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Unlikelihood of a phonon mechanism for
the high-temperature superconductivity

in La3Ni207

M| Check for updates

Jing-Yang You'?, Zien Zhu ®?2, Mauro Del Ben®, Wei Chen'* & Zhenglu Li®?

The discovery of ~80 K superconductivity in nickelate LazNi>-O; under pressure has ignited intense
interest. Here, we present a comprehensive first-principles study of the electron-phonon (e-ph)
coupling in LazNi>O7 and its implications on the observed superconductivity. Our results conclude that
the e-ph coupling is too weak (with a coupling constant A < 0.5) to account for the high T, albeit
interesting many-electron correlation effects exist. While Coulomb interactions (via GW self-energy
and Hubbard U) enhance the e-ph coupling strength, electron doping (oxygen vacancies) introduces
no major changes. Additionally, different structural phases display varying characteristics near the
Fermi level, but do not alter the conclusion. The e-ph coupling landscape of LazNi>Oy is intrinsically

different from that of infinite-layer nickelates. These findings suggest that a phonon-mediated
mechanism is unlikely to be responsible for the observed superconductivity in LagNi»O-, pointing

instead to an unconventional nature.

The recent discovery of pressure-induced (14.0-43.5 GPa) super-
conductivity in the Ruddlesden-Popper phase nickelate La;Ni,O,' has
attracted significant research attention due to its high critical temperature
T, ~ 80 K. Prior to this discovery, cuprates were the sole known uncon-
ventional superconductors exhibiting bulk superconductivity with T, above
the boiling point of liquid nitrogen’”. Unlike cuprates, where the Fermi
surface is only associated with Cu d,._ . orbitals, the low-energy states of
La;Ni,O; feature both Ni d,. —yp and d,» orbitals, and the metallization of
the latter upon pressure was proposed as a key factor behind its high-T,
superconductivity’. Effective models suggested significant intra-orbital
exchange within Ni d orbitals, along with inter-orbital hybridization
between Ni d,» and d,._, orbitals facilitated by O-p orbitals, potentially
playing a pivotal role in the observed superconductivity”"’. Concurrently,
extensive research has explored the pairing symmetry"“'°, the influence of
Hund’s coupling”'®”, and the electronic correlation effects in pristine
La;Ni,O,'*". Despite these efforts, the mechanism for the super-
conductivity in La;Ni,O; remains elusive and highly debated.

The first discovered nickel-based superconductor is the infinite-layer
nickelate” Nd, ,Sr,NiO,, with a highest T, ~ 20 K”. In its undoped parent
compound, Ni" adopts a 3d° valence electron configuration (similar to Cu**
in cuprates). While the nature of superconductivity in infinite-layer nick-
elates remains under debate, the conventional electron-phonon (e-ph)

coupling mechanism initially faced skepticism***". Early density functional
theory (DFT) calculations estimated the e-ph coupling constant A in
NdgSr(,NiO, to be ~0.2, implying that phonon-mediated T, would not
exceed 1K, thus supporting the hypothesis of unconventional pairing
mechanisms given the analog to cuprates™. Yet, recent studies employing
full GW-level descriptions (of the band energies using GW method, and of
the e-ph matrix elements via GW perturbation theory (GWPT)”*™),
which incorporate many-electron self-energy effects, predicted that e-ph
coupling can mediate two-gap s-wave superconductivity in
Nd, _,Sr,NiO,”. In contrast to Ni d electron configuration of parent
infinite-layer nickelates, bulk La;Ni,O;, hosts a Ni d° configuration and
achieves a significantly higher T,, raising questions about the roles of e-ph
coupling as well as its connection or distinction with infinite-layer nick-
elates. Hence, it is both urgent and critical to scrutinize the implications of e-
ph coupling including the electron correlation effects on the high-T,
superconductivity in La;Ni,O-.

In this work, we have systematically studied the electronic structure
and e-ph coupling properties of La;Ni,O, incorporating correlation effects
through GW”™, GWPT”, and density functional theory (DFT) plus
Hubbard U (DFT+U)*>* approaches. The GW approximation to the
electron self-energy X captures long-range correlation effects from Coulomb
interactions, whereas DFT+U models short-range (onsite) correlations. In
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both frameworks, we find that the e-ph coupling is insufficient to mediate
superconductivity with a T, as high as 80 K. We further explore the effects of
electron doping (which are induced by oxygen vacancies experimentally)
and alternative structural phases, however, the e-ph coupling remains weak.
Across all scenarios studied, the e-ph coupling constant A stays below 0.5,
while a T, of 80 K may need A well above 1.0~ in standard phonon-
mediated superconductivity scenarios. The consistently weak e-ph coupling
strength, even when considering Coulomb interactions and various
experimental aspects using state-of-the-art ab initio approaches, suggests
that e-ph coupling (alone) is unlikely to mediate the high-T, super-
conductivity in La;Ni,O; under pressure. Our results indirectly support an
unconventional pairing mechanism.

