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Second-order phase transitions in metals is a longstanding question, often linked to charge-density
waves, Peierls distortions, or Kohn anomalies in the phonon spectrum. Such a phase transition has
recently been observed in cubic LaHip, a material that exhibits exceptionally high superconduc-
tivity with a critical temperature up to 260 Kelvin. Previous work has shown that this phase is
unstable below 200 GPa if quantum effects, and anharmonicity are not present. Here, we study the
instabilities occurring in this material at such pressures. Lowering the electronic temperature to 0
K softens the phonon branches along the I'-X, K-I', I'-L-U, and W-L-K directions. We relate these
softenings to the linewidths predicted in the electronic high-temperature phonon band structure of
LaH;o at specific wavevectors. The correspondence is striking: both functions are either large or
small for all investigated wavevectors. In contrast, the Fermi nesting function, often invoked for such
structural phase transitions, provides little insight. The phase transition in LaHio is found to be
similar to the one previously observed for paradigmatic charge-density wave materials, 2H-NbSez,
TaTes and 1T-VSez. Going beyond the observation of a simple coincidence between the softening
and the linewidth, we highlight the similarities and differences between the equations describing:
Fermi surface nesting function, phonon linewidth, and temperature dependence of the phonon fre-
quencies. Furthermore, we analyze the contributions to the calculated phonon linewidth from the
four electronic bands crossing the Fermi surface of LaHio. One specific intra-band contribution
clearly dominates. However, the corresponding variation in the charge density of that specific band

with temperature is negligible.

I. INTRODUCTION

In his seminal work, Kohn [I] pointed out that
the sharp change in electronic occupation at the
Fermi energy in metals can qualitatively modify
the phonon band structure at zero temperature.
For three-dimensional (3D) periodic crystals, an
infinite slope in the phonon frequency as a func-
tion of the wavevector normal to a surface inside
the Brillouin zone is found. For one-dimensional
(1D) solids, the same argument yields a logarith-
mic divergence in the phonon frequency at spe-
cific wavevectors [2 [3]. This concept aligns with
Peierls” argument that 1D metallic chains with a
single atom per unit cell are intrinsically unsta-
ble and spontaneously dimerize [4]. Also, charge-
density waves (CDWs) arise in many different ma-
terials, and their relation to Peierls distortion has
been explored [Bl [6]. Most CDWs are observed
for materials that are metallic above the critical
temperature below which the CDW develop, and

for which the CDW depends on the strength of the
electron-phonon coupling on the Fermi surface.

Kohn anomalies have been reported in materials
ranging from conventional [7] and unconventional
3D superconductors [8, 9] to low-dimensional sys-
tems such as carbon nanotubes [I0], graphene
[11H13], graphite [14], 1D conductors [2], and
Weyl semimetals [15, [16]. Similarly, CDW or-
der has been observed in many materials, in-
cluding the transition-metal dichalcogenides 2H-
NbSeq, 2H-TaSs, and 2H-TaSes [I7H20], which
exhibit intertwined CDW and superconducting
phases. In high-T,. cuprates (unconventional su-
perconductors), incommensurate CDW correla-
tions have been directly observed and appear to
compete with superconductivity |21, 22]. Signa-
tures of CDW order also emerge in carbon nan-
otubes, where one-dimensionality enhances fluctu-
ations that can stabilize such phases [23]. In gen-
eral, CDWs, Peierls distortions, and Kohn anoma-
lies are hallmarks of 1D conductors, driven largely
by strong Fermi surface nesting [5, 24]. Graphene



may exhibit CDW instabilities under specific con-
ditions (e.g., doping or strain) [25], while graphite
and its intercalation compounds show similar or-
dering due to electronic structure modifications
[26]. More recently, CDW order has been ob-
served at the surfaces of topological insulators, re-
vealing novel phases formed by the interplay of
topological surface states and interactions [27] 28].
CDWs have also been identified in topological
semimetals SrAly and EuAly [29], and theoretical
work suggests that nesting between Weyl nodes in
Weyl semimetals could induce related instabilities
[30, B1].

Among the newly discovered high-pressure su-
perconductors, lanthanum decahydride (LaHiq)
stands out, in view of its remarkably high super-
conductivity critical temperature near 260 K close
to 200 GPa [32H42]. Tts structure is intriguing,
with lanthanum atoms sitting at the centers of
32 hydrogen atoms cages [32, B3] (Fig. [1)). The
hydrogen rich character of the material gives rise
to pronounced quantum effects and strong anhar-
monicity.

FIG. 1. LaHio at 200 GPa, with primitive unit cells
marked in black and the R3m primitive unit cell of the
La sublattice marked in red. Optimization of the hy-
drogen positions gives a lower symmetry C2/m struc-
ture (see Ref. [33]). Adapted from Ref. [33] with per-
mission.

Simulations show that these dynamical proper-
ties stabilize in LaH;y in its cubic Fm3m phase
and lower the pressure at which the rhombohedral
R3m phase emerges |32, 137, 40, 41], in semiquan-
titative agreement with experiment [33] [35, [38].
However, the electronic origin of the phonon insta-
bility—and in particular the temperature depen-
dence of the phonon softening—remains unclear.

