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The charge-density wave (CDW) mechanism and resulting structure of the AV3Sb5 family of
kagome metals has posed a puzzling challenge since their discovery four years ago. In fact, the lack
of consensus on the origin and structure of the CDW hinders the understanding of the emerging
phenomena. Here, by employing a non-perturbative treatment of anharmonicity from first-principles
calculations, we reveal that the charge-density transition in CsV3Sb5 is driven by the large electron-
phonon coupling of the material and that the melting of the CDW state is attributed to ionic entropy
and lattice anharmonicity. The calculated transition temperature is in very good agreement with
experiments, implying that soft mode physics are at the core of the charge-density wave transition.
Contrary to the standard assumption associated with a pure kagome lattice, the CDW is essentially
three-dimensional as it is triggered by an unstable phonon at the L point. The absence of involvement
of phonons at the M point enables us to constrain the resulting symmetries to six possible space
groups. The unusually large electron-phonon linewidth of the soft mode explains why inelastic
scattering experiments did not observe any softened phonon. We foresee that large anharmonic
effects are ubiquitous and could be fundamental to understand the observed phenomena also in
other kagome families.

The kagome lattice, composed of three triangular lat-
tices rotated 120 degrees with respect to each other,
stands as one of the most thoroughly investigated hexag-
onal lattices, offering a wealth of intriguing electronic
properties linked to its distinct geometry [1]. Its multi-
lattice nature allows for the emergence of flat bands [2–5],
which, in turn, lead to high electronic correlation effects
provided they fall into the vicinity of the Fermi energy
[6–9], while its triangular arrangement provides a natural
platform for magnetically frustrated systems [3, 10]. The
presence of Dirac cones in the band structure leads also to
non-trivial topological effects [6, 11]. Consequently, the
recently discovered family of Kagome materials, AV3Sb5
with A = Cs,K,Rb [12], has garnered significant atten-
tion, as it provides a platform for exploring the inter-
play between electronic correlations, frustrated geome-
try, charge-density waves (CDWs), topology, and even
superconductivity.

All compounds within the AV3Sb5 family exhibit a
CDW at a temperature of approximately 90 K [12]. The
CDW holds a crucial significance because below TCDW a
plethora of novel and intriguing physical phenomena have
been reported. These include switchable chiral transport
[13, 14], specular optical rotation [15], or the presence of
a chiral flux phase [16–18] accompanied by loop currents.
This unconventional nature is also manifested in the su-
perconducting order observed below 2.5 K for CsV3Sb5
[19], with reports, for instance, of unconventional super-
conductivity [20–23], multi-charge flux quantization [24],

and chiral superconductivity [25].
The true nature of the CDW and the resulting atomic

structure remain open questions. Moreover, it is not
clear what the intricate relation between the CDW or-
der and all observed unconventional phenomena is. In
fact, the absence of consensus regarding the CDW struc-
ture hinders the understanding of the emerging prop-
erties, mainly because they might be constrained by
symmetry. Just below TCDW ∼ 94 K, the prevail-
ing experimental evidence supports a three-dimensional
2 × 2 × 2 structure for the CDW [26–29], but without
a consensus on whether the CDW breaks six-fold sym-
metry [8, 26, 30–32]. Some works report a second CDW
around TCDW2

∼ 60 K [8, 16, 26, 27, 31, 33, 34], in which
a 2 × 2 × 4 CDW [35, 36], a mixture of 2 × 2 × 2 with
2× 2× 4 orders [37], or a transition between both types
of ordering [34] have been reported. The emergence of
the second CDW seems to coincide with the onset of un-
conventional phenomena, including the chiral flux phase
[16], activated chiral transport [13], and the disruption of
C6 symmetry [8, 31]. It is important to note that there
are also reports which do not observe this second CDW
[28]. In fact, it is not clear whether this exotic phenom-
ena is intrinsic to the material or whether it is imposed
by external perturbations [9]. Doubts also persist on the
conservation of time-reversal symmetry, with contradic-
tory results from muon spin spectroscopy [16, 38, 39] and
magneto-optical Kerr effect [15, 30, 40].