Results

GW self-energy effects

The structure of La;Ni,O; in the superconducting phase was initially
identified as of Fmmm space group', supported by room-temperature
X-ray diffraction (XRD) measurements'. However, subsequent in situ
low-temperature and high-pressure synchrotron XRD experiments
determined that the tetragonal phase with an I4/mmm space group is
the more likely phase hosting the high-T. superconductivity*’. These
two structures are very similar to each other, with Fmmm having a
slight (~1%) symmetry breaking between the in-plane lattice vectors
(in the conventional cell). The minor structural variation does not
fundamentally alter the band structure of La;Ni,O;. In this work,
we focus on the properties of La;Ni,O; based on the high-symmetry

I4/mmm structure (Fig. 1a) under high pressure (at 30 GPa), unless
otherwise stated.

Given the substantial band renormalization and enhanced e-ph matrix
elements revealed in infinite-layer Nd, _,Sr,NiO, due to GW self-energy
effects”, it is imperative to thoroughly examine the correlation effects in
La;Ni,O,. We first compare the band structures from DFT and GW cal-
culations, as shown in Fig. 1b and ¢, respectively. The Ni atoms in La;Ni,O;
exhibit a #§,e.> valence electron configuration, with fully occupied g
orbitals below 0.5 eV of the Fermi energy (E) and partially filled e, orbitals.
Notably, the Nid,._ 1 band intersects Eg with a bandwidth of over 3 eV. In
addition, the d . orbitals exhibit both bonding and antibonding states due to
the large interplanar coupling between the NiO, layers via the hybridization
with the apical O 2p orbitals. In the DFT band structure, the La 5d,._
orbital lies 0.56 eV above E at the Z point as shown in Fig. 1b. In Fig. 1c, the
GW self-energy effects shift the Ni-d . bonding state downward, rendering
it fully occupied, while pushing the Ni-d,._,» band upward. The bonding-
antibonding splitting of the Ni-d , orbital is also increased. Moreover, the La
d,:_,» band shifts significantly downwards towards the Ey, particularly near
the I'and Z points in Fig. 1, following a similar trend to the Nd d, states in
infinite-layer nickelate Nd, _,Sr,NiO, upon self-energy effects”.

The GW self-energy does not alter most states at the Eg in LazNi,O,.
On the other hand, there is growing evidence”**"*'™** that many-electron
correlations can renormalize the e-ph matrix elements (describing indivi-
dual scattering events). To examine the impact of electron correlations
(through GW self-energy) on these matrix elements, we adopt the GWPT
method™, which provides a more precise description going beyond the

Fig. 1 | GW self-energy effects in electronic
structure and electron-phonon coupling.

a Primitive unit cell of LazNi,O in the I4/mmm
structure and its corresponding Brillouin zone with
high-symmetry k-points labeled. b, ¢ Band structure
of La3Ni, O, (at 30 GPa) at the DFT and GW levels,
along with the projected density of states, respec-
tively. d Eliashberg function and cumulative e-ph
coupling strength A“(w) = 2 [{ @ dw' asa
function of phonon frequency, calculated with
DFPT or GWPT e-ph matrix elements and with the
DFT or GW band structures, respectively. e Phonon
band structure with phonon mode-decomposed e-
ph coupling strength A, (at the full GW level), where
two A;, modes at the I point are labeled as I and I
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Fig. 2 | DFT+U and frozen-phonon calculations.

Comparison of DFT band structures a without and
b with Hubbard U. Color dots represent relevant ]
states near Ey for further analysis. c-f Band energy —
shifts for the corresponding selected states in (a) and %
(b) as a function of atom displacements x, follow- o 0
ing the vibration modes I and II, respectively. The u
frozen-phonon displacements are in unit of the 1
. . 0 . -
zero-point displacement [, = h/2Mywg, (Mo is
set as the proton mass)*, which take on values of
0.3422 and 0.3585 Bohr for modes I and II, -2
respectively. (
C)0.018
0012
>
L
LL|LL 0.006
<
*¢ 0.000
e
-0.006
-0.012 ; . ; -0.012 ; L L
-0.04 0.00 0.04 0.08 0.12 -0.04 0.00 0.04 0.08 0.12
qu (lgv)
0.018 T T
(e) mode Il i
L -7 ~
S 0012 e
3 -
w
W
3 0.006
+ --IIt
ur o EEEEL
< 0.000 ]
-0.006 & : : : : : : j
-0.05 0.00 0.05 0.10 0.15 -0.05 0.00 0.05 0.10 0.15
xqv (1?]\/) xqv (lgv)

