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The whorls of localized moments in chiral magnetic structures, such as
skyrmions, lead to a quantized topological charge, which may make them
useful as next-generation information bits. So far, the most reliable way to
detect the existence of skyrmions is by using the topological Hall effect,
which stems from electron scattering by the emergent magnetic field
manifesting the topological charge. Here we employ two-dimensional
magnets to establish amagneto-optical hallmark of skyrmions, which we
call the topological Kerr effect, using the recently discovered ferromagnet
CrVI, as amaterial platform. The Kerr angle hysteresis loop of this
non-centrosymmetric system exhibits two antisymmetric bumps that are
absent in the centrosymmetric Crl; and VI,. We develop a minimal model
to further identify the bumps as direct manifestations of the topological
charge, thereby providing a magneto-optical fingerprint of skyrmions with
broader applicability.

Thediscovery of magnetic skyrmions'” has triggered immense interest
in topologically nontrivial magnetic structures from both scientific
and technological perspectives®°. These aesthetic spin textures har-
bour real-space geometric phases, extending the concept oftopology
into the field of magnetism. The topology of a given magnetic entity
can be uniquely characterized by its topological charge, measuring
how many times the whirling spins of the entity wrap the surface of
asphere’. Typically, a magnetic structure with integer topological
charge can stay robust and propagate steadily, like a particle, when
interacting with external probes such as electrical currents, rendering

them promising information carriers for future memory and logic
devices’. Moreover, the topological charge can manifest itself as an
emergent magnetic field®, which can affect the dynamics of electrons.
In particular, for a conducting system, such amagnetic field can scat-
ter the itinerant electrons, giving rise to the topological Hall effect
(THE)°™, similar to the well-known anomalous Hall effect in ordinary
ferromagnets'>". The existence and magnitude of THE directly mani-
fest the topological charge, making this intriguing magneto-transport
phenomenon areliable signature for detecting the presence of skyrmi-
ons'>™“, As the nano-magnetism and spintronics fields rapidly develop
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with ever-increasing miniaturization, the detection and characteriza-
tion of skyrmions and other types of topological magnetic entities”
become muchmore challenging, demanding new conceptual advances
and characterization capabilities beyond the magneto-transport
approaches, highly preferably in non-invasive modes.

The central accomplishment of this contribution is to deliver an
important conceptual finding that is expected to have alasting impact
inskyrmionics and beyond. Specifically, we exploit the enabling power
of two-dimensional (2D) magnets'®" to establish a magneto-optical
hallmark of skyrmions, termed as the topological Kerr effect (TKE),
using a newly discovered ferromagnet CrVI, as a material platform,
whichisvaluableinits ownright. The layered CrVI, compound is chemi-
callymutated from Crl, (ref.16) and VI, (ref. 18), but with inherent inver-
sionsymmetry breaking, thereby favouring the Dzyaloshinskii-Moriya
interaction (DMI)"**° between the magnetic atoms, akey ingredientin
stabilizing topologically nontrivial entities such as skyrmions. Strik-
ingly, we observe two distinct antisymmetric bumps in the hysteresis
loop of the Kerr rotation angle, while such bumps are absent in the
parental centrosymmetric Crl; (ref. 16) and VI; (ref. 18). By model-
ling the spin dynamics and the magneto-optical response on aKondo
lattice with the DMI under a sweeping magnetic field, we identify the
Kerr bumps as direct manifestations of the topological charge of the
skyrmions, as characterized by the TKE. At a deeper level, the salient
TKE originates from the skyrmion-modulated optical Hall conduc-
tivity, which can be viewed as the a.c. analogue of the THE taken in
the d.c. regime. Compared with the Hall resistivity measurements,
the TKE signals can be more readily extracted in a contactless mode
and with sub-micrometre spatial resolution. Moreover, the tunable
light frequency provides an extra degree of freedom in dealing with
insulating materials, drastically expanding the applicability of the
TKEbeyond the THE.

