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Optical observation of flat-band charge dynamics in kagome metal CsCr6Sb6
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Flat-band systems, where electron kinetic energy is quenched over large regions of momentum space, are pre-
dicted to host exotic strongly correlated phenomena. Kagome metals have emerged as a prominent platform for
exploring intriguing flat-band physics. Yet, their intrinsic charge dynamics have remained obscured because flat
bands in most kagome materials either are located far from the Fermi level (EF) or coexist with other dispersive
bands near the EF. Here, we report infrared spectroscopy measurements of the kagome metal CsCr6Sb6, which
features isolated Cr-derived flat bands near the EF. The optical conductivity spectra σ1(ω) exhibit a striking
power-law behavior proportional to ω−α with α ≈ 0.26, significantly deviating from conventional metallic
response, where the conductivity falls like ω−2. Above the frustrated magnetic state temperature TF ≈ 72 K,
the low-energy σ1(ω) displays incoherent charge dynamics without a well-defined Drude response. Below
TF, the low-energy σ1(ω) is further suppressed, indicating electron scattering due to the magnetic frustration.
Moreover, the spectral weight of σ1(ω) is redistributed with varying temperature over broad energy scales
(∼4 eV), reflecting strong correlation effects. These findings demonstrate that CsCr6Sb6 belongs to the correlated
bad metallic systems, which have not been witnessed among other kagome metals.

DOI: 10.1103/tw5d-d9fh

I. INTRODUCTION

A flat-band system is characterized by the presence of a
dispersionless energy band, where the group velocity of elec-
trons vanishes over large regions of momentum space. Since
quenching of kinetic energy enhances the effective strength
of the electronic correlations represented by the ratio of the
Coulomb interaction (U ) to the electronic bandwidth (W ), this
renders flat-band systems an ideal platform for investigating
strongly correlated phenomena. The prominent examples in-
clude magnetism [1], fractional Chern insulator phases [2,3],
linear-in-temperature resistivity [4], density waves, and un-
conventional superconductivity [5,6].

In recent years, kagome metals, a class of flat-band
systems, have attracted considerable attention owing to the
realization of a wide variety of kagome compounds and
the flat bands arising directly from the lattice geometry.
Within the kagome lattice, the kinetic energy of the electrons
between neighboring atomic sites is quenched by quantum
destructive interference, resulting in flat bands extending
throughout the momentum space [7,8]. In early experimental
studies, these flat bands in many kagome metals are located
far from the Fermi level (EF), which hinders direct research
on the flat-band physics. Meanwhile, other electronic bands
such as Dirac bands and van Hove singularities dominate

*These authors contributed equally to this work.
†Contact author: soonjmoon@hanyang.ac.kr

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

the low-energy physics, giving rise to Dirac/Weyl fermions,
unconventional superconductivity, and charge ordering
[9–14]. Great efforts have led to the discovery of a
class of 3d-kagome metals hosting flat bands near the
EF, including YCr6Ge6 [15], CoSn [16], CsCr3Sb5 [17],
Fe3Sn2 [18], and Ni3In [19]. These flat-band kagome
metals exhibit a rich variety of quantum phenomena such
as magnetism, heavy-fermion behavior, and unconventional
superconductivity [16–19], underscoring the role of strong
correlations originating from flat bands.

Intriguingly, these diverse quantum phenomena are not
unique to flat-band kagome metals, but appear commonly
across other strongly correlated electron systems, including
cuprates, ruthenates, iron pnictides, and heavy fermions, sug-
gesting that universal underlying principles could be at play
[20,21]. A key to understanding this universality lies in the
charge dynamics of the strongly correlated electron systems.
The charge localization-delocalization transition is widely
observed across the materials platforms in these systems,
which can accompany the emergence of quantum phenomena,
including heavy-fermion behavior, strange metallicity, and
superconductivity [20,21]. Understanding the charge dynam-
ics of these systems is therefore crucial for elucidating the
cascade of quantum phenomena commonly found in strongly
correlated regimes. The charge dynamics in cuprates, ruthen-
ates, iron pnictides, and heavy fermions have been extensively
studied, revealing anomalous behavior that deviates from
conventional metallic response. This manifests as fractional
power-law behavior and absence of a well-defined Drude
response in low-energy optical conductivity spectra [22–27],
which are characteristic of non-Fermi liquid (NFL) behavior
and incoherent nature of charge carriers.

Flat-band kagome metals also exhibit signatures sug-
gesting similar anomalous charge transport. For instance,

2643-1564/2026/8(3)/033183(8) 033183-1 Published by the American Physical Society

https://orcid.org/0009-0007-3323-8583
https://orcid.org/0009-0005-8443-0810
https://orcid.org/0009-0000-4287-9306
https://orcid.org/0000-0002-0051-4883
https://ror.org/046865y68
https://ror.org/05cvf7v30
https://crossmark.crossref.org/dialog/?doi=10.1103/tw5d-d9fh&domain=pdf&date_stamp=2026-08-14
https://doi.org/10.1103/tw5d-d9fh
https://creativecommons.org/licenses/by/4.0/


KIM, SONG, XU, HAN, YING, AND MOON PHYSICAL REVIEW RESEARCH 8, 033183 (2026)

FIG. 1. (a) Optical conductivity spectra σ1(ω) of CsCr6Sb6 below 3 eV. Inset: σ1(ω) below 2 eV. The dashed lines highlight the linear
energy dependence of σ1(ω). (b) σ1(ω) below 500 meV at 7, 100, 200, and 300 K. The dotted lines are guidelines for ω−α dependence.
Inset: Temperature dependence of exponent α. The vertical dashed line indicates TF. (c) Exponent α for CsCr6Sb6 (solid symbol) and other
representative correlated materials (open symbols). The values of exponent α are obtained from Refs. [26,57] for iron-based compounds,
Refs. [27,52,58] for ruthenates, and Ref. [26] for cuprates.

