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Generation of a nodal line andWeyl points
by magnetization reorientation in
Co3Sn2S2

Check for updates

F. Schilberth1,2,12 , M.-C. Jiang3,4,12 , F. Le Mardelé5, L. B. Papp2, I. Mohelsky5, M. A. Kassem6,7,
Y. Tabata6, T. Waki6, H. Nakamura6, G.-Y. Guo3,8, M. Orlita5,9, R. Arita4,10, I. Kézsmárki1 & S. Bordács1,2,11

Topological magnets exhibit fascinating physics like topologically protected surface states and
anomalous transport. Although these states and phenomena are expected to strongly depend on the
magnetic order, their experimental manipulation has been scarcely studied. Here, we demonstrate the
magnetic field control of the topological band structure in Co3Sn2S2 by magneto-optical
spectroscopy. We resolve a magnetic field-induced redshift of the nodal loop resonance as the
magnetization is rotated into the kagome plane. Our material-specific theory, capturing the observed
field-induced spectral reconstruction, reveals the emergence of a gapless nodal loop for one of the in-
planemagnetization directions. The calculations show that the additionally createdWeyl points for in-
plane fields marginally contribute to the optical response. These findings demonstrate that breaking
underlying crystal symmetries with external fields provides an efficient way to manipulate topological
band features. Moreover, our results highlight the potential of low-energy magneto-optical
spectroscopy in probing variations of quantum geometry.

In recent years, intriguing topological states of matter were predicted and
experimentally confirmed, among them topological insulators, Dirac and
Weyl semimetals1–3. As the interplay betweenmagnetism and topologymay
fundamentally shape the band structure through symmetries dictatedby the
magnetic order, magnetic materials potentially allowing field control of the
topological states are particularly appealing for applications in spintronics
and quantum information technology4,5. While several theoretical studies
indeed predict that magnetic fields can create or annihilateWeyl nodes and
move their position in the band structure6–9, experimental demonstrations
of these effects are scarce.

Magnetotransport experiments suggest the transformation of a nodal
ring to Weyl points in EuP3

10 and in Co2MnAl11, whereas Shubnikov-de
Haas oscillations propose a field-induced reconstruction of the Fermi sur-
face in Co3Sn2S2

12. In addition, it was shown inMnSi that nodal planes can
emerge only on k planes parallel to an appliedmagnetic field13. While these
examplesprove that indeed theband structure in topologicalmagnets canbe

highly sensitive to the magnetic state, they also highlight the difficulties of
magnetotransport and magnetometry experiments to provide direct band-
specific information. Low-energy spectroscopymay help to overcome these
challenges, and may additionally provide direct information on the quan-
tum geometry14–17. However, perhaps the only spectroscopic study on the
magnetic control of band topology so far is the scanning tunneling spec-
troscopy (STS)workofYin et al., implying a reconstructionofmassiveDirac
bands upon the rotation of a magnetic field in the kagome metal Fe3Sn2

18.
Due to the shortcomings of other spectroscopicmethods inmagnetic fields,
we usemagneto-optical spectroscopy to reveal themagnetic field control of
the band topology in Co3Sn2S2 up to 34 T.

As a proof of this concept, here we investigate the evolution of the
topological features of the band structure in Co3Sn2S2 by measuring
magneto-reflectance upon the gradual rotation of the magnetization from
the c axis to twoperpendicular directions in the kagomeplane.Weobserve a
strong redshift of the previously reported pronounced magneto-optical
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resonance19 upon this magnetization reorientation. As only few bands lie
around the Fermi energy, our material-specific theory can unambiguously
reveal the origin of this shift: Due to the lower symmetry of the in-plane
magnetized case, various Weyl nodes emerge by closing the spin-orbit
coupling (SOC) induced gap at specific k points or even recover a con-
tinuous gapless nodal line, depending on the orientation of the magneti-
zationwithin the kagomeplane.Our showcase studyprovides a deep insight
into the mechanism of magnetically driven reconstructions of electronic
band topology.