The atomic structure of CrVl,, as predicted via element mutation
fromthe parental Crl,and VI, based on first-principles calculations™?, is
illustratedinFig.1. Thisnew 2D magnetis not only expected to harbour
nontrivial electronic structures, but more importantly and relevantly
here, itsin-planeinversion symmetryis alsoinherently broken, enabling
the systemto exhibit pronounced DMI, in strong analogy toits counter-
part, CrMnl (refs. 23,24). The Dzyaloshinskii-Moriya (DM) vector points
along the Cr-V bond according to Moriya’s rule”, as shown in Fig. 1.
Following the predictions on its structural stability and new magnetic
properties, we have synthesized bulk samples of CrVI, using the chemi-
calvapourtransport (CVT) method (Fig. 2aand Methods), with a typical
high-quality flake sample of approximately 5 x 5 mm? as shown in the
inset of Fig. 2b. The structure of the as-grown sample was characterized
by X-ray diffraction (XRD), and the sharp XRD peaks in Fig. 2b attest to
its high single crystallinity. For comparison, we have also simulated the
XRD spectrausingacomputationally relaxed crystal structure. Giventhe
2D nature of the compound, only the (00/) diffractionpeaks (/=1,2, 3,4
and 5) canbe measured. AsshowninFig. 2b, both the positions and rela-
tiveintensities of the primary resonant peaks exhibit good quantitative
consistency between the measured and simulated spectra, confirming
thatthe synthesized sample adopts the layered honeycomb structure as
predicted. It should also be noted that, given the honeycomb structure,
the precise stoichiometry of Crand V can be further tuned by controlling
the precursor powder mixture of the CVT, and the resulting samples can
be characterized by the inductively coupled plasma-atomic emission
spectrometry (ICP-AES). For the specific sample shown in Fig. 2b, the
moleratio of Cr:V:IfromICP-AES is approximately 1:1.2:6 (Supplementary
Tablel), slightly deviating from the perfect stoichiometry. Importantly,
the mutation induced symmetry reduction and emergent DMI do not
demand a rigorous 1:1 ratio of Cr:V, and the excess V content has no
essential influence on our exploration of the skyrmion excitations and
related magneto-optical properties. We therefore still label the samples
characterized to have close Crand V concentrations as CrVI, for simpli-
city and without losing generality.

Qv
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Fig.1|Structure and DM interaction of CrVI,. Atomic structure ofa CrVI,

monolayer, with the blue rhombus indicating the primitive celland D
representing the DM vector between a nearest Cr-V pair.

To characterize the magnetic properties of bulk CrVI, we have
measured the magnetization at zero-field cooling (ZFC) and field
cooling (FC) respectively, by applying amagnetic field perpendicular
or parallel to the sample surface to acquire the corresponding com-
ponent. The curves in Fig. 2c show that the critical temperature (7¢)
for the magnetic phase transition is about 51 K, while the T, values of
the parental Crl; and VI, synthesized following the same procedure
are characterized to be 60 and 49 K, respectively, both consistent
with previous studies'®'®. The differences in ordering temperature
and saturated magnetization between CrVI, and the two parental
compounds (Supplementary Fig. 1) imply that efficient mutation has
been achieved in the new 2D magnet CrVI,. The M-H curves (Mand H
are the magnetization and external magnetic field, respectively) for
the CrVI, flake are obtained through a cyclic magnetic field sweep at
10 K, and the hysteresis loops are plotted in Fig. 2d for both the in-plane
and out-of-plane directions. The corresponding coercive fields are
0.10 and 0.26 T, respectively, both larger than that of Crl; (-0.05 T for
out-of-plane coercivity)®, indicating that CrVl, is magnetically harder.
Furthermore, the magnetization saturates under asmaller field along
the out-of-plane direction, which is the easy-axis of magnetization.
These magnetic characteristics are all favoured for inducing and prob-
ing potential skyrmion excitations.