linear-in-temperature resistivity within the kagome plane is
observed in CsCr3Sb5 under a pressure of about 4 GPa [17]
and in Ni3In at ambient pressure [19], as well as an anomalous
scattering rate in Fe3Sn2 [18], all hallmarks of NFL physics.
YCr6Ge6 [15], CoSn [16], and Ni3In [19] exhibit higher re-
sistivity within the kagome plane than perpendicular to it, in
stark contrast to conventional quasi-two-dimensional layered
materials where in-plane transport is typically more conduc-
tive. This anomalous anisotropy implies the large effective
mass and localized nature of flat-band electrons. However, the
charge dynamics inherent in flat bands remain enigmatic, as
the coexistence of multiple dispersive bands near the EF in the
flat-band kagome metals obscures the flat-band contributions
to the charge dynamics.

The very recently synthesized flat-band kagome compound
CsCr6Sb6 [28] offers a unique opportunity to address this
challenge. Unlike other flat-band kagome metals, CsCr6Sb6

features isolated, nearly dispersionless Cr-based kagome-
derived flat bands located in close proximity to the EF [28,29].
This electronic structure gives rise to a high resistivity and an
ultralow carrier density (∼1019 cm−3) [28,29], indicating that
transport is dominated by flat-band electrons. As temperature
decreases, the local moments originating from these flat bands
develop as a frustrated magnetic state at TF ≈ 72 K [28].
Despite the presence of strong interlayer antiferromagnetic
coupling, the local moments maintain the short-range order
[28,29], possibly due to the geometrical frustration inherent
in the kagome lattice. With further cooling, Kondo screening
of the local moments begins, forming the Kondo resonance
below TK ≈ 20 K [28].

The isolated nature of the flat bands in CsCr6Sb6 thus
provides an ideal platform to investigate the charge dynamics
inherent in flat bands through optical spectroscopy. Here, we
investigate the electronic response of CsCr6Sb6 single crystal
by utilizing infrared spectroscopy. We find that the optical
conductivity spectra σ1(ω) follow a power law proportional
to ω−α (α ≈ 0.26), which significantly deviates from that of
conventional metals, demonstrating NFL transport. At high
temperatures above TF ≈ 72 K, the Drude-like response is not
well defined, suggesting incoherent charge dynamics. Below
TF, the low-energy σ1(ω) is further suppressed, indicating
strong scattering of flat-band electrons due to the mag-
netic frustration. The temperature evolution of σ1(ω) is also

observed at higher energies, where spectral weight redis-
tribution occurs over broad energy scales centered around
∼900 meV and ∼4 eV. These observations demonstrate the
dominance of Hund’s coupling and U , respectively, placing
CsCr6Sb6 in the category of strongly correlated systems. Be-
low TK ≈ 20 K, we observe a pseudogaplike feature at about
15.3 meV, reminiscent of that found in Kondo insulators.
Our study demonstrates that the flat band offers a promising
playground for investigating the rich physics arising from
strong electronic correlations and interplay of charge, spin,
and lattice degrees of freedom.

II. RESULTS AND DISCUSSION

The optical conductivity spectra σ1(ω) of CsCr6Sb6 ob-
tained from Kramers-Kronig analysis of the reflectivity
spectra are displayed in Fig. 1(a). The reflectivity spectra are
shown in the Supplemental Material [30]. Two asymmetric
infrared-active phonon modes are observed at about 23 and
29 meV in σ1(ω), exhibiting anomalous temperature depen-
dences near TF, indicative of spin-phonon coupling (see the
Supplemental Material [30] for details). Overall, σ1(ω) can be
divided into two distinct spectral regions at 300 meV. Above
this energy, σ1(ω) is dominated by interband transitions and
exhibits two distinct linear-in-ω regions: one between 600 and
950 meV, and another between 950 meV and 1.8 eV [the inset
of Fig. 1(a)]. However, due to the complexity of the electronic
band structure of CsCr6Sb6 at high energies [47], the origin
of the linearity in σ1(ω) remains elusive and requires further
theoretical investigations.

Below 300 meV, σ1(ω) is mostly governed by the intraband
response. In the energy range between 80 and 300 meV, σ1(ω)
decays with increasing energy, which is observed consistently
across all measured temperatures. The dominance of the in-
traband response below 300 meV is supported by the density
functional theory combined with dynamical mean-field theory
(DFT + DMFT) calculations, which show that low-energy
electronic structures of CsCr6Sb6 are dominated by flat bands
near the EF [47]. Intriguingly, σ1(ω) decays following a power
law proportional to ω−α , where the exponent α shows an
unusual temperature dependence [Fig. 1(b)]. Upon cooling
above TF, the exponent α gradually increases from 0.2 to
0.34. On the other hand, the exponent α is suppressed to 0.2
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with further cooling below TF, indicating that the onset of the
frustrated magnetic state strongly influences the low-energy
optical response. This pronounced temperature dependence
indicates that σ1(ω) below 300 meV is dominated by the in-
traband response, which is sensitive to scattering mechanisms
or magnetic correlations. For example, a recent theoretical
study of the t-J model predicts that temperature-dependent
magnetic fluctuations induce variations in the power-law ex-
ponent of the low-energy optical conductivity [48]. On the
other hand, the optical responses associated with the interband
transitions generally display negligible temperature depen-
dence [49–51]. The temperature dependence of the exponent
α across TF may indicate which electron-scattering channels,
associated with degrees of freedom such as lattice or spin, are
dominant. At high temperatures above TF, the electron-lattice
scattering may be dominant. Lowering the temperature toward
TF suppresses this electron-lattice scattering, which induces
coherence in charge dynamics. Below TF, the frustrated mag-
netic state emerges, and the associated magnetic fluctuations
promote spin-flip scattering upon cooling [28,29], suppressing
the exponent α from 0.34 to 0.2.

