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density wave instability in EuTe4
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In the Peierls description of a charge density wave (CDW), Fermi surface nesting (FSN)—defined by the
divergence of the imaginary part of electronic susceptibility, i.e., Im{χ0}—leads to divergence of the real part,
thus inducing CDW instability at wave vector qCDW. Here we show that the divergence of Im{χ0} implying a
divergence of Re{χ0} at the same qCDW breaks down for three-dimensional Fermi surfaces and is particularly
severe for linearly dispersing electronic bands across the Fermi level (EF), as exemplified by rare-earth tellurides
RTen. By calculating the orbital-, atom-, and momentum-resolved contribution to χ0 of EuTe4, we find that FSN
and CDW instability are not driven by the same atoms and orbitals but from different ones. This unique behavior
is enabled by linearly dispersing bands across EF with constant Fermi surface velocity that assists electron-hole
pairs to form not only at EF but also across EF at qCDW, hence allowing different orbitals to contribute to the
divergence of Re{χ0} and Im{χ0}. The above scenario is general and applicable to recent observations of CDWs
and spin density waves (SDWs) from linearly dispersing bands in several Dirac and Weyl semimetals and kagome
metals. Moreover, as we demonstrate, such component-resolved analysis provides focused input to engineer
CDW and SDW states.
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A charge density wave (CDW) leads to a periodic spatial
modulation of the charge density in metals, thus creating
collective electronic condensates below the CDW transition
temperature TCDW [1,2]. Rare-earth tellurides, RTen, are par-
ticularly interesting as the entire family shows CDW ordering
at an easily accessible temperature of the order of 100 K,
where n = 2, 3, and 4 [3–17]. Despite CDWs occurring in
inherently unstable square-net Te plane(s) for all n [18], the
origin of a CDW is vastly different. For RTe2, diffraction and
angle-resolved photoemission spectroscopy (ARPES) showed
that Fermi surface nesting (FSN) induces CDWs [4,5]. On
the other hand, for RTe3, the CDW mechanism is still being
debated. ARPES measurements on RTe3 found (imperfect)
FSN induces CDW distortion [8], while inelastic x-ray spec-
troscopy (IXS) of two different rare earths, TbTe3 and DyTe3,
proposed wave-vector-dependent electron-phonon interaction
(EPI) to be the governing mechanism [11,12]. Another critical
distinction between RTe2 and RTe3 is the spectral band gap of
the entire Fermi surface, which is fully gapped for LaTe2 [4],
but residual metallic pockets are visible for all measured
RTe3 [7,8].

The structures for all n are composed of corrugated RTe
slabs separated by monolayer and/or bilayer Te planes.
For n = 2, 3, and 4, stacking patterns perpendicular to the
Te planes follow: (RTe)2−Te− · · · , (RTe)2 − Te − Te − · · · ,
and (RTe) − Te − Te − (RTe)−Te− · · · , respectively. Here
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an underline and an overline imply Te atoms in mono- and
bilayers, and · · · implies that stacking previous to the dots is
repeated (see Fig. 1). R is trivalent in n = 2 and 3 series, which
fill the Te p orbitals within the slab and donate one electron
to partially fill p orbitals in the Te planes. On the contrary,
R is divalent in n = 4, and it does not accept or donate any
electrons to the Te planes, thus the Te planes remain nominally
neutral [17]. Notably, an extra monolayer in RTe4 provides
an additional degree of freedom for an equilibrium CDW
state as the relative phase difference of CDW distortion (φ)
between the adjacent Te bilayer and Te monolayer can be 0
(in-phase) or π (out-of-phase). However, for both RTe3 and
RTe4, φ is symmetry-constrained within the Te bilayer. These
symmetry-allowed in- and out-of-phase CDW distortions are
separated by a large energy barrier of the order of eV, and
they underlie a record ∼400 K hysteresis in recently synthe-
sized EuTe4 [16,17]. Moreover, compared to partially gapped
states in RTe3, EuTe4 harbors a fully gapped CDW state in
the (H, K, 0) scattering plane with Eg ≈ 0.2 eV [17]. These
important distinctions of RTe4 from others in the RTen family
raise intriguing questions about the origin of CDW distortion
in charge-neutral monolayer and bilayer Te planes and its
implications on electronic band renormalization leading to a
gapped state in EuTe4.

