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Topological magneto-optical effect from
skyrmion lattice

Yoshihiro D. Kato 1, Yoshihiro Okamura 1 , Max Hirschberger 1,2,
Yoshinori Tokura 1,2,3 & Youtarou Takahashi 1,2

The magnetic skyrmion is a spin-swirling topological object characterized by
its nontrivial winding number, holding potential for next-generation spin-
tronic devices. While optical readout has become increasingly important
towards the high integration and ultrafast operation of those devices, the
optical response of skyrmions has remained elusive. Here, we show the
magneto-optical Kerr effect (MOKE) induced by the skyrmion formation, i.e.,
topological MOKE, in Gd2PdSi3. The significantly enhanced optical rotation
found in the skyrmion phase demonstrates the emergence of topological
MOKE, exemplifying the light-skyrmion interaction arising from the emergent
gauge field. This gauge field in momentum space causes a dramatic recon-
struction of the electronic band structure, giving rise to magneto-optical
activity ranging up to the sub-eV region. The present findings pave a way for
photonic technology based on skyrmionics.

Since its first discovery in a chiral magnet, the magnetic skyrmion, a
nanometric quasiparticle composed of full-solid-angle oriented spin
moments, has attracted much attention because of its potential for
high density and low power consumption memory/logic devices1–8.
The topological nature of each skyrmion, which is derived from the
directions of constituent spins wrapping the unit sphere, gives rise to
the robust stability and high electric-current controllability of the
skyrmion particle, being useful as the information carrier3,9,10. This
particular spin arrangement also hosts the quantized scalar spin chir-
ality, generating a gauge field originating from the Berry phase. As a
result, a fictitious magnetic field acts on the electronic system, often
referred to as an emergent magnetic field, due to the skyrmion for-
mation. For conduction electrons, this emergent magnetic field indu-
ces topological transport phenomena as exemplified by the
topological Hall effect (THE) and topological Nernst effect9,11–14, which
can be exploited for electrical readout of skyrmions. In recent years,
much effort has been devoted to the exploration of new materials
hosting small skyrmions15–18 and to the detailed elucidation of sky-
rmion dynamics such as the current-induced motion and creation/
annihilation processes19–21. These fundamental studies enable further
advances towards the realization of higher density devices and their

operation. On the other hand, these findings warrant the development
of more sophisticated readout schemes, beyond simple transport
experiments (THE), which are capable of sensitive, functional, and
high-speed response.

In this context, the magneto-optical effect, a light polarization
rotation under breaking of time-reversal symmetry, is a promising
candidate. It has been used as a local, fast, and contactless probe of
magnetic domains22. The magnitude of the magneto-optical effect is
usually proportional to themagnetization (M), and thus it is believed to
be less sensitive to the emergence of skyrmions accompanying weak
change in the netM23. Meanwhile, some recent theories predict the so-
called topological magneto-optical effect induced by the formation of
noncoplanar spin structures with finite scalar spin chirality24. This
mechanism is essentially distinct from the conventional M-induced
magneto-optical effect governed by the interplay between band
exchange splitting and relativistic spin-orbit coupling25,26; the spin-
orbit coupling is not a prerequisite for the topologicalmagneto-optical
effect24,27. Thus, the emergent magnetic field arising from skyrmion
formation potentially gives rise to the topological magneto-optical
effect sensitive to the existence of skyrmion, analogous to the THE24,27,
which can be exploited for the optical detection of skyrmions.
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However, such an optical response driven by skyrmion formation has
yet to be elucidated.

Here, we report on the topological MOKE arising from the sky-
rmion lattice (SkL) in the centrosymmetric rare-earth intermetallic
compound Gd2PdSi3. By using broadband magneto-optical spectro-
scopy, we observe a largely enhanced MOKE in the sub-eV region due
to SkL formation, evidencing the existence of topological MOKE and a
significant change in Bloch electron wavefunctions constituting band
structure by the emergent magnetic field. Such a reconstruction of
electronic bands is found to contribute to THE, providing a compre-
hensive understandingof emergent electrodynamicsover anextended
energy scale.