It should be noted that the power-law exponents of σ1(ω)
of the ruthenates, the iron-based superconductors, and the
cuprates show little temperature dependence [26,27,52–54].
In CaRuO3 and SrRuO3, the fractional power-law decay
with an exponent of about 0.5 is observed at all measured
temperatures, i.e., 10 K � T � 500 K for CaRuO3 and
40 K � T � 250 K for SrRuO3 [27,52]. For Fe(Te, Se),
the same behavior of the temperature independence of the
power-law exponent was found [53,54]. In the cuprates,
the fractional power-law decay is shown in the pseudogap
phase of the underdoped YBa2Cu3O6.60 (σ1(ω) ∝ ω−0.85)
and in the superconducting state of the optimally doped
YBa2Cu3O6.95/Bi2Sr2CaCu2O8+δ (σ1(ω) ∝ ω−1.2), with the
exponents remaining nearly temperature independent [26].
The strong temperature dependence of α in CsCr6Sb6 below
TF underscores the close coupling among the charge, spin, and
lattice degrees of freedom.

Importantly, the values of the exponent α of CsCr6Sb6 are
small (α ≈ 0.26), which clearly deviates from the ω−2 de-
pendence observed in conventional metals. Such a slow decay
of σ1(ω) suggests NFL behavior. Other correlated metals, in-
cluding iron-based compounds, ruthenates, and cuprates, also
exhibit a fractional power-law decay of the low-energy optical
conductivity σ1(ω) � ω−α , with α � 1.2, as shown in Fig. 1(c)
[26,27,52,54–58]. Interestingly, the power-law exponent α of
CsCr6Sb6 is particularly small and is comparable to that of the
Hund’s metal ruthenates and iron-based compounds. A theo-
retical study on the ruthenates and the iron-based compounds
demonstrates that stronger Hund’s-coupling-induced correla-
tions can lead to smaller power-law exponent α of σ1(ω)
[57]. A recent DFT + DMFT study shows that CsCr6Sb6

belongs to Hund’s metal [47]: The electronic response of
CsCr6Sb6 is sensitive to both Hund’s coupling and U , with
the former playing a more decisive role in the formation of
flat bands near EF, rendering a highly incoherent electronic
response [47]. Therefore, the small power-law exponent α of
CsCr6Sb6 may be closely related to strong correlations and
the resulting incoherent charge dynamics induced by Hund’s
coupling.

The optical response at lower energies also shows a de-
viation from conventional metallic behavior. At the highest
temperature 300 K, σ1(ω) becomes suppressed toward zero
energy (�ω → 0), precluding a well-defined Drude-like re-
sponse [Fig. 2(a)]. Instead, a broad hump is observed at
about 25 meV. As temperature decreases from 300 K to TF,
σ1(ω) at �ω → 0 increases, which renders the broad hump
indiscernible. While the broad spectral shape of σ1(ω) makes
it challenging to obtain the quantitative information on the
temperature evolution of the hump, it might be related to
the so-called localization peak, which is observed in many
kagome metals [32,33,35–37,59,60]. The origin of the local-
ization peak in the optical response of kagome metals has
been discussed in the framework of the electron-phonon cou-
pling [32,33,35] or the electronic correlations [32,60]. For
CsCr6Sb6, the asymmetric line shape of the phonon mode
labeled as Ph2 (∼29 meV) in Fig. S2 of the Supplemen-
tal Material [30] at T > TF may suggest a possible role
of the electron-phonon coupling. Alternatively, the origin of
the localization peak in CsCr6Sb6 may be ascribed to the
strong correlations originating from flat bands, where charge
fluctuations induced by the long-range U result in transient
localization of charge carriers [61–63]. A localization peak in
σ1(ω) of Fe3Sn2 is attributed to strongly correlated, localized
charge carriers of the flat bands in the vicinity of the EF [60].

Intriguingly, upon further cooling below TF, σ1(ω) below
100 meV is gradually suppressed as shown in Fig. 2(a). This
observation reflects that the onset of the frustrated magnetic
state plays a crucial role in enhancing the incoherent charge
transport. To better understand the role of the frustrated mag-
netic state in the charge dynamics, we obtained the optical
spectral weights (SWs) by integrating σ1(ω) up to cutoff
energy h̄ωc = 300 meV, which accommodates the intraband
contribution (SW(T, ωc) = ∫ωc