Here we revisit the strong quantum-lattice char-
acter of Fm3m LaH;y at 200 GPa using first-
principles calculations within DFT. We exam-
ine how the phonon band structure evolves with
electronic temperature, from 0 K up to 4000 K
using finite-temperature DFT with Fermi-Dirac
occupations to account for electronic excitations

[43]. By varying the electronic temperature in this
way, we can track how the phonon band struc-
ture and any lattice instabilities evolve. We find
that Fermi-surface nesting alone fails to pinpoint
phonon instabilities. Instead, phonon linewidths,
which are direct measure of electropn phonon
coupling (EPC), identify the wavevectors and
phonon branches that soften at lower tempera-
tures. The EPC is dominated by intraband scat-
tering from a single band with weak interband con-
tributions. Real-space electron-density analyses
and temperature-dependent Bader charges show
that this band’s charge remains nearly unchanged,
revealing the carriers driving the phonon instabil-
ity.

The reminder of the paper is as follows: Sec-
tion [[I] reviews our theoretical approach. In Sec-
tion [[TT] we present the calculation of phonon dy-
namics of LaH1g. The electronic temperature de-
pendence of the phonons is discussed in Section[[V]
followed by a detailed examination of the Fermi
surface in Section [Vl The overall results are dis-
cussed in Section [VIII Section [VIII details our
computational method, including pseudopotential
generation and the EPC formalism.

II. ELECTRON-PHONON COUPLING
AND CHARGE DENSITY WAVES

Within the Landau framework of second-order
phase transitions [44], [45], a CDW emerges below
a critical temperature, spontaneously breaking the
lattice’s translational symmetry [4, 46]. Above
this temperature, an acoustic phonon branch typ-
ically softens at qcpw. When related to a Kohn
anomaly, segments of the Fermi surface become
gapped [I]. In Weyl semimetals, gcpw can link
distinct Weyl points and alter the system’s topol-
ogy [16]. In one dimension, the Peierls instabil-
ity has qcpw = 2kp [4], whereas in three dimen-
sions, Fermi surface nesting (FSN) can overcome
the elastic cost of distortion, enabling the instabil-
ity to form.

Despite extensive experimental study, the pre-
cise microscopic origins of these instabilities re-
main debated. While the notion of FSN ex-
plains acoustic-phonon softening in some systems,
small deviations from perfect nesting can suppress
the logarithmic divergence of the real part of the
dielectric function, Re[x,] [6]. Techniques such
as angle-resolved photoemission spectroscopy, X-
ray diffraction, and neutron diffraction repeatedly
show limited FSN in materials that nevertheless
form a CDW [A7H52]. Consequently, alternative
mechanisms must be examined.

In particular, strong electron-phonon coupling
(EPC), where inelastic scattering between elec-
trons and phonons is enhanced, can drive pre-
cursor features—such as phonon softening well
above the transition temperature—that herald a



CDW [53]. Its wavevector dependence is also a
crucial element, inducing softening in restricted
parts of the Brillouin zone[54] 55]. Indeed, inelas-
tic X-ray scattering in 2H-NbSes showed in detail
this phonon softening with temperature [56]. Re-
currently, the relative contributions from FSN and
from EPC have been described and debated [3] [6]
18, 19, 57-59).

Recently, phonon linewidths (which are in-
versely proportional to phonon lifetimes) have
emerged as a crucial measure of EPC from states
crossing the Fermi level [60] in relation to phonon
instabilities [6IH63]. The connection between the
lifetime and temperature dependence of phonons
has been observed, from experiment and first-
principles simulations of 2H-NbSes [3, 56]. The
connection has also been pointed out for TaTe4[61]
and for 1T-VSeq[55], from first-principles sim-
ulations when varying the electronic tempera-
ture (i.e., that used in the Fermi-Dirac occu-
pation function).  Phonon softening becomes
more pronounced as the electronic temperature
drops, reflecting the change of Fermi—Dirac oc-
cupation near the Fermi surface. The same
EPC near the Fermi level underlies Cooper pair-
ing in superconductors, which is why structural
phase transitions frequently appear in proximity
to superconductivity [20] 22].

The concept of an electronic temperature in
DFT refers to how the electrons are thermally
excited among the available energy levels, inde-
pendent of the ionic temperature (which governs
how strongly the ions themselves vibrate) [34] [64].
This approach is particularly useful for study-
ing phenomena like Kohn anomalies, Peierls dis-
tortions, and charge-density waves, because all
of these instabilities originate from the electronic
structure—specifically, from how electrons near
the Fermi level interact with phonons or with peri-
odic modulations of the crystal lattice. By tuning
the electronic temperature, one can observe how
these instabilities weaken or disappear as electrons
fill states above the Fermi level, thus preventing
or delaying certain phase changes such as a Peierls
distortion or eliminating a soft phonon mode asso-
ciated with a CDW. Essentially, raising the elec-
tronic temperature washes out the sharp features
at the Fermi level (where these instabilities arise),
making it a direct tool to see how the system tran-
sitions from an unstable/ordered phase to a more
stable/disordered phase.