Results
The rare-earth intermetallic Gd2PdSi3 crystallizes in the AlB2-type
structure; a triangular lattice of Gd atoms sandwiches a nonmagnetic
honeycomb-lattice layer composedof Pd and Si atoms (Fig. 1a)28. Long-
range magnetic order of the Gd 4f moments is stabilized below 20
K14,15,29. Because of frustrated magnetic interactions on the triangular
network of Gd moments, this material shows a rich magnetic phase
diagram including modulated spin structures with short magnetic
periods (Fig. 1a, b). The SkL appears under moderate magnetic field
parallel to the c axis, in between two incommensuratemagnetic phases
without net emergent magnetic field: spiral-like IC-1 and fan-like IC-
2 states (Supplementary Fig. 1)14,15,29. Each skyrmion is as small as a few
nanometers in diameter,much smaller than the size of such textures in
conventional chiralmagnets. Since one skyrmion provides a single flux
quantum, the high-density SkL generates exceedingly strong emergent
magnetic fields, leading to enhanced topological transport

phenomena; theHall conductivity is steeply enhanced in the SkL phase
due to the giant THE (Fig. 1c), while M shows a monotonic increase,
with a step-like anomaly at each phase boundary14,15.

To pursue the topological magneto-optical effect, we measured
broadband MOKE spectra, i.e., the polarization rotation of reflected
light from the sample surface, under magnetic fields parallel to the c-
axis. Figure 1d, e shows the magnetic field dependence of the Kerr
rotation angle θK(ω) (0.04–0.08 eV and 0.1–0.8 eV) and Kerr ellipticity
ηK(ω) (0.1–0.8 eV) at 8.4 K (see also Methods). The overall magnitude
of magneto-optical responses tends to grow with increasing magnetic
field, while a dramatic change of the MOKE spectra is observed upon
entering the SkL phase. The IC-1 and IC-2 phases with no net emergent
magnetic field show common spectral features, i.e., a broad peak
structure centered at 0.6 eV in θK(ω) and a negative peak at 0.45 eV in
ηK(ω) (green, blue, and purple curves in Fig. 1d, e). In addition to these
resonance structures, the hump around 0.3 eV in θK(ω) and the dip at
0.2 eV in ηK(ω) appear only in the SkL phase (red and orange curves),
providing a clear fingerprint for the emergence of the topological
MOKE. We note that these spectral changes are also observed in the
temperature dependence (Supplementary Fig. 2). These energy-
dependent anomalies in the MOKE spectra are further corroborated
by constant energy scans along magnetic field (Fig. 2a); θK(ω) shows a
steep enhancement at 0.3 eV and decrease at 0.15 eV due to skyrmion
formation, which is impossible to explain by the conventional MOKE
proportional to M.

Since theobservedmagnetic-fielddependenceofθK(ω) resembles
the anomaly in thed.c. Hall effect shown in Fig. 1c,weaim toextract the
topological MOKE by subtracting the M-induced MOKE θK

M(ω), in
analogy to the conventional analysis for the THE. Namely, we define
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Fig. 1 | Basic properties andmagneto-opticalKerr effect ofGd2PdSi3. aThe AlB2-
type crystal structure of Gd2PdSi3 (left panel) and the schematic illustration of the
triangular skyrmion lattice (SkL) (right panel). b Magnetic phase diagram with
magnetic field (H) parallel to the c axis and a contour map of topological Kerr
rotation angle θK

T at 0.3 eV. IC-1 and IC-2 represent incommensurate spin-state
phases (see Supplementary Fig. 1), and PM represents the paramagnetic phase. The
open circles represent phase boundaries determined by magnetization measure-
ments. cMagnetic-field dependence of the d.c. Hall conductivity σxy (left axis) and
magnetization M (right axis) for H || c at 8 K. Hint represents the internal magnetic

field, considering the demagnetization effect. The red shaded area denotes the SkL
phase. d, e Magnetic-field dependence of the magneto-optical Kerr (d) rotation
angleθK and (e) ellipticityηK forH || c at 8.4 K. Thedata are shiftedby vertical offsets
of 0.5mrad. Theblack dotted curves in (d) and (e) denote the conventionalM-linear
MOKE θK