The origin and character of the CDW also remains a
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FIG. 1. Harmonic phonons and Fermi suface in the high-symmetry phase of CsV3Sb5. a. Calculated harmonic
phonon dispersion of CsV3Sb5 in the P6/mmm phase. The harmonic spectrum exhibits two main instabilities at the M and L
high-symmetry points. b. Unit cell for CsV3Sb5. The vanadium atoms (pink) form a perfect kagome lattice. c. Fermi surface
within the first Brillouin zone with labeled high-symmetry points. d. While most of the Fermi surface exhibits low dispersion
in the z direction, there are closed Fermi surface pockets containing Van Hove singularities situated near the M and L points,
indicating the three-dimensional nature of CsV3Sb5.

subject of debate. At first glance, the nesting mecha-
nism [20, 27, 41–46] appears natural, aligning perfectly
with the fermiology of the pure kagome lattice and result-
ing in the widely experimentally confirmed 2 × 2 mod-
ulation within the plane [8, 16, 26–29, 31, 47]. This
nesting paradigm has also been employed to account
for the reported unconventional character of the CDW
[42, 43, 48, 49]. On the other hand, there are also multi-
ple reports suggesting an electron-phonon driven mech-
anism [28, 47, 50]. With regard to the CDW character,
reports concur on the absence of observed softening in
the phonon spectrum in Raman [26, 28] and inelastic x-
ray scattering [29] experiments, suggesting a first-order
transition to the CDW. Despite a discontinuity observed
in the lattice parameters at TCDW supports this picture
[51], the discontinuity is so minute that a soft phonon
mode driven CDW should not be excluded, which would
be consistent with the general mechanism in other CDW
materials like transition-metal dichalcogenides [52–54].
Theoretical calculations performed thus far do not clar-
ify these issues as they are limited to phenomenological
models [41, 43–46, 55] or to ab initio calculations within
the standard harmonic approximation for the phonons
[20, 26, 56], which is known to break down in CDW sys-
tems [53, 54, 57, 58].

In this work, making use of first-principles density-
functional theory (DFT) calculations including a non-
perturbative treatment for lattice anharmonicity, we
show that the CDW instability in CsV3Sb5 is triggered
by the softening with decreasing temperature of a phonon
mode at the L point. The softening is a consequence
of its extraordinary large electron-phonon coupling, dis-
carding pure electronic nesting as the main destabilizing
force. Our calculated TCDW is in very good agreement
with experiments, demonstrating that the CDW melts
due to lattice anharmonicity and that soft mode physics
play a dominant role in the CDW transition. This is
consistent with a second-order phase transition as well
as with a weak first-order character. We explain that
the phonon softening is not observed experimentally [29]
due to its huge broadening, a consequence of the large
electron-phonon and anharmonic interactions of the soft

mode.
The DFT harmonic spectrum of the CsV3Sb5 high-

symmetry phase exhibits a significant number of lat-
tice instabilities (Fig. 1(a)), in agreement with previous
works [20, 56]. Two primary instabilities can be observed
near the M and L points, coinciding with the nesting vec-
tors of the van Hove Fermi pockets (Fig. 1(d)). The most
prominent instability occurs at a specific point along the
AL line, which we will refer to as the AL mode. However,
the instabilities in the phonon spectra of CsV3Sb5 are
highly sensitive to the electronic temperature used in the
DFT calculations to perform integrals over the Brillouin
zone [41]. Considering that increasing the electronic tem-
perature in the calculations the L mode stabilizes after
the AL one (see supplementary material [59]), the main
instabilities of the system seem to be the soft modes at
the M and L points (transforming under L−

2 and M+
1

irreducible representations), in line with previous find-
ings [20, 50, 56]. Considering that each of these points
contributes with three equivalent vectors within the star,
we expect the CDW to be described by a six-dimensional
order parameter Q = (M1,M2,M3, L1, L2, L3).