0 σ1(ω)dω) [Fig. 2(b)]. The in-
tegrated SW is displayed as a function of temperatures in
Fig. 2(c). With decreasing temperature above TF, the SW
shows a modest decrease, which may be affected by the
decrease in the carrier density [28]. Notably, the SW is sup-
pressed more drastically with further lowering temperature
below TF. One might attribute the faster suppression of the SW
to the sharp change in carrier density occurring at TF. How-
ever, the Hall measurements of CsCr6Sb6 show no anomalous
behavior in the carrier density at TF [28]. Instead, the sudden
suppression of the SW at TF can be ascribed to the enhanced
electron scattering off the localized Cr-3d moments. Such an
enhancement of the electron scattering is consistent with the
upturns of the resistivity and the onset of negative magne-
toresistance below TF [28,29]. Similar behaviors have been
reported in flat-band kagome metal Sc3Mn3Al7Si5, where
the flat-band-induced ferromagnetic fluctuations suppress the
Drude peak and enhance the electron scattering rate and re-
sistivity [64]. LiV2O4 and carrier-doped CoSn also exhibit
enhanced electron scattering from flat-band-induced magnetic
fluctuations, which is suppressed by external magnetic field,
resulting in negative magnetoresistance [65,66]. Collectively,
these examples including CsCr6Sb6 indicate that the increased
electron scattering off the local moments in the flat-band
systems appears to be common, which is attributed to the
magnetic fluctuations in the absence of long-range magnetic
order.
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FIG. 2. (a) σ1(ω) below 150 meV. The solid squares on the y axis represent dc conductivity at different temperatures obtained from the
Hagen-Rubens extrapolation of the measured R(ω) spectra. (b) Temperature-dependent σ1(ω) below 600 meV. The arrow indicates cutoff
energy h̄ωc = 300 meV for the calculation of the SW(T, ωc). (c) Temperature dependence of optical spectral weight SW(T , ωc). The black and
green dashed lines indicate TK and TF, respectively. The colored bars highlight slope changes around TF. (d) Temperature-dependent optical
SW(T ,ω). The vertical dashed line indicates the energy (∼4 eV) where the sum rule is satisfied. Inset: Ratio of temperature-dependent optical
spectral weight SW(T, ω)/SW(300 K, ω). (e) Temperature dependence of SW changes, �SW = SW(T ) − SW(300 K). The vertical dashed
line corresponds to h̄ωc = 900 meV. (f) σ1(ω) below 45 meV at 7 and 30 K. The dashed line denotes energy gap of 2� = 15.3 meV. The solid
black and brown squares on the y axis represent dc conductivity at 7 and 30 K, respectively.

As temperature decreases further below TK ≈ 20 K, the
reduction of the SW becomes less pronounced, reflecting the
weakening of the electron scattering. This can be ascribed to
the formation of Kondo resonance below TK, a characteristic
behavior of heavy-fermion systems [67,68]. Such a reduction
of electron scattering of CsCr6Sb6 below TK is supported
by the recent magnetoresistance measurements [28,29] of
CsCr6Sb6.

A systematic analysis of the SWs over a broader energy
range reveals more detailed information about the many-body
effects in flat-band kagome systems. Figure 2(d) shows the
optical SW obtained from the integration of σ1(ω) up to
5 eV. We find that the sum rule is satisfied at about 4 eV.
With decreasing temperature from 300 down to 7 K, the
low-energy SW mostly attributed to the intraband transition
is suppressed, and the recovery of the SW is observed up
to 4 eV. This trend is more clearly displayed in the ratio of
the integrated SW at low temperature SW(T ) to the room-
temperature value SW(300 K), where the SW ratio reaches
unity at about 4 eV [the inset of Fig. 2(d)]. Such a transfer
of the low-energy SW over a broad energy range can result
from strong correlation on the order of eV, whose energy
scale is typically comparable with that of U in Mott-Hubbard
systems. The DFT + DMFT calculations suggest the presence
of on-site U of about 5 eV in CsCr6Sb6 [47]. This energy

scale is comparable to that of other geometrically frustrated
d-electron systems with flat bands near EF, such as CuV2S4

[69], Ni3In [70], and CsCr3Sb5 [71]. Furthermore, the SW
redistribution in eV scale is the hallmark of strongly correlated
d-electron systems, including cuprates [23], R1−xCaxTiO3 (R
= La, Pr, Nd, Sm, and Y) [72], LiV2O4 [22], and La4Ni3O10

[73] as inferred from the optical spectroscopy studies.
It is noteworthy that the temperature dependence of the

SW transfer over a broad energy range (∼4 eV) in CsCr6Sb6

shows a distinct characteristic from that observed in con-
ventional Mott-Hubbard systems. In the latter, the SW is
generally transferred from high to low energies upon cool-
ing [74], while the SW transfer in CsCr6Sb6 occurs in the
opposite direction. However, the Mott-Hubbard systems in-
tertwined with additional interactions that tend to localize the
charge carriers, such as magnetism, charge order, and Hund’s
coupling, exhibit the SW transfer from low- to high-energy
region with decreasing temperature [75–77]. Since both the
short-range antiferromagnetic interactions and Hund’s cou-
pling promote carrier localization at low temperatures [78],
their combined effects, together with the Mott-Hubbard char-
acter of CsCr6Sb6, are likely responsible for the unusual
temperature dependence of the SW transfer.

The SW transfer in CsCr6Sb6 can be further exam-
ined across different energy scales. Figure 2(e) displays the
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change in the SW relative to the room-temperature value,
i.e., �SW = SW(T ) − SW(300 K). Notably, �SW exhibits
a minimum around 900 meV and subsequently exhibits a
gradual upturn, which becomes more pronounced at lower
temperatures. This behavior indicates that a small fraction of
the SW suppressed below 900 meV is transferred to the energy
region close to 900 meV. Such an SW transfer from low to
high energy in the energy scale of 1 eV is reminiscent of the
localization of the charge carriers driven by Hund’s coupling
[78–80]. Importantly, the energy scale of the turning point
is consistent with the Hund’s coupling strength (∼900 meV)
estimated from DFT + DMFT calculations of CsCr6Sb6 [47],
which is comparable to the conventional Hund’s coupling
energy scale (JH ≈ 600–900 meV), reported in iron-based su-
perconductors [78,79,81].