M and ηK
M; the shaded areas in (d) and (e) represent the topological

components θK
T and ηK

T (see main text and Supplementary Fig. 3 for their defini-
tion). The inset in (e) shows the schematic illustration of the MOKE measurement
geometry.
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the topological Kerr rotation spectrum θK
T(ω) as the deviation of the

measured signal from the conventional M-linear term11,15,30;

θT
K ωð Þ= θK ωð Þ � θMK ωð Þ=θK ωð Þ � Mðμ0HintÞ

M 2:5Tð Þ θK ω,2:5 Tð Þ, where μ0Hint

represents the internal magnetic field calibrated by the demagnetiza-
tion factor, and M(μ0Hint) and M(2.5 T) respectively represent the
measuredmagnetization at μ0Hint and 2.5 T (see alsoMethods). TheM-
linear term θK

M(ω) at eachmagnetic field is defined as θK(ω) in the IC-2
phase (2.5 T), with a scaling factor proportional to the normalized

magnetization Mðμ0HintÞ
M 2:5Tð Þ . This component indeed reproduces the spectra

for the IC-1 and IC-2 phases with no net emergentmagnetic field (black
dotted curves in Fig. 1d). Accordingly, the shaded areas in Fig. 1d
express the topological MOKE θK

T(ω). Figure 2b shows the magnetic-
field dependence of θK

T(ω), demonstrating the appearance of reso-
nance structures around 0.1 eV, 0.35 eV, and 0.6 eV only for the SkL
phase (red shaded spectrum). The contourmap of the θK

T(ω) at 0.3 eV,
superimposed onto the magnetic phase diagram, also confirms that
the emergence of θK

T(ω) well coincides with the SkL phase (Fig. 1b).
These observations establish the topological MOKE emergent from
SkL formation. We note that a similar topological magneto-optical

response is observed also for the ellipticity ηK(ω) (Fig. 1e and Supple-
mentaryFig. 3), being connected toθK(ω) through theKramers–Kronig
relations. Figure 2c shows the magnetic field dependence of θK

T(ω)
normalized by the conventional θK

M(ω) in the vicinity of the SkL phase
(0.49T), representing the relative strength of the emergent magnetic
field as compared to theM at each photon energy. The absolute values
for the rotation angle showmarked enhancement at 0.15 eV and0.3 eV;
in particular, θK

T is about two times larger than the conventional M-
induced θK

M in the SkL phase (Fig. 2d, red and blue markers),
demonstrating that the topological MOKE is clearly intertwined with
the appearance of the SkL.

It should be emphasized that the spectral characteristics of the
topological MOKE θK

T(ω) are totally distinct from those of the con-
ventional M-induced θK

M(ω) (dotted curve, Fig. 2b), suggesting differ-
ent microscopic origins between these two signals. Resonance
structures in θK

T(ω) are prominent up to 0.8 eV (Fig. 2b, see also
Supplementary Fig. 4), manifesting the significant impact of SkL for-
mation on the interband optical transitions, whose energy scale is
much higher than the carrier scattering rate (~15meV; see Supple-
mentary Figs. 5, 6). Thus, it can be concluded that the topological
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Fig. 2 | Topological magneto-optical effect from SkL. a Magnetic-field depen-
denceof the Kerr rotation θK at 0.15 eV (red) and at 0.3 eV (blue) at 8.4 K, and of the
bulk magnetizationM (green curve) at 8 K. The dotted vertical lines represent the
phase boundaries of the SkL phase. b Topological Kerr rotation θK
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phase, green), at 0.49T (SkL phase, red), and at 2.0 T (IC-2 phase, blue). The black
dotted curve of θK

M(0.49T) represents the conventionalM-linear MOKE in the SkL
phase at 0.49T. c Magnetic-field dependence of θK