III. LaH:o PHONON INSTABILITIES AND

LINEWIDTHS

The phonon dispersion relations of Fm3m-
LaH;o at 200 GPa and 0 K is shown in Fig. [2h.
Acoustic phonon instabilities are seen along sev-
eral directions, namely I'-X, K-I', I'-L-U.
Also, there are instabilities for branches that
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FIG. 2. Phonon band structure Fm3m-LaHio at elec-
tronic temperatures of 0 K (a), 3000 K (b), and 4000
K (¢) (For each, the ionic temperature is set to 0 K).
Imaginary phonon frequencies are represented as neg-
ative values. Colors track the phonon eigenvalues.

cannot unambiguously be characterized as being
acoustic branches, along W—L—K, or at the L-
point (Fig. 2h), in agreement with Ref. [34] and
[37]. In order to understand the origin of such in-
stabilities, we have varied the electronic tempera-
ture at the level of Fermi-Dirac statistics within
finite-temperature DFT [43] [65]. At finite elec-
tronic temperature, the Fermi surface of the sys-
tem is no longer a sharp feature in the Brillouin
zone, and this has a direct impact on the stability
of the crystal see in the phonon band structure.
The phonon band structure at 3000 K electronic
temperature (0.26 eV) is shown in Fig. 2p. The
phonon instability at the L-point and along K—T,
I'-L-U and W—L—K lines disappear. A subse-
quent increase of electronic temperature to 4000



K ( 0.34 V) stabilizes the last acoustic phonon
mode along I'-X as well (see Fig. k). Such
phonon band structures at finite electronic tem-
perature confirms that the quantum crystal nature
of Fm3m-LaHq is linked to strong EPC at the
Fermi surface. Although the presence of strong
EPC is relatively easy to demonstrate by such
(electronic) temperature-dependent phonon band
structure, the origin of this dependence deserves
more detailed study. Before discussing it, let us
comment on the use of a high electronic temper-
ature in DFT simulations. It might seem artifi-
cial to decouple the temperature of the ionic sys-
tem from the temperature of the electronic system.
Note however that heating suddenly the electronic
system for a very short time before the ions have
the time to react is made possible thanks to the
use of ultra-short (femtosecond) laser pulses[6G6].
In such an experiment, the ionic and electronic
temperatures can be decoupled. The goal is to
establish a theoretical link between the wavevec-
tors where phonon soften at low temperature and
become unstable, and a simple indicator of the
electron-phonon strength, still a function of the
wavevector, namely the phonon lifetime due to
EPC. The latter is well defined only if the phonon
band structure is stable, hence justifying its com-
putation for large electronic temperatures.

As mentioned in the Section[l] the simplest the-
oretical explanation for the appearance of charge
density waves invokes Fermi surface nesting [67].
Fermi surface nesting is also directly linked with
Kohn anomalies. The Fermi surface nesting func-
tion, {q, that depends on the phonon wavevector
q, but not on the phonon branch v, is defined [61]
as
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The integral is over k, the electronic wavevector
in the Brillouin zone. The integrand, the product
of two delta functions, is averaged, thanks to di-
vision by the volume of the Brillouin Zone Qgyz,
as Qpyz = (250)3, where Qg is the volume of the
primitive cell. The factor ny=2 accounts for the
spin, the double summation over bands m and n,
only includes contributions where the energies of
both bands, €,k+q and €,k are equal to the Fermi
energy €p. &g does not contain any information
about the electron-phonon coupling.

At variance, the phonon linewidth (or lifetime)
[60] contains such information. When expressed
in the adiabatic approximation and at T'= 0 K, it
writes
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FIG. 3. The three acoustic phonon branches of Fm3m-
LaH;o at (a) 4000 K electronic temperature, and (b)
the corresponding frequency change with electronic
temperature from 3000 to 4000 K. (c) 9?w?/0T?|r=o
for the fitting w? = a+bT24cT* of data at 0 K, 3000 K
and 4000 K. Phonon linewidths at 4000 K electronic
temperature: (d) total, (e) diagonal, (f) non-diagonal.
(g) Fermi nesting function at 4000 K electronic tem-
perature. Note the scale of the non-diagonal contribu-
tion to the (f) linewidth with respect to the (e) diag-
onal or (d) total linewidths.

where |gmny (k,q)|? is the square of EPC matrix
element for each phonon mode, with frequency
wqv[68]. The similarity with Eq. is stricking:
they differ from each other by the presence of
the square of the electron-phonon matrix element,
apart a 2mwg, prefactor factor. The computation
of ’ygﬂo is discussed in Sec. also considering
possible variations of Eq.(2).

Figure [3| presents the lowest (acoustic) part of
the phonon band structure of Fm3m-LaH;y at
4000 K (a), the changes of these phonon branches
from 3000 K to 4000 K (b), and (c), an evalua-
tion of the second-derivative of the square of the
phonon frequencies at zero Kelvin, from the fitting
of our OK, 3000K and 4000K data. The lowest
phonon branch (transverse acoustic TA1) changes
rapidly with the temperature at specific points,
along I'—X (about two-third along this line), along
K-T' (about one-half along that line), and also



in a large neighbourhood around L. The second
transverse acoustic mode (TA2) is degenerate with
TA1 along I'=X and thus also changes rapidly in
the same specific zone, and also changes rapidly
around L, although the change decays faster away
from L than for TA1. No rapid change is observed
for TA2 along K—I'. The longitudinal acoustic
mode LA also exhibits some noticeable change
with temperature, although less pronounced than
for the TA1 and TA2 modes. Its relevance for the
current analysis is not as high the one of the TA1
and TA2 modes, because it is higher in energy for
most of the wavevectors. We will not comment
further about it.