We now proceed to the formulation of the TKE concept based
on the 2D magnet CrVI, with broken inversion symmetry and
magneto-optical Kerr effect (MOKE) measurements. To ensure the
surface cleanness of the samples, we have fabricated thin films from
the bulk samples via mechanical exfoliation, as illustrated in Fig. 2a.
Similar to Crl;, few-layered CrVI, is air-sensitive, but encapsulation
with transparent coatinglayers such as polymethyl methacrylate can
effectively protect the thin-film samples from degradation during
device fabrication and measurement. The morphology and thick-
ness mapping shownin Fig. 2e confirm that the exfoliated CrVI, sam-
ple possesses large, flat areas with multiple thicknesses. The polar
MOKE measurements were carried out on a selected flat area of a
fixed thickness (Methods), asillustrated in Fig. 3a,b. Theincident light
and sweeping magnetic field are both perpendicular to the sample
surface, and the field-dependent Kerr rotation angle 6, is recorded. In
Fig.3b, we also show the opticalimage of an -80-nm-thick CrVI, film on
the SiO, substrate, with the corresponding temperature-dependent
hysteresis loops of the Kerr rotation angle summarized in Fig. 3c.
Overall, the loops share similar shape and temperature dependence
with the bulk M-H curves, showing that the CrVI, film remains fer-
romagnetic (FM) when exfoliated from the bulk, but the remanent
6, disappears at ~36 K, indicating that the FM ordering temperature
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Fig.2|Preparation and characterization of bulk and thin-film samples of
CrVI. a, Schematic protocols for the sample preparation by CVT and exfoliation
by taping. b, Experimental (black) and simulated (red) XRD patterns of the
cleaved CrVI, crystal. Inset: optical image of a typical CrVI, flake used for the
XRD measurement. ¢, In-plane and out-of-plane magnetizations of a CrVI, flake
atZFCand FC, respectively. For FC, the cooling field is applied parallel to the

HoH (T)

magnetization measurement direction. emu, electromagnetic unit, which is the
unit of magnetic moment (1emu=1erg G™). d, Magnetization hysteresis loops
ofaCrVI, flake measured at 10 K. e, Atomic-force-microscopy morphology of the
exfoliated few-layer CrVI, on the SiO,/Si substrate. The colour bar on the right
maps the thickness variations of the sample.
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Fig.3|Magneto-optical Kerr effect measurements and TKE in CrVI,. a, Optical
path for polar MOKE measurements. b, Optical image of an exfoliated CrVI, thin
film on the SiO,/Si substrate, with the sample thickness of -80 nm. The green spot
indicated by the red arrow identifies the region where the MOKE data were taken.
¢, Temperature-dependent hysteresis loops of the Kerr rotation angle, with the
bumps signifying the presence of the TKE.

is lowered from that of the bulk, as expected. The hysteresis loops
of the Kerr angle exhibit two antisymmetric bumps in the vicinity
of magnetization reversal, constituting an important experimental
finding ina 2D magnet.

To gain more insight into the underlying physical origin of the
bump features in the hysteresis loop of the Kerr angle, we make
the following observations. First, the bumps modulate the Kerr
angle hysteresis loop in a manner closely resembling the THE in
magneto-transport measurements of skyrmionic systems. Given
that pronounced DMl is presentin CrVI, due to inversion symmetry
breaking, it is natural to conjecture that skyrmionic excitations will
alsoemerge inthe system, and the bump features are microscopically
rooted in the topological charges of the skyrmionic excitations as
well.Indeed, our low-temperature magnetic force microscope (MFM)
imaging (Methods) on the surface of a bulk CrVI, sample reveals
distinct real-space magnetic structures, which evolve from striped
to circular shapes upon applying an out-of-plane magnetic field (Sup-
plementary Fig. 2 and Note 1). Such evolution behaviours are strong
indications of skyrmion formation, as widely seenin real-space imag-
ing?® and magnetics simulations (ref. 27 and Supplementary Fig. 3
for the present system). In particular, the coincidence of the field
range for the coexistence of topological magnetic structuresinboth
striped and circular shapes and for the MOKE bumps points to the
excitation of skyrmions with the assistance of the external magnetic
field. It should also be noted that the observed topological magnetic
entities are much larger in lateral size for the bulk samples, but are
expected to substantially shrink their sizes for thin-film samples*?’,
animportant aspect to be directly validated in future experimental
studies. Second, the bump features only survive below a critical tem-
perature of Ty, =17 K (here we use the label ‘M’ to imply its metastable
nature), lower than the ferromagnetic ordering temperature of the
filmsample (7. = 36 K), again implying the existence and metastable
nature of the skyrmionsin the present system and consistent with the
relative stabilities of these two magnetic orderings***". Third, we have
confirmed that the bump features are robust, as seen consistently
using 20 different CrVI, samples with the thickness varying from
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Fig. 4| Simulated magneto-optical responses and TKE on a CrVI, lattice
with DMI. a, The honeycomb geometry of the Kondo lattice modelling a

