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Infrared probe of the charge density wave gap in ScV6Sn6
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The V-based kagome metals AV3Sb5 (A = K, Rb, Cs) exhibit a cascade of exotic quantum phenomena
including charge density wave (CDW) order and superconductivity. Considerable effort has been made to
understand the nature of the CDW phase of AV3Sb5, but the origin remains elusive. A new family of the
V-based kagome metals RV6Sn6 (R = Y, Sc, or rare-earth ions) has attracted recent interest. Among RV6Sn6,
only ScV6Sn6 shows a CDW order. Thus, RV6Sn6 can be a new platform for investigating the nature of the
CDW phase of the V-based kagome metals. Here, combining infrared spectroscopy with density-functional
theory (DFT) calculations, we investigate the electronic response of RV6Sn6 (R = Y, Sc). While the optical
conductivity σ1(ω) spectra of YV6Sn6 show no anomaly from 10 to 300 K, those of ScV6Sn6 exhibit drastic
changes below the CDW transition temperature TCDW ≈ 92 K: the suppression of the Drude responses and the
appearance of the absorption peaks at about 34 and 270 meV. A distinct multipeak structure in the energy region
between 270 and 800 meV due to the interband transitions associated with the van Hove singularities (vHSs) at
the M point is hardly affected by the CDW transition, implying the robustness of the vHSs at the M point against
the CDW transition. Our DFT calculations demonstrate that the vHSs at the M point remain intact in the CDW
phase of ScV6Sn6 and the CDW gaps corresponding to the absorption peak at 270 meV open most clearly on
the kz = 1/3 and 1/2 planes. The calculated phonon dispersions of the pristine phase of ScV6Sn6 reveal that the
structural instability with the imaginary phonon frequencies on the A-H-L plane (kz = 1/2) and along the M̄-K̄
line (kz = 1/3) induces the out-of-plane charge modulation, indicating that the CDW transition of ScV6Sn6 is
associated with its structural phase transition.
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I. INTRODUCTION

The kagome lattice is a two-dimensional network that con-
sists of hexagons and corner-sharing triangles. By virtue of
the inherent geometric character, the kagome lattice hosts
unique electronic structures such as flat bands, Dirac cones,
and van Hove singularities (vHSs). Consequently, the kagome
lattice engenders a wide variety of novel quantum phenomena,
such as nontrivial topology [1–3], spin liquid [4,5], supercon-
ductivity [6–10], spin/charge density waves, and bond orders
[7,9,11].

Among the diverse physical phenomena discovered in
kagome compounds, the charge density wave (CDW) phase
in the V-based kagome metals AV3Sb5 (A = K, Rb, Cs) has
drawn enormous attention due to its exotic nature. The CDW
transition breaks not only time-reversal symmetry resulting in
anomalous Hall effect [12,13] but also rotational symmetry
potentially associated with the charge bond order [14–21].
Upon chemical doping [22–27] or applying pressure [28–30],
the superconducting state emerges at the expense of the CDW
order.
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Due to the close connections with the superconductiv-
ity and other symmetry-broken phases, the CDW phase of
AV3Sb5 has been studied intensively, but the origin of the
CDW phase remains elusive. The nesting of the vHSs arising
from the saddle points at the three distinct M points was
suggested to be a main driving force for the CDW transition in
AV3Sb5 [31,32]. On the other hand, it was also proposed that
the strong electron-phonon coupling [33–38] or Jahn-Teller
effect [39] could be responsible for the CDW transition.

The recent discovery of the intermetallic kagome com-
pounds RV6Sn6 (R = rare-earth ions) provides an opportunity
to explore intriguing quantum phases stemming from the
V-based kagome lattice. Topological surface states are ob-
served in GdV6Sn6 and HoV6Sn6 [40–42] and the interplay
between nontrivial band topology and the magnetism of rare-
earth ion results in the anomalous Hall effect in TbV6Sn6

[43,44]. Strikingly, a CDW phase was observed in ScV6Sn6

below TCDW ≈ 92 K [45]. The CDW transition in ScV6Sn6

accompanies the first-order structural phase transitions [45],
as observed in AV3Sb5 [16,46]. However, the CDW phase of
ScV6Sn6 shows important differences from that of AV3Sb5.
The CDW phase of ScV6Sn6 exhibits a