Several mechanisms of CDW distortion, supported by
both measurements and simulations, are identified in the
literature, including FSN and hidden nesting [1,2,19–23],
wave-vector-dependent EPI [11,12,24,25], strong electron
correlations [20,26,27], and large electronic density of states
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FIG. 1. (a), (b) Crystal structure of unmodulated and CDW state
of EuTe4 in a-b and b-c planes. Red and blue squares indicate the
Te square lattice in Te bilayer and monolayer planes, respectively.
Naming of Te layers is shown in panel (b). CDW state is obtained
from freezing the unstable phonon eigenvector (middle column) and
by relaxation of atomic coordinates using DFT (right column). Te
atoms form trimers in the Te bilayer in the CDW phase. All bonds
shown between Te atoms are shorter than 2.97 Å.

(EDOS) near EF in high-symmetry structures with degenerate
branches [28,29]. To unambiguously identify the governing
mechanism, we must confirm the CDW’s signatures in both
electronic χ0(q, ω) and lattice χL(Q, E ) susceptibilities. Here
q is the reduced wave vector, ω is the external perturbation
frequency, Q is the momentum transfer, and E is the phonon
energy.

In this paper, we investigate atom-, orbital-, and
momentum-resolved χ0(q, ω) and χL(Q, E ) to identify the
governing mechanism of a CDW. We find that the FSN and
electronic instability, which are given by divergence of the
imaginary (Im) and the real (Re) part of χ0(q, ω), respectively,
do not arise from the same electronic bands and instead orig-
inate primarily from Te bands in Te monolayer and bilayer.
Importantly, without separating the contribution of χ0(q, ω)
into different orbitals of various atoms, the mechanism is
reminiscent of Peierls’ description of a CDW in an ideal one-
dimensional monatomic chain [30,31], where the same bands
lead to divergence of both Im{χ0(q, ω)} and Re{χ0(q, ω)}.
This hitherto unidentified unique origin of a CDW is en-
abled by near-linear dispersion of mono- and bilayer Te-p
orbitals, which, because of favorable Fermi surface velocity
(vF), allows Re{χ0(q, ω)} and Im{χ0(q, ω)} to diverge at the
same qCDW from different Te-p orbitals. A critical implica-
tion of the divergence of Re{χ0(q, ω)} and Im{χ0(q, ω)} is
the emergence of the Kohn anomaly in phonon dispersions

[i.e., ∇q E (q) → ∞] [32]. We calculate the imaginary part of
χL(Q, E ), i.e., χ ′′

L (Q, E ), to show that indeed multiple phonon
branches of both transverse and longitudinal polarizations har-
bor Kohn anomalies at qCDW and unambiguously confirm that
a CDW originates from a complex interplay of electron-hole
pair formation in mono- and bilayer Te-p orbitals. Moreover,
based on a detailed analysis of χ0(q, ω) and χL(Q, E ), we
provide focused input to control the CDW state, and we
demonstrate it by selectively replacing Te monolayer atoms
with another chalcogen atom.

I. CDW DISTORTION

Figure 1 shows the orthorhombic structure (Pmmn) of
EuTe4 in the unmodulated and CDW state. As mentioned
earlier, EuTe layers are separated by one monolayer and one
bilayer along the c-axis such that the stacking is (EuTe) −
Te − Te − (EuTe) − Te − · · · [see Fig. 1(b)]. In the unmod-
ulated state, mono- and bilayer Te atoms form a square-net
pattern with a Te-Te bond distance of ∼3.23 Å [see the red and
blue square in Fig. 1(a)], typical of hypervalent bonding that
favors CDW distortion [16,18,33]. Te bilayers are separated
by ∼3.37 Å with weak interlayer bonding, while Te in EuTe
layer and Te in bilayers are ∼2.79 Å apart, thus forming a
covalent bond. In the CDW state, Te atoms displace within
the square-net to form a strong (shown as trimers in Fig. 1)
and a weak (∼3.46 Å) bonding network. Te displacements
are obtained from the freezing of unstable phonon eigenvec-
tor corresponding to a minimum energy configuration in a
strongly anharmonic double-well potential (see supplemen-
tary Fig. S1 in the supplemental material [34] ) and relaxation
of atomic positions along an unstable phonon eigenvector
within the framework of density functional theory (DFT).
Both results show Te distortions along the experimentally
determined CDW structure [16]. Notably, we observe that Te
atoms in a bilayer have pronounced distortions as opposed to
distortions in a monolayer [see the distortion of blue and red
squares in Fig. 1(a)]. This difference in mono- and bilayer
distortions has implications on the electronic band structure
in the CDW state, as we discuss below.