standard density-functional perturbation theory*** (DFPT). General e-ph
properties of materials can be microscopically constructed* using electron
band energies (from DFT or GW) and e-ph matrix elements (from DFPT or
GWPT). Figure 1d shows the Eliashberg spectral functions &’F(w) and
cumulative e-ph coupling strength 1“(w) using different combinations of
approaches. We note that GWPT enhances the e-ph coupling by ~30%
compared to DFPT (both using the same band structure) through renor-
malization in the e-ph matrix elements, but the GW band structure weakens
the overall coupling strength compared to that with the DFT band structure
(both using the same e-ph matrix elements), due to the reduction of the total
density of states near Ep. from 4.48 to 2.03 states/eV-unit-cell. The GW self-
energy effects on the band structure and the e-ph matrix elements have a
cancellation effect, leading to a similar e-ph coupling constant A to the DFT
and DFPT results. Nevertheless, the A with or without the GW self-energy
effects remains small as A < 0.2. The Eliashberg functions reveal that the
main coupling modes are around 50 and 63 meV, corresponding to the e-ph
interactions that are more spread out in the Brillouin zone and localized near
I at the corresponding frequencies, respectively, as shown by the phonon
mode-decomposed e-ph coupling strength Ag, (qv: phonon wave vector and
branch index) in Fig. le.

Local Hubbard U effects

While the GW approximation captures important long-range, non-local,
and frequency-dependent correlation effects, local correlation effects (such
as those drive Mott insulating phases) are typically not well contained in the
GW diagrammatic expansion of the self-energy”’. To address local
correlation effects on the e-ph coupling, we adopt a DFT+Uapproach (with
U =4 eV on Ni 3d orbitals) combined with the frozen-phonon technique”.

(A linear-response DFPT+U approach® can provide a more systematic
study, as GWPT.) We first compare the electron band structures both
without and with U, as depicted in Fig. 2a and b. While Hubbard U shows
minimal influence on the electronic states near E, it induces a dramatic
energy splitting between the t,, and e, orbitals. The e-ph coupling infor-
mation can be extracted using a frozen-phonon approach, where atoms are
displaced following specific phonon eigenmodes. We focus on two strongly
coupled zone-center A;,modes ~60 meV, labeled as mode I and Il in Fig. le.
The intraband coupling for ten states (denoted by dots in Fig. 2a and b) is
analyzed by tracking their band energy shifts AE, (nk: electron band index
and wave vector) with respect to the phonon mode displacement xg,, for
mode I and II. Here, the band energy E, is defined relative to Eg. The
intraband e-ph matrix elements can be directly mapped from the band
energy shift for q = I phonon mode, with frozen-phonon displacements
defined within a single unit cell (see Supplementary Fig. 1). In Fig. 2c—f, we
plot AE,; + AEg as a function of the phonon-mode displacement™ Xqw
where the slope corresponds to the intraband e-ph matrix element, i.e.,
Zunv(K, @ =T) in the linear-response limit (see Methods). Comparing Fig. 2¢
vs d, and Fig. 2e vs f, we observe that the Hubbard U only moderately
modifies the overall e-ph interactions (represented by the slopes of corre-
sponding states). The maximal enhancement of the e-ph coupling matrix
elements for strong coupling modes within this subset of states by Hubbard
Uis less than 45% (green dot for mode I: ~42%, blue dot for mode II: ~34%).
Assuming a uniform renormalization of all e-ph matrix elements by Hub-
bard U to a similar degree (i.e., of ~40% enhancement in |g|, which sets an
upper bound as most elements are only slightly renormalized), the overall e-
ph coupling strength can be enhanced by roughly a factor of ~2 (since
A~ |gl"). Nevertheless, the e-ph coupling constant A remains in the weak-
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Fig. 3 | Doping effects. a Crystal structure of La;Ni,O;_s (8 = 0.3), with each inner
apical oxygen site 70%-occupied through VCA. b Electron band structure of

La3Ni,Og 7 at 30 GPa. ¢ Crystal structure of La;Ni,Og s with an explicit apical oxygen
vacancy in the unit cell, and d its corresponding unfolded electron band structure.
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e The Eliashberg function o’ F(w) and the cumulative e-ph coupling A° for La;Ni,Og 7
(using VCA) and La;Ni,Og 5 (with explicit vacancy). f The e-ph coupling strength
A vs the shift of Er for La;Ni,O; and infinite-layer NdNiO, (see band structure in
Supplementary Fig. 3).

coupling regime, between 0.3 and 0.5, significantly small to account for a
strong-coupling scenario with T, ~ 80 K.