CrVI, monolayer, with two different magnetic species labelled by Aand Band
containing two different spin moments. b, Hysteresis loop of the magnetization
(out-of-plane component, normalized by the saturation value) of the 2D spin
lattice, simulated using a 25 x 25 supercell containing 1,250 sites. The arrows
denote the field sweeping directions. ¢,d, Snapshots of the equilibrium spin
configurations under the selected magnetic fields as indicated by the orange
and greenstarsinb, displaying the emergence of the skyrmionic excitations
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(including severely distorted/elongated ones). Inboth c and d, the arrows and
colours map the in-plane and out-of-plane spin components, respectively.

e, Evolution of the real part of the optical Hall conductivity in units of €>/(hA),
taken along the same hysteresis loop shownin b, withe, hand A the elementary
charge, Planck constant and angstrom, respectively. f, Corresponding hysteresis
loop of the Kerr rotation angle, displaying the TKE as experimentally observed.
Thelight frequencyin e and fis set to iw = 2.3 eV, comparable to the photon
energy for MOKE measurements (2.33 eV).

70 to 120 nm (Supplementary Fig. 4), pointing to the intrinsic pro-
perty nature of the newly identified 2D magnet.

Going beyond the above conjecture, we now develop a minimal
model to further solidify the claim that the bump features are inher-
ently also tied to the topological charge of the skyrmions, but repre-
senting the magneto-optical signature. Wefirst note that some recent
studies have shownindications of the skyrmionsin the corresponding
resonant optical Hall conductivity measurements, with the skyrmions
constructed a priori***. In our study, the central ingredient is the
presence of the DMI, as rightfully justified by the in-plane inversion
symmetry breaking of the CrVI, system. The coupling between the
electronsand localized momentsis encoded on aKondo lattice** with
a honeycomb geometry as shown in Fig. 4a, wherein the bipartite
asymmetry faithfully captures the non-centrosymmetric feature of
the CrVIgsystem. Eachsiteis populated with asingle electronic orbital
plus alocalized spin, with the former manifesting the electrical and
optical properties, while the latter registering the magnetic moments
of the Cr/Vatoms. Atight-binding Hamiltonian, describing the electron
scattering by the localized moments, reads:

H=1tY C;rcj +idso Xeijo ap C:a(o : di/’)aﬁcjﬂ + Ay 2, TiciTCl' @
.1
+ g /IM,iC:a(mi “ 0)y5Cip

Here cja (cjp) is the fermionic creation (annihilation) operator, with the
subscriptsiandjindexing the orbital degrees of freedom,and aand
indexing the spin degrees. Thefirst term represents hopping between
two nearest sites, and the second term takes the form of the Weyl-type
spin-orbit coupling®?® that conforms to the symmetry of the system
(Supplementary Note 2). The unit vector &ij points fromsiteitoj, and
6 = (0, 0,, 0,) is the Pauli vector. The third term describes the on-site
energy, wherer;=+1or-lindicates the A or Bsublattice, respectively,
and A, represents the on-site energy difference of the two sublattices.