The high sensitivity of both the L−
2 and M+

1 modes to
the electronic temperature has been argued in support of
an electron-driven CDW via a nesting mechanism [41].
This concept hinges on the idea that the van Hove sin-
gularities at M and L (Fig. 1(d)) are coupled by the
previously described six-dimensional order parameter Q.
As temperature increases, it leads to a reduction in the
occupied states associated with these van Hove singulari-
ties, subsequently diminishing the instability. To test the
hypothesis of electronic entropy as a stabilizing factor for
the high-symmetry phase, we compute in the harmonic
approximation the frequency of the L−

2 and M+
1 modes

as a function of the real electronic temperature described
by Fermi-Dirac statistics. As shown in Fig. 2(d), while
the modes do eventually stabilize, the predicted transi-
tion temperature of approximately 760 K for the CDW
is far from the experimental observations. This, in con-
junction with the highly anharmonic Born-Oppenheimer
energy landscape illustrated in Fig. 2(c), suggests that it
is not the electronic entropy, but the ionic entropy, what
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FIG. 2. Anharmonic phonon spectrum of CsV3Sb5. a.
Calculated anharmonic phonon spectrum for the P6/mmm
phase at different temperatures above and below TCDW ∼
94 K. At 80 K the system is entirely stabilized by anharmonic
effects, considering that the remaining imaginary frequencies
are artifacts of the Fourier interpolation. b. Zoomed view of
the LM path, showcasing the softening of the L mode. Mean-
while, the M phonon remains fully stabilized across the entire
temperature range due to anharmonic effects. c. Computed
Born-Oppenheimer energies as the structure distorts accord-
ing to the L−

2 phonon responsible for the CDW. d. Effects of
electronic and ionic entropy on the stability of the CsV3Sb5

high-symmetry phase. The black line shows the squared fre-
quency of the L−

2 and M+
1 modes with respect to electronic

temperature, suggesting that the high-symmetry structure is
projected to stabilize at around ∼ 760 K. Conversely, the red
line considers only the ionic entropy for the L−

2 mode. Our
calculations predict that ionic entropy stabilizes the system at
∼ 77 K, in agreement with the TCDW ∼ 94 K experimental
value.

is responsible for the melting of the CDW as it is the case
in transition-metal dichalcogenides [54].

To explore this idea, we compute the static phonon
spectra as a function of temperautre in the high-
symmetry phase of CsV3Sb5, taking into account anhar-
monic effects within the stochastic self-consistent har-
monic approximation (SSCHA) [60–63]. As seen in Fig.
2(a), the anharmonic corrections strongly renormalize
the phonon spectrum to the point where it is fully sta-
bilized above TCDW ∼ 80 K, which is in very good
agreement with experimental value of 94 K. This good
agreement demonstrates that it is ionic entropy, which is
largely affected by anharmonicity, what melts the CDW
and that electronic entropy does not play any role. In-
terestingly, the M+

1 soft mode is no longer almost de-
generate with the L−

2 phonon, as it remains stable even
at 50 K. This is in agreement with thermal diffuse
scattering experiments that do not see any signal at
M , only at L [29]. CsV3Sb5 deviates thus from the

FIG. 3. Nesting and electron-phonon linewidth calcu-
lations. a. Harmonic phonon frequencies along the AL high-
symmetry line for both the α phonon branch (which contains
the L−

2 instability) and the subsequent most unstable branch,
β. b. The nesting function along the AL high-symmetry
line exhibits a peak at A rather than at L, which contradicts
expectations for a nesting-driven mechanism. This emphasis
on the A point aligns with the highly two-dimensional Fermi
surface (Fig. 1(c)). c. The electron-phonon linewidth of the
α and β branches along the AL line shows a large peak at the
L point for the α mode.

ideal two-dimensional kagome instability picture and in-
dicates that the coupling between kagome layers is strong
enough to break the degeneracy between the phonons at
M and L. This result is in line with quantum oscilla-
tion and magnetotransport experiments underscoring the
significance of interlayer coupling [64]. Consequently, a
three-dimensional CDW with modulation along the c-
axis emerges. This, greatly simplifies the analysis of the
CDW from a six-dimensional to a three-dimensional or-
der parameter that now is solely related to the L−

2 insta-
bilities. The clear softening observed at the L point in
this static calculation shows that soft phonon physics are
triggering the CDW transition and that it has to be of
second-order or weak first-order character.