Figure d) also shows the acoustic phonon
linewidths. The correspondence with Fig. [3{(b)
and (c) is striking. Apart from a global scaling,
the two functions depart from a negligible value
in the same regions of the Brillouin zone, and for
the same phonon branches. Thus the linewidth
is indeed a good proxy for the rapid change of
phonon frequencies with temperature. Hence they
correlate with CDW formation. One can identify
nevertheless that, close to I', some features of the
linewidths are suppressed in the temperature dif-
ference or derivative plots Fig. [3b) and (c). Such
a link between phonon lifetimes and their tempera-
ture dependence has been observed for 2H-NbSe,,
in a joint experimental and theoretical work [56].
However, it had not been analyzed or explained
further. For TaTe,, presenting a charge-density-
wave instability[61], the linewidth of the phonons
had been studied, as well as the change of se-
lected soft phonon frequencies with temperature,
with also a similarity between these. In search for
an understanding of this correspondence between
Fig. B[b), (c) and (d), the study of the change
of the phonon frequency with respect to the elec-
tronic temperature should be undertaken, as well
as its dependence on the wavevector.

IV. PHONON ELECTRONIC
TEMPERATURE DEPENDENCE

We sketch here such a study, and the associated
connection with the lifetime, while a more detailed
investigation, will be considered in a future publi-
cation [69]. Obviously, the correspondence that is
found comparing Fig. B(b), (c) and (d) is at best
semi-quantitative.

In order to establish a connection between
Eq. and the temperature dependence of the
phonon frequencies, we first define
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a symmetric function of its two arguments

(ea,es). This functions relates to 721° when con-
sidered at e = eg = ep, namely:
7230 = 2Tway Gqu (¥, £F).- (4)

As sketched in Appendix B, the major contri-
bution to the g-modulation of the temperature
change of phonon frequencies is proportional to
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One clearly sees that Eqs. and are not
identical. However, they share the presence of
the square of the EPC elements averaged over the
Brillouin Zone, for the specific qv phonon mode,
through the G4, function. They also share its eval-
uation at, or around, e, at least for one argument
in the case of Eq. (). Thus, Eq.7 the phonon
linewidth, and Eq.(5), the rate of change of the
phonon frequency with temperature are theoreti-
cally linked as observed in Fig. [3]

By contrast, the FSN, represented in Fig. (f),
and stemming from Eq. (1)), does not show any
correspondence with Fig. |3(b) and (c), stemming
from Eq. . The role of the EPC is thus clearly
apparent, as these two equations differ primarily
by the absence or presence of the coupling.
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FIG. 4. Square of the phonon frequency (w2) as a func-
tion of electronic temperature for a) the approximate
minimum between I' and X (0.34, 0.00, 0.34), and b)
the L point.

On the other hand, examination of the temper-
ature dependence of the phonon band structure
at higher temperatures reveals that the square
of phonon frequencies is not simply quadratic
with respect to temperature. For the lowest fre-
quency phonons at two representative specific ¢-
vectors, the approximate minimum between I' and
X, (0.34, 0.00, 0.34), and the L-point, the lowest-
order quadratic behavior is smoothly superceded
around 500 K by a linear behavior at higher tem-
peratures (Fig. [4). Such a linear behavior can be
represented by

Owg, (T)

= (©



from 1000 K to 3000 K for these two modes, de-
scribing a linear softening of w2, (T') with temper-
ature.

From 3000 to 4000 K, the slope of the L-phonon
frequency decreases (see Fig. ) This change
could imply that the available electronic states
that contribute to the EPC start to impact in a
similar way the second-derivative of the free en-
ergy, whatever their energy. This phenomenon has
a limited impact on the semi-quantitative compar-
ison between the phonon frequency changes with
temperature and the phonon lifetime.

V. CONTRIBUTIONS TO THE PHONON
LINEWIDTH

The phonon linewidth, Eq. , as a proxy for
the location of the CDW wavevector can be ana-
lyzed further. This is possible through the disen-
tangling of the diagonal contribution (i.e., intra-
band contribution), namely m = n in Eq. , from
the non-diagonal band contribution (i.e., inter-
band contribution), namely m # n in Eq. (see
Fig. ) Although the characteristic features oc-
cur for the same wavevector and phonon branches,
a difference of more than one order of magnitude
between intra-band and inter-band contributions
in favor of first ones is observed.

It is instructive to explore this large difference.
One might argue that for the intra-band term, the
periodic part of the left and right Bloch wave-
functions uS?) of such n = m matrix elements,
gnnv(k,q) (i.e. diagonal electron-phonon matrix
elements), are rather similar and interfere con-
structively, apart of a g-modulation, and the first-
order change of external potential, also with q-
modulation, couple well with such g-modulated
function.

Such an observation can further be combined
with the necessary condition that a band must
cross the Fermi energy to give a contribution to
7290 (see Fig. a)). Only four bands cross the
Fermi energy and contribute to the linewidth, and
thus to the instabilities, thanks to their interaction
with the acoustic phonons. The intraband contri-
bution to the linewidth can further be obtained
from each of these four bands crossing the Fermi
surface, as shown in Fig. b). The contribution
from the second band completely dominates the
linewidth.

VI. FERMI SURFACE

We represent the Fermi surfaces of the four
bands in Fig. [f] While the Fermi surfaces for the
Ist, 3" and 4*" bands are easily visualized, the
Fermi surface of the second band is much more
convoluted, although completely connected. The
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composition of the phonon linewidth of the acoustic
phonon modes for the 4 bands crossing the Fermi sur-
face. The 4" band has a phonon linewidth contribu-
tion of the order of 10™® and not indent the figure.

biggest contribution to the linewidths comes from
the band that is most extended within the Bril-
louin zone. However, such geometric effect cannot
be the key explanation for the dominance of the
second band, since we know that the FSN, in which
such effect is included, does not correlate with the
linewidth.