Thelastterm describes the on-site Hund’s coupling between itinerant
electrons and localized magnetic moments at site i, m;, and the coupling
strength,,;(M= A, B) also has asublattice dependence. The exchange
couplings of the magnetic lattice {m;} are described by a Heisenberg
spin Hamiltonian as

HM:—_/ Z ni'“j— Z Dlj'(niX“j)—zAizné—ﬂiZB’“i. (2)
i i

<i,j> <i,j>

Here, the first and second terms represent the isotropic Heisenberg
exchange coupling and the chiral DMI between two nearest localized
spins, respectively. The third termis the single-ion anisotropy energy,
whichis contributed solely by the zcomponent of the moments due to
the D, symmetry of the material”. The last termis the Zeeman energy,
with B the external magnetic field multiplied by the Bohr magneton
and expressed in units of joules. The normalized spin n; satisfies m;=
umn;(weset uc, =3 ug and uy, =2 i for the Cr and V sites, respectively).
The magnetization dynamics of the spin lattice under cyclic mag-
neticfield sweepingis simulated by numericallyintegrating the Landau-
Lifshitz-Gilbert equation®**° (Methods), with the equilibrium con-
figurations ateach field analysed. In our simulations, we set a positive
Jfavouring ferromagnetic coupling, A, = 0.02/and |D;| = 0.5/, with the
DM vector pointing from site i toj. The out-of-plane magnetization is
plottedinFig.4b, formingahysteresis loop featured by retarded satu-
ration when B exceeds the coercive field, a pronounced signature for
the emergence of chiral magnetic structures*®*. Figure 4c,d displays
the snapshot spin configurations at the fields near the magnetization
reversal, where we directly observe collectively excited skyrmions in
the out-of-plane FM background. Taking the field descending branch
as an example, when the overall magnetization is reversed from +z
to —z by the applied magnetic field, multiple domains with opposite
magnetizations are formed in the system, separated by Bloch domain
walls, asimposed by the symmetry of the Bloch-type DMI. Upon field
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descending, domains magnetized along +z are gradually eroded by
those with-zmagnetization. In particular, the shrinkage of the domains
coincides with the birth of the skyrmions (or skyrmion bubbles with
distorted or elongated geometry). By tracking the topological charge
within the supercell (Supplementary Fig. 5), we can detect skyrmionic
excitations withina proper range of the B field, and such excitations are
annihilated and merged into the FM background when the B exceeds
a critical value. Here, the relatively large |D,|// ratio of 0.5 is a techni-
cal treatment for saving computational cost, because it would enable
formation of smaller-sized skyrmions and allow simulation of the
TKE withinamoderate supercell in subsequent tight-binding calcula-
tions. Asacrosscheck, we have also demonstratedinalarge 100 x 100
supercell containing 20,000 sites that a more realistic [D,// ratio of
0.2 can give rise to similar hysteresis loops as well, albeit with a more
complicated evolution of topological charge (Supplementary Fig. 6).

With the magnetic configurations in hand, we now can quantify
the magneto-optical response by inserting the snapshot spin configu-
rations {m;(B)} into equation (1) to calculate the optical conductivity
tensor o(w) (ref. 42) (Methods). The adiabatic approximationis made
here, because the depinning effect of skyrmions by the optical Hall
current should be minor, as estimated within the context of THE in
typical transport measurements***, The tight-binding Hamiltonian is
parametrized (in electron volts) with ¢ = 0.4, ;= 0.02,1,=0.02,
A,=0.40and A; =0.70, which collectively produce aband splitting with
anenergy scale comparable to the photon energy of the laser for MOKE
measurements. In Fig. 4e, we plot the real antisymmetric part of the
off-diagonal component of the optical conductivity o,,(w) asafunction
of applied magnetic field. One can see qualitatively similar and pro-
nounced bump features in essentially the same field range where the
skyrmionic excitations emerge. Recalling that in the d.c. limit, the o,,
hysteresis loop of a skyrmion-hosting material also exhibits bump
signals known as the THE, the loop in Fig. 4e can be viewed as the ana-
logue of the THE in the high-frequency a.c. regime, which itself is
intriguing and can be potentially detected via optical reflectivity and
transmission measurements®.,

To compare directly with the results of the MOKE measurements,
we go one step further, by substituting the optical conductivity o(w)
into the complex polar Kerr angle defined by***

27y doy,

_—. 3)
1—(ng + Zydoy,)