√
3 × √

3 × 3 peri-
odic lattice distortion where the displacement of the V ions is
minimal [45]. This contrasts with the 2 × 2 lattice distortion
in the CDW phase of AV3Sb5 where the displacement of the
V ions results in the so-called star of David or trihexagonal
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patterns [47]. We note that the 2 × 2 lattice distortion in the
kagome lattice is expected to occur when the nesting between
the van Hove singularities at the three inequivalent M points is
dominant [7,9,10]. In addition, unlike AV3Sb5, which shows
the competition between CDW and superconductivity under
charge-carrier doping or applied pressure, ScV6Sn6 does not
display an intertwined CDW and superconducting states: the
CDW phase of ScV6Sn6 is suppressed with increasing pres-
sure, but superconductivity does not appear up to 11 GPa
[48]. These unique electronic properties of ScV6Sn6 provide
a route to gain insights into the nature of the CDW order of
the V-based kagome metals.

In order to understand the origin of the CDW phase, it is
imperative to identify the CDW gap in the electronic density
of states. While several spectroscopy studies on ScV6Sn6 have
been reported, it remains inconclusive if the gap opens in
the CDW phase. An infrared spectroscopy study on ScV6Sn6

suggested that the CDW transition induced sudden changes in
the band structure without a clear signature of the formation
of the CDW gap [49]. In an angle-resolved photoemission
spectroscopy (ARPES) measurement, the CDW gap opening
was not observed, which was attributed to the small gap size
and finite energy and momentum resolutions [50]. On the
other hand, another ARPES study reported the opening of the
large CDW gap of about 260 meV [51]. A scanning tunneling
spectroscopy (STS) study observed a partial gap opening of
about 20 meV in the electronic density of states at the Fermi
level [52]. To resolve this controversial issue on the CDW gap
of ScV6Sn6, a careful and systematic spectroscopy study of
the RV6Sn6 series is highly demanded.

In this paper, we investigate the electronic responses of
RV6Sn6 (R = Y, Sc) single crystals by using infrared spec-
troscopy and density-functional theory (DFT) calculations.
Our comparative study on RV6Sn6 enables us to resolve
the CDW gap and the associated changes in the electronic
response of ScV6Sn6 due to the CDW transition. As the
temperature decreases, the optical conductivity σ1(ω) spectra
of YV6Sn6 show gradual changes without any anomaly. The
onset of the CDW phase in ScV6Sn6 is manifested by the
abrupt suppression of the Drude responses and the emergence
of absorption peaks at about 34 and 270 meV. In the higher-
energy region between 270 and 800 meV, a distinct multipeak
structure, which can be assigned as the optical transitions
involving the van Hove singularities at the M point, is com-
monly observed in the σ1(ω) spectra of both compounds.
Notably, the multi-peak structures do not display anomalous
changes with decreasing the temperature, which implies the
robustness of the vHSs at the M point in the CDW phase of
ScV6Sn6. Indeed, our DFT calculations confirm that the vHSs
at the M point remain intact in the CDW phase. Instead, the
CDW gaps open on the kz = 1/3 and kz = 1/2 planes, corre-
sponding to the observed absorption peak at about 270 meV.
The phonon band calculations reveal that the pristine phase
of ScV6Sn6 is unstable with the imaginary phonon modes on
the A-L-H plane (kz = 1/2) and along the M̄ − K̄ line (kz =
1/3). Our results demonstrate that the origin of the CDW
order in ScV6Sn6 is not endemic to the in-plane electronic
instability between the vHSs at the M point but can be as-
sociated with the structural instability along the out-of-plane
direction.