One important conclusion from our results is that the
CDW mechanism is independent of the novel physics
that emerge below TCDW . In other words, the exotic
physics observed are not necessary to explain the CDW.
The study of the low-temperature physics of CsV3Sb5 be-
comes, then, more feasible. Instead of dealing with the
CDW and the new phenomena in one single problem,
one may first solve the CDW structure and then take ad-
vantage of the correct symmetries in the next step. Our
results suggest as well that anharmonicity cannot be ne-
glected in any model or calculation trying to describe
the free energies of the candidate low-symmetry phases,
specially given that the Born-Oppenheimer energies of
the competing phases are only few meV per formula unit
apart [26].

Despite addressing anharmonicity as the primary fac-
tor in the CDW melting process, the mechanism responsi-
ble for the formation of the CDW in CsV3Sb5 remains un-
clear. In order to unveil this issue, we compute both the
nesting function and the phonon linewidth given by the
electron-phonon interaction along the AL high-symmetry
line (HSL), which exhibits the most unstable phonons.
These two magnitudes are very similar, with the differ-
ence that the latter includes the electron-phonon matrix
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FIG. 4. Calculations of the spectral function at the M and L points. a, b. Fully anharmonic spectral function for
the M and L points at various temperatures. While no evident softening is observed at the M point, the L point exhibits a
noticeable softening of a peak at approximately 40 cm−1. Due to the large anharmonic effects, this peak splits into a double-
peak as the temperature lowers. c, d. Employing a no-mixing approximation by discarding the off-diagonal elements of the
self-energy allows for the independent tracking of different modes, as indicated by different colors. The complete anharmonic
spectral functions from insets a and b are also overlaid. e, f.Here, we fit a Lorentzian function to each of the individual modes
in c,d and add the corresponding electron-phonon linewidth to each of the modes.

elements but not the former [59]. In Fig. 3(a) we compare
these two magnitudes for two modes: the mode responsi-
ble for driving the instability (labeled as α) and the next
most unstable mode (labeled as β). The nesting function
displays a prominent peak at the A point, reflecting the
highly two-dimensional Fermi surface of CsV3Sb5 (Fig.
1(b)), along with a smaller peak around 3

4 AL, corre-
sponding to the nesting vector of the van Hove pockets
at kz = 0.5 (Fig. 1(d)). Conversely, the electron-phonon
linewidth exhibits a significant increase from nearly zero
at the A point to a huge value of approximately 2 meV
at the L point for the α mode, while remaining rela-
tively constant for the β mode. These findings further
support the idea that the CDW is primarily mediated
by the electron-phonon coupling rather than a nesting
mechanism, underscoring once again the critical role of
lattice effects in this system.

Our results indicate either a second-order or a weak
first-order character for the phase transition, with the
continuous nature imprinted in the softening of the L−

2

phonon (Fig. 2(b)). However, multiple instances in
the literature point to a first-order nature of the CDW
[26, 37], and neither inelastic x-ray scattering [29] or
Raman spectroscopy experiments [28, 33] have observed
such softening. To understand this apparent contradic-
tion, we compute the spectral function for both the M
and L phonons fully accounting for anharmonic effects.