T(μ0Hint) normalized by

θK
M(0.49T). Because the θK

M(0.49T) traverses zero at 0.8 eV and 0.95 eV,
θK

T(μ0Hint)/θK
M(0.49T) around these energies tends to diverge in the whole

magnetic-field region, and therefore, are not shown here. For more details, see
Supplementary Fig. 4. d Magnetic-field dependence of θK

T(μ0Hint)/θK
M(0.49T) for

0.15 eV (red), 0.3 eV (blue), 1.1 eV (purple), and 1.7 eV (green). In (c) and (d), the
dotted horizontal lines represent the phase boundaries of the SkL phase.
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MOKE is caused by a reconstruction of the electronic bands, including
those bands rather far from the Fermi level, through the impact of the
emergent field in momentum space that appears in the SkL phase.
Note that recent theory predicted that the resonance energy of the
topological magneto-optical effect is as large as the exchange
interaction27,31; the observed resonances might indicate the optical
transitions among exchange-split band pairs.

The change in the electronic structure responsible for the
topological MOKE is also closely related to the THE in the d.c. limit.
To see this, we introduce the optical Hall conductivity for THE,
σxy

T(ω), which is deduced from θK
T(ω) and the optical conductivity

spectra σxx(ω) (seeMethods), enabling a direct comparison with THE.
In general, all the resonance structures in the optical Hall con-
ductivity σxy(ω) contribute, more or less depending on the respective
spectral weight and the energy position, to the d.c. Hall response32–35.
The peak structure in the imaginary part of σxy(ω), Im σxy(ω), signals
the existence of a resonant optical transition. The spectral weight of
Im σxy(ω)/ω is equal to the contribution to the d.c. Hall conductivity,
according to the sum rule for optical spectra34. Hence, Im σxy(ω)
provides an insight into the origin of d.c. Hall conductivity. On the
other hand, the real part of σxy(ω), Re σxy(ω), shows a dispersive
spectral shape close to the resonance, and Re σxy(ω = 0) must be
equal to the Hall conductivity observed in transport measurements.
In the present case, σxy

T(ω) exhibits a pronounced resonance cen-
tered around 0.07 eV, with modest features above 0.3 eV (Fig. 3a).
The emergence of these resonance structures from interband tran-
sitions well coincides with the SkL phase (Fig. 3b, c), suggesting their
significant contribution to the d.c. THE. We conclude that the

momentum-space structure of emergent field, or equivalently the
Berry curvature, plays an important role for the THE in the SkL
phase36–38. Note that these energy structures cannot be directly
observed by d.c. transport measurements.

A noticeable differencebetween σxy
T(ω) and θK

T(ω) (Fig. 2b) is that
the lowest-lying optical transition around 0.07 eV becomes prominent
in σxy

T(ω) (Fig. 3a). This lower-lying resonance with large spectral
weight naturally contributes more to the THE than the higher-lying
resonances. In the case of the intrinsic anomalous Hall effect of colli-
near ferromagnets, a low-energy resonance in σxy(ω), as well as the d.c.
response, are often produced by interband optical transitions around
avoided band crossing points with intense Berry curvature32–35, for
which spin-orbit coupling is essential. Thus, the presently observed
low-energy resonance signals that SkL formation with the scalar spin
chirality induces band reconstruction, likely inducing such avoided
crossing points accompanied by generation of Berry curvature. Note
that the spin-orbit coupling is not essential for the topological MOKE,
but may somehow affect the band structure and topological MOKE
spectra.

It should be noted that the lowermost-energy value of Re σxy
T(ω),

and the peak value of Im σxy
T(ω), reach almost 10% of the d.c. topolo-

gical Hall conductivity ~350 Ω−1cm−1 (Fig. 3c). Therefore, the σxy
T(ω) is

expected to be further enhanced below the present experimental
window (40meV – 2.1 eV), suggesting the presence of other optical
transitions below40meV. Since this energy scale is comparable to that
of conduction electron dynamics (~15meV; Supplementary Fig. 6), a
part of this additional contribution may originate from intraband
transitions of conduction electrons steeply enhanced below 20meV,
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related to the real-space Berry phase (Supplementary Note 1 and
Supplementary Fig. 7). Thus, the THE in the present compound
probably has two different origins, as suggested by recent
calculations37. This is in contrast to THE in the conventional B20-type
chiral magnets, which is interpreted solely by the emergent magnetic
field arising from Berry phases in real space electron motion11.