II. METHODS

A. Infrared spectroscopy

Single crystals of YV6Sn6 and ScV6Sn6 were synthesized
by using a flux-based method. Details of the single-crystal
growth were described in Ref. [41]. We measured near-normal
incidence reflectivity spectra R(ω) in the energy region be-
tween 5 meV and 1 eV utilizing a Fourier transform infrared
spectrometer (Vertex 70v, Bruker). We used the Hagen-
Rubens relation for the low-energy extrapolation of R(ω).
In situ gold overcoating technique was employed to obtain
accurate reflectivity data [53]. We obtain complex optical
constants in the energy region between 0.74 and 5 eV by using
a spectroscopic ellipsometer (M-2000, J. A. Woollam Co.).
The optical conductivity was calculated from the R(ω) data
through Kramers-Kronig transformation.

B. Density-functional theory calculations

We performed first-principles calculations within the DFT
as implemented in the Vienna Ab initio Simulation Package
(VASP) codes [54,55]. The potential of the core was de-
scribed by the projector augmented-wave method [56]. For
the exchange-correlation interaction between the valence elec-
trons, we employed the generalized-gradient approximation
functional of Perdew-Burke-Ernzerhof [57]. We used the
plane-wave basis with a kinetic energy cutoff of 500 eV and
performed the k-space integration using the 12 × 12 × 8k
meshes per 1 × 1 × 1 unit cells. All atoms were allowed to
relax along the calculated forces until all the residual force
components were less than 0.001 eV/Å. The phonon disper-
sions were calculated using the finite displacement method
implemented in the PHONOPY software [58] with a 3 × 3 × 2
supercell. The unfolded band structure was calculated with
the VASPKIT software [59]. Optical conductivity calculations
were performed in the WANNIER90 program [60] with a 40 ×
40 × 40 k mesh in the primitive cells of the pristine and√

3 × √
3 × 3 CDW structures.

III. RESULTS AND DISCUSSION

Raw reflectivity R(ω) spectra of YV6Sn6 and ScV6Sn6 are
shown in Figs. 1(a) and 1(b), respectively. The far-infrared re-
flectivities of both YV6Sn6 and ScV6Sn6 increase toward zero
energy, indicating metallic properties. In the higher-energy
region between 270 and 800 meV, the R(ω) of YV6Sn6 and
ScV6Sn6 share a common multipeak structure. A clear distinc-
tion between the far-infrared responses of the two compounds
is found in the lower-energy region. As the temperature de-
creases, the reflectivity spectra of YV6Sn6 below 200 meV is
enhanced gradually without any anomaly. In sharp contrast,
the R(ω) spectra of ScV6Sn6 in the energy region between
34 and 200 meV are suppressed substantially below TCDW ≈
92 K, and those below 34 meV increase toward unity faster
than those at higher temperatures. This temperature evolution
of R(ω) suggests the formation of an absorption peak due to
the CDW transition [61,62] of ScV6Sn6 [45].

The real parts of the optical conductivity spectra σ1(ω)
of YV6Sn6 and ScV6Sn6 are displayed in Figs. 1(c)–1(f).
We note that the gross spectral features of σ1(ω) of the two
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FIG. 1. Temperature-dependent reflectivity spectra R(ω) of (a) YV6Sn6 and (b) ScV6Sn6. Insets of (a) and (b) display R(ω) of YV6Sn6

and ScV6Sn6 below 75 meV, respectively. Temperature-dependent optical conductivity σ1(ω) below 200 meV of (c) YV6Sn6 and (d) ScV6Sn6.
Temperature-dependent optical conductivity σ1(ω) below 900 meV of (e) YV6Sn6 and (f) ScV6Sn6.

compounds are similar, reflecting that they share the elec-
tronic structure of V-based kagome lattice. In the energy
region between 270 and 800 meV, the σ1(ω) data of both
compounds show four absorption peaks, labeled as A, B, C,
and D [Figs. 1(e) and 1(f)]. These peaks can be assigned as
interband transitions involving the vHS in the electronic band
structure, which will be discussed below. At lower energies,
the Drude-like response centered at zero energy is observed.
As the temperature decreases, the Drude-like peaks become
narrower and two broad peaks at 60 meV (a) and 142 meV
(b) are resolved. Similar low-energy peaks are detected below
500 meV in the optical response of kagome metals such as
AV3Sb5, RMn6Sn6, and Fe3Sn2 which shift to lower energies
upon cooling [36,37,63–65]. The low-energy peaks of such
kagome metal compounds are attributed to a so-called local-
ization peak or a displaced Drude peak, suggesting that they
result from many-body effects that hinder charge transport.
The peaks a and b of YV6Sn6 and ScV6Sn6 exhibit a slight
blueshift with decreasing the temperature, indicating that they
could be ascribed to interband transitions. The temperature
evolutions of the infrared-active phonon modes of YV6Sn6

and ScV6Sn6 are discussed in the Supplemental Material [66].
The manifestations of the onset of the CDW phase in