The spectral function, as shown in Fig. 4(a,b), not only
confirms the absence of phonon collapse at the M point,
but also underscores the profoundly anharmonic nature
of the L−

2 phonon that drives the instability. As depicted
in Fig. 4(b), the unstable L−

2 mode becomes broader
and splits into a double peak as the temperature ap-
proaches TCDW . Thus, we expect this mode to be ex-
ceedingly challenging to observe experimentally. This
difficulty arises not only from its double-peak and broad-
ened nature but also because the spectral function is
typically fitted using a set of Lorentzians representing
different modes experimentally. In order to carry such
Lorentzian fitting, we first need to compute the spec-
tral function with a no-mixing approximation by exclud-
ing the off-diagonal elements of the anharmonic phonon
self-energy. This allows for the independent tracking of
different modes, as indicated by different colors in Fig.
4(c,d). Nonetheless, for illustrative purposes, the full an-
harmonic spectral functions are overlaid to demonstrate
the impact of this approximation. This approximation
works effectively for the M point, except for the soft-
est mode at 50 K, and reveals the softening of a highly
anharmonic mode (colored in blue). In the case of L, off-
diagonal terms seem to exert a more significant influence
overall. Still, we are able to capture the softening of a
highly anharmonic mode (colored in blue), which devel-
ops a double dome. In Fig. 4(e,f) we fit a Lorentzian



5

FIG. 5. All possible space groups compatible with the order parameter Q = (L1, L2, L3). Different colors distinguish
between different bond lengths within the distorted kagome lattices of vanadium atoms. The most symmetric configuration,
depicted in inset c, corresponds to what is usually referred in the litterature as an stack of star-of-david and tri-hexagonal
(inverse-star-of-david) configurations. The remaining distortions either represent distorted versions of c (a,b) or an stack of
star-of-david configurations, but with the stars being deformed in some form (d,f).

function to each of the individual modes and add the
corresponding electron-phonon linewidth in order to ob-
tain a spectral function that captures both anharmonic
and electron-phonon interactions. Both at M and L, the
phonon highlighted in blue experiences such a substan-
tial broadening that it becomes imperceptible to the eye.
This suggests that the electron-phonon linewidth renders
this mode experimentally inaccessible, implying that the
softening goes unnoticed, reconciling our theoretical re-
sults with the experiments [28, 29, 33]. The remaining
modes at L are well-described by Lorentzian curves, ex-
hibiting a slight broadening as the temperature increases,
consistent with the expected impact of anharmonicity.

Based on our previous findings, we expect that the
CDW transition manifests as either a Landau-type phase
transition or a subtle first-order transition. This, to-
gether with the observation that the M+

1 mode is sta-
bilized by anharmonic effects, provides an opportunity
to explore the potential phase transitions permitted by
group theory [65]. By independently varying the ampli-
tudes of each component within the three-dimensional
order parameter Q = (L1, L2, L3), we identify six dis-
tinct possible space groups. Each of these distortions
imprints a characteristic pattern between two adjacent
kagome lattices as shown in Fig. 5. The resulting space
groups are also predicted to exhibit characteristic Ra-
man and infrared spectra, featuring varying numbers of
peaks that transform under distinct symmetries (see Ta-

ble S2 [59]). The phonon responsible for the symmetry
breaking is expected to transform under the trivial rep-
resentation Ag of the low-symmetry group. This is be-
cause the symmetries that leave this phonon invariant are
precisely the ones preserved in the low-symmetry phase.
Given that the identity or trivial representation is always
contained in [V ]2 (the symmetrized square of the vector
representation), the mode responsible for the symmetry
breaking will always be Raman active in the low sym-
metry phase. However, its observation will be hindered
because of its large phonon broadening. These distinc-
tions in Raman and infrared activities may offer a robust
method for discerning the low-symmetry structure. This
stands in contrast to energetic arguments, which can be
notably unreliable due to the minute energy differences
between phases and the neglect of certain contributions,
such as anharmonicity.