II. ELECTRONIC BAND STRUCTURE
AND ELECTRONIC SUSCEPTIBILITY

Figures 2(a) and (b) show the electronic band structure
of EuTe4 along high-symmetry directions. Simulations used
the generalized gradient approximation (GGA) in the re-
vised Perdew-Burke-Ernzerhof (PBE) parametrization [35]
for solids with or without a Hubbard correction. Without a
Hubbard correction, supplementary Fig. S2 shows a large
EDOS from localized Eu- f states just below EF. A large
EDOS near EF in high-symmetry structures with degenerate
branches could induce lattice distortions by lifting symmetry
restrictions and a lower overall system energy, as seen in
several heavy actinides [28,29]. But a lack of degeneracy in
the Pmmn spacegroup and an absence of spectral weight of f
orbitals in ARPES measurements [17] suggest that f orbitals
lie well below EF. To treat the localized Eu- f electron states
in GGA+U calculations, the total energy expression was
described as introduced by Dudarev et al. [36] with on-site
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FIG. 2. (a) Atom-resolved band structure of unmodulated EuTe4 highlighting the contribution of Eu atom and Te atoms in EuTe, Te bilayer,
and Te monolayer, where the latter two occupy states across EF. k-points are denoted in panel (c). (b) Band unfolding of CDW phase band
on the unmodulated phase (black to white for decreasing contribution on linear scale between 1 and 0). Band-gap opening is evident from
spectral weight loss for L = 0 (i.e., �-X -S-Y -�) at EF, indicated by the purple rectangle and arrows. No weight loss is observed for L = 0.5
(i.e., Z-U -R) as shown within the pink rectangle. The inset shows the region near Y , indicated by the blue ellipse. The black double-arrow in
the inset marks the band gap (∼0.2 eV). (c)–(e) Reconstruction of the Fermi surface in 3D from the three bands that cross EF. The remaining
three bands are shown in supplementary Fig. S11. Separate plots of the Fermi surface from different bands are for separating contributions
from different Te atoms. r.l.u. refers to the reciprocal-lattice units.

Coulomb interaction varying between U = 0 and 7.0 eV. We
find that up to U = 2.5 eV, f orbitals have a finite contribution
at EF. On further increasing U to 7 eV (used in subsequent
simulations), localized Eu- f states shift further below EF,
while Te-p states and their Fermi surface topology remain
unchanged (see supplementary Figs. S2, S5, S6, S8, S9, and
S11).

In Fig. 2(a), we plot the contribution of Eu atoms and
Te atoms from the monolayer, bilayer, and EuTe layer. We
observe linear dispersion near EF from Te-p orbitals of mono-
and bilayers. The contribution of Te-p orbitals from the EuTe
layer lies ∼1 eV below EF. We further separate the Fermi
surface from monolayer [band 2, Fig. 2(d)] and bilayer [bands
1 and 3, Figs. 2(c) and 2(e)] Te atoms. A detailed analysis
of the atom- and orbital-resolved band structure and EDOS
and the Fermi surface topology is provided in the supple-
mental material [34]. Parallel sheets of the Fermi surface are
visible from Figs. 2(c)–2(e), which indicate a possibility of
FSN and associated electronic instability leading to CDW
formation. However, since sheets are not fully parallel (i.e.,
they are slightly curved), a detailed calculation of χ0(q, ω)
is necessary to determine qCDW and its origin. Here χ0(q, ω)

is the electron-hole polarizability (also called the Lindhard
response function) in the limit of adiabatic continuity, and it
involves a calculation of electron-hole pair formation at q and
ω weighted by the Fermi-Dirac function (see the supplemental
material [34] for computational details).