ScV6Sn6 can be seen from the clear distinctions between the
σ1(ω) spectra of the two compounds. Upon entering the CDW
phase below TCDW ≈ 92K, a peak at about 34 meV, labeled as
α, emerges only in σ1(ω) of ScV6Sn6 [Figs. 1(c) and 1(d)].
The resonance energy of the peak at 34 meV coincides with
the energy position of the kink in R(ω) below TCDW [Fig. 1(b)].
Another spectral manifestation of the CDW transition can be
found in the energy region where the peak A is located. As
the temperature decreases from 300 to 100 K, the peak A
shows a gradual narrowing and a slight blueshift. However,
upon cooling across TCDW ≈ 92 K, the peak A appears to be
enhanced abruptly and to shift to lower energies [Fig. 1(f)].
This contrasts with the continuous narrowing and blueshift of

the peak A in σ1(ω) of YV6Sn6 without any anomalies with
decreasing the temperature [Fig. 1(e)].

In order to gain quantitative information on the temperature
evolution of the electronic response, we analyze the σ1(ω) by
using Drude-Lorentz oscillator model:

σ1(ω) =
∑

k

ω2
p,k

4π

γD,k

ω2 + γ 2
D,k

+
∑

j

S2
j

4π

ω2γ j(
ω2 − ω2

0, j

)2 + ω2γ j

. (1)

Here, ωp,k and γD,k correspond to the plasma frequency
and the scattering rate of the Drude oscillator, respectively.
S j , γ j , and ω0, j are the strength, the width, and the resonant
frequency of the Lorentz oscillator, respectively. The repre-
sentative results of the Drude-Lorentz oscillator model fit of
σ1(ω) of YV6Sn6 and ScV6Sn6 are shown for the 10 and
300 K data in Figs. 2(a)–2(d). Two Drude oscillators with
different scattering rates are required to fit the σ1(ω). We label
the narrow Drude peak as D1 and the broad one as D2. Six
Lorentz oscillators are used to fit the interband transitions: the
peaks a, b, A, B, C, and D. For ScV6Sn6, an additional Lorentz
oscillator is needed to reproduce the distinct absorption peak
α at about 34 meV. The optical conductivity data at the other
measurement temperatures are fitted using the same protocol.

The temperature evolutions of the optical excitations ex-
tracted from the Drude-Lorentz oscillator model fit are
summarized in Figs. 2(e)–2(j). The Drude responses and the
peak A of YV6Sn6 show monotonous temperature depen-
dence. The spectral weight (SW) of the narrow Drude peak
(D1) is almost temperature independent [Fig. 2(e)], whereas
that of the broad Drude peak (D2) is slightly suppressed as
the temperature decreases [Fig. 2(f)]. The scattering rates of
both Drude peaks are reduced gradually with decreasing the
temperature [Figs. 2(e) and 2(f)]. The SW of the peak A of
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FIG. 2. Drude-Lorentz oscillator model analyses on σ1(ω) of (a), (b) YV6Sn6 and (c), (d) ScV6Sn6 at 10 and 300 K, respectively. Solid
lines centered at zero energy represent two Drude peaks, D1 and D2. Seven Lorentz oscillators are used to reproduce optical excitations at
higher energies, i.e., peaks α, a, b, A, B, C, and D. Insets show fitting results below 200 meV. Temperature-dependent SWs and widths of the
peaks D1, D2, and A for YV6Sn6 (e), (f), (g) and ScV6Sn6 (h), (i), (g). Insets of (h) and (i) show sum of the SWs of peaks D1 and α and SWs
of peaks D2 and A, respectively. Dashed lines in (h), (i), and (j) denote the CDW transition temperature TCDW of ScV6Sn6.