Having established the manifestation of the many-body
effects associated with the flat bands, we discuss the effect of
the Kondo screening on σ1(ω) below TK. Figure 2(f) presents
σ1(ω) at both 7 K (below TK) and 30 K (above TK) below 45
meV. We note that the low-energy σ1(ω) becomes suppressed
below about 2� = 15.3 meV upon cooling below TK, indi-
cating the partial gap opening. This observation is consistent
with a recent scanning tunneling spectroscopy measurement
of CsCr6Sb6, which reports a gap opening near the EF at 2 K
with a magnitude of about 10–15 meV [28]. Although Kondo
screening occurs below TK, the associated spectral change
does not follow in a similar manner to that expected for heavy-
fermion systems. We do not observe the narrowing of the
Drude-like response nor an absorption peak in a finite-energy
region, which are conventional signatures of hybridization be-
tween f and conduction electrons in heavy-fermion materials
[82]. Instead, our observations reveal a pseudogaplike fea-
ture, the development of which continuously suppresses the
low-energy σ1(ω). Similar pseudogaplike features have been
found in Kondo insulators, where Kondo resonances develop
without pronounced Drude-like responses [83–85].

As a final note, our optical observations for CsCr6Sb6,
including power-law decay in σ1(ω), low-energy SW sup-
pression linked to magnetic fluctuations, and broad spectral
weight redistribution, are primarily related to the strong cor-
relations induced by geometrical frustration inherent to the
in-plane kagome lattice. This is particularly notable given that
CsCr6Sb6 is a bilayer kagome metal, where the flat bands can
be destroyed when the interlayer distance collapses, due to
the enhancement of interlayer orbital hybridization. However,

DFT + DMFT calculations have shown that strong electronic
correlations prevent the collapse of the interlayer distance,
stabilizing it near its experimental value [47]. Consequently,
the flat bands near the EF remain intact, highlighting the minor
role of the interlayer coupling in CsCr6Sb6.

III. CONCLUSION

In summary, our infrared spectroscopy study of CsCr6Sb6

reveals the intrinsic charge dynamics of kagome flat bands.
We observe power-law σ1(ω) with extremely small exponent,
incoherent transport, and SW redistribution over remarkably
broad energy scales (∼4 eV), which are the hallmarks of cor-
related bad metal behavior. These observations demonstrate
that charge dynamics associated with flat bands bears striking
similarities to those observed in strongly correlated metallic
systems, bridging kagome flat-band systems with the univer-
sal physics of strongly correlated electron systems. Below TK,
we observe a pseudogaplike feature at about 15.3 meV, indi-
cating the Kondo-insulating state. Our findings highlight the
flat band as a fertile platform for exploring phenomena orig-
inating from strong electronic correlations and the intricate
coupling among charge, spin, and lattice degrees of freedom.

ACKNOWLEDGMENTS

This research was supported by the National Research
Foundation of Korea (NRF) funded by the Korean govern-
ment (MSIT) (RS-2024-00416036, RS-2026-25492217, RS-
2022-00143178), Brain Pool program (RS-2025-25446099),
Quantum Simulator Development Project for Materials Inno-
vation through the National Research Foundation of Korea
(NRF) funded by the Korean government (MSIT) (RS-2023-
NR119931), and National Natural Science Foundation of
China (Grant No. 52522201).

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not techni-
cally feasible and/or the cost of preparing, depositing, and
hosting the data would be prohibitive within the terms of this
research project. The data are available from the authors upon
reasonable request.

[1] A. L. Sharpe, E. J. Fox, A. W. Barnard, J. Finney, K.
Watanabe, T. Taniguchi, M. Kastner, and D. Goldhaber-
Gordon, Emergent ferromagnetism near three-quarters
filling in twisted bilayer graphene, Science 365, 605
(2019).

[2] N. Regnault and B. A. Bernevig, Fractional Chern insulator,
Phys. Rev. X 1, 021014 (2011).

[3] Y. Xie, A. T. Pierce, J. M. Park, D. E. Parker, E. Khalaf, P.
Ledwith, Y. Cao, S. H. Lee, S. Chen, P. R. Forrester, et al., Frac-
tional Chern insulators in magic-angle twisted bilayer graphene,
Nature (London) 600, 439 (2021).

[4] H. Polshyn, M. Yankowitz, S. Chen, Y. Zhang, K. Watanabe,
T. Taniguchi, C. R. Dean, and A. F. Young, Large linear-in-
temperature resistivity in twisted bilayer graphene, Nat. Phys.
15, 1011 (2019).

[5] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E.
Kaxiras, and P. Jarillo-Herrero, Unconventional superconduc-
tivity in magic-angle graphene superlattices, Nature (London)
556, 43 (2018).

[6] J. S. Hofmann, E. Berg, and D. Chowdhury, Superconductivity,
charge density wave, and supersolidity in flat bands with a
tunable quantum metric, Phys. Rev. Lett. 130, 226001 (2023).

033183-5

https://doi.org/10.1126/science.aaw3780
https://doi.org/10.1103/PhysRevX.1.021014
https://doi.org/10.1038/s41586-021-04002-3
https://doi.org/10.1038/s41567-019-0596-3
https://doi.org/10.1038/nature26160
https://doi.org/10.1103/PhysRevLett.130.226001


KIM, SONG, XU, HAN, YING, AND MOON PHYSICAL REVIEW RESEARCH 8, 033183 (2026)

[7] M. Kang, S. Fang, L. Ye, H. C. Po, J. Denlinger, C. Jozwiak,
A. Bostwick, E. Rotenberg, E. Kaxiras, J. G. Checkelsky, et al.,
Topological flat bands in frustrated kagome lattice CoSn, Nat.
Commun. 11, 4004 (2020).

[8] Z. Li, J. Zhuang, L. Wang, H. Feng, Q. Gao, X. Xu, W. Hao,
X. Wang, C. Zhang, K. Wu, et al., Realization of flat band with
possible nontrivial topology in electronic kagome lattice, Sci.
Adv. 4, eaau4511 (2018).