TABLE 1. Bader charge contributions of atoms non
equivalent for symmetry within unit cell to the bands
that cross the Fermi surface (see Fig. [4)) at OK and A
from 0 to 4000 K.

band 1st 2nd 3rd 4th
La 0.329 0.239 0.033 0.000
A La -0.004 0.002 0.003 0.000
H1 0.167 0.100 0.013 0.000
A H1 -0.002 0.000 0.000 0.000
H2 0.044 0.015 0.015 0.004
A H2 0.000 0.000 0.002 0.002
TOT 0.540 0.354 0.061 0.004
A TOT -0.006 0.002 0.005 0.002

Having singled out the major contribution from
the second band, a further link with the CDW can
be searched in real space. Indeed, the variation of
the ground-state charge density Ap(r) with tem-
perature from 0 to 4000 K can now be studied, and
decomposed in its contributions from the different
bands, especially the 1st, 2"¢ and 3"¢ bands rep-
resented in Fig. a). Such charge density change
must be indicative of the weakening/strengthening
of the bonds, causing stabilization of the high-
temperature phase. Such analysis of charge den-



sity was performed thanks to Bader s theory [70]
of partial atomic charges, and further decomposed
in the contribution of each band to each atomic
charge (see Tab. [ and Fig @

The two types of hydrogen atoms that are non-
equivalent by symmetry are described in Table []
and are represented in Fig[7h. The H1 atoms are
the closest ones to central lanthanum atom, while
the H2 atoms are farthest H atoms along the (111)
direction. Although not fully occupied (as they
cross the Fermi energy), the first 3 bands have
a significant charge density, including around the
lanthanum atom.

FIG. 6. (a) 1%, (b) 2" (c) 3" and (d) 4™ elec-
tronic band structure Fermi surfaces within the Bril-
louin zone.

The projected density of states (pDOS) analy-
sis reveals that these bands do not resemble the f
or d orbitals of lanthanum, which are populated
only at high energies, that primarily contribute to
the conduction bands (see Fig. . At variance,
the charge density at the 4" band is on the order
of 1072 e/Bohr?® and contribute little around the
lanthanum atom (see Table . The contribution
of the 4" band to 7210 (i.e, EPC) is indeed prac-
tically zero (see Fig. . The 1% and 3" bands
exhibit similar but opposite variations in charge
density with increasing temperature - a decrease
of —0.02 for the 1%* band and an increase of 0.01
for the 3"% band - coupled with significant phonon
linewidths. These bands appear to be the primary
drivers of charge density wave (CDW) formation.
In many established CDW systems, the temper-
ature evolution of the charge density modulation
acts as an order parameter that directly signals
the onset of the CDW state, while a broadened
phonon linewidth indicates strong electron-phonon
coupling, which is critical for stabilizing the CDW
through lattice distortions [Bl 24]. In contrast,
the absence of any temperature-dependent charge
density modulation in the 2"?¢ band-which con-

tributes most significantly to 724° (i.e., EPC)-
indicates that, for a band to drive a CDW, it must
exhibit such modulation as the order parameter
for the transition. Since this band does not show
the necessary modulation, it cannot be responsible
for CDW formation.

VII. DISCUSSION

We have revisited the Fm3m — R3m transition
in LaH1¢ quantum crystal that has previously been
shown to arise from an instability driven by strong
EPC [34]. We show that high electronic tem-
perature stabilizes the high symmetry structure,
while instabilities develop when lowering the elec-
tronic temperature, precisely for the phonons that
have the largest linewidth at high temperature. A
similar correspondance had been seen previously
for 2H-NbSez [3, 6], 1T-VSeq[55] and TaTes[61],
that are paradigmatic charge-density-wave mate-
rials. Moreover we provide some theoretical anal-
ysis of this correspondance: a new function, that
probes the integrated EPC strength at two dif-
ferent energies, is introduced. When considered
at the Fermi energy, this function reduces to the
phonon lifetime in the adiabatic approximation,
apart from some prefactors. An integrated expres-
sion of this function yields an approximate mea-
sure of the quadratic change of phonon frequencies
with temperature. Unlike the phonon linewidth,
the Fermi surface nesting function does not corre-
late with the large temperature derivative of the
phonon frequency.

We demonstrate that the large phonon
linewidths at the incipient CDW wave-vectors
arise from intra-band electronic scattering within
those bands that (i) cross the Fermi level and
(ii) couple most strongly to the relevant acoustic
phonons.  In reciprocal space, the strongest
linewidths coincide with the most extended and
convoluted Fermi-surface sheets, yet a direct eval-
uation of the conventional nesting function shows
no pronounced features—evidence that it is the
EPC matrix elements, not simple nesting, that
control the anomaly. A complementary real-space
decomposition of the charge density reveals that
the band supplying the dominant intra-band
contribution exhibits negligible temperature-
dependent charge modulation; hence it drives
EPC but not the CDW.