Doping effects

After discussing the many-body and Coulomb interaction effects on the e-
ph coupling, it is crucial to explore whether other realistic experimental
conditions (besides pressure) alter the weak e-ph coupling picture. Oxygen
vacancies, a prevalent form of intrinsic defects in La;Ni,O;, have been
directly visualized with predominant existence at the inner apical sites using
energy-filtered multislice electron ptychography microscopy technique®.
Here, we first adopt virtual crystal approximation™ (VCA) by mixing
pseudopotentials of O and Ne (at the apical oxygen sites) to simulate the
(averaging) chemical environment of La;Ni,O;,_swith § = 0.3 (Fig. 3a). This
concentration of oxygen defects is close to the maximum level observed
experimentally (8~ 0.34)”. These vacancies introduce electron doping,
leading to an effective downward shift of energy bands near the X and Z
points by ~0.4—0.5 eV (Fig. 3b). Although the phonon band structure of
La;Ni,Og 7 closely resembles that of the pristine crystal (see Supplementary
Fig. 2), stronger peaks emerge in the Eliashberg function o’F(w) above 80
meV (Fig. 3e). However, the total e-ph coupling strength A shows a marginal
increase compared to the undoped phase (Fig. 1d). Since VCA does not
capture possible local structural effects caused by O vacancies, we further
analyze La;Ni,Og 5 with explicit oxygen vacancies, as shown in Fig. 3c. In
this case, both the Nid,» and d,._» orbitals experience band splittings due
to the altered octahedral environment, but the e-ph coupling constant A
becomes even smaller (Fig. 3e). Thus, it is unlikely that the high-T. super-
conductivity in La;Ni,O; arises from e-ph coupling shaped by oxygen
defects and electron doping effects.

In infinite-layer Nd; _,Sr,NiO,, the GW self-energy largely enhances
the DOS at the Er from the rare-earth Nd d,. orbital and an interstitial
orbital, contributing to strong e-ph coupling strength”’. Here for La;Ni,O-,
we observe similar rare-earth band renormalization due to GW self-energy
effects (see Fig. 1c), however, without a major enhancement in e-ph cou-
pling. To understand the distinctive behaviors of the two nickelate super-
conductors, we perform a numerical experiment by rigidly shifting Ep
upwards to recalculate the e-ph coupling constant A (a Fermi surface
property) of electron states at higher energies (Fig. 3f), which can potentially
occur in real materials due to GW self-energy renormalization and/or
electron doping. It becomes evident that the infinite-layer nickelate
Nd;_,Sr,NiO, and Ruddlesden-Popper nickelate La;Ni,O, show com-
pletely different e-ph coupling landscapes. In Nd, _,Sr,NiO,, the higher-
energy Nd and interstitial states” (see band structure in Supplementary
Fig. 3) already present strong e-ph coupling at the DFT level, which is further
amplified at Eg after applying the GW and GWPT corrections”. However,
higher energy states in LasNi,Oy, including La d._,, orbitals, host only
weak e-ph coupling, in strong contrast to Nd;_,Sr,NiO, (Fig. 3f). The
distinction is even more striking given that the superconducting T, is much
higher in La;Ni,O; (~80 K) than in Nd, _,Sr,NiO, (~20 K), disfavoring an
e-ph mediated pairing mechanism in La;Ni,O. In addition, we explore the
effect of shifting the Er downwards, accounting for potential upward shifts
of the Ni-d,» band due to other effects not explored in this work. As shown
in Fig. 3f, the A of La;Ni,O; remains largely unaffected by this downward
shift of the Ey, further suggesting that the e-ph coupling within the Ni-d
band is also too weak to mediate the observed superconductivity. Further
downward shift of the Er would intersect with the Ni-t,, band manifold,
leading to unrealistic modifications of the electronic structure near Ef.
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Different structural phases

The I4/mmm structure we have investigated so far consists of two adjacent
Ni-O layers (denoted as LNO-2222). Recent experiments have unveiled
another possible structural phase of La;Ni,O, that contains alternating
monolayer and trilayer units of NiOg octahedra™ ™’ (denoted as LNO-1313)
as shown in Fig. 4a. It is essential to assess the e-ph coupling strength in this
alternative structural phase as well. Similar to the electronic structure of LNO-
2222 (Fig. 1b), LNO-1313 with P4