, R. D. Mcmichael,
J. E. Douglas, N. Butch, C. Dennis, R. Valdés Aguilar, A. R. Hight
Walker, Phys. Rev. B 2020, 107, 064416.

7

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U0 1 SUOLILIOD BAERID) 3|t |dde a3 Ag peusenoh a1e Spoile YO 88N JO S3IN 104 AXeig 1T 3UIUO AB]1M UO (SUONIPUOD-PUB-SLUBI WO A8 | M- Ale.q1BU1IUO//SANY) SUORIPUOD PUe W L 84} 885 *[£202/T0/60] U0 Afiq1T 8uljuo Ao|IM eIoUBRA 8Q RISRAIN AQ SGE80220Z BWPR/Z00T OT/I0p/W0 A8 | M ARIq 1 UIIUO//SAIY WO paPeouMoq ‘0 ‘G601 TZST


https://doi.org/10.5281/zenodo.7383138

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

[32] D. Langon, H. C. Walker, E. Ressouche, B. Ouladdiaf, K. C. Rule, G.
J. Mcintyre, T. J. Hicks, H. M. Rennow, A. R. Wildes, Phys. Rev. B
2016, 94, 214407.

[33] R. Brec, D. M. Schleich, G. Ouvrard, A. Louisy, J. Rouxel, Inorg.
Chem. 1979, 18, 1814.

[34] K.-Z. Du, X.-Z. Wang, Y. Liu, P. Hu, M. I. B. Utama, C. K. Gan,
Q. Xiong, C. Kloc, ACS Nano 2016, 10, 1738.

[35] A. K. Budniak, S. ). Zelewski, M. Birowska, T. Wozniak, T. Bendikoy,
Y. Kauffmann, Y. Amouyal, R. Kudrawiec, E. Lifshitz, Adv. Opt.
Mater. 2022, 10, 2102489.

[36] M. Piacentini, F. S. Khumalo, G. Leveque, C. G. Olson, D. W. Lynch,
Chem. Phys. 1982, 72, 61.

[37] P. Némec, M. Fiebig, T. Kampfrath, A. V. Kimel, Nat. Phys. 2018, 14, 229.

[38] D. Bossini, T. Rasing, Phys. Scr. 2017, 92, 024002.

[39] D. Bossini, S. Dal Conte, Y. Hashimoto, A. Secchi, R. V. Pisarey,
T. Rasing, G. Cerullo, A. V. Kimel, Nat. Commun. 2016, 7, 10645.

[40] D. Bossini, S. Dal Conte, G. Cerullo, O. Gomonay, R. V. Pisarev,
M. Borovsak, D. Mihailovic, J. Sinova, J. H. Mentink, T. Rasing,
A. V. Kimel, Phys. Rev. B 2019, 100, 024428.

[41] X.-X. Zhang, S. Jiang, ). Lee, C. Lee, K. F. Mak, ). Shan, Nano Lett.
2021, 21, 5045.

Adv. Mater. 2022, 2208355 2208355 (7 of7)

www.advmat.de

[42] Q. Zhang, K. Hwangbo, C. Wang, Q. Jiang, J.-H. Chu, H. Wen,
D. Xiao, X. Xu, Nano Lett. 2021, 21, 6938.

[43] F. Mertens, M. Terschanski, D. Ménkebiischer, S. Ponzoni,
D. Bossini, M. Cinchetti, Rev. Sci. Instrum. 2020, 97, 113001.

[44] R. Adhikari, S. Adhikari, B. Faina, M. Terschanski, S. Bork,
C. Leimhofer, M. Cinchetti, A. Bonanni, Nanomaterials 2021, 11,
2755.

[45] A. Ghosh, M. Palit, S. Maity, V. Dwij, S. Rana, S. Datta, Phys. Rev. B
2021, 103, 064431.

[46] D. Bossini, A. M. Kalashnikova, R. V. Pisarey, T. Rasing, A. V. Kimel,
Phys. Rev. B 2014, 89, 060405.

[47] V. Saidl, P. Némec, P. Wadley, V. Hills, R. P. Campion, V. Novak,
K. W. Edmonds, F. Maccherozzi, S. S. Dhesi, B. L. Gallagher,
F. Trojanek, ). Kunes, |. Zelezny, P. Maly, T. Jungwirth, Nat. Photonics
2017, 11, 91.

[48] A. Kirilyuk, A. V. Kimel, T. Rasing, Rev. Mod. Phys. 2010, 82, 2731.

[49] P. A. Joy, S. Vasudevan, Phys. Rev. B 1992, 46, 5425.

[50] H. Yang, S. O. Valenzuela, M. Chshiev, S. Couet, B. Dieny,
B. Dlubak, A. Fert, K. Garello, M. Jamet, D.-E. Jeong, K. Lee, T. Lee,
M.-B. Martin, G. S. Kar, P. Sénéor, H.-J. Shin, S. Roche, Nature
2022, 606, 663.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U0 1 SUOLILIOD BAERID) 3|t |dde a3 Ag peusenoh a1e Spoile YO 88N JO S3IN 104 AXeig 1T 3UIUO AB]1M UO (SUONIPUOD-PUB-SLUBI WO A8 | M- Ale.q1BU1IUO//SANY) SUORIPUOD PUe W L 84} 885 *[£202/T0/60] U0 Afiq1T 8uljuo Ao|IM eIoUBRA 8Q RISRAIN AQ SGE80220Z BWPR/Z00T OT/I0p/W0 A8 | M ARIq 1 UIIUO//SAIY WO paPeouMoq ‘0 ‘G601 TZST