YV6Sn6 decreases slightly and shifts to higher energies at
lower temperatures [Fig. 2(g)].

The parameters of the Drude responses and the peak A of
ScV6Sn6 reveal striking anomalies associated with the CDW
transition at TCDW ≈ 92 K. The SWs and the scattering rates
of both Drude peaks display abrupt suppressions below TCDW

[Figs. 2(h) and 2(i)], which is a characteristic optical response
of various materials with density wave ground states including
Fe-based superconductors [61,69] and AV3Sb5 [31,36,37,63].
In addition to these changes in the low-energy response, the
abrupt increase in the SW and the redshift of the resonance
energy of the peak A upon entering the CDW phase are
registered [Fig. 2(j)]. The latter observation suggests the ap-
pearance of an optical excitation due to the CDW transition
of which resonance energy is a little bit lower than that of the
peak A.

The difference optical conductivity spectra shown in
Figs. 3(a), 3(b), and 3(e) enable us to identify the formation
of the CDW gap and its magnitude. The difference spectra
σ1(ω, T ) − σ1(ω, 300 K) in Figs. 3(a) and 3(b) demonstrate
the emergence of the optical excitation at about 270 meV in
the CDW phase of ScV6Sn6. We estimate the magnitude of the
CDW gap (2�CDW) via the maximum of the spectral weight
transfer (orange arrow) and the zero crossing (red arrow) of
the difference spectra σ1(T ) − σ1(100 K) in Fig. 3(e) [36].
The former (latter) method yields 2�CDW ≈ 270 meV (180
meV). Since the value from the maximum of the SW transfer
method can represent the resonance energy of the optical exci-
tation across the CDW gap, we adopt 2�CDW ≈ 270 meV for
the following discussion. Figure 3(f) shows the temperature
dependences of the 2�CDW, which shows the deviation from
the BCS-type mean-field behavior. The abrupt suppression
of the 2�CDW near TCDW indicates the first-order character
of the CDW transition of ScV6Sn6 [49], which is reminiscent
of AV3Sb5 [36,37,63] and FeGe [70].

A close inspection of the SWs of the Drude peaks and the
optical excitations at about 34 and 270 meV which emerge
below TCDW reveals intriguing correlations. We find that the
amount of the decrease in the SW of the narrow Drude peak
(D1) is very similar to the SW of the lower-energy optical ex-
citation (α) at about 34 meV. The sum of the SWs of the peak
D1 and the 34-meV peak below TCDW are almost conserved, as
shown in the inset of Fig. 2(h). In addition, the magnitude of
the decrease in the SW of the broad Drude peak (D2) below
TCDW is almost the same as that of the increase in the SW
of the peak A below TCDW, resulting in the conservation of
the sum of the SWs of the peak A and the D2 [the inset of
Fig. 2(i)].

The sum-rule analysis also suggests that the excitation at
about 270 meV in σ1(ω) of ScV6Sn6 results from the opening
of the CDW gap. The opening of a density wave gap triggers
the suppression of the Drude peak and the shift of the SW into
an optical excitation across the density wave gap at higher
energies. The optical SWs obtained by integrating σ1(ω),
SW(ω) = ∫ω

0 σ1(ω′)dω′ are shown in Figs. 3(c) and 3(d). The
temperature evolution of σ1(ω) of YV6Sn6 is mostly driven
by the narrowing of the two Drude peaks with decreasing the
temperature [Fig. 1(c)]. The corresponding behavior in the
SW(ω) is a monotonous increase with lowering the temper-
ature in the energy region below 150 meV at which the sum
rule is satisfied [Fig. 3(c)]. For ScV6Sn6, while the SW(ω) at
the energies below about 30 meV increases with decreasing
the temperature, that in the energy region between 30 and
300 meV decreases [Fig. 3(d)], indicating the suppression of
the Drude peaks due to the opening of the CDW gap. The
SW(ω) at different temperatures merges at about 300 meV,
which suggests that the SW lost by the Drude peaks piles up
at energies close to about 300 meV.

