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Non-volatile chirality switching by all-optical
magnetization reversal in ferromagnetic Weyl
semimetal Co3Sn2S2
Naotaka Yoshikawa 1,5✉, Kazuma Ogawa 1,5, Yoshua Hirai 1, Kohei Fujiwara 2, Junya Ikeda2,

Atsushi Tsukazaki2,3 & Ryo Shimano 1,4✉

Weyl semimetals show unique physical properties exemplified by the colossal anomalous

Hall effect, arising from exotic quasiparticles called Weyl fermions emerging around the Weyl

nodes. Manipulating these topologically protected Weyl nodes is anticipated to play a leading

role towards the on-demand control of quantum properties in Weyl semimetals. We

demonstrate non-volatile chirality switching in a ferromagnetic Weyl semimetal Co3Sn2S2 via

all-optical magnetization reversal. When excited by circularly polarized mid-infrared light

pulses, the sign reversal of the anomalous Hall conductivity stemming from the Berry cur-

vature is observed, manifesting the switching of the chirality of the Weyl nodes accom-

panying with the magnetization reversal. Magneto-optical imaging measurements reveal that

the mechanism of the magnetization/chirality switching is attributed to the helicity-

dependent deterministic magnetization associated with the magnetic circular dichroism.
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Weyl semimetals (WSMs) are topological quantum
materials in which linear band crossings called Weyl
nodes exist and act as pseudo-magnetic monopoles in

the momentum space, where the magnetic charges of those
monopoles are associated with chirality1–5. The low-energy
quasiparticles in WSMs behave as chiral Weyl fermions char-
acterized by spin- or pseudospin-momentum locking. The pre-
sence of Weyl nodes is manifested by non-trivial topological
properties such as negative magnetoresistance ascribed to chiral
anomaly and surface Fermi arcs that connect the Weyl nodes of
opposite chirality. The existence of WSM requires the absence of
either or both time-reversal symmetry and inversion symmetry.
Magnetic WSMs (MWSMs) with spontaneously broken time-
reversal symmetry exhibit a colossal intrinsic anomalous Hall
effect (AHE) originating from the diverging Berry curvature at
the Weyl nodes. The intrinsic anomalous Hall conductivity
(AHC) arises from the unique electronic band topology, and
therefore possesses dissipationless nature, making stark contrast
to the extrinsic AHE which is originated by scattering
processes6,7. Combined with the fully spin-polarized nature of the
induced current, the intrinsic AHE has attracted great interests
for its application to high-speed, low power-consumption spin-
tronic applications including memory, logic devices, and quan-
tum computing technology8,9.

To further exploit the functionalities of WSMs, on-demand
manipulation of the topological properties is imperative. Besides
static tuning with electric and magnetic fields, currents, and strain
fields, light illumination provides another unique and promising
route toward the control of those quantum functionalities. One
approach is to exploit the coupling between Weyl fermions’
pseudospins and the polarization of light, which is a general
feature of WSMs. This leads to novel optical and optoelectronic
phenomena such as the circular photogalvanic effect10–12, bulk
photovoltaic effect13, enhanced second-harmonic generation14,
and terahertz (THz) emission15. Another approach is the light-
induced modulation of the broken symmetry which the WSM
originates from. This was demonstrated recently for inversion
symmetry-breaking WSMs where the optical excitation causes,
although transiently, a change in the crystal symmetry16–18. This
controllability is a direct and unique consequence of the inversion
symmetry-breaking origin of WSMs.

Compared to those WSMs, MWSMs have distinct aspects due
to the coupling between band topology and magnetic orders. The
energy, position, and chirality of Weyl nodes can be tuned by
rotating the orientation of magnetic moments, causing the
modulation of topologically non-trivial transport properties like
AHE19,20. Switching between two ground states with opposite
magnetization in MWSMs reverses the chirality of Weyl nodes
and the sign of AHE in a non-volatile way. This would usually
require an external magnetic field, while recently the electric
current-induced switching of MWSMs has been realized by uti-
lizing the spin-orbit torque in heterostructure devices21–23. By
contrast, reports on optical control of MWSMs are scarce despite
its potential ability for the non-volatile, freely reconfigurable, and
ultrafast switching.