[9] L. Ye, M. Kang, J. Liu, F. von Cube, C. R. Wicker, T. Suzuki,
C. Jozwiak, A. Bostwick, E. Rotenberg, D. C. Bell, et al.,
Massive Dirac fermions in a ferromagnetic kagome metal,
Nature (London) 555, 638 (2018).

[10] B. R. Ortiz, L. C. Gomes, J. R. Morey, M. Winiarski, M.
Bordelon, J. S. Mangum, I. W. H. Oswald, J. A. Rodriguez-
Rivera, J. R. Neilson, S. D. Wilson, et al., New kagome
prototype materials: Discovery of KV3Sb5, RbV3Sb5, and
CsV3Sb5, Phys. Rev. Mater. 3, 094407 (2019).

[11] N. Morali, R. Batabyal, P. K. Nag, E. Liu, Q. Xu, Y. Sun, B.
Yan, C. Felser, N. Avraham, and H. Beidenkopf, Fermi-arc di-
versity on surface terminations of the magnetic Weyl semimetal
Co3Sn2S2, Science 365, 1286 (2019).

[12] M. Kang, L. Ye, S. Fang, J.-S. You, A. Levitan, M. Han, J.
I. Facio, C. Jozwiak, A. Bostwick, E. Rotenberg, et al., Dirac
fermions and flat bands in the ideal kagome metal FeSn, Nat.
Mater. 19, 163 (2020).

[13] X. Teng, L. Chen, F. Ye, E. Rosenberg, Z. Liu, J.-X. Yin, Y.-X.
Jiang, J. S. Oh, M. Z. Hasan, K. J. Neubauer, et al., Discovery
of charge density wave in a kagome lattice antiferromagnet,
Nature (London) 609, 490 (2022).

[14] H. W. S. Arachchige, W. R. Meier, M. Marshall, T. Matsuoka,
R. Xue, M. A. McGuire, R. P. Hermann, H. Cao, and D.
Mandrus, Charge density wave in kagome lattice intermetallic
ScV6Sn6, Phys. Rev. Lett. 129, 216402 (2022).

[15] T. Y. Yang, Q. Wan, J. P. Song, Z. Du, J. Tang, Z. W. Wang,
N. C. Plumb, M. Radovic, G. W. Wang, G. Y. Wang, et al.,
Fermi-level flat band in a kagome magnet, Quantum Front. 1,
14 (2022).

[16] H. Huang, L. Zheng, Z. Lin, X. Guo, S. Wang, S. Zhang, C.
Zhang, Z. Sun, Z. Wang, H. Weng, et al., Flat-band-induced
anomalous anisotropic charge transport and orbital magnetism
in kagome metal CoSn, Phys. Rev. Lett. 128, 096601 (2022).

[17] Y. Liu, Z.-Y. Liu, J.-K. Bao, P.-T. Yang, L.-W. Ji, S.-Q. Wu,
Q.-X. Shen, J. Luo, J. Yang, J.-Y. Liu, et al., Superconductivity
under pressure in a chromium-based kagome metal, Nature
(London) 632, 1032 (2024).

[18] S. A. Ekahana, Y. Soh, A. Tamai, D. Gosálbez-Martínez, M.
Yao, A. Hunter, W. Fan, Y. Wang, J. Li, A. Kleibert, et al.,
Anomalous electrons in a metallic kagome ferromagnet, Nature
(London) 627, 67 (2024).

[19] L. Ye, S. Fang, M. Kang, J. Kaufmann, Y. Lee, C. John, P.
M. Neves, S. Y. F. Zhao, J. Denlinger, C. Jozwiak, et al.,
Hopping frustration-induced flat band and strange metallicity
in a kagome metal, Nat. Phys. 20, 610 (2024).

[20] S. Paschen and Q. Si, Quantum phases driven by strong corre-
lations, Nat. Rev. Phys. 3, 9 (2021).

[21] J. G. Checkelsky, B. A. Bernevig, P. Coleman, Q. Si, and S.
Paschen, Flat bands, strange metals and the Kondo effect, Nat.
Rev. Mater. 9, 509 (2024).

[22] P. E. Jönsson, K. Takenaka, S. Niitaka, T. Sasagawa, S.
Sugai, and H. Takagi, Correlation-driven heavy-fermion

formation in LiV2O4, Phys. Rev. Lett. 99, 167402
(2007).

[23] K. Takenaka, R. Shiozaki, S. Okuyama, J. Nohara, A. Osuka, Y.
Takayanagi, and S. Sugai, Coherent-to-incoherent crossover in
the optical conductivity of La2−xSrxCuO4: Charge dynamics of
a bad metal, Phys. Rev. B 65, 092405 (2002).

[24] D. N. Basov and T. Timusk, Electrodynamics of high-Tc super-
conductors, Rev. Mod. Phys. 77, 721 (2005).

[25] N. L. Wang, P. Zheng, D. Wu, Y. C. Ma, T. Xiang, R. Y. Jin,
and D. Mandrus, Infrared probe of the electronic structure and
charge dynamics of Na0.7CoO2, Phys. Rev. Lett. 93, 237007
(2004).

[26] C. C. Homes, J. J. Tu, J. Li, G. D. Gu, and A. Akrap, Optical
conductivity of nodal metals, Sci. Rep. 3, 3446 (2013).

[27] Y. S. Lee, J. Yu, J. S. Lee, T. W. Noh, T. H. Gimm, H.-Y. Choi,
and C. B. Eom, Non-Fermi liquid behavior and scaling of the
low-frequency suppression in the optical conductivity spectra
of CaRuO3, Phys. Rev. B 66, 041104 (2002).