We choose to study the archetypical magnetic Weyl semimetal
Co3Sn2S2 due to its simple band structure close to the Fermi level. The
crystal structure is built up by kagome layers ofCo stacked along the c axis in
anABC-fashion. BelowTC≈ 177K, it becomes a collinear ferromagnet with
magnetic moments pointing along the stacking direction20 with extra-
ordinarily large uniaxial anisotropy,wherefields as high as 23Tare required
to fully turn the magnetization into the kagome plane21. Nonrelativistic
density functional theory (DFT) calculations predicted nodal loops, located
around the Fermi energy on high symmetry planes of the Brillouin zone
(BZ), which are gapped by SOC except for six Weyl points22. Angular
resolved photoemission studies confirmed the existence of the nodal lines
and traced their evolution across the magnetic transition23. In the para-
magnetic state, these results suggest the existence of a 4-fold degenerate
Dirac loop,which uponbreaking time-reversal by themagnetic order is split
into two Weyl loops of opposite spin polarization. One of them moves to
higher energies upon increasing magnetic moment, while its partner stays
close to the Fermi energy and was shown to be responsible for large
anomalous Hall effect, Nernst effect and magneto-optical activity9,19,22–25.
These results indicate that the topological band structure features are
strongly coupled to the magnetic order in this kagome metal.

Results
Symmetry analysis
In order to motivate our experimental and ab initio studies, we consider the
modification of symmetries upon the field-induced magnetization reor-
ientation. For the ground state magnetization M∥c, all nodal loops are
equivalent due to the C3 rotational symmetry, as shown in Fig. 1(d–f). In
contrast, for magnetization in the kagome plane, the 3–fold rotational

symmetry is broken, leaving mirror symmetries when the axial vector of the
magnetic moment is perpendicular to the mirror plane. Therefore, forM∥a,
this results in themagnetic point groupC2/m, which hosts amirror plane σa.
As shown in Fig. 1(g–i), this plane contains a nodal loop NL1, which will
therefore be protected from being gapped by SOC (thick yellow). The
remaining loops, NL2 (light blue) are related by themirror operation, but are
not protected, hence, they are gapped except for 6Weyl points on each loop.
Additionally, we find 6Weyl points away from the nodal lines (dark blue). So
in totalweobtain18Weylpoints andaprotectednodal loop in theBZ.For the
perpendicular in–plane direction M⊥a, shown in panels (a–c), we obtain a
similar situation. However, in this case, the magnetic point group is C20=m0,
e.g., the mirror plane is a symmetry only in combination with time-reversal.
As this does not protect a pair of loops (NL1), these are gapped to 6 Weyl
points by SOC. The remaining loops are again related by this operation and
gapped to 6 Weyl points. Here we find 8 additional Weyl points away from
the loops, so we obtain a total of 26 Weyl points distributed in the BZ.

Some of these features were predicted earlier by Ghimire et al.9 theo-
retically investigated the detailed evolution of the 26 Weyl points for M∥a
upon canting of themagnetization, but did not discuss the closing of the gap
at the fully degenerate loop. Similarly, Ozawa et al. initially investigated the
topological properties of a minimal tight-binding model for Co3Sn2S2

26,
which was later extended to a more complete analysis of the magnetization
direction dependent band structure including the fully degenerate nodal
loop27. While both groups comment on implications for the Hall con-
ductivity, a direct experimental investigation of field-induced reconstruc-
tions of band topology has been lacking.

Along this line, the central question of this work is whether changes in
the nodal lines and the emergence of additionalWeyl nodes can be resolved
by optical spectroscopy. Additionally, a very recent theoretical study by
Nakazawa et al.28 developed for kagomemonolayers, predicts an anisotropy
of the band structure for different in-plane directions of the magnetization,
which manifests in magnetotransport and, as we show, also in optical
properties of bulk crystals.