Figure 3(a) shows Re{χ0(q)} in the (H, K, 0) reciprocal-
lattice plane. We omit ω from χ0(q, ω) when static polar-
izability is calculated, i.e., ω is zero. A twofold symmetry
is visible as expected for the Pmmn structure. We observe
several peaks; among them, the largest intensity peaks are
along [0, K, 0] as marked by black arrows at K = 0.65 and
0.35 r.l.u. Here r.l.u. refers to reciprocal-lattice units. Since
the divergence of Re{χ0(q)} governs the electronic instabil-
ity [19,20,23], the peaks at K = 0.35 and 0.65 r.l.u. correspond
to qCDW of EuTe4. Importantly, these peak positions are away
from 2/3 and 1/3 r.l.u., thus they reflect an incommensurate
modulation (also confirmed with the observation of multiple
Kohn anomalies at qCDW, as shown later), which is con-
sistent with recently measured qCDW = (0, 0.643(3), 0) and
1-qCDW = (0, 0.357(3), 0) r.l.u. using high-resolution single-
crystal XRD [17]. Here we note that, similar to the RTe3

family [9,14], because of the nearly square sheets within the
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FIG. 3. (a) Re{χ0(q)} of EuTe4 in the (H, K ,0) plane. Colors represent the magnitude of Re{χ0(q)} in arbitrary units. Black arrows mark
the maximum value for H = 0. (b) Band-resolved Re{χ0(q)} along [0,K ,0] (integrated over the L axis) from different combinations of bands.
Fermi surfaces from different bands are shown in Fig. 2. Peak values of Re{χ0(q)} are marked by arrows. (c) Same as panel (b), except for
Im{χ0(q)}.

a-b plane, CDWs along the a and b axes compete in equi-
librium. But as described in Ref. [9], the larger magnitude
of Re{χ0(q)} along K determines the initial qCDW. Once the
b-axis CDW forms, due to the change in the Fermi surface
topology, i.e., the loss of states near EF, the formation of an
a-axis CDW is suppressed [9,14].

Such an excellent agreement of qCDW between experiments
and simulations is reflective of high-density 3D Fermi surface
sampling on a 70 × 70 × 70 grid in the Brillouin zone (BZ)
for calculation of the Fermi surface and Re{χ0(q)}. Consistent
with experiments, qCDW does not change on varying the L
index from 0 to 0.5 r.l.u. (see supplementary Fig. S14). To
confirm the robustness of our results, we further repeated the
simulations in the full BZ after including external perturba-
tions at a given frequency ω = 12 meV (i.e., perturbation
from phonons), and we found that qCDW remains unchanged
(see supplementary Figs. S15 and 22a). However, repeating
the simulations with a shift in EF by −50 and −75 meV
did slightly change qCDW as expected due to shrinkage of
the Fermi surface from linear dispersing bands (see supple-
mentary Figs. S16, S17, and S22a). We emphasize that, since
Re{χ0(q)} is calculated in a first BZ for calculation, we obtain
two first-order values of |qCDW| = 0.35 and 0.65 r.l.u., which
correspond to (1 − qCDW) and qCDW, respectively. We do not
obtain any second-order qCDW measured in experiments as
they originate from nesting in the band structure of the first
and second BZ, but they can be calculated from qCDW of the
first BZ, i.e., 2qCDW, 2-2qCDW.

After confirming the magnitude and direction of qCDW, we
now focus on which bands contribute to the peak in Re{χ0(q)}
and Im{χ0(q)}. Divergent peaks in Im{χ0(q)} and Re{χ0(q)}
correspond to FSN and the electronic instability wave vec-
tor (i.e., qCDW), respectively [19,20,23]. If the same bands
contribute to the divergence of both the real and imaginary
parts, we can conclude that similar to the RTe2 [4,5] and
RTe3 families [8], FSN governs CDW modulation. Figure 3(b)
shows the contribution of different combinations of bands to
Re{χ0(q)} along [0, K, 0] (i.e., electrons and holes reside on
different bands). As one can observe, different combinations
lead to peaks at different K values. In particular, we can
observe that bands 1 and 3 lead to a peak at qCDW (magenta
arrow at 0.35), while other bands contribute significantly away