The SkL is found to exhibit topological magneto-optical phe-
nomena, which markedly enhance the optical rotation, even without
spin-orbit coupling. This suggests a new design principle for large
magneto-optical activity that does not rely on heavy elements having
large spin-orbit coupling. Besides the enhanced magneto-optical
phenomena, the low-energy interband resonance responsible for the
THE has the potential to realize a quantized topological magneto-
optical effect in certain conditions24. The topological MOKE observed
here up to the sub-eV near-infrared region exemplifies a strong light-
skyrmion interaction, potentially enabling sensitive, noncontact, and
fast skyrmion detection, and even optical control of skyrmions, by
using commercially available semiconductor diode and fiber lasers.
For example, the conventional imaging technique can be applicable to
visualize the skyrmion cluster larger than the diffraction limit of light.
In addition, several optical techniques that overcome the diffraction
limit of light, whose spatial resolution approaches λ/10039, might be
exploited to detect the response froma single skyrmion particle. Thus,
our findings pave a way for novel skyrmion-based devices in con-
junction with feasible laser photonics technology.

Methods
Single crystal growth and characterization
A single crystal was grown by the opticalfloating zone technique14. The
sample was characterized by powder x-ray diffraction (XRD) and
energy-dispersive x-ray spectroscopy (EDX). The magnetization was
measured in a Magnetic Property Measurement System (Quantum
Design). The Hall resistivity was measured by using Physical Property
Measurement System (QuantumDesign). Themagnetic phase diagram
was determined from anomalies in the magnetic-field dependence of
the magnetization. We corrected the magnitude of magnetic fields
within the sample by considering the demagnetization effect. This
allows us to compare the transport data, magnetization, and MOKE.

Magneto-optical Kerr effect measurement
Polar magneto-optical Kerr spectroscopy was performed with use of a
Fourier-transform infrared spectrometer (FTIR) for 0.04 – 1.2 eV and a
monochromator-type spectrometer for 1.2–2.1 eV. External magnetic
fields up to 3 T were applied perpendicular to the sample surface by
using a superconducting magnet. For high-precision polarimetry, we
used a photo-elastic modulator (PEM) in conjunction with a MCT
detector for 0.1–1.2 eV and a Si photodiode above 1.2 eV40. The
detection of synchronous signal of the reflected light with the funda-
mental and second harmonic of the modulation frequency enables us
to simultaneouslymeasure theKerr ellipticityηK and the rotation angle
θK, respectively. To deduce the Kerr spectra, we anti-symmetrized the
spectra for the positive and negative magnetic fields. For the mea-
surement in 0.04–0.08 eV, we used a liquid He-cooled bolometer
detector and put two wire-grid polarizers before and after the sample,
which are oriented at 45 degrees with respect to each other. Only the
Kerr rotation angle can be measured by comparing the light intensity
at positive field I(+H) and that at negative magnetic field I(−H)41:

θK =
1
2
I +Hð Þ � I �Hð Þ
I +Hð Þ + I �Hð Þ : ð1Þ

Optical conductivity σxx(ω) and optical Hall conductivity
spectra σxy(ω)
The optical conductivity spectra σxx(ω) and dielectric constant εxx(ω)
were deduced through the Kramers–Kronig transformation of the

reflectivity spectra from 0.02 to 40 eV (Supplementary Fig. 5). For
extrapolation of the reflectivity data below the lowest energy, we used
theHagen–Rubens relation. The optical Hall conductivity σxy(ω) canbe
calculated from the following formula:

σxy ωð Þ= � σxx ωð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi

εxx ωð Þ
p

θK ωð Þ+ iηK ωð Þ� �

: ð2Þ

Here we used zero-field data for the σxx(ω) and εxx(ω) spectra and
we confirmed that these spectra are almost unchanged by the appli-
cation of amagnetic field (Supplementary Fig. 5).We also note that the
σxy(ω) spectra cannot be directly calculated below 0.1 eV, because the
ellipticity ηK(ω) cannot be measured in our present setup in the low-
frequency range. Thus, we used ηK(ω) deduced from the
Kramers–Kronig analysis of θK(ω), as described in the next section and
in Supplementary Fig. 8. The obtained σxy(ω) spectra at several mag-
netic fields are displayed in Supplementary Fig. 9. Since these σxy(ω)
spectra below 40meV are probably less accurate, due to the sup-
pression of optical rotation caused by the divergence of εxx(ω) in the
low-energy region, we focus on the data above 40meV.