Having established the manifestations of the CDW tran-
sitions in the optical response, we discuss possible origins
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FIG. 3. Difference σ1(ω) spectra σ1(T ) − σ1(300 K) of (a)
YV6Sn6 and (b) ScV6Sn6. Optical spectral weights (SWs) of (c)
YV6Sn6 and (d) ScV6Sn6. (e) Difference σ1(ω) spectra σ1(T ) −
σ1(100 K) of ScV6Sn6. Red and orange arrows indicate zero cross-
ing and maximum of σ1(T ) − σ1(100 K) spectra, respectively. (f)
Temperature dependence of CDW gap (2�CDW ) obtained from zero
crossing (red circles) and maximum of transferred peak (orange
triangles).

of the CDW transition in ScV6Sn6. The nesting of the vHSs
arising from saddle points at the M point has been regarded
as one of the main origins of the CDW transition of AV3Sb5

[71,72]. Our DFT calculations show that the nesting of the
saddle points is unlikely to drive the CDW formation in
RV6Sn6. As shown in Figs. 4(c) and 4(d), the vHSs at the
M point of YV6Sn6 are very close to the Fermi level [41], in
contrast to ScV6Sn6 where the corresponding vHSs are away
from the Fermi level [52,73]. Nevertheless, the CDW phase
is only stabilized in ScV6Sn6. These results indicate that the
simple nesting effect between the van Hove saddle points is
not responsible for the CDW order in RV6Sn6. We note that
similar conclusion was drawn from the ARPES study of Cs
surface-doped CsTi3Bi5 [74].

The temperature evolution of the high-energy interband
transitions (the peaks A, B, C, and D) in conjunction with the
results from the DFT calculations supports the robustness of
the vHSs at the M point with the CDW transition of ScV6Sn6.
At the temperatures above TCDW, the resonance energies of
the peaks A (300 meV), B (450 meV), C (570 meV), and
D (760 meV) are almost the same in YV6Sn6 and ScV6Sn6

[Figs. 4(a) and 4(b)], indicating that these peaks are related to
the V 3d orbitals [41,42,75]. The widths of the peaks A, B,
C, and D are estimated to be about 140, 223, 173, and 360
meV at 10 K, respectively, which are much smaller than the
typical values of the width (1∼2 eV) of the interband transi-
tions of 3d transition-metal compounds [76–80], suggesting

that the bands with the vHSs may be responsible for the four
peaks in σ1(ω) of ScV6Sn6. The analogous distinct multipeak
structures were also observed in AV3Sb5 and Fe3Sn2 and
were linked to optical transitions involving the vHSs of the
flat bands/saddle points with the divergent density of states
[31,37,63,64].

Our DFT calculations show that the interband transitions
are related to the bands with the vHSs of the saddle points
or flat bands. Figures 4(c) and 4(d) show the calculated band
dispersions of YV6Sn6 and ScV6Sn6, respectively. Here, the
arrows represent the interband transitions associated with the
vHSs of the saddle points or the flat bands corresponding
to the four peaks (A, B, C, and D) in σ1(ω). For a direct
comparison with the experimental data, we calculated the
interband optical conductivity spectra σxx(ω) of ScV6Sn6.
The calculated σxx(ω) in Fig. 4(e) is found to agree quite
well with the experimental interband optical-conductivity data
σ1,interband(ω) in Fig. 4(f) which were obtained by subtracting
the Drude responses from the raw experimental optical con-
ductivity. The theoretical σxx(ω) of the pristine phase displays
four peaks labeled as A′ (360 meV), B′ (510 meV), C′ (640
meV), and D′’ (840 meV) of which energies are very similar
to those of the peaks A, B, C, and D in σ1,interband(ω). The
agreements between the experimental and theoretical conduc-
tivity data demonstrate the validity of our assignments of the
interband transitions.