In summary, our calculations show that the CDW
transition in CsV3Sb5 is primarily driven by the large
electron-phonon coupling within the system, while the
melting of the CDW can be attributed to the robust an-
harmonic effects of the lattice. The CDW is exclusively
triggered by the unstable phonons at the L point, with
the M phonons not assuming a pivotal role. Despite
the phase transition being of second order or weak first-
order character, an examination of the spectral function
at the L point suggests that observing this softening ex-
perimentally is impossible [29]. All in all, in contrast
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to the pure Kagome CDW, which is prototypically nest-
ing driven and strictly two-dimensional, the CsV3Sb5
CDW exhibits notable deviations being purely three-
dimensional and driven by the electron-phonon coupling.
The remarkable agreement between our results and ex-
perimental data suggests that the CDW mechanism can
be studied independently from the phenomena emerging
in the CDW phase and that lattice quantum anharmonic
effects may also wield a crucial influence on the novel
physics in the CDW state. We anticipate a similar im-
pact of the electron-phonon coupling and anharmonicity
on other kagome families [66–69], as well as the presence
of anomalous phonon spectral functions. For instance,
the discrepancy observed in 166 compounds between the
phonon collapse and the CDW order [66] might be at-
tributed to the phonon responsible for the CDW order
going unnoticed because of its large linewidth. On the
other hand, the absence of a CDW in titanium-based
CsTi3Bi5 kagome compounds [67] likely results from a
distinct balance between the stabilizing role of anhar-
monicity and electron-phonon destabilizing forces.
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DETAILS OF FIRST-PRINCIPLE
CALCULATIONS

Fermi-surface, bandstructure and harmonic phonon
spectrum

First-principles density functional theory (DFT) cal-
culations were conducted using the Quantum Espresso
package [1, 2]. We used the generalized gradient
approximation with the Perdew-Burke-Ernzerhof pa-
rameterization [3] together with projector-augmented
wave pseudopotentials [4] generated by Dal Corso
[5] and considering 9/5/13 valence electrons for ce-
sium/antimony/vanadium. In all cases, we used a en-
ergy cutoffs of 60/600 Ry for the wavefunctions/density
with a Methfessel-Paxton smearing [6] of 0.002 Ry. The
structural relaxation was performed using a 16× 16× 10
grid, without accounting for spin-orbit coupling (SOC)
and was stopped when pressures were below 0.01 kBar.
Subsequently, SOC was included to compute the elec-
tronic band structures. To generate the Fermi surface
plots, we employed the Wannierization procedure imple-
mented in Wannier90 [7], along with WannierTools [8].
First, we obtained a tight-binding model with a Wan-
nierization considering d and p orbitals in vanadium and
antimony sites. Then, we calculated the Fermi surface as
implemented in WannierTools for a 200×2000×100 grid.
Harmonic phonons were computed using density func-
tional perturbation theory (DFPT) [9] within a 6× 6× 4
phonon grid in the absence of SOC.

Born-Oppenheimer energy surface calculation

In order to compute the Born-Oppenheimer (BO) en-
ergy surface, we calculate the energy by displacing the
ions according to the corresponding active phonons. In
the harmonic approximation, the displacement u of an
atom s in the unit cell R can be expressed as:

uα
s (R) = Re{

∑

µk

qµ(k)
εαµs(k)√

Ms

eik·R}.

FIG. S1. Smearing dependance of L and AL modes. a.
Born-Oppenheimer energy surfaces as the crystal is distorted
according to either the L2− or the AL3 mode. As shown,
the L mode leads to a lower energy state. b. Frequency
dependance of both L−

2 and AL3 modes as a function of a
Methfessel-Paxton smearing.

Here, α is a Cartesian coordinate, µ labels the mode,
Ms represents the ionic mass of atom s, εαµs(k) is the
polarization vector, and qµ(k) is the order parameter as-
sociated with the µ mode at wave number k. Then, by
plotting the energy against the order parameter q, we ob-
tain the BO energy surface along that specific direction
in the order parameter space.

Electron-phonon linewidth and nesting function

The electron-phonon matrix elements gµnk,mk+q for a
phonon mode µ with momentum q and two electronic
satates in bands n and m with electronic momenta k
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FIG. S2. Order parameter space for Q = (L1, L2, L3). Each direction in the three-dimensional order parameter space
corresponds to a distinct instance of the distorted crystal, characterized by a specific space group and specific set of Wyckoff
positions described in Table S1. Here the different directions corresponding to each of the space groups are depicted.

and k+ q are calculated withing DFPT as:

gµnk,mk+q =
∑

sα

1√
2Mswµ(q)

εαµs ⟨nk|
[
∂VKS

∂uα
s (q)

]

0

|mk+ q⟩ .

where Ms is the atomic mass of atom s, wµ(q) is the fre-
quency of the mode, εαµs is the polarization vector, with α

being a Cartesian direction and ⟨nk|
[

∂VKS

∂uα
s (q)

]
0
|mk+ q⟩

are the matrix elements of the derivative of the Kohn-
Sham potential with respect to the atomic displacements
of the phonon mode. Then, the electron-phonon contri-
bution to the phonon linewidth for mode µ with momen-
tum q can be calculated as:

HWHMelph,µ(q) =
2πwµ(q)

Nk

∑

knm

∣∣∣gµnk,mk+q

∣∣∣ δ(ϵnk)δ(ϵmk+q).

with Nk being the number of k points in the sum and
ϵnk the energy of the state |nk⟩ measured from the Fermi
level. Notice that HWHMelph,µ is independent from the
frequency wµ(q), since this term cancels with the one
from gµnk,mk+q, which allows us to define it even for nega-
tive frequencies. The HWHMelph,µ was computed using
a 24× 24× 15 grid and a Gaussian smearing of 0.005 Ry
for the Dirac deltas. The nesting function ζ(q) was com-
puted using the same grid and Gaussian smearing and

defined as:

ζ (q) =
1

Nk

∑

knm

δ(ϵnk)δ(ϵmk+q).

Anharmonic phonon spectra and spectral function

The anharmonic temperature dependant phonon cal-
culations were done under the Stochastic Self-Consistent
Harmonic Approximation (SSCHA) [10–12] as imple-
mented in the SSCHA code [13]. In order to capture
all the relevant high-symmetry points, the free energy
Hessians (SSCHA anharmonic phonons) were done with
the inclusion of fourth order force constants in a 2×2×2
supercell, which naturally captures the Γ, A, M and L
points. The Brillouin zone integrals for the supercell cal-
culations were performed with a 7× 7× 4 k-grid (equiv-
alent to a 14 × 14 × 8 grid in the primitive cell). The
dynamical extension of the theory [11, 14] was used to
compute the spectral function within the so-called bub-
ble approximation for the self-energy. The calculation
considered phonon-phonon scattering on a 2×2×2 and a
0.1 cm−1 Gaussian smearing was used to approximate the
Dirac deltas. In order to assign a particular Lorentzian
to each mode we used the no-mixing approximation, con-
sisting on discarding the off-diagonal elements in the
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Space Group Order parameter Cesium Antimony Vanadium
P6/mmm (No. 191) (0, 0, 0) 1a 1b+ 4h 3g
P6/mmm (No. 191) (a,±a,±a) 2e+ 6i 3f + 3g + 1a+ 1b+ 2× (12o+ 4h) 6l + 6j + 6m+ 6k
Immm (No. 71) (a, 0, 0) 4i 2a+ 2c+ 2× 8l 2b+ 2d+ 8n
Fmmm (No. 69) (a,±a, 0) 8f + 8h 4a+ 8d+ 32p+ 4b+ 2× 16m 8i+ 8g + 2× 16n

Cmmm (No. 65) (a,±a, b) 4k + 4l + 8m
2a+ 2b+ 2d+ 2c+ 4e+ 4f+

+4× 8n+ 2× 16r
4g + 4h+ 4i+ 4j + 2× (8p+ 8q)

C2/m (No. 12) (a, b, 0) 4g + 4h 2a+ 2b+ 2c+ 2d+ 4× 8j 6× 4i

P2/m (No. 10) (a, b, c) 2i+ 2k + 2j + 2l
1a+ 1b+ 1c+ 1d+ 1e+ 1f+

+1g + 1h+ 8× 4o
6× (2m+ 2n)

TABLE S1. Wyckoff positions for all possible subgroups resulting from the condensation of the L−
2 modes. The

first column indicates the resulting space group corresponding to the order parameter Q = (L1, L2, L3) in the second column.
The third fourth and fifth columns specify the Wyckoff possitions for cesium antimony and vanadium atoms in each of the
space groups.

Space Group Order parameter Num. modes Raman active Infrared active
P6/mmm (No. 191) (0, 0, 0) 27 A1g + E2g + E1g 4A2u + 5E1u

P6/mmm (No. 191) (a,±a,±a) 216 12A1g + 17E2g + 15E1g 16A2u + 25E1u

Immm (No. 71) (a, 0, 0) 54 7Ag + 4B1g + 4B2g + 6B3g 10B1u + 11B2u + 9B3u

Fmmm (No. 69) (a,±a, 0) 108 14Ag + 10B1g + 12B2g + 12B3g 19B1u + 16B2u + 17B3u

Cmmm (No. 65) (a,±a, b) 216 29Ag + 23B1g + 20B2g + 24B3g 31B1u + 38B2u + 34B3u

C2/m (No. 12) (a, b, 0) 108 26Ag + 22Bg 24Au + 36Bu

P2/m (No. 10) (a, b, c) 216 52Ag + 44Bg 48Au + 72Bu

TABLE S2. Raman and infrared active modes for all possible subgroups resulting from the condensation of
the L−

2 modes. The first column indicates the resulting space group corresponding to the order parameter Q = (L1, L2, L3)
in the second column. The third column denotes the total number of modes in Γ, while the fourth and fifth columns provide
the counts of Raman and infrared active modes along with their respective irreducible representations.

computation of the self-energy. Then, the correspond-
ing spectral functions of each of the modes were fitted by
a Lorentzian function. Using the polarization vectors we
were able to match the different modes and correspond-
ing linewidths within different temperatures and with the
electron-phonon linewidths calculations.

COMPARISON BETWEEN L AND AL MODES

According to our calculation of the harmonic phonon
spectrum the most prominent instability occurs at a spe-
cific point along the AL line, which we will refer to as
the AL mode. However, the instabilities in the phonon
spectra of CsV3Sb5 are highly sensitive to the electronic
temperature, as previously noted in [15]. It is impor-
tant to note that the electronic temperature commonly
referred to in ab-initio calculations is merely a means to
smear out the density of states for faster convergence [6],
mantaining a relation with the electronic temperature,
but without a one-to-one mapping. A more meticulous
analysis of the comparison between the L and AL in-
stabilities is presented in Fig. S1(a), where we studied
the Born-Oppenheimer energy landscape by distorting
the structure according to both L and AL modulations
independently. As shown in Fig. S1(a), both profiles ex-
hibit a highly anharmonic “Mexican-hat” shape, with the

L phonon leading to a lower-energy state. Additionally,
Fig. S1(b) shows the strong dependence on smearing
for both instabilities, indicating that depending on the
smearing value, either one could appear as the leading
parameter for the charge-density wave. However, it is
observed that the L mode stabilizes at higher temper-
atures, aligning with the findings in existing literature
[16–18].

SYMMETRY ANALYSIS AND
BORN-OPPENHEIMER ENERGY SURFACE

CALCULATION

In order to deduce the possible low symmetry struc-
tures we explore the possible space groups that span from
the three-dimensional order parameter Q = (L1, L2, L3).
We found that six possible space-groups arise for differ-
ent kinds of linear combinations of the order parameter as
depicted in Fig. S2 and represented in Fig. 5 of the main
text. In order to obtain the Raman and infrared activities
of each of this phases we distort the structure according
to each of the order parameters and solve the Wyckoff
positions of the resulting structures in Table S1. Then,
one can build the corresponding mechanical representa-
tion and decompose it into irreducible representations in
the Γ point. The vibrational modes will be infrared or
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Raman active depending on whether the corresponding
irreducible representations are contained in the vector
representation V or its symmetrized square [V ]2 respec-
tively (see Table S2). Given that the majority of modes

do not undergo any softening during the CDW and that
the active modes come from either Γ, A, M or L points,
a more detailed classification of the resulting frequencies
for each Raman and infrared mode could be performed.
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