Kramers–Kronig analysis of magneto-optical spectra
Since the Kerr rotation angle, θK(ω), is measured down to 40meV and
the Kerr ellipticity, ηK(ω), is not available below 100meV, we deduce
ηK(ω) and the Hall conductivity spectra, σxy(ω), below 100meV by the
following analysis.We first extrapolate θK(ω) down to zero energy. The
Kerr angle θK(ω) should converge to zero at zero photon energy,
because εxx(ω) shows the 1/ω2 divergence towards zero energy due to
the Drude response of conduction electrons (Supplementary Fig. 5d)
and θK(ω) is inversely proportional to εxx

1/2. Thus, we linearly extra-
polate θK(ω) from 40meV to 0meV as θK(ω) ∝ ω (the effect of this
extrapolation is discussed in Supplementary Note 2 in more detail).
Second, using the extrapolated spectra of θK(ω) (red solid curves in
Supplementary Fig. 8), ηK(ω) was calculated from the Kramers–Kronig
relation: ηK ωð Þ= � 2ω

π P
R1
0

θKðω0 Þ
ω02�ω2 dω0 (blue solid curves in Supplemen-

tary Fig. 8). The resulting ηK(ω) are in quantitative agreement with the
ηK(ω) data measured above 100meV (blue markers in Supplementary
Fig. 8), confirming the validity of our Kramers–Kronig analysis.

Extraction of the optical Hall conductivity spectra for the
topological Hall conductivity
We define the contribution to the optical Hall conductivity spectra
induced by skyrmion formation as the topological Hall conductivity
σxy

T(ω). This signal is deduced by subtracting the contribution of the
anomalous Hall effect from the total σxy(ω), similar to the case of the
d.c. THE14,15. The optical Hall conductivity derived from the anomalous
Hall effect σxy

M(ω) is proportional to themagnetization, and therefore,
given by

σM
xy ω,μ0Hint

� �

= Mðμ0HintÞ
M 2:5Tð Þ σxy ω, 2:5Tð Þ: ð3Þ

Eventually, σxy
T(ω) is described by

σT
xy ωð Þ= σxy ωð Þ � σM

xy ωð Þ= σxy ωð Þ � Mðμ0HintÞ
M 2:5Tð Þ σxy ω, 2:5Tð Þ: ð4Þ

We note that, since the magnetic-field variation of σxx(ω) and
εxx(ω) are negligible, this equation can be rewritten as

σT
xy ωð Þ= � σxx ωð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi

εxx ωð Þ
p

θTK ωð Þ+ iηT
K ωð Þ

� �

: ð5Þ

Here we omit the optical Hall conductivity derived from the
normalHall effect due to its smallmagnitude, shown in Supplementary
Note 1. The obtainedσxy

T(ω) indeed shows resonance structures only in
the skyrmion phase (Fig. 3), validating our analysis.
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Data availability
All other data that support the plots within this paper are available
from the corresponding authors upon reasonable request. The data
that support the plots of this study are available from the corre-
sponding author upon reasonable request. Source data are provided
with this paper.

References
1. Mühlbauer, S. et al. Skyrmion lattice in a chiral magnet. Science

323, 915–919 (2009).
2. Yu, X. Z. et al. Real-space observation of a two-dimensional sky-

rmion crystal. Nature 465, 901–904 (2010).
3. Fert, A., Cros, V. & Sampaio, J. Skyrmions on the track. Nat. Nano-

technol. 8, 152–156 (2013).
4. Back, C. et al. The 2020 skyrmionics roadmap. J. Phys. D: Appl. Phys.