from qCDW. On the other hand, we observe a pronounced peak
in Im{χ0(q)} at qCDW originating from the nesting of band 2
with itself [green, Fig. 3(c)], and other bands have a peak away
from 0.35 r.l.u. Recall that band 2 originated from monolayer
Te-p orbitals, while bands 1 and 3 are from bilayer Te-p
orbitals. From the above orbital-resolved analysis, it is evident
that the FSN wave vector [i.e., Im{χ0(q)}] and electronic
instability [i.e., Re{χ0(q)}] have significant primary contribu-
tions from mono- and bilayer Te-p orbitals, respectively. Here
we must emphasize two points. First, even though the peak in
Re{χ0(q)} at qCDW originates from bands 1 and 3, other bands,
despite their peaks being away from qCDW, also have a finite
contribution at qCDW. It is the sum of the contribution from
all six bands that leads to the peak at qCDW. Secondly, similar
to previous studies [19,20], while the divergent behavior is
not apparent at qCDW because of numerical approximations
and the imperfect nesting wave vector [19], the curvature near
qCDW shows divergence [see Fig. 3(b)].

The origin of orbital-dependent χ0(q) lies in the linear
dispersion of Te-p orbitals, which allows vF to be constant in
proximity to EF. For calculation of Im{χ0(q)}, band energies
are always restricted to the Fermi surface, i.e., εk = εk+q =
EF, while Re{χ0(q)} includes contributions from bands above
and below EF [19]. A constant vF in favorable conditions
(i.e., vF,k � −vF,k+q) allows electron-hole pairs to form from
bands present above and below the EF at qCDW (i.e., εk +
vF,kδk and εk+q − vF,k+qδk), and consequently, as observed
here, same pairs of bands lead to different peak locations in
real and imaginary parts. Similar to our earlier study [23],
we demonstrate the role of linearity by explicitly calculat-
ing k points and their relative contribution to Im{χ0(q)} and
Re{χ0(q)}. Figures 4(a) and 4(c) show k points from the entire
3D reciprocal lattice contributing to Im{χ0(q)} at K = 0.35
arising from a combination of band 1–3. As one can notice,
from the entire reciprocal lattice, only the k points lying on
or close to the Fermi surface of band 1 [panel (a)] or 3 [panel
(c)] contribute [overplotted on the Fermi surface for visual-
ization; see also the inset for a 2D projection in the (H, K, 0)
plane]. Since at K = 0.35 no peak exists in Im{χ0(q)} from a
combination of bands 1–3 [see Fig. 3(c)], only a few k points
contribute to it. On the other hand, as shown in Figs. 4(b)
and 4(d), a considerably large number of k points contribute
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FIG. 4. (a), (c) k points from the entire 3D reciprocal lattice contributing to Im{χ0(q)} at K = 0.35 r.l.u. arising from a combination of
bands 1–3 [see the magenta line in Fig. 3(c)]. From the entire reciprocal lattice, only the k points lying on or close to the Fermi surface of band
1 [panel (a)] or 3 [panel (c)] contribute; hence, they are overplotted on the Fermi surface for visualization. k points contributing up to 0.1% of
the maximum value are displayed, with marker size indicating the relative contribution. The enlarged views on the top and bottom of panels
(a) and (c) are a 2D projection in the (H, K, 0) plane. (b), (d) Same as panels (a) and (c), but k points contributing to Re{χ0(q)} at K = 0.35
[see the magenta line in Fig. 3(b)]. k points contributing up to 2% of the maximum value are displayed, with marker size indicating the relative
contribution. Because of the linearity of band dispersion and favorable vF, parts of the Fermi surface and in-between that did not contribute to
Im{χ0(q)} at K = 0.35 now have a finite contribution to Re{χ0(q)}.

to the peak in Re{χ0(q)} at K = 0.35. Because of the linearity
of band dispersion and favorable vF, parts of the Fermi surface
and in-between, which did not contribute to Im{χ0(q)} at
K = 0.35, now have a finite contribution to Re{χ0(q)}. How-
ever, as evident from the size of markers that indicate their
relative contribution, k points farther from the Fermi surface
contributes less due to the inverse square dependence on the
energy difference between the electron and hole states.