GK +ifl|( =

Here, thereal part 6; represents the rotation angle between the major
axisof thereflected light and polarization direction of the incident light,
while the imaginary part n, quantifies the ellipticity of the reflected
light (Supplementary Fig. 7). This equation can be derived by counting
the difference of reflection coefficients of the right and left circularly
polarizedlightandis valid under conditions that the complex Kerr angle
(B¢ +iny) is small and o, « 0,,. Here Z, = 376.730 Q is the impedance of
freespace, and n,istherefractiveindex of the substrate, takentobe1.5
forSiO,; 0, and g,, are the longitudinal and transverse components of
the optical conductivity, with the latter exemplified in Fig. 4e. By taking
d=7 A as the thickness of a CrVI, monolayer, we finally obtain the 6,
hysteresis loop as shownin Fig. 4f. The results qualitatively reproduce
the experimentally identified TKE in CrVI, thin films, as signified by the
bump features near the coercive fields. Our simulations have further
confirmed that the TKE characteristic is robust against varying the
light frequency (Supplementary Figs. 8-10). The range of the B field
for the onset of the 8, bumps and emergence of the skyrmions also
coincide with each other, convincingly demonstrating the topologi-
cal origin of such magneto-optical responses. The skyrmions have a
pronounced contribution to 6y, with the sign opposite to the compo-
nent from the corresponding FM background (see examples in Sup-
plementary Fig. 11, where the skyrmion cores point to —zwhile the FM
backgroundis along +z) and the magnitude varying with the skyrmion

size (Supplementary Fig.12), which collectively dictate the shape of the
bumps (Supplementary Note 3). As acomparative study, we have also
examined the hysteresis loop of the Kerr rotation angle for a model
pristine Crl; system without the DMI, confirming the absence of bump
feature (Supplementary Fig.13).

Before closing, we discuss the broader perspectives of the TKE,
includingits connections withimportant related developments. First,
its physical originis convincingly attributed to the topological charges
encodedinthe skyrmions. Inthisregard, the spin chirality in magnetic
systems with non-collinear alignments has been shown to possess
pronounced magneto-optical response*®°. Since such chiral spin
structures may also be accompanied by topological charges, it should
be highly desirable to explore whether the TKE is also present and
observableinthose materials with non-collinear long-range magnetic
orders under a proper magnetic field. Second, although the TKE con-
cept is developed using the newly discovered non-centrosymmetric
2D magnet of CrVl,, it is expected to be broadly applicable to many
other systems, where bump features have been reported but the pre-
cise physical origin remains to be definitely identified®*>. Third, the
tunable frequency of the probing light makes TKE inherently more
advantageous for detection of skyrmionsin insulating systems, which
complements and goes beyond the THE, especially for miniaturized sys-
tems where electrical contacts become very demanding. Fourth, with
the establishment of the TKE concept, the bump features in the Kerr
rotation angle can serve as a new and reliable signature in character-
izing the existence of the skyrmions and potentially other topological
entities, especially whenreal-space imaging techniques are practically
not accessible (for example, at too-low temperatures). Finally, we
expect more observations of TKE by revisiting magnetic systems whose
skyrmionic phases have already been characterized by complementary
techniques such asreal-space imaging.

In summary, using CrVI, as an enabling platform of a 2D magnet,
we have established the TKE as a fundamentally intriguing and tech-
nically important magneto-optical response of skyrmions and other
topologically nontrivial magnetic entities. The TKE is signified by the
emergence of two antisymmetric bumps in the Kerr angle hysteresis
loop, and the underlying physical origin is tied to the broken in-plane
inversion symmetry and resultant DMI, a crucial ingredient for the
existence of the skyrmions. Given its non-invasive nature of probing,
the TKE provides analternative fingerprint to probe skyrmionsin chiral
magnets, with broader applicability beyond the THE, especially for
insulating systems. In addition to providing a fertile platform for the
formulation of the TKE, the realization of CrVI, with designer inversion
symmetry breaking and resultant strong DMl also exemplifies a power-
ful way to discover new 2D magnets via element mutation.