53, 363001 (2020).
5. Song, K. M. et al. Skyrmion-based artificial synapses for neuro-

morphic computing. Nat. Electron. 3, 148–155 (2020).
6. Li, S. et al. Magnetic skyrmions for unconventional computing.

Mater. Horiz. 8, 854–868 (2021).
7. Huang, Y., Kang, W., Zhang, X., Zhou, Y. & Zhao, W. Magnetic

skyrmion-based synaptic devices. Nanotechnology 28,
08LT02 (2017).

8. Jiang, W. et al. Physical reservoir computing using magnetic sky-
rmion memristor and spin torque nano-oscillator. Appl. Phys. Lett.
115, 192403 (2019).

9. Nagaosa, N. & Tokura, Y. Topological properties and dynamics of
magnetic skyrmions. Nat. Nanotechnol. 8, 899–911 (2013).

10. Jonietz, F. et al. Spin transfer torques in MnSi at ultralow current
densities. Science 330, 1648–1651 (2011).

11. Neubauer, A. et al. Topological Hall effect in the A phase of MnSi.
Phys. Rev. Lett. 102, 186602 (2009).

12. Schulz, T. et al. Emergent electrodynamics of skyrmions in a chiral
magnet. Nat. Phys. 8, 301–304 (2012).

13. Shiomi, Y., Kanazawa, N., Shibata, K., Onose, Y. & Tokura, Y. Topo-
logical Nernst effect in a three-dimensional skyrmion-lattice phase.
Phys. Rev. B 88, 064409 (2013).

14. Hirschberger, M. et al. Topological Nernst effect of the two-
dimensional skyrmion lattice. Phys. Rev. Lett. 125, 076602
(2020).

15. Kurumaji, T. et al. Skyrmion lattice with a giant topological Hall
effect in a frustrated triangular-lattice magnet. Science 365,
914–918 (2019).

16. Khanh, N. D. et al. Nanometric square skyrmion lattice in a cen-
trosymmetric tetragonal magnet. Nat. Nanotechnol. 15,
444–449 (2020).

17. Hirschberger, M. et al. Skyrmion phase and competing magnetic
orders on a breathing kagomé lattice. Nat. Commun. 10,
5831 (2019).

18. Takagi, R. et al. Square and rhombic lattices of magnetic skyrmions
in a centrosymmetric binary compound. Nat. Commun. 13,
1472 (2022).

19. Yu, G. et al. Room-temperature skyrmions in an antiferromagnet-
based heterostructure. Nano Lett. 18, 980–986 (2018).

20. Woo, S. et al. Deterministic creation and deletion of a single mag-
netic skyrmion observed by direct time-resolved X-raymicroscopy.
Nat. Electron. 1, 288–296 (2018).

21. Shimojima, T. et al. Nano-to-micro spatiotemporal imaging of
magnetic skyrmion’s life cycle. Sci. Adv. 7, eabg1322 (2021).

22. McCord, J. Progress in magnetic domain observation by advanced
magneto-optical microscopy. J. Phys. D: Appl. Phys. 48,
333001 (2015).

23. Versteeg, R. B. et al. Optically probed symmetry breaking in the
chiral magnet Cu2OSeO3. Phys. Rev. B 94, 094409 (2016).

24. Feng, W. et al. Topological magneto-optical effects and their
quantization in noncoplanar antiferromagnets. Nat. Commun. 11,
118 (2020).

25. Argyres, P. N. Theory of the Faraday and Kerr effects in ferromag-
netics. Phys. Rev. 97, 334–345 (1955).

26. Ebert, H. Magneto-optical effects in transition metal systems. Rep.
Prog. Phys. 59, 1665 (1996).

27. Sorn, S., Yang, L. & Paramekanti, A. Resonant optical topological
Hall conductivity from skyrmions. Phys. Rev. B 104, 134419 (2021).

28. Tang, F. et al. Crystallographic superstructure in R2PdSi3 com-
pounds (R=heavy rare earth). Phys. Rev. B 84, 104105 (2011).