[28] B. Song, Y. Xie, W.-J. Li, H. Liu, J. Chen, S. Tian, X. Zhang,
Q. Wang, X. Li, H. Lei, et al., Realization of kagome Kondo
lattice, Nat. Commun. 16, 5643 (2025).

[29] X. Liu, X. Zhang, J. Jiao, R. Zhang, K. Chen, Y. Wang, Y. Ye,
Z. Yu, C. Jiang, X. Wang, et al., Emergent dynamical Kondo co-
herence and competing magnetic order in a correlated kagome
flat-band metal CsCr6Sb6, Phys. Rev. Lett. 136, 256601 (2026).

[30] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/tw5d-d9fh for crystal growth, experimental meth-
ods, reflectivity spectra, and infrared-active phonon modes for
CsCr6Sb6, which includes Refs. [31–46].

[31] C. C. Homes, M. Reedyk, D. Cradles, and T. Timusk, Technique
for measuring the reflectance of irregular, submillimeter-sized
samples, Appl. Opt. 32, 2976 (1993).

[32] E. Uykur, B. R. Ortiz, S. D. Wilson, M. Dressel, and A. A.
Tsirlin, Optical detection of the density-wave instability in the
kagome metal KV3Sb5, npj Quantum Mater. 7, 16 (2022).

[33] M. Wenzel, B. R. Ortiz, S. D. Wilson, M. Dressel, A. A. Tsirlin,
and E. Uykur, Optical study of RbV3Sb5: Multiple density-
wave gaps and phonon anomalies, Phys. Rev. B 105, 245123
(2022).

[34] D. W. Kim, S. Liu, C. Wang, H. W. Nam, G. Pokharel, S. D.
Wilson, J.-H. Cho, and S. J. Moon, Infrared probe of the charge
density wave gap in ScV6Sn6, Phys. Rev. B 108, 205118 (2023).

[35] M. Wenzel, E. Uykur, A. A. Tsirlin, A. N. C. Salinas, B. R.
Ortiz, S. D. Wilson, and M. Dressel, Interplay of d- and p-states
in RbTi3Bi5 and CsTi3Bi5 flat-band kagome metals, Phys. Rev.
B 112, L041122 (2025).

[36] M. Wenzel, A. A. Tsirlin, O. Iakutkina, Q. Yin, H. C. Lei, M.
Dressel, and E. Uykur, Effect of magnetism and phonons on lo-
calized carriers in the ferrimagnetic kagome metals GdMn6Sn6

and TbMn6Sn6, Phys. Rev. B 106, L241108 (2022).
[37] M. Wenzel, E. Uykur, A. A. Tsirlin, S. Pal, R. M. Roy, C. Yi,

C. Shekhar, C. Felser, A. V. Pronin, and M. Dressel, Intriguing
low-temperature phase in the antiferromagnetic kagome metal
FeGe, Phys. Rev. Lett. 132, 266505 (2024).

[38] U. Fano, Effects of configuration interaction on intensities and
phase shifts, Phys. Rev. 124, 1866 (1961).

[39] A. B. Kuzmenko, L. Benfatto, E. Cappelluti, I. Crassee, D. van
der Marel, P. Blake, K. S. Novoselov, and A. K. Geim, Gate
tunable infrared phonon anomalies in bilayer graphene, Phys.
Rev. Lett. 103, 116804 (2009).

033183-6

https://doi.org/10.1038/s41467-020-17465-1
https://doi.org/10.1126/sciadv.aau4511
https://doi.org/10.1038/nature25987
https://doi.org/10.1103/PhysRevMaterials.3.094407
https://doi.org/10.1126/science.aav2334
https://doi.org/10.1038/s41563-019-0531-0
https://doi.org/10.1038/s41586-022-05034-z
https://doi.org/10.1103/PhysRevLett.129.216402
https://doi.org/10.1007/s44214-022-00017-7
https://doi.org/10.1103/PhysRevLett.128.096601
https://doi.org/10.1038/s41586-024-07761-x
https://doi.org/10.1038/s41586-024-07085-w
https://doi.org/10.1038/s41567-023-02360-5
https://doi.org/10.1038/s42254-020-00262-6
https://doi.org/10.1038/s41578-023-00644-z
https://doi.org/10.1103/PhysRevLett.99.167402
https://doi.org/10.1103/PhysRevB.65.092405
https://doi.org/10.1103/RevModPhys.77.721
https://doi.org/10.1103/PhysRevLett.93.237007
https://doi.org/10.1038/srep03446
https://doi.org/10.1103/PhysRevB.66.041104
https://doi.org/10.1038/s41467-025-60785-3
https://doi.org/10.1103/f8b9-q54m
http://link.aps.org/supplemental/10.1103/tw5d-d9fh
https://doi.org/10.1364/AO.32.002976
https://doi.org/10.1038/s41535-021-00420-8
https://doi.org/10.1103/PhysRevB.105.245123
https://doi.org/10.1103/PhysRevB.108.205118
https://doi.org/10.1103/qq6c-3m2z
https://doi.org/10.1103/PhysRevB.106.L241108
https://doi.org/10.1103/PhysRevLett.132.266505
https://doi.org/10.1103/PhysRev.124.1866
https://doi.org/10.1103/PhysRevLett.103.116804


OPTICAL OBSERVATION OF FLAT-BAND CHARGE … PHYSICAL REVIEW RESEARCH 8, 033183 (2026)

[40] P. G. Klemens, Anharmonic decay of optical phonons, Phys.
Rev. 148, 845 (1966).

[41] J. Menéndez and M. Cardona, Temperature dependence of the
first-order Raman scattering by phonons in Si, Ge, and α-Sn:
Anharmonic effects, Phys. Rev. B 29, 2051 (1984).