The combined reciprocal- and real-space work-
flow employed here—first stabilizing the trans-
lationally invariant phase at elevated electronic
temperature and then analysing phonon life-
times/linewidths—should be broadly transferable.
We recommend applying this protocol to other
candidate CDW materials, including cage-type hy-
drides such as YH9 and ThH;g. We predict that
the g-points with the shortest phonon lifetimes at



FIG. 7. Charge density in real space from the a) 1°¢
band, isosurface at 0.018 e/Bohr®; b) 2" band, isosur-
face at 0.011 e/Bohr®; ¢) 3™ band, isosurface at 0.014
e/Bohr®; and d) 4" band, isosurface 0.0024 e/Bohr?.
These four electronic bands cross the Fermi surface.
The lanthanum atom is at the center of the primitive
cell. All the other atoms are hydrogen. The whole shell
of H nearest neighors to the central La atom (green)
is represented, although for sake of clarity, the charge
density is represented only for the H atoms (white)
that belongs to the primitive cell. In a) and b) the
charge density is localized on H atoms belonging to a
cube of 8 H atoms, while in d) the H atoms are along
the (111) direction. In ¢) both types of atoms are con-
tributing.

high T, will correlate with the soft-mode instabil-
ities that emerge upon cooling, providing a prac-
tical first-principles route to identify CDW wave-
vectors in complex hydrides and beyond.

VIII. METHODS

A. Computational Details

Planewave pseudopotential calculations were
performed with the Abinit code (version 9.6.2)
[(1H73], with the PBE exchange-correlation
functional[74], lanthanum ONCVP (see next
subsection), and hydrogen ONCVP from the

PseudoDojo project [75] (http://www.pseudo-
dojo.org).

Lanthanum Hydride (LaH;o) with space group
Fm3m was optimized at 200 GPa. The planewave
kinetic energy cutoff was 80 Ha with a I'-centered
42 x 42 x 42 k-point mesh within the full Brillouin
zone. Such k-point mesh guarantees an energy
convergence at ['-point of phonon optical modes on
the order of 0.2%. The geometry optimization was
obtained with Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm [76H79] with force tolerance for
the maximum net force on atoms fixed at 5-107°
Ha/Bohr.

The treatment of electronic temperature, with
Fermi-Dirac occupations, relies on the double
smearing scheme proposed in Ref. [43], further
elaborated in Ref. [65]. In this scheme, the
physical temperature is taken into account for
the fermionic distribution function (we examined
phonon band structures at 250, 500, 1000, 2000,
3000 and 4000 K electronic temperature), while
an additional convolution with Gaussian smearing
is applied, with smearing energy equal to 0.005
Ha. We tested smaller Gaussian smearing values
of 0.003 Ha and 0.001 Ha, requiring larger k-point
meshes for convergence, but no significant mod-
ifications of the phonon band structures at fixed
electronic temperature were observed.

Phonon band structures and phonon linewidths
were calculated with variational density func-
tional perturbation theory [80H82] (DFPT) using
the same 42 x 42 x 42 k-point mesh than for the
ground state, and 6 x 6 X 6 g-point mesh within
the Brillouin zone. The convergence of the second
derivative of the energy with respect to the atomic
positions for each phonon mode was achieved when
the tolerance on the potential residual was 10~8
Ha. Bader’s analysis was performed using the
CRITIC2 code [83] [84].

B. Phonon linewidth

Parameters for the computation of phonon
linewidths using Eq. are presented in the pre-
vious subsection. In the present subsection, we
discuss the very usage of Eq.(2) in our phonon
linewidth computations. We emphasize that our
approach aims at distinguishing the origin and
type of the instabilities in LaH;(, and such goal
is conceptual, qualitative more than quantitative.
Hence, the simplest is the most relevant.

A first delicate point relates to the use of
two screened electron-phonon matrix elements in
Eq.. Indeed, following widespread procedure,
the electron-phonon matrix elements in Eq. are
usually computed from the screened change of
potential due to atomic displacements[85]. The-
oretically, the combined use of screened and
bare EPC elements, replacing |gmn.(k,q)|?> by



9w (K, 98 (K, q) is better justified[68, [86].
These two types of matrix elements are encoun-
tered in Eq.. The potential change due to
the phonon includes the Hartree and exchange-
correlation response in the screened case, but not
in the bare case. However, the difference is only
second-order in the screening strength[86]. Addi-
tional considerations in favour of the use of two
screened electron-phonon matrix elements can be
found in Refl87. On this basis, we prefer to use
the simple formula Eq..

A second point of discussion comes from the fact
that, beyond the adiabatic approximation and for
non-zero temperature, the phonon linewidth is ob-
tained from the imaginary part of the phonon self-
energy[60]. The Fermi golden rule gives the fol-
lowing formula:

ns8do / 3 2
Yar = 75 55 d’k Imnv kaq
q (27‘(‘)2 B7 %' ( )‘

(fmk+q - fnk)(s(wqu — €mk+q t enk).  (7)

However, Eq. reduces to Eq. for vanishing
electronic temperature and in the adiabatic ap-
proximation, where the phonon frequencies are
considered small with respect to electronic energy
differences. The adequacy of this approximation
was emphasized in Ref.(60). In the context of the
present work, we note that 4000 K corresponds to
0.34 eV, an energy for which the qualitative rel-
evant features in the band structure, namely, the
dispersion of the bands around the Fermi level are
still the same as at 0 K. Also, the largest phonon
energies are lower than 0.3 eV.