29. Hirschberger, M. et al. High-field depinned phase and planar Hall
effect in the skyrmion host Gd2PdSi3. Phys. Rev. B 101,
220401 (2020).

30. Lee, M., Kang, W., Onose, Y., Tokura, Y. & Ong, N. P. Unusual Hall
effect anomaly in MnSi under pressure. Phys. Rev. Lett. 102,
186601 (2009).

31. Sapozhnikov, M. V. et al. Direct observation of topological Hall
effect in Co/Pt nanostructured films. Phys. Rev. B 103,
054429 (2021).

32. Shimano, R. et al. Terahertz Faraday rotation induced by an anom-
alous Hall effect in the itinerant ferromagnet SrRuO3. Europhys.
Lett. 95, 17002 (2011).

33. Okamura, Y. et al. Giant magneto-optical responses in magnetic
Weyl semimetal Co3Sn2S2. Nat. Commun. 11, 4619 (2020).

34. Kato, Y. D. et al. Optical anomalous Hall effect enhanced by flat
bands in ferromagnetic van der Waals semimetal. npj Quantum
Mater. 7, 73 (2022).

35. Fang, Z. et al. The anomalous Hall effect and magnetic monopoles
in momentum space. Science 302, 92–95 (2003).

36. Hamamoto, K., Ezawa, M. & Nagaosa, N. Quantized topological Hall
effect in skyrmion crystal. Phys. Rev. B 92, 115417 (2015).

37. Matsui, A., Nomoto, T. & Arita, R. Skyrmion-size dependence of the
topological Hall effect: A real-space calculation. Phys. Rev. B 104,
174432 (2021).

38. Wang, Z., Su, Y., Lin, S.-Z. & Batista, C. D. Skyrmion crystal from
RKKY interaction mediated by 2D electron gas. Phys. Rev. Lett. 124,
207201 (2020).

39. Chen, X. et al. Modern scattering-type scanning near-field optical
microscopy for advanced material research. Adv. Mater. 31,
1804774 (2019).

40. Ohgushi, K., Okimoto, Y., Ogasawara, T., Miyasaka, S. & Tokura, Y.
Magnetic, optical, and magnetooptical properties of spinel-type
ACr2X4 (A =Mn, Fe, Co, Cu, Zn, Cd;X =O, S, Se). J. Phys. Soc. Jpn. 77,
034713 (2008).

41. Levallois, J., Nedoliuk, I. O., Crassee, I. & Kuzmenko, A. B. Magneto-
optical Kramers-Kronig analysis. Rev. Sci. Instrum. 86, 033906
(2017).

Acknowledgements
The authors thank R. Kurokawa and K. Ueda for experimental help and T.
Nomoto and L. Spitz for fruitful discussions. This work was partly sup-
ported by JST grants JPMJFR212X and JPS KAKENHI grants 21H01796,
22H04470.

Author contributions
Y. To, Y.O. and Y. Ta conceive the project. Y.D.K. performed the experi-
ment and analyzed data under the supervision of Y.O. and Y.Ta. M.H.
prepared the sample. All authors discussed and interpreted the results
with inputs from other authors. Y.D.K., Y.O., and Y. Ta wrote the manu-
script with the assistance of other authors.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-023-41203-y

Nature Communications |         (2023) 14:5416 6



Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41203-y.

Correspondence and requests for materials should be addressed to
Yoshihiro Okamura or Youtarou Takahashi.

Peer review information Nature Communications thanks Andrey
Fraerman, and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41203-y

Nature Communications |         (2023) 14:5416 7

https://doi.org/10.1038/s41467-023-41203-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Topological magneto-optical effect from skyrmion lattice
	Results
	Methods
	Single crystal growth and characterization
	Magneto-optical Kerr effect measurement
	Optical conductivity &#x003C3;xx(&#x003C9;) and optical Hall conductivity spectra�&#x003C3;xy(&#x003C9;)
	Kramers–Kronig analysis of magneto-optical spectra
	Extraction of the optical Hall conductivity spectra for the topological Hall conductivity

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