Magneto-optical spectroscopy
Figure 2 (a) and (d) showmagneto-reflectance spectra over the energy range
of 12–200meV in different magnetic fields applied in the kagome plane

Fig. 1 | Symmetries and topology for out–of– and
in–plane magnetic field in Co3Sn2S2. The first row
(a, d, g) shows a real-space representation of the
magnetization forM⊥a,M∥c andM∥a. The second
and third rows show a top and 3D view of the cor-
responding BZ for the respective configuration.
a–c Inequivalent nodal loops (NL1/2) and emerging
Weyl points (WP) for M⊥a. Those have the same
color as their corresponding loop or are dark blue if
located at other k points. d–fThree equivalent nodal
loops related by theC3 rotational symmetry for out--
of--planemagnetization. g–iMirror plane protected
nodal loops for M∥a highlighted by thick
orange lines.
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along and perpendicular to the a axis, respectively. Due to the limited
measurement time at the high–field (HF) facility, the spectra for the latter
configuration could only be collected in a superconducting (SC) setup up to
16 T. For both configurations, we obtain similar magneto-reflectance
spectra, [R(B) − R(0)]/R(0), although the detailed lineshapes are slightly
different. With increasing magnetic field, a peak develops at low energies,
followed by aminimumat the high-energy side. ForH⊥a, these two features
are centered around 29meV and 85meV, while forH∥a the peak is shifted
to lower energies and the minimum broadens considerably. For both con-
figurations, the magneto-reflectance vanishes towards higher energies,
indicating that field-induced band reconstructions are limited to the
≲200meV vicinity of the Fermi energy.

The detailed field dependence of the low-energy peak for the two
directions is shown in Fig. S1 for the SC and HF datasets, where error bars
are determined from the noise level of the spectra. ForH⊥a in panel (a), the
magnitude increases up to 22 T and then saturates, following the same
behavior as themagnetization for in–plane fields21. The field dependence of
the peak for H∥a is shown in panel (b), resulting in the same trend and
similarmagnitudeup to16T. ForH⊥a, the additional spectralweight due to
this peak pushes the reflectivity very close to 1 for high fields, as shown in
Fig. S2. The observed changes with a peak magnitude of 3.7% at 34 T can
thus be considered remarkably large for an itinerant magnet.

In order to quantify and interpret the magnetic field-induced changes
of the band structure, we calculate the field dependence of the optical
conductivity. The corresponding spectra are shown in Fig. 2(b) and (e) for
the two field directions, exhibiting a very similar behavior inmagnetic field.
Themost prominent features are the tail of the Drude response dominating
the spectrabelow15meVandapeak around29meV,which shifts to smaller
energies at higher fields. The position of the latter as a function of the field is
shown in the respective inset. It again follows the same trend as the mag-
netization for both in-plane field directions, although the magnitude of the
shift is larger for H∥a.

As demonstrated in ref. 19, this peak is caused by transitions between
bands associatedwith the partially gapped nodal lines, which can be excited
almost exclusively by one of the two circular polarization states of light. In

panels (c) and (f), the spectra measured at 0 T (magnetization along c) and
16 T (magnetization almost in-plane), after subtraction of the Drude con-
tribution, are compared to the spectra obtained from ab initio calculations
for the two magnetic configurations. The theory spectra reproduce the
experimental features on abroad energy scale (compareRef. 19). The shift of
the nodal line resonance is captured well as the onset of optical weight
appears at lower energies for both directions of the in-plane fields, though
thepeak in the theory spectra is not as pronouncedas in the experiment.The
differencemay be caused by electronic correlations, or themagnitude of the
matrix elements for these transitions may be underestimated by the theory.
Especially the former is a likely scenario, as correlationswould compress the
band structure around the Fermi level. Hence, the energy difference in the
denominator of the Kubo-Greenwood formula would strongly enhance the
optical conductivity around resonances, specifically concentrating optical
weight at low-energy interband excitations. Beyond this simple picture, Xu
et al. showed in their DFT+DMFT calculation, that indeed the optical
conductivity at the 30 meV peak can be strongly enhanced by many-body
effects29. Due to the quantitative agreement of the experimentally observed
and theoretically calculated redshifts, we nevertheless believe that our cur-
rentDFT treatment is sufficient to explain themechanismof the gap shrink.