Note added in proof: After the initial submission, we discovered
the appearance of a very recent work™ reporting MOKE signatureina
previously established skyrmion-hosting material of Gd,PdSij (ref. 11).
In essence, this work®® not only provides anindependent and comple-
mentary support to the central claim of the present work connecting
skyrmions with MOKE anomalies, but also effectively expands the
applicability of TKE from nonmetallic to metallic systems.
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Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-024-02465-5.
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Methods
Materials fabrication and characterization
Bulk samples of CrVI, were synthesized by a CVT method. The chro-
mium powder (99.99%, Aladdin), vanadium powder (99.99%, Aladdin)
and anhydrous iodine beads (99.99%, Aladdin) were homogeneously
mixed witharatioof1:1:6 and thenloaded in aquartztube (13 mminner
diameter, 15 mm outer diameter and150 mminlength). The quartztube
was vacuumed, thensealed and placed into atube furnace (Fig.2a). The
high and low temperatures of the double-temperature zone furnace
were set to 850 and 750 °C, respectively. It took 3,000 min to heat the
furnace from room temperature to target temperatures. Then the
temperatures were maintained at the set point for seven days before
coolingdown to room temperature. Afterwards, a single crystal CrVI,
was observed in the sealed quartz tube. The structure and magnetic
properties were characterized via room-temperature XRD and viaa
superconducting quantum interference device, respectively. ICP-AES
was utilized to precisely quantify the chemical content of the samples.
Few-layered CrVI, was prepared by a mechanical exfoliation
method from the bulk single crystal by Scotch Tape following the
recipe illustrated in Fig. 2a of the main text. After exfoliation, the
few-layer sample of CrVI, was transferred from the Scotch Tapeto a
300-nm-thick SiO,/Sisubstrate, which provides good optical contrast
for CrVI, with different thickness. The entire set of processes—few-layer
sample preparation, thickness measurements and morphology imag-
ing (by atomic force microscopy)—were carried outinaglovebox with
extremely low H,0 and O, levels (<0.1 ppm).

MOKE measurements

The CrVI, flakes were covered by ~1-um-thick polymethyl methacrylate
to prevent them from reacting with oxygen and moisture. Encapsulated
CrVI,flakes then were transferred from the Argon-protection glovebox
toalow-vibrationand high-vacuum optical cryostat (CS204SF-FMX-20,
Advanced Research Systems) for further MOKE experiments. The time
for the entire transfer process did not exceed 15s.

Polar MOKE measurements were performed using a standard
laboratory-made MOKE setup. The temperature range of the setup is
9-300 K, and the magnetic field range is 0-0.65 T. Asshown in Fig. 3a,
boththe magneticfield and the laser light were applied perpendicular
tothe sample surface. The laser of 532 nm wavelength with the power of
9 pW was polarized by aGlan prism and focused on the sample through
ax50objectivelens. The reflected probe beam fromthe sample surface
was sent to the Wollaston polarizer to detect the output signal volt-
age using two Si photo-diodes. The difference between two output
signal voltages, divided by their sum, is used to determine the Kerr
rotation angle. An SR865 lock-in amplifier and achopper were used to
improve the signal-to-noise ratio of the Kerr signal. Through iterative
exfoliation, we are able to reduce the film thickness to ~6.6 nm. Thin
films with thickness of tens of nanometres, with the most pronounced
magneto-optical response, were used for MOKE measurements, the
base by which the TKE is established. The laser spot size for the MOKE
measurements is ~2 pm, which should be adequate to cover multiple
skyrmions, typically in size of hundreds of nanometres, as seenin other
van der Waals magnetic thin films of similar thickness®.

Real-space imaging of magnetic structuresina
custom-designed MFM system

A quartz tube containing the CrVI, samples was transferred to an
argon-filled glovebox (H,0 < 0.01 ppm, O, < 0.01 ppm) to protect
the sample from potential water and oxygen contamination. The
quartz tube was then opened within the glovebox, and an appropri-
ate size of CrVI, was selected for subsequent MFM characterization.
The MFM experiments were carried out using a custom-designed
temperature-variable MFM system, which was equipped witha12 T
superconducting magnet sourced from Oxford Instruments. The target
CrVI, sample was positioned on a blue tape to enable exfoliation of a

clean and flat surface. Subsequently, the CrVI, sample was securely
affixed withinthe MFM mirror body (sample holder). A piezoresistive
cantilever (PRC400, Hitachi High-Tech Science Corporation) with a
pyramid-shaped tip was employed as the force sensor. The cantilever
was meticulously adjusted to position the tip directly above the sample.
Finally, the mirror body was hermetically sealed within an argon-filled
enclosure and transferred to the Oxford superconducting magnet for
MFM characterization. By implementing these procedures, the CrVI,
samples were effectively prevented from exposure to the air through-
out the process of MFM characterization.