Here we demonstrate chirality switching in a thin film of a
shandite compound Co3Sn2S2 via all-optical magnetization
reversal by circularly polarized mid-infrared (MIR) light pulse
excitation. Co3Sn2S2 is a recently identified MWSM that exhibits
the chiral anomaly24, giant intrinsic anomalous Hall effect24,25,
and Fermi arc surface state26,27. The unit cell consists of three
stacked layers of the 2D kagome lattice of Co (Fig. 1a). The
ferromagnetism arises from Co kagome layers with a strong
anisotropy along the out-of-plane (c-axis) magnetic easy axis. The
time-reversal symmetry-breaking WSM phase originates from
spin-orbit coupling (SOC) and ferromagnetism24,25. When the

SOC is absent, the valence and conduction bands inverse near the
L points of the Brillouin zone, which forms nodal rings protected
by the mirror symmetry. The MWSM phase emerges below the
ferromagnetic phase transition temperature where the band
degeneracy is lifted by exchange splitting. The nodal rings are
gapped out by including SOC except for the protected spatial
symmetry positions (red and blue spheres in Fig. 1b), which gives
rise to pairs of linearly crossing bands (Fig. 1c). Several band
calculations revealed that there are three pairs of Weyl nodes in
the first Brillouin zone as shown in Fig. 1b, and the Weyl points
of the spin majority band lies close to the Fermi energy. This
condition provides unique opportunities to examine the physical
properties characteristic to Weyl fermions.

Results
Sample and setup. Our sample is a 23-nm-thick, c-axis oriented
Co3Sn2S2 film grown by radio-frequency magnetron sputtering,
which has been proven to show the transport properties equivalent
to those of bulk single crystals28–31 (“Methods”). Figures 1d, e show
the temperature dependence of the anomalous Hall conductivity σxy
and that divided by the longitudinal conductivity, σxy=σxx , respec-
tively, the latter of which is equal to the tangent of Hall angle. The
AHC and tangent of Hall angle increase below the Curie tempera-
ture, TC, of around 185 K, and reach more than 1500Ω−1 cm−1 and
0.2, respectively, confirming the giant AHE which is equivalent to
the value of bulk Co3Sn2S224,25. Hall resistivity curves as a function
of magnetic field (μ0H, where μ0 is vacuum permeability) along the
c-axis are displayed in Fig. 1f. Clear hysteresis loops observed below
TC indicate that the out-of-plane direction is the easy magnetization
axis and the coercive field reaches about 5 T at 100 K. The coercive
force is larger than that of the bulk Co3Sn2S224,25,32 as is also
reported for the Co3Sn2S2 thin flake33, which is partly attributed to
the difference in magnetic anisotropy and domain wall pinning. The
experimental setup is illustrated in Fig. 1g. For the evaluation of the
AHC, the Faraday rotation measurement using the terahertz (THz)
probe pulse was conducted. In addition, the magneto-optical
microscope with near-infrared (NIR) light probe pulse visualizes
the magnetization along the easy axis of the Co3Sn2S2 film. The MIR
pump pulse (0.31 eV in photon energy) with left-hand circular (σ�),
right-hand circular (σþ), and linear (X) polarization was used for
the excitation of the sample (Methods for details).

Light-induced sign reversal of the anomalous Hall effect. The
AHE of Co3Sn2S2 film with the MIR pulse excitation was
examined by measuring the Hall conductivity in the THz fre-
quency range34. The AHC of Co3Sn2S2 in the THz frequency
range has been proven to reflect the intrinsic AHE which origi-
nates from the interband transition matrix element associated
with the nodal rings connected to the Weyl nodes35. As plotted in
Fig. 2a, the real-part AHC spectra of the single magnetic domain
created by 60 mT field cooling are almost constant in the mea-
sured photon energy range and are in good agreement with AHC
measured by dc transport at each temperature. Figure 2b repre-
sents the THz AHC spectra which were measured after the MIR
excitation (0.31 eV in photon energy, 2.5 mJ cm−2 in fluence) at
27 K for the initially saturated film. The spectra manifest the
helicity-dependent switching of the AHE, as σþ (σ�) polarization
leads to a positive (negative) AHC. The AHC becomes zero by
linearly polarized light excitation. Since the THz AHC spectra
were measured after the MIR light excitation was switched off, the
film sample is considered to be cooled down to 27 K before the
AHC measurements. Thus, the zero AHC is ascribed to randomly
oriented multi-domain state composed of ferromagnetic domains
with two possible magnetic orientations (hereafter we refer to as
demagnetization for convenience). For the data in Fig. 2b, because
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the spot size of the probe THz pulse is larger than the pump MIR
pulse, the pump beam was swept before the measurements to
cover the large spot of the THz probe pulse. However, the cov-
erage is not perfect especially for the probe frequency below
6meV, causing the reduced THz AHC in the lower frequency
after sweeping σþ (red circles) and X (green circles) polarized
light. A repetitive switching of the AHE is demonstrated by
measuring the THz Faraday rotation angle, θF;THz, with the
irradiation of circular-polarized light. θF;THz versus time is plotted
in Fig. 2c, with repeatedly changing the polarization of the pump
between σ� and σþ by controlling the retardance of the waveplate
between λ=4 and 3λ=4. The square-wave like change of θF;THz