A third consideration comes from the fact that
in the present work, 729° from Eq.(2) is computed
with the phonon frequencies at 4000 K. In princi-
ple the formalism of EPC allows the calculations
only for real phonon modes[68]. However, we note
that the EPC matrix elements themselves include
an inverse square root of the phonon frequencies,
see Egs.(21), (34) and (38) of Refl68l The phonon
frequencies present in the prefactor of Eq. are
thus cancelled by those present in the EPC matrix
elements. Indeed, the final result for 'ygﬂo depend
on the phonon eigendisplacements and the associ-
ated change of potential, but not on the phonon
eigenfrequencies. Omne might thus apply Eq.
even in the case of unstable phonon modes, al-
though we have not attempted to do so.

For the purpose of the analysis of the role of the
electron-phonon coupling, in comparison with the
Fermi surface nesting, Eq.(2))) we will stick to the
comparison between Eq. and Eq. instead of
using Eq.. Indeed, our approach aims at dis-
tinguishing the origin and type of the instabilities
in LaH;(, and such goal is conceptual, qualitative
more than quantitative.

C. Pseudopotential development

To describe the electronic structure and
electron-phonon interactions of Fm3dm-LaH;, at
high pressure, we developed a scalar-relativistic,
PBE-based optimized norm-conserving Vanderbilt
pseudopotential (ONCVP) [88],[89] for lanthanum.
A small cutoff radius was chosen to mitigate over-
lap of pseudopotential spheres under compression,
and the valence shell includes an empty 4f orbital
to capture any 4f-orbital effects. We validated
this pseudopotential against all-electron (AE) cal-
culations employing the zeroth-order regular rela-
tivistic approximation (ZORA) [90H93], using the
A-Gauge [94] as a quantitative measure of how
closely both approaches reproduce the same en-
ergy landscape.

We constructed the ONCVP for
lanthanum with 29 valence electrons
(45%4p54d104 f0-195525p55d 6s199)  using  the
ONCVPSP code (version 4.0.1) [88, 89, [O5].
Its performance was compared against AE cal-
culations carried out with the BAND module
of the Amsterdam Modeling Suite [96] and
plane-wave (PW) calculations using ABINIT
(version 9.6.2) [TIH73]. Specifically, we computed
the third-order Birch-Murnaghan equation of
state for a face-centered cubic (FCC).

In the AE calculations, we employed a triple-
plus double-polarization basis set and optimized
the geometry using the BFGS algorithm [76H79].
A T'-centered 15 x 15 x 15 k-point grid sampled
the Brillouin zone, with a force-convergence crite-
rion of 107¢ Ha/Bohr. Collinear magnetism was
permitted along the z-direction, while spin-orbit
coupling was neglected. The PW calculations em-
ployed the same parameters, an 80 Ha kinetic-
energy cutoff, and a 0.001 Ha Fermi-Dirac smear-
ing.

We found that the optimized lattice pa-
rameters differ by only 0.19% between our
pseudopotential-based PW calculations and the
ZORA-based AE calculations, while the A-Gauge
was 0.18 meV/atom. Since a A-Gauge below
1 meV/atom indicates excellent agreement [94],
this confirms the reliability of our ONCVP for lan-
thanum. For an element i, the A-Gauge between
methods a (reference) and b is defined as

1.06V071’

0.94Vo.; (Epi(V) — EM-(V))Q av

0.12Vy; ’

(®)
where E, ;(V) and E; ;(V') are the respective equa-
tions of state, and Vj; is the equilibrium volume
from method a. The smaller A;(a,b) is, the more
closely the two approaches predict the same energy
landscape.

Ai (a, b) =
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Appendix A: Projected Density of States and
Bader charges

In this appendix, we present the electronic
density of states for the d- and f-orbitals, (see
Fig. , as well as Tab. with Bader charge
contributions from the bands that cross the Fermi
surface, at different electronic temperatures. The
observation that the d and f orbital populations
in LaH;o, appear only at high energies—from 4
to 6 eV—suggests that these orbitals are not ac-
tively involved in the low-energy electronic pro-
cesses near the Fermi level, where superconduc-
tivity typically emerges. This high-energy place-
ment means that the d and f states are likely more
localized and less hybridized with the conduction
states responsible for electron transport and pair-
ing. Consequently, the superconducting behavior
of LaHg is probably dominated by other orbitals,
such as those associated with hydrogen or more de-
localized La states, that reside closer to the Fermi
level. The separation of these orbital contribu-
tions implies a clear distinction between the roles
of high-energy, localized states and the low-energy,
itinerant states crucial for electron-phonon inter-
actions. Overall, this indicates that while the d
and f orbitals are present in the material’s elec-
tronic structure, their impact on superconductiv-
ity is minimal due to their energetic distance from
the region where conduction and pairing occur.
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FIG. Al. Electron density of states for the d- and f-
orbitals.

Appendix B: The second-order change of free
energy and its temperature dependence

In this appendix, we sketch the study of the tem-
perature dependence of the second-order free en-
ergy, in view of showing the connection between
the electronic temperature dependence of phonon
frequencies with their phonon lifetime. A more de-
tailed analysis will be considered in a future pub-
lication [69]. The argument relies in part on well-
established results from Density Functional Per-
turbation Theory[65, [80].