Such atom-, orbital-, and momentum-resolved insights on
the origin of a CDW allow us to engineer CDW states.
In EuTe4, since mono- and bilayers contribute differently to
Re{χ0(q)} and Im{χ0(q)}, we can tailor the CDW state by
altering either of the layers. As shown in supplementary Figs.
S27–S31, replacing monolayer Te with Se in EuTe4 changes
monolayer bands and Fermi surface topology; consequently,
pronounced divergence in Re{χ0(q)} switches from the b- to
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the a-axis (nearly equal maximum along both a- and b-axes,
but marginally larger for the a-axis). Although we caution
that in experiments (topological) defects and strain may also
change qCDW, as was recently observed for LaTe3 [13,14]
and CeTe2 [37]. The CDW formation has implications on
Te-p band renormalization and the electronic band gap, as we
discuss below.

III. CDW BAND GAP

We calculated the electronic bands of the CDW state after
relaxing the atomic coordinates along the direction of CDW
distortion in a 1 × 3 × 1 supercell of the unmodulated struc-
ture [the relaxed structure is shown in Fig. 1(a)]. Although
the modulation is incommensurate, we find the supercell size
to be adequate to capture the key features of band renor-
malization. We unfolded the supercell bands on unmodulated
unit cells to directly compare the CDW and unmodulated
bands [38–41]. Figure 2(b) shows the contribution of unfolded
bands as intensity (white to black for increasing contribution),
which are overplotted with the bands of unmodulated structure
(red). As one can see, Te-p bands are strongly renormalized at
EF leading to a band-gap opening of ∼0.2 eV (see the purple
rectangle; arrows mark the reduced intensity, and the inset
shows the band-gap magnitude), consistent with an observed
band gap of 0.19–0.24 eV from ARPES measurements in the
(H, K, 0) plane [17]. However, we note that the band gap is
not fully opened at the L = 0.5 r.l.u. plane (Z-U -R direction)
as denoted by the pink rectangle. This is because we did
not include any CDW modulation along the z-axis (see sup-
plementary Fig. S26a) as they have not been experimentally
confirmed by observation of superlattice peaks or electrical
resistivity measurements along the c-axis [16,17]. Moreover,
as discussed earlier, since structural relaxation and phonon
eigenvectors found monolayer Te distortions to be relatively
less compared to bilayer Te distortions, we see relatively small
remnant intensity near EF from monolayer Te-p orbitals (not
immediately visible by the naked eye in the purple rectangle).
It is possible to remove the residual intensity by freezing
monolayer Te distortion at q = (0, 1/3, 0) r.l.u. (see supple-
mentary Fig. S26b), but such distortions need to be experi-
mentally confirmed before their incorporation in simulations.

IV. LATTICE SUSCEPTIBILITY

As observed for several CDW compounds, CDW signa-
tures are visible in phonons, albeit differently for different
governing mechanisms [42,43]. To unequivocally confirm
CDW instability in EuTe4, we calculate phonon dispersion
within the harmonic approximation. As shown in Fig. 5(a),
we observe an unstable phonon branch at qCDW along �-Y ,
consistent with divergence of Re{χ0(q)} and Im{χ0(q)}. Dis-
placement of atoms corresponding to the eigenvector of an
unstable phonon is shown in Fig. 1(a), which is the same as
the relaxed atomic coordinates of the CDW state and XRD
data [16], thus confirming that the unstable phonon indeed
reflects CDW instability. This instability is stabilized in our
anharmonic simulations at 800 K, which explicitly capture
the effect of coupling between atomic vibrations and elec-
tronic states at finite temperature (see supplementary Fig.
S25). The stabilization at 800 K is consistent with the reported

mean-field TCDW of ∼646 K [17]. Moreover, as expected, the
signatures of incipient CDW instability are even visible at
qCDW at 800 K.