indicates the sign reversal of the AHC. The demonstrated sign
reversal of the intrinsic AHE, which originates from the diverging
Berry curvature around the Weyl nodes, manifests the non-
volatile, light-induced chirality switching of the Weyl fermions
around each Weyl node in MWSM, as illustrated in Fig. 2d.

Change of magnetization with the chirality switching in
Co3Sn2S2. As mentioned in the introduction part, the chirality of
Weyl nodes in MWSMs is intimately coupled to the magnetization.
Accordingly, the chirality switching should be associated with the
all-optical magnetization switching (AOS) in Co3Sn2S2. To investi-
gate the behavior of magnetization and its spatial distribution under
the MIR excitation, we performed the magneto-optical imaging
using NIR light pulse. Figure 3a shows magnetization images of the

Co3Sn2S2 film after exposure to 104 pulses of σþ MIR light with
various excitation fluences. The sample temperature was set to 100 K
with the initial magnetization oriented to down (M/M0=− 1) by 60
mT field-cooling, and the measurements were performed without
applying a static magnetic field. Here, M/M0 denotes the magneti-
zation relative to its saturated value (M/M0=+ 1 and −1 corre-
spond to up and down magnetization, respectively), which was
calibrated by the procedure described in Supplementary Note 1. A
magnetization reversed domain (red) appears with a fluence of 0.48
mJ cm−2 on the initially saturated film (blue, M/M0=− 1). When
increasing the fluence, the area affected by the pump pulse expands
while the central part becomes demagnetized. Similar to the THz
AHC measurements, the images were taken more than 1 second
after the MIR light excitation, therefore the film sample is con-
sidered to be cooled down to 100 K before the images were taken.
Thus, the area that exhibits zero magneto-optical response
(M/M0= 0) should be viewed as a randomly oriented multi-domain
state with each domain smaller than the spatial resolution of the
imaging setup. The fluence dependence of the magnetization at the
beam center is depicted in Fig. 3b. The reversal of the magnetization
is identified when exceeding the threshold fluence at 0.45 mJ cm−2,
resulting that the magnetization switching is efficiently activated in
certain fluence region (shaded blue in Fig. 3b). Figures 3c, d display
the magnetization image taken after σþ, σ�, and X polarized MIR
light excitation for each position, with the initial magnetization set to
up (M/M0=+ 1) and down (M/M0=− 1), respectively. We can see
that, in the outer ring regions of the affected areas, the deterministic

Fig. 1 Characteristics of the Co3Sn2S2 thin film. a, Unit cell of Co3Sn2S2 where the cobalt atoms form a ferromagnetic kagome lattice. The magnetic
moments are indicated by arrows along the c-axis. b Distribution of the Weyl points in the 3D Brillouin zone and the 2D momentum space projected in
(001) direction. Red and blue represent the chirality (plus or minus) of each Weyl point. L points at the zone edge are indicated by black spheres.
c Schematic band structure of Co3Sn2S2 in ferromagnetic phase including the nodal ring (black line) for that without spin-orbit coupling (SOC) and the
Weyl points (red and blue spheres) for that with SOC. d Anomalous Hall conductivity and e that divided by longitudinal conductivity as a function of
temperature. The Curie temperature, TC, is indicated by the arrow. f Anomalous Hall resistivity versus magnetic field curves at various temperatures.
g Schematic of the terahertz (THz) Faraday rotation spectroscopy (θF;THz: the Faraday rotation angle) and near-infrared (NIR) Faraday microscope system
with left-hand (σ�) and right-hand (σþ) circularly polarized MIR pump pulse. The mid-infrared (MIR) pump is incident normally to the sample, that is,
parallel to the c-axis along which the magnetization (M) is oriented.
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magnetization control is realized depending on the light polarization;
σþ, σ�, and X polarization which respectively leads to M/M0=+ 1,
−1, 0. A comparison between Fig. 3c, d confirms the resultant
magnetization to be independent of the initial magnetization. Since
the light-induced magnetization reversal occurs only at the edge of
the pump beam, a large area can be uniformly magnetized by