Possible variations of the high-energy interband transitions
with temperature can signify the changes in the vHSs at the M
point for RV6Sn6. Strikingly, the resonance energies of the
peaks B, C, and D of both compounds show little change
with temperature [Figs. 4(a) and 4(b)]. The robustness of
these peaks can also be seen in the theoretical σxx(ω) in
the CDW phase [Fig. 4(e)]. The resonance energies and the
intensities of the interband transitions (peaks B′, C′, D′) in
the theoretical σxx(ω) show negligible changes due to the
CDW transition.

The peak A in the experimental σ1(ω) data of ScV6Sn6

appears to show a sudden redshift below TCDW, while that of
YV6Sn6 shows a gradual and small blueshift with decreasing
the temperature. If this redshift were due to the gap opening
at the saddle points, the corresponding peak should shift to
higher energies. Optical spectroscopy studies of AV3Sb5 have
shown that the opening of the partial gap at the saddle points
resulted in the blueshift of the interband transition [31,37,63].
The redshift of the peak A of ScV6Sn6 is due to the appear-
ance of the optical excitation across the CDW gap at the
energy (∼270 meV) lower than the resonance of energy of the
peak A, as implied by the analyses on the difference optical-
conductivity spectra and the sum rule. The theoretical σxx(ω)
also shows the emergence of an optical excitation (peak a′)
at the energy (310 meV) lower than that of the peak A′ as
shown in Fig. 4(e). Therefore, the temperature evolution of the
high-energy interband transitions indicates that the vHSs near
the M point remain robust against the CDW transition and the
nesting effects do not play an important role in ScV6Sn6.

For kagome lattices, it appears that not only the nesting
effect, but the electron-phonon coupling could be impor-
tant for the CDW transition. Recent studies on AV3Sb5

suggest that the electronic correlation or vHSs nesting ef-
fect is too weak to realize the CDW phase [34,38,39,81,82]
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FIG. 4. σ1(ω) of (a) YV6Sn6 and (b) ScV6Sn6 in energy region between 200 and 900 meV. Data are shifted vertically for clarity.
Temperature dependences of resonance energies of peaks A, B, C, and D are highlighted by arrows. Electronic band structures of (c) YV6Sn6

and (d) ScV6Sn6 for pristine phase. Interband transitions corresponding to peaks A, B, C, and D are denoted by vertical arrows. (e) Calculated
interband optical conductivity of ScV6Sn6 for pristine and CDW phases. (f) Experimental interband optical conductivity of ScV6Sn6 at 100 K
(pristine phase) and 10 K (CDW phase).

and the electron-phonon coupling [33–38] should be taken
into account. The importance of the electron-phonon cou-
pling was also suggested in recent time-resolved optical
spectroscopy of ScV6Sn6 [50] and inelastic x-ray- and diffuse
scattering [83].

To assess the importance of the electron-phonon coupling
for the CDW transition in ScV6Sn6, we calculate the phonon
band dispersions of YV6Sn6 and ScV6Sn6. As shown in
Figs. 5(a) and 5(b), the phonon band structures of the pristine

phase of YV6Sn6 and ScV6Sn6 exhibit no imaginary frequen-
cies at the M point where AV3Sb5 kagome compounds have
imaginary phonon frequencies [16,24,32,84]. This result re-
flects the irrelevance of the Fermi surface nesting between the
vHSs at the M point for the CDW phase of ScV6Sn6. Instead,
we find that the multiple imaginary phonon modes exist on the
A-L-H (kz = 1/2) plane and along the M̄ − K̄ line (kz = 1/3),
which can lead to the

√
3 × √

3 × 2 and
√

3 × √
3 × 3 lattice

distortions, respectively.