[42] J. S. Lee, T. W. Noh, J. S. Bae, I.-S. Yang, T. Takeda, and R.
Kanno, Strong spin-phonon coupling in the geometrically frus-
trated pyrochlore Y2Ru2O7, Phys. Rev. B 69, 214428 (2004).

[43] A. B. Sushkov, O. Tchernyshyov, W. Ratcliff II, S. W. Cheong,
and H. D. Drew, Probing spin correlations with phonons in
the strongly frustrated magnet ZnCr2O4, Phys. Rev. Lett. 94,
137202 (2005).

[44] K. Ueda, R. Kaneko, A. Subedi, M. Minola, B. J. Kim, J.
Fujioka, Y. Tokura, and B. Keimer, Phonon anomalies in py-
rochlore iridates studied by Raman spectroscopy, Phys. Rev. B
100, 115157 (2019).

[45] J. Son, B. C. Park, C. H. Kim, H. Cho, S. Y. Kim, L. J.
Sandilands, C. Sohn, J.-G. Park, S. J. Moon, and T. W. Noh,
Unconventional spin-phonon coupling via the Dzyaloshinskii–
Moriya interaction, npj Quantum Mater. 4, 17 (2019).

[46] M. Rosalin, P. Telang, S. Singh, D. V. S. Muthu, and A. K. Sood,
Magnon excitation and spin-phonon coupling in A2Ir2O7 (A =
Gd, Dy, and Er), Phys. Rev. B 109, 184434 (2024).

[47] X. Chen and Y. Wang, Reinforcement of flat bands in a bilayer
kagome metal, Phys. Rev. B 111, 205120 (2025).

[48] S. Fratini, A. Ralko, and S. Ciuchi, Strange metal transport from
coupling to fluctuating spins, arXiv:2412.04322.

[49] R. Y. Chen, B. F. Hu, T. Dong, and N. L. Wang, Revealing
multiple charge-density-wave orders in TbTe3 by optical con-
ductivity and ultrafast pump-probe experiments, Phys. Rev. B
89, 075114 (2014).

[50] X. B. Wang, H. P. Wang, H. Wang, M. Fang, and N. L. Wang,
Optical properties of TlNi2Se2: Observation of pseudogap for-
mation, Phys. Rev. B 92, 245129 (2015).

[51] Y. Okimoto, T. Katsufuji, T. Ishikawa, T. Arima, and Y. Tokura,
Variation of electronic structure in La1−xSrxMnO3 (0 � x � 0.3)
as investigated by optical conductivity spectra, Phys. Rev. B 55,
4206 (1997).

[52] P. Kostic, Y. Okada, N. C. Collins, Z. Schlesinger, J. W. Reiner,
L. Klein, A. Kapitulnik, T. H. Geballe, and M. R. Beasley,
Non-Fermi-liquid behavior of SrRuO3: Evidence from infrared
conductivity, Phys. Rev. Lett. 81, 2498 (1998).

[53] C. Mirri, P. Calvani, F. M. Vitucci, A. Perucchi, K. Yeh, M. Wu,
and S. Lupi, Optical conductivity of FeTe1−xSex , Supercond.
Sci. Technol. 25, 045002 (2012).

[54] N. Stojilovic, A. Koncz, L. W. Kohlman, R. Hu, C. Petrovic,
and S. V. Dordevic, Normal state charge dynamics of
Fe1.06Te0.88S0.14 superconductor probed with infrared spec-
troscopy, Phys. Rev. B 81, 174518 (2010).

[55] D. van der Marel, H. J. A. Molegraaf, J. Zaanen, Z. Nussinov, F.
Carbone, A. Damascelli, H. Eisaki, M. Greven, P. H. Kes, and
M. Li, Quantum critical behaviour in a high-Tc superconductor,
Nature (London) 425, 271 (2003).

[56] E. van Heumen, X. Feng, S. Cassanelli, L. Neubrand, L. de
Jager, M. Berben, Y. Huang, T. Kondo, T. Takeuchi, and J.
Zaanen, Strange metal electrodynamics across the phase dia-
gram of Bi2−xPbxSr2−yLayCuO6+δ cuprates, Phys. Rev. B 106,
054515 (2022).

[57] Z. P. Yin, K. Haule, and G. Kotliar, Fractional power-law
behavior and its origin in iron-chalcogenide and ruthenate

superconductors: Insights from first-principles calculations,
Phys. Rev. B 86, 195141 (2012).

[58] L. Huang and B. Ao, Non-Fermi-liquid behavior in cubic phase
BaRuO3: A dynamical mean-field study, Phys. Rev. B 87,
165139 (2013).

[59] E. Uykur, B. R. Ortiz, O. Iakutkina, M. Wenzel, S. D. Wilson,
M. Dressel, and A. A. Tsirlin, Low-energy optical properties
of the nonmagnetic kagome metal CsV3Sb5, Phys. Rev. B 104,
045130 (2021).

[60] A. Biswas, O. Iakutkina, Q. Wang, H. C. Lei, M. Dressel, and E.
Uykur, Spin-reorientation-induced band gap in Fe3Sn2: Optical
signatures of Weyl nodes, Phys. Rev. Lett. 125, 076403 (2020).

[61] S. Fratini and S. Ciuchi, Displaced Drude peak and bad metal
from the interaction with slow fluctuations, SciPost Phys. 11,
039 (2021).

[62] K. Driscoll, A. Ralko, and S. Fratini, Pseudogap metal in-
duced by long-range Coulomb interactions, Phys. Rev. B 103,
L201106 (2021).

[63] A. Pustogow, Y. Saito, A. Löhle, M. S. Alonso, A. Kawamoto,
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