sweeping the pump pulses over the film. This large area switching was
demonstrated in Fig. 3e that was taken after sweeping the pump beam
from right to left (indicated by black arrows). The complete mag-
netization switching by the swept laser is manifested by the line
profile displayed in Fig. 3f, which is depicted along the vertical dashed
line in Fig. 3e.
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Fig. 2 Non-volatile, repetitive switching of anomalous Hall conductivity. a Optical anomalous Hall conductivity (AHC) (circles at several temperatures)
of the uniformly magnetized film by field-cooling. Squares indicate the AHC measured by dc transport. b Optical AHC after sweeping the mid-infrared
(MIR) pump pulses with the σ�, σþ, and X polarization. c Temporal evolution of terahertz (THz) Faraday rotation angle θF;THz under MIR pulse excitation
with the fluence of 1.99mJ cm−2, along with the retardance of the waveplate where λ=4 (3λ=4) corresponding to σ� (σþ) polarization. The sample
temperature was set to 148 K by zero-field cooling, so the initial magnetization was M/M0= 0 (multi-domain state). d Illustration of chirality switching of
magnetic Weyl semimetals (MWSMs) by circularly polarized light. The chirality of each Weyl point is described as C= ± 1.
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Multiple pulse accumulation effect. To understand the mechan-
ism of the helicity-dependent magnetization control in Co3Sn2S2,
we further examined a pulse-to-pulse accumulation effect. Figure 4a
shows how the magnetization image evolves along the increase of
the number of pump pulses with the fluence per pulse of 1.26mJ cm
−2 which is higher than the threshold fluence in Fig. 3b. The line
profiles of the magnetization depicted from the images in Fig. 4a are
also plotted in Fig. 4c. A single-pulse excitation causes only a cir-
cular demagnetized area in M/M0=− 1 without showing the
magnetization reversal. On the other hand, a multiple-pulse exci-
tation leads to the deterministic magnetization in the outer ring
region, where the magnetization increases toward M/M0=+ 1 by
increasing the number of pulses. The magnetization reversal is
completed by 103 pulses and no further change of the magnetization
is observed by additional pulse irradiation (Supplementary Fig. 2 in
Supplementary Note 2).

Discussion
Now we address the possible origin of the observed helicity-
dependent switching of chirality and magnetization in Co3Sn2S2.
AOS has been reported for a variety of ferrimagnetic36–41 and
ferromagnetic materials42,43. AOS in ferrimagnets, which occurs
with a single-shot excitation due to the transfer of angular