We directly compare the calculated optical conductivity for different
in-plane orientations of the magnetic field in Fig. S3. The in-plane spectra
are very similar at high energies but show small differences around the
resonance at 30meV.While forM∥a the slope of the peak is shifted parallel
compared to the M∥c spectrum, the peak for M⊥a is broadened and the
slope reduced. In addition, the redshift is larger for M∥a. All of these
observations are consistentwith the experimental datameasured for the two
directions.

Ab initio analysis
Inorder to evaluate theorigin of thepeak shift, wedirectly compare the band
structures for the in- and out-of-plane configurations. Here, we only show
theM∥a case with the protected nodal line, while the analysis forM⊥a can
be found in Fig. S4, which yields very similar conclusions. Firstly, we analyze
the differences between the nodal lines. Figure 3(a-c) plot the gap size of the

Fig. 2 | Magneto-reflectance data measured for fields up to 34 T. a, d Raw
magneto-reflectance data [R(B) − R(0)]/R(0) for H⊥a and H∥a, respectively (b, e)
Optical conductivity in field calculated from the zero-field reflectivity of ref. 19 and
themagneto-reflectance data for both in-plane field orientations. Insets: evolution of
the 29 meV peak as a function of the field for the merged datasets from HF and SC

experiments. The arrows, indicating the peak position for selected fields, highlight
the stronger redshift for M∥a (5,15,34 T in (b) and 1,5,10,16 T in (e)).
c, f Comparison of the zero-field and high-field conductivities with ab initio
calculations for both field directions.
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loops forM∥c, NL1, and NL2 forM∥a, respectively. The position of Weyl
points is shown in red, and the Fermi surfacewith dark green lines. For both
in-plane loops in panels (b) and (c), the average gap size is smaller than for
out-of-plane magnetization in panel (a), not only for the protected loop.
This is clearly reflected in the band structure plot in panel (g), where we
show the bands forM∥c andM∥a in green and red, respectively. AlongA–B
and C–D, the gapless nature of NL1 is highlighted, while the gap for NL2 is
also smaller than for the bands withM∥c.

Due to the smaller gap, thesenodal linescontribute in adifferent energy
range to the optical conductivity. Therefore, in panel (d),we plot the spectral

weight distribution Hxx(ω, k) (for a definition see Eq. (2) in the Methods
section) for out-of-planemagnetization at a photon energy of 42–45.6 meV,
whereas for in-plane field in (e) and (f) we show Hxx at 24.4–30.8 meV.
Qualitatively, all plots show similar features with a small hotspot along Γ–L
and several hotspots where the nodal lines lie around the Fermi energy, e.g.,
on the A–B and C–D lines. This comparison shows that the onset of optical
weight of the optical conductivity for in- and out-of-plane magnetization is
generated by the same band structure regions, but at different photon
energies, explaining the redshift of the peak observed as the moments cant
into the kagome plane. For the M⊥a case in Fig. S4, the spectral weight is
plotted at energies between 28.8 - 33.6 meV, also explaining the redshift
found for this configuration, although it is smaller than for M∥a which is
also observed by the experiment.

Interestingly, if we infer the position of the Weyl nodes from the left
column with the gap energy plots in Figs. 3, S4, we do not find any optical
weight associated with transitions around these points for either magneti-
zation direction. As was shown previously for M∥c, the Weyl nodes are
located around 60 meV above the Fermi level and therefore cannot con-
tribute to the low-energy optical response19. For in-plane fields, while the
gap changes significantly, the energy of the crossingpointwith respect to the
Fermi level does not change upon reorientation of the magnetization.
Therefore, the same argument also accounts for the absence of optical
weight from the Weyl points for in-plane field.