The MFM images were collected in constant height mode, with
the tip lifted to a height of ~150 nm from the sample surface. For each
set of MFM images, the lift height was kept the same, and the line scan
time was 1.2 s. We used an R9 controller from RHK Technology with a
built-in phase-locked loop. The resonant frequency of the cantilever
was about 40 kHz. The tip was coated sequentially with 5-nm-thick Cr,
50-nm-thick Fe and 5-nm-thick Au films by electron beam deposition.
The coated tip was magnetized perpendicular to the cantilever with a
permanent magnet before it was loaded onto the scanning head. The
coercivity of the magnetic coating was about 250 Oe and the saturation
field was about 2,000 Oe. More details of the custom-designed MFM
system can be found inarecent work**.

Modelling of TKE on aKondo lattice

Toreveal the microscopic mechanism of TKE, we considered a Kondo
lattice as formulated by equation (1). The evolution of localized spins
is described by the Landau-Lifshitz-Gilbert (LLG) equation®:

dm; _ y o peff_ Y&

___r i . eff’
i (1+a2)11,-n’><Bi x (n; x BE). @)

—FFnN
A+adp

Here the subscript i indexes the spin sites; the first and second terms
on the right-hand side represent, respectively, the precession and
damping of the normalized local spin n, whichis related tom;inequa-
tion (1) of the main textby m,=un;; y=0.176 rad T ps'isthe electron
gyromagnetic ratio and ais the Gilbert damping parameter (set to 0.01
inoursimulations). The local effective field B¢ = —aHy/dn; originates
fromboth theintrinsic exchange couplings and the external magnetic
field. Equation (4) was numerically integrated by using the Depondt’s
modified Heun method* asimplemented in the Spirit code®. The time
step and temperature were set to 6t =5fsand T=0.01K, respectively.
The thermal effect was modelled by a stochastic field B satisfying>®

B = \ [ 2aky Tpt;/y/6t x 0,(6). (5)

Here n; (¢) is the white noise for spin site i, which follows the normal
random distribution and is updated for each time step; k; is the Boltz-
mann constant.

We started from a random configuration under the out-of-plane
applied externalfield B,. The field B, was progressively decreased from
B t0 —B.cand thenincreased back to B,,,,, with B, = 0.116/ sufficient
toreachthe magneticsaturation. At eachfield strength, the spinlattice
was fully relaxed for 7,500 ps to reach equilibrium. Afterwards, we
extracted the equilibrated snapshot configurations {m;(B)}and inserted
them into equation (1). Then we diagonalized the tight-binding
Hamiltonian and calculated the optical conductivity by using the
Kubo-Greenwood formula*s°:

ieZh Sk —Fak @nk |0 @t Xk | O | )

NQ €mk —€nk  €mk — €nk — (AW + i)

Onp(hw) = (6)

¢ k,m,n

Here aand Bare Cartesian directions, i, and v, are the velocity opera-
tors,and Q. isthe cell area. €, and ¢, are the energy and wave function
of the eigenstate with band index m and momentum k, with the occupa-
tion f,, determined by the Fermi-Dirac distribution (half filling is
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assumed). The constantseand A are the elementary charge and reduced
Planck constant, respectively. The adjustable smearing parameter npis
setto 0.1eV forour calculations.

Data availability

Source data are provided with this paper. All other data that support
the plots within this paper and other findings of this study are available
fromthe corresponding author upon reasonable request.

Code availability

The Spirit code and manual are available at https://spirit-code.github.
io/.Codesfor reproducing the simulation results are available from the
corresponding author upon reasonable request.
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