momentum between magnetic sublattices, should differ from the
present case, as atoms in Co3Sn2S2 do not form such sublattices. The
observed AOS in this ferromagnetic Weyl semimetal rather
resembles that of conventional ferromagnets. Accordingly, we
consider two standard mechanisms of AOS in ferromagnets in
order to explain the observed results. The first candidate is the
inverse Faraday effect (IFE) where the effective magnetic field
induced by the circular-polarized light results in the magnetization
switching44. The mechanism of the AOS based on IFE combined
with the laser-induced heating has been proposed45,46. This model
in principle predicts a magnetization reversal even by a single-shot
pulse excitation, while we do not observe such a magnetization
reversal in the single-shot excitation case and only discern the
demagnetization. Another plausible origin is the multi-shot accu-
mulative AOS that occurs due to the magnetic circular dichroism
(MCD)47,48. When a sample showing MCD is excited by circularly
polarized light, the domains are selectively heated and thus have
different probabilities of the magnetization switching. In this model,
a single-shot pulse excitation of a uniformly magnetized sample
causes randomly oriented domains at most (M/M0= 0), but the
repeated domain-selective laser-induced heating and subsequent
cooling to the initial temperature can finally lead to a unidirectional
overall magnetization with the orientation determined by the heli-
city of light.
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pulses of σþ polarized mid-infrared (MIR) light under the indicated pump fluences. The color scale indicates the magnetization at each position M divided
by the saturated value M0, therefore M=M0 =−1(+1) corresponds to the spin down (up) state. b Magnetization at the beam center as a function of pump
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(indicated by black dotted arrows), and the magnetization pattern was subsequently imaged. For (c)–(e), the pump fluence was set to 0.69mJ cm−2, and
the color scale for (a) is also applied. f Line profile along the vertical dashed line in (e).
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The experimental result presented in Fig. 4a clearly indicates
that the AOS occurs accumulatively by the multi-pulse excitation.
We simulated this MCD-originated AOS (details are given in
Supplementary Note 347). As presented in Fig. 4b, for a single-
shot pulse excitation with a gaussian intensity profile, a circular
demagnetized pattern is reproduced. On the other hand, with
multiple (104)-pulse excitation, magnetization reversal progresses
in the outer ring region because the accumulative AOS proceeds
prominently in the area heated close to TC due to the maximum
unbalance of switching probabilities. In contrast, the central area
heated well above TC remains randomly oriented because
domains of both magnetic orientations experience thermal
demagnetization repeatedly. This explains that the radius of the
ring pattern of the reversed magnetization (red region) spreads
with increasing the pump fluence (Fig. 3a). The pump helicity

dependence of the magnetization distribution (Fig. 3c, d) is also
reproduced by the simulation (Supplementary Fig. 3). Note that
the value of MCD at the pump photon energy (0.31 eV), defined
as 2ðAþ � A�Þ=ðAþ þ A�Þ where Aþ (A�) is the absorption rate
for σþ (σ�) polarized light, is estimated as large as 0.15 in the
Co3Sn2S2 film (Supplementary Note 4 and Supplementary
Fig. 4)35. Owing to this large MCD, the use of MIR light is likely
better for accurate and efficient reversal of chirality and magne-
tization of Co3Sn2S2 compared to, for example, NIR light with
about 1 eV showing the much smaller MCD. The giant magneto-
optical response arising from the Weyl nodes in the MWSMs
leads to a large MCD especially for low-frequency light, which is
thought to favor the demonstrated switching. However, we would
also like to note that the AOS in the present model and resultant
chirality switching in MWSMs should be realized regardless of
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the microscopic mechanism of the MCD, whether it originates
from linearly dispersing bands around Weyl nodes or from other
bulk bands. In fact, the MCD in Co3Sn2S2 at photon energy
0.31 eV mainly arises from the interband transitions associated
with bulk bands which are distinct from the nodal rings con-
nected to the Weyl nodes35.

The present model predicts that the demagnetization by single
pulse occurs when the temperature of the illuminated area is heated
up to TC. Magenta circles in Fig. 4d present the experimentally
obtained fluence threshold for the demagnetization at the beam
center by a single-pulse excitation. Dashed line in Fig. 4d shows a
fitting curve assuming that the absorbed pump pulse energy is
consumed to heat the irradiated area of Co3Sn2S2 film up to TC,
with adopting the literature value of the specific heat of the bulk
Co3Sn2S249. The only fitting parameter is the absorption of the film
sample for σþ-polarized pump pulse. The great consistency of the
temperature dependence between the fitting and the experimental
data verifies the above scenario. The obtained power absorption
rate of the film, 47%, shows a reasonable agreement to the value of
35% estimated from the literature values of the optical longitudinal
and Hall conductivity of bulk Co3Sn2S2 at 20 K35. Blue bars in
Fig. 4d express the range of fluence at which AOS occurs after 104-
pulse irradiation, adopted from the blue highlighted region in
Fig. 2b. While the present model reproduces the observed AOS
even semi-quantitatively, it is not sufficient to explain the threshold
fluence for the multiple-pulse switching, which is substantially
lower than the value of single-shot demagnetization. This efficient
magnetization reversal compared to the demagnetization may
suggest contributions of domain-wall motion, the effect of which
has been investigated for the AOS in ferromagnetic materials50,51.
For example, the thermal gradient between oppositely oriented
magnetic domains due to MCD-induced non-equivalent heating
can drive domain wall motions, which promote the magnetization
reversal by expanding nucleated domains of opposite magnetic
orientation. Other nonlocal effects such as dipolar fields should also
affect the actual switching probability47. Further improvement of
the models including these nonlocal effects is desirable to further
elucidate the dynamics of the underlying mechanism. Although the
observed chirality/magnetization switching is accumulative where
the net magnetization gradually changes by cycles of the laser-
induced heating and cooling events, two-step cumulative AOS
where the repetitive laser pulse irradiation causes a helicity-
independent demagnetization followed by a helicity-dependent
remagnetization52 can be excluded as a mechanism for the present
case by examining pulse-to-pulse magnetization under σþ and σ�

excitation (Supplementary Note 5 and Supplementary Fig. 5). In
the model of MCD-induced AOS (Supplementary Note 3), the
deterministic magnetization results from the imbalance of hopping
probabilities (Supplementary eq. (3) in SI) for two magnetic
domains with opposite spins. This imbalance depends on the
temperature dependence of energy barrier E Tð Þ ¼ VKðTÞ (V: the
grain volume, K: the out of plane magnetic anisotropy of energy
density, in Supplementary eq. (4) in SI), how large the difference in
elevated temperature between the two magnetic domains is, and
how long they are held at elevated temperature (a parameter thot in
Supplementary eq. (3) in SI). For the application of the chirality/
magnetization switching to general MWSMs, the larger MCD, K,
V, and thot are beneficial for the magnetization reversal, resulting in
a smaller number of optical pulses required for the switching. If the
difference between the initial temperature and the TC is large, the
temperature difference between the two magnetic domains will
be large, so magnetization reversal will be promoted with a smaller
number of optical pulses. On the other hand, a large amount of
pulse energy is required to bring about a large temperature rise,
which can be disadvantageous in terms of energy efficiency.
Appropriate design of these material parameters is crucial for the

application of highly efficient magnetization/chirality switching,
including the room temperature operation using MWSMs with
higher Curie temperature.

The switching speed of the observed magnetization reversal is
considered to be limited by the dynamics of the laser-induced
heating and subsequent cooling. We performed a pump-probe
measurement to evaluate this time-scale (Supplementary Note 6
and Supplementary Fig. 6). The result indicates that the demag-
netization takes tens of picoseconds and the system returns to the
initial temperature within hundreds of picoseconds. Considering
that the magnetization reversal needs multiple heating and
cooling events, the overall switching process requires nanose-
conds in the present experimental condition, while further
improvements, e.g., reduction of the pump spot size and
improving of thermal contact may contribute to shorten the
switching time.

Conclusions. In summary, we demonstrated the light-induced
chirality switching in a MWSM, Co3Sn2S2, through an AOS
process. Although the mechanism for the observed AOS is rea-
sonably well described by a model that has been applied in
conventional ferromagnetic materials, the intimate coupling
between the chirality and the magnetization in the MWSM has
made it possible to switch the chirality of Weyl nodes by light.
This is further confirmed by the sign change of the THz AHC,
underpinning the sign reversal of the Berry curvature distribution
around the Weyl nodes that occurs concomitantly with the sign
reversal of magnetization and thus the chirality of each Weyl
node. Since the observed chirality/magnetization switching phe-
nomenon originates from the inequivalent heating of oppositely
oriented magnetic domains caused by MCD, the switching
scheme should be applicable to a wide range of MWSMs
regardless of the origin of MCD. The capability of magnetic/
chirality domain control by light would also provide a platform
for manipulating the domain structure and for exploiting the
domain wall dynamics which are anticipated to be governed by
the emergent axial gauge fields in MWSMs53,54.