FIG. 5. Calculated phonon dispersions of (a) YV6Sn6 and (b) ScV6Sn6 for the pristine phase along the �−M−K (kz = 0), A-H-L (kz = 1/2)
(left panel), and �̄-M̄-K̄ paths (kz = 1/3) (right panel). Unfolded electronic band structures of ScV6Sn6 in pristine and

√
3 × √

3 × 3 CDW
phases for (c) kz = 0, (d) kz = 1/3, and (e) kz = 1/2. Band shift on kz = 0 plane and CDW gap openings on kz = 1/3 and kz = 1/2 planes are
indicated by red arrows in (c), (d), and (e), respectively.
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In order to examine how the electronic structure of
ScV6Sn6 changes under the lattice distortion, we calcu-
late the electronic band structure of the CDW phase of
ScV6Sn6. We adopt the

√
3 × √

3 × 3 CDW phase which was
identified by the x-ray- and neutron-diffraction measurements
[45]. Figures 5(c)–5(e) show the unfolded electronic band
structure of the pristine and CDW phases of ScV6Sn6. We
find that the vHSs at the M point are unaffected by the CDW
formation [Fig. 5(c)]. Instead, the CDW-induced gap openings
are clearly seen along the �̄-M̄ line at kz = 1/3 and the A-
L/H-A lines at kz = 1/2 [see the red arrows in Figs. 5(d) and
5(e)]. The size of the CDW gaps reaches about 270, 290, and
300 meV along the H-A, A-L, and �̄-M̄ lines, respectively, in
good agreement with the value (270 meV) extracted from the
experimental σ1(ω) data. Our calculations on the phonon dis-
persions and the electronic band structures therefore indicate
that the structural phase transition plays a crucial role in the
CDW transition of ScV6Sn6.

The DFT calculations reveal a small downward shift of the
band along the K-� line on the kz = 0 plane away from the
Fermi level in the CDW phase, as indicated by the red arrow
in Fig. 5(c). This band shift can induce a suppression of the
density of states near the Fermi level, leading to a low-energy
interband transition of about 41 meV. This result is in line
with our experimental observations, i.e., the suppression of
the Drude response and the appearance of the absorption peak
at 34 meV in σ1(ω). These changes in our optical data may
be relevant to the partial gap formation with the size of about
20 meV observed in a recent STS measurement of ScV6Sn6
[52]. Further studies are required to understand the origin of
the absorption peak at 34 meV.

As a final note, we discuss the relationship among the
electronic interactions of the vHSs at the M point, symme-
try breaking, and superconductivity. Theoretical studies on
kagome lattices predicted the charge bond order due to the
electronic interaction between vHSs, which can induce a
rotational symmetry breaking such as electronic nematicity
[9,18,20]. The nematicity is closely linked to the uncon-
ventional superconductivity in the cuprate and the Fe-based
superconductors [85–87]. The importance of nematicity was
also suggested in recent ARPES studies of Ti-based kagome
metals [88,89]. Our results show the lack of electronic interac-
tions between the vHSs at the M point in ScV6Sn6. It should
be noted that ScV6Sn6 shows neither a reduction to twofold
rotational symmetry [52] nor the superconductivity [48],
suggesting that the interdependence of the electronic interac-

tions of the vHSs, the nematicity, and the superconductivity
may hold true for the RV6Sn6 system.

IV. CONCLUSION

We studied the electronic responses of RV6Sn6 (R = Y, Sc)
using infrared spectroscopy and DFT calculations, and elabo-
rated the effects of the CDW order on the electronic structure.
The distinct temperature evolutions of the optical conductivity
σ1(ω) of the two compounds reveal clear spectroscopic man-
ifestations of the CDW transition. While the optical response
of YV6Sn6 changes gradually with lowering the temperature,
that of ScV6Sn6 shows anomalies at TCDW ≈ 92 K. Upon en-
tering the CDW state, the Drude-like response is suppressed
and the SW is shifted to higher energies for ScV6Sn6, result-
ing in the appearance of the absorption peaks at about 34
and 270 meV. The temperature evolution of the high-energy
interband transitions together with DFT calculations indicates
that the vHSs at the M point remains intact in the CDW
phase and that the CDW-induced gap opens on the kz = 1/3
and kz = 1/2 planes, which agrees well with the absorption
peaks at about 270 meV in σ1(ω). The calculated phonon
dispersion of the pristine phase of ScV6Sn6 demonstrates that
the imaginary phonon modes are absent at the M point but are
present on the A-H-L plane at kz = 1/2 and along the M̄-K̄
line at kz = 1/3, indicating that the structural instability along
the out-of-plane direction leads to the CDW formation.
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