Discussion
First, let us discuss the possible origin of the nodal line reconstruction. Since
the gap is initially produced by SOC, it has the same nature as the orbital
magnetic moment30 or the magnetocrystalline anisotropy31,32. The origin of
such anisotropy can be explained through the relative SOC strength by

comparing the SOC matrix elements in the p-32 or the d-orbital basis33. For

the same spin channel, the SOC matrix elements hdyzjHSOCjdxy;x2�y2i and
hdyzjHSOCjdz2i prefer the in-plane anisotropy and hdxyjHSOCjdx2�y2i and
〈dyz∣HSOC∣dxz〉 prefer the out-of-plane anisotropy with the magnitude ratio

being hdyzjHSOCjdxy;x2�y2i2 : hdyzjHSOCjdz2i2 : hdxyjHSOCjdx2�y2 i2 :
hdyzjHSOCjdxzi2 ¼ 1 : 3 : 4 : 133. Fig. S5 shows the projected band struc-

tures of Co3Sn2S2 without the SOC. We notice that the nodal lines consist

mainly of Co dxy;x2�y2 orbitals with less contributions from the Co dxz,yz
orbitals. Thus, from the above relation,wenote that the SOCmatrix element

of hdxyjHSOCjdx2�y2i dominates, which vanishes for in-plane spin orien-

tation. This not only implies that out-of-plane magnetism is energetically
preferred, but also that the SOC strength is weakerwhen the in-plane field is
applied. Hence, we observe a shrinking of the gap for in-plane magnetiza-
tion in Co3Sn2S2.

Next, we discuss the relation of our observation to the quantum geo-
metry. The first moment of the absorptive optical conductivity W1 ¼
Re ðσxxÞ=ω is proportional to the quantum metric of the electronic states.
The quantum geometry theory for the interband optical conductivity is
developed considering amultibandmanifold in the reciprocal space, leading
to the definition of the multiband quantum metric, also known as the
quantum geometric tensor, given as the product of the Berry
connections15,16,34. Note that from Eq. (2), the evaluation of the optical
conductivity sums over all bands, which results in the quantum metric gαβ
(known as the Fubini-Study metric15). Importantly, through the delta
function, we can probe the quantum metric for a certain transition energy.
Accordingly, the quantum weight Kxx has been introduced as an integrated
measure of the quantum metric up to a specific cutoff frequency ωc. This
relation has been formalized in recent works of Onishi et al.16.

ReW1
xx ωc ! 1� � �

Z ωc!1

0
dω

Re σxx
ω

¼ e2

2ℏ
Kxx: ð1Þ

In the following, we analyze the optical conductivity and quantum weights
for in-plane, M∥a and out-of-plane, M∥c magnetization as displayed in
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Fig. 3 | Evolution of the nodal loop upon reorienting the magnetization toM∥a.
a–c gap of the nodal lines for out-of-plane and NL1 and NL2 in-plane loops,
respectively. Points C and D are equivalent to A and B but lie on the BZ planes that
contain NL2 instead of NL1. d–f Optical weight Hxx(ω, k) distribution at the peak
energies (42.0–45.6 meV in (d), 24.4–30.8 meV in (e, f)) on the high symmetry
planes containing the nodal loops from (a–c). g band structure along the triangles in
the right column. The high symmetry points are shown above and in Fig. 1(f).
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Fig. 4(a). We find that the redshift of the dominant optical transitions
enhances the energy-resolved quantum metric Re ðσxxÞ=ω through the
denominator, subsequently enhancing the quantummetric, as evidenced by
the larger quantum weight Kxx.