Methods
Sample preparation and characterization. The 23-nm-thick c-axis-oriented
Co3Sn2S2 films capped with an approximately 50-nm-thick insulating SiO2 layer
were grown on double-side polished Al2O3 (0001) substrates by radio-frequency
magnetron sputtering28. For the Co3Sn2S2 thin film samples prepared by this
sputtering method, the ferromagnetic transition temperature, saturation magneti-
zation, magnetic anisotropy parameter Ku, room temperature resistivity, residual
resistivity at low temperature, anomalous Hall conductivity have been
reported28–31,35, and all these values indicate properties were equivalent to those of
bulk single crystals24,25,32. The compositional ratio was stoichiometric within the
error bar range of energy-dispersive X-ray spectroscopy evaluation31. The struc-
tural characterization by transmission electron microscopy and X-ray diffraction
using Cu Kα radiation have shown that the thin film samples were composed of
c-axis oriented domains, while the anomalous Hall effect originating from the
Berry curvature is less sensitive to the domain boundaries in the film. The c-axis
orientation of the thin film samples ensures that the optical measurements per-
formed in this study using c-axis propagating light reflect the in-plane optical
responses perpendicular to the magnetic orientation. For the Co3Sn2S2 film used in
this study, the thickness was estimated from thickness fringes around the Co3Sn2S2
(0006) peak. Electrical measurements for the evaluation of resistivity ρxx and Hall
resistivity ρxy were carried out with the scratched Hall-bar sample in physical
property measurement system (PPMS, Quantum Design). Conductivity σxx and
Hall conductivity σxy were calculated from those resistivities.

Mid-infrared pump and THz Faraday rotation measurement. As a light source,
we used a Yb:KGW-based regenerative amplifier (pulse energy 2 mJ, center
wavelength 1030 nm, repetition rate 3 kHz, and pulse duration 170 fs). Half of the
output was used to generate the mid-infrared pump pulse (pulse energy 17 μJ,
center wavelength 4.0 μm, pulse duration 96 fs) by an optical parametric amplifier.
The other half was used for the probe THz pulse. The fluence of the mid-infrared
excitation was tuned by using two ZnSe wire-grid polarizers and the polarization
was controlled by a liquid-crystal variable retarder. The pump pulse was focused
using a CaF2 lens and normally incident to the sample. The spot size at the sample
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position was 90 μm in 1/e radius for the data shown in Figs. 3a and 4a, and 150 μm
in 1/e radius for those in Figs. 2 and 3c–e. To obtain the Hall conductivity in the
THz frequency range, we performed the Faraday rotation measurement with
using time-domain THz polarimetry55. The THz probe pulses were generated by a
380-μm-thick GaP (110) crystal. The transmitted THz probe pulses were detected
by electro-optic sampling in another GaP (110) crystal. The spot size of the probe
THz pulse was evaluated for each frequency (or photon energy) taking into account
the difference of diffraction limit. The values obtained by knife edge measurements
at the sample position were 240 × 310 μm for 1 THz (4.14 meV) and 140 × 200 μm
for 2 THz (8.27 meV) in 1/e radius. The Faraday rotation angle (θF) and ellipticity
(ηF ) were obtained by measuring the parallel and perpendicular components of
THz electric field by using wire-grid polarizers. The complex Hall conductivity is
then converted by the equation θF ωð Þ þ iηF ðωÞ ffi σxyðωÞd= 1þ nsub

� �
cϵ0 þ σxx

�

ωð Þd� where nsub is the refractive index of the substrate, c the speed of light, ϵ0 the
vacuum permittivity, σxxðωÞ the longitudinal conductivity, and d the thickness of
the film sample.

The Faraday rotation angle in Fig. 2c was measured during the mid-infrared
pump irradiation while the Hall conductivity in Fig. 2b was measured after
finishing the pump irradiation. For the data in Fig. 2c, the repetition rate of the
pump pulse was reduced to 1.5 kHz using an optical chopper. The electric field
perpendicular to the incident THz polarization (defined as Ey) was measured using
the THz probe pulse which was incident alternately to the pump pulse. Namely, Ey

was measured 0.33 ms after the pump pulse excites the sample where the sample
was considered to be cooled down to the initial temperature. The measured Ey was
converted to the Faraday rotation angle plotted in Fig. 2c by an approximate
expression θF ¼ Ey=Ex , where Ex is the transmitted THz electric field parallel to
the incident polarization.

Magneto-optical microscopy using near-infrared light. For the magnetization
imaging, the linearly polarized near-infrared (1030 nm) optical pulse was incident
to the sample slightly non-collinear to the mid-infrared pump beam. The trans-
mitted probe pulse was guided to a charge-coupled device (CCD) camera to take
the polarization-resolved image of the sample with an analyzer (a glan-laser prism)
placed before the CCD camera. The magnetization at each position was obtained
by the calibration procedure as described in Supplementary Note 1. The typical
spatial resolution was 3 μm by using a 5× objective.

Data availability
All relevant data are available from the authors upon request.
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