The second-order change of free energy due to a
collective atomic displacement (the phonon eigen-
vector) is linked to the square of the phonon fre-
quency wau [65, [80]. This change of free energy
is decomposed in three contributions : (a) a first-
order electronic response to the perturbation, com-
bined with a first-order potential change, also due
to the perturbation (non-frozen contribution) (b)
a second-order potential change due to the per-
turbation, with frozen electronic states, and (c)
a second-order non-electronic response (from bare
ion-ion interactions). Referring to Eq. (14) of
Ref. [80], (a) and (b) constitute Cyj, while (c) con-
stitute Cpy. Contribution (b) is Eq. (6) of the
same paper.

The bare ion-ion interaction (a) does not de-
pend on the electronic temperature, hence can be
ignored in the present analysis. The frozen elec-
tronic state contribution (b) depends on the elec-
tronic temperature. This dependence is smooth,
coming from the change of occupation numbers
of wavefunctions. However, it does not depend
on the phonon wavevector, as seen in Eq. (49) of
Ref. [80]. Hence, its role is not dominant in the
strongly vaying features seen in Fig. b). Hence,
one can focus on the non-frozen contribution (a).

Its non-variational expression, in notations close
to Ref. [69] is
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TABLE A1l. Atomic fractional coordinates and Bader charge contributions from the bands that cross the Fermi
surface which is showed in Fig. [5| at 0K, 4000K (1) and A from 0 to 4000 K.

atom
La
H1
H1
H1
H1
H1
H1
H1
H1

x
0.500
0.121
0.879
0.638
0.362
0.121
0.879
0.121
0.879

y
0.500

0.121
0.879
0.121
0.879
0.638
0.362
0.121
0.879

zZ
0.500
0.121
0.879
0.121
0.879
0.121
0.879
0.638
0.362

1st 2nd S’V‘d 4th
0.329 0.239 0.033 0.000 0.325 0.241 0.036 0.000 -0.004
0.167 0.100 0.013 0.000 0.166 0.099 0.013 0.000 -0.002
0.167 0.100 0.013 0.000 0.166 0.099 0.013 0.000 -0.002
0.167 0.100 0.013 0.007 0.166 0.099 0.013 0.000 -0.002
0.167 0.100 0.013 0.000 0.166 0.099 0.013 0.011 -0.002
0.167 0.100 0.013 0.000 0.166 0.099 0.013 0.000 -0.002
0.167 0.100 0.013 0.000 0.166 0.099 0.013 0.000 -0.002
0.167 0.100 0.013 0.000 0.166 0.099 0.013 0.000 -0.002
0.167 0.100 0.013 0.000 0.166 0.099 0.013 0.000 -0.002

0.002
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1stT znd.'. 37‘d.i. 4th.i. 1st A 2nd A 37‘d A

0.003
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

4 A
0.000
0.000
0.000
-0.007
0.011
0.000
0.000
0.000
0.000

H2
H2
TOT

0.250
0.750

0.250
0.750

0.250
0.750

0.044 0.015 0.015 0.004 0.044 0.015 0.018 0.006 0.000 0.000
0.044 0.015 0.015 0.004 0.044 0.015 0.018 0.006 0.000 0.000
1.756 1.066 0.164 0.014 1.738 1.064 0.175 0.023 -0.018 -0.002 0.011

0.002
0.002

0.002
0.002
0.008

Notes. a = 3.503 A for the optimized primitive cell of Fm3m-LaHo at 200 GPa and 0 K.

(0)

(2) _ nSQO k+q Sk
anr CE /BZZ (0) <

mn mk+q nk

In this equation, the two matrix elements corre-
spond to screened and bare electron-phonon inter-
action, respectively. The difference between these
can be ignored at the sought level of analysis, as
in Eq. || The occupation numbers f(©) are given
by Fermi-Dirac statistics, see Eqs.(13) and (14) of
Ref. [65]:

(0)
K=&k
fnk = frD (kBT >7 (B2)

frp(z) = [exp(—2) + 1], (B3)

0 L .
where 55112 are the electronic eigenenergies.

chemical potential at T'=0 K becomes ¢p.

The

The temperature dependence of Frsfr) —q.q COmes
mainly from the Fermi-Dirac statistics, Eq. (B2),
although there is an additional weak, 1nd1rect de-
pendence from the screening, aﬂecting Wavefunc-
tions, eigenenergies and screened EPC matrix el-
ement in Eq. (BI). These indirect dependencies

will be ignored.
The Sommerfeld expansion is a mathematical

technique to obtain the low-temperature Taylor
expansion of an integral in which a Fermi-Dirac

0 0 ~(1
|Hk k+q| 5ni(+q><u1(nz(+q‘v§xi,k+q,k|unk>' (B]')

(

function is present and from which the integral ac-
quire an electronic temperature dependence. The
main result, see Eq.(26a) of Ref. 07 is

1:/_ fFD<k ;)h(e)de
/.
(B4)

where R’ (1) denotes the derivative of the h func-
tion with respect to € evaluated at . This result
is valid provided that the h function is derivable
twice. Using the function Gq,(ea,€B), defined in
the main text, one sees that, setting aside pref-
actors, and given the above-mentioned approxi-
mations, the major contribution to the quadratic

(2)
change of Fo —qa

temperature expansion, noted AFIE?Y) av
portional to

h@@+%ﬁw@ﬂV+m@m%

due to temperature, in a low-

(T, is pro-
ARG, (T) o (kpT)?

/+Ood5A 0 <qu(€A,€B)>
— 0o 86]3 EA —EB

Special care must be taken to deal with the dis-
continuities of Gq, (€4, ) at band edges.

EB—€F
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