Quantum weight is always positive and would eventually saturate at a
large enough cutoff frequency ωc. In Fig. 4(b), we show the difference of
quantum weight between the two magnetic configurations by defining
ΔKxx ¼ KMka

xx � KMkc
xx

� �
. On a larger energy scale shown in the inset, we

can see that the quantumweight saturates at a cutoff frequency around 1 eV,
with a difference in quantum weight being (e2/2ℏ)ΔKxx ~109 S/cm. Inter-
estingly, we find that the saturated value of ΔKxx is generated at the first
optical resonance ofM∥a, indicated by the left arrow in Fig. 4(b).Moreover,
the largest quantummetric enhancement appears at the redshift of the band
edge, or the spin-orbit resonance studied in thiswork (markedby the second
arrow). Therefore, the critical quantum geometry enhancements by the
magnetization reorientationappear at low frequencies, directly related to the
nodal line reconstruction.

Through the Souza-Willkins-Martin sumrule35, the quantumweight is
related to the electron localization length, which encodes the delocalization
of the ground-statewavefunctions. That is, the stronger the quantummetric
is, the stronger the wavefunctions overlap, the stronger the hopping
amplitude becomes, themoremetallic the states are, and the smaller the gap
becomes. This explains why quantum geometry enhancement leads to a
shrinking optical gap and redshift of the peak. We provide more details in
Supplemental Note 1, including the applicability of the quantum weight
theory to Co3Sn2S2 (Eq. (1)) as well as the comparison of hopping

amplitudes near the band inversion of the nodal loop to support the
observed quantum geometry enhancement in Co3Sn2S2. Overall, we have
demonstrated the experimental enhancement of quantum geometry in
Weyl or Dirac semimetals with nodal crossings by low-frequencymagneto-
optical spectroscopy14.

In summary, we presented a magneto-optical study monitoring the
magnetic field induced reconstruction of the topological band structure in a
prominent kagome magnet. We find that in Co3Sn2S2, a low-energy reso-
nance associated with a transition between bands of the nodal lines is highly
sensitive to in-plane fields, namely, it shows a red shift as themagnetization
cants into theabplane.Ourmaterial-specific theory is able to reproduce this
shift and shows that it originates fromthe reductionof the SOC-inducedgap
upon the rotation of themagnetization to the kagome plane. In particular, a
complete degenerate nodal line emerges for M∥a. Compared to quantum
oscillation or STM measurements, this direct access to the interband
response highlights the unique capabilities of optical spectroscopy to
monitor changes in the band structure and its quantum geometry. As the
dimensionof the degeneratemanifolds increases fromWeyl points forM⊥a
to loops for M∥a, we expect an enhancement of the Hall response and
reconstruction of theHall spectralweight atfinite frequencies. Following the
changes in the topologyof the bulk band structure, surface statesmay also be
restructured. Since the nodal loop stays intact forM∥a, we expect the for-
mation of a drumhead surface state spanning the projection of NL1 on the
surface, instead of the Fermi arcs present between the isolatedWeyl points,
with possible implications for e.g., surface catalysis of hydrogen
evolution36,37. The magnetization reorientation, therefore, provides an
exciting pathway to study these exotic surface states, also applicable to other
materials.

Methods
Experimental details
We carried outmagneto-reflectance experiments on the same ab cut crystal
which was used in a previous magneto-optical study19. Relative magneto-
reflectance spectra, [R(B) − R(0)]/R(0) were collected in Voigt configura-
tion, where R(0) is the zero field and R(B) is the finite field reflectivity
spectrum. The light of a globar was analyzed by a Bruker Vertex 80 v
Fourier-transform spectrometer in the energy range between 12 and
500meV and guided to the sample position by a light-pipe. The sample was
cooled to 4 K and placed in a superconducting coil (SC) for measurements
up to 16 T and in a resistivemagnet for high fieldmeasurements (HF) up to
34 T. The reflected light was collected and guided onto an external bol-
ometer after passing a silicon beamsplitter. Due to the different optical path
lengths in the SC and HF experiments, the raw signal was smaller in the
high-field data in the overlapping field range. In order to compare the two
datasets, theHF data was scaledwith the corresponding SC data set at 5 and
10 T, whereas for 15 T and higher fields, the 15 T SC data was used for
scaling. Therefore, the presented data for high fields shows a lower limit for
the actualmagnitudeof themagneticfield-induced changes.Tocalculate the
optical conductivity in field, wemultiply the smoothedmagneto-reflectance
spectra with the 10 K zero-field reflectivity spectrum from Ref. 19 and
perform a Kramers–Kronig analysis with the same parameters as in the
earlier work (see Fig. S2).

DFT calculations
The calculations of the electronic structures are conducted using DFT as
implemented in theVienna ab initio simulation package (VASP)38,39. All the
calculations are performed using the projector-augmented wave (PAW)40

pseudopotential with the generalized gradient approximation (GGA) in the
form of Perdew-Burke-Ernzerhof (PBE)41,42. A plane-wave cutoff value of
400 eV and a Γ-centered 16 × 16 × 16 k-mesh are used to describe the
electronic structure.Thevalenceorbital set is 4s23d7 forCo, 5s25p2 for Sn, and
3s23p4 for S, respectively. For the crystal structure, we use the experimental
lattice parameters, a = 5.379 Å and α = 59.8658∘43. Based on the DFT elec-
tronic band structures, we construct theWannier functions usingCo d, Sn s,
p, and S s, p orbitals. Finally, the optical properties are evaluated using the

Fig. 4 | Enhancement of the quantumweight by themagnetization reorientation.
aOptical conductivity σxx and the cutoff-frequency dependent quantum weight Kxx

of Co3Sn2S2 under the in-plane (M∥a) and out-of-plane (M∥c) magnetic config-
urations. b Difference of the quantum weight ΔKxx between in- and out-of-plane
magnetization, which peaks exactly at the energy of the nodal line resonance,
highlighting its critical origin by comparisonwith the optical conductivity (shown in
the same line style as in (a)). The dotted horizontal line denotes the saturation value,
visible more clearly in the inset which shows the enhancement on a broad energy
range. The gray shading denotes the energy scale of the main panel.
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Kubo-Greenwood formula under theWannier interpolation44. A finemesh
of 200 × 200 × 200 k points is applied during the integration with good
convergence.

The optical conductivity given in Fig. 2(c) and the deduced spectral
weight of certain photon energies plotted in Fig. 3 can be calculated through
the Brillouin zone integration of the transition matrix elements:

Re σαβðℏωÞ ¼
�πωe2

ℏ

Z

BZ

X
nm

f FDmnAnm;αðkÞAmn;βðkÞδðωmn � ωÞ

¼ �πe2

ℏ

Z

BZ
Hαβðℏω; kÞ

¼ �πe2

ℏ

Z

BZ
ωgαβðℏω; kÞ

ð2Þ

α and β are the indices in Cartesian coordinates, ∫BZ is the Brillouin zone
integration ∫d3k/(2π)3, f FDn is the Fermi-Dirac distribution of band n,
f FDmn ¼ f FDm � f FDn . ℏωmn = ℏωm − ℏωn is the energy difference between

bandsm and n. Finally, Anm;α ¼ un;kji∇kα
jum;k

D E
is the Berry connection,

Hαβ(ℏω) is the spectral weight at certain transition energy ω, and gαβ(ℏω) is
the quantummetric15,34. They are all functions of the crystal momentum k.
Due to the fixed proportionality between Hαβ(ℏωmn) and gmn;αβ(ℏω) at a
fixedphoton energy, themaps in Figs. 3(d)–(f), S4(d)-(f) can be equivalently
interpreted as maps of the quantum metric.

Data availability
The datasets generated during and/or analyzed during this study are
available on Zenodo https://doi.org/10.5281/zenodo.15354907.
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