Besides the dominant phonon instability, follow-
ing the seminal work of Kohn [32], divergence of
F (q) ∝ Re{χ0(q)}/|q|2 must lead to Kohn anomalies
[i.e., ∇q E (q) → ∞] in multiple phonon branches. This is
because F (q) affects electron screening for q > qCDW, and
alters the restoring interatomic forces. The sudden change
in interatomic forces perturbs multiple branches at qCDW,
which involves the displacement of atoms contributing to
the divergence of F (q). We calculate the imaginary part
of lattice dynamical susceptibility, i.e., χ ′′

L (Q, E ), to show
unambiguously that indeed multiple phonon branches of
both transverse and longitudinal polarizations harbor Kohn
anomalies at qCDW [see the supplemental material [34] for
details of χ ′′

L (Q, E ) simulations].
Figure 5(b) shows χ ′′

L (Q, E ) along [2, K, 0] selectively
highlighting transverse polarization for K � 1 (i.e., a-
polarized phonons propagating along K). Between 1 < K �
2, we obtain a mixture of transverse and longitudinal polar-
ization. We have marked Kohn anomalies in different phonon
branches at qCDW. As one can observe, not only the unstable
phonon branch (the lowest branch going below zero meV)
but also high-energy branches that involve displacement of
Te mono- and bilayer show anomalous features instead of a
smooth dispersion at qCDW. Similarly, we probe the pure lon-
gitudinal polarization (i.e., b-polarized phonons propagating
along K) and another transverse polarization (i.e., c-polarized
phonons propagating along K) in Figs. 5(c) and 5(d). More
Kohn anomalies at qCDW in multiple branches are marked
by white arrows. We note that χ ′′

L (Q, E ) is shown in dif-
ferent BZs for varying polarizations as anomalous features
appear in those BZs with measurable intensity; nonetheless,
data can be folded back to the first BZ. From the above
phonon dispersions and χ ′′

L (Q, E ) analysis, we confirm sig-
natures of CDW instability in multiple phonon branches at
qCDW as expected from the divergence of Re{χ0(q)} and
recently shown for α-U [23]. The appearance of multiple
Kohn anomalies at qCDW further excludes the wave-vector-
dependent EPI mechanism proposed for NbSe2, TbTe3, and
DyTe3 [11,12,24,25]. This is because, for the wave-vector-
dependent EPI, the scattering of an electron to another state by
absorption or emission of a phonon conserves the energy and
momentum [44,45]. However, this conservation is unlikely
to be satisfied for multiple phonon branches simultaneously
at a fixed qCDW [23,45]. Hence, we do not observe a Kohn
anomaly for multiple branches at qCDW, rather we observe it
for a particular branch [11,12,23–25].

In summary, using our atom-, momentum-, and orbital-
resolved analysis of χ0(q), we find that the FSN and electronic
instability leading to CDW do not arise from the same Te
orbitals and are rather primarily driven by Te orbitals of
monolayers and bilayers, respectively. This unique behavior
is enabled by linear dispersion of Te-p orbitals across EF that
allows vF to be nearly constant and electron-hole pairs to
form from bands above and below EF, thus contributing to
the divergence of Re{χ0(q)} and the emergence of multiple
Kohn anomalies at qCDW. The detailed analysis presented here
is not limited to the RTen family, but is equally applicable to
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FIG. 5. (a) Phonon dispersions of EuTe4 along the �-Y -� direction showing the phonon instabilities at qCDW as marked by arrows.
(b) χ ′′

L (Q, E ) along the [2, K, 0] direction selectively highlighting the a-polarized transverse branches for K � 1. For 1 < K � 2, we obtain
components of both transverse and longitudinal branches. (c) Same as panel (b), except the intensity originates from b-polarized longitudinal
branches. (d) Same as panel (b), except the intensity originates from c-polarized transverse branches for K � 1. For 1 < K � 2, we obtain
components of both transverse and longitudinal branches. The intensity is in log scale spanning five decades and indicates the magnitude of
χ ′′

L (Q, E ).

recently observed axionic CDWs [46,47], spin-density waves
(SDWs) [48], and Kohn anomalies [49,50] from ubiquitous
linearly dispersing bands in topological Weyl/Dirac semimet-
als. More generally, our study provides focused input for atom
and orbital engineering to tailor CDW and SDW transitions,
topological phase transitions [50], superconducting kagome
metals [51], and possibly phase transition in high-T supercon-
ductors wherein a precursor CDW or a charge-ordering state
is present [42,43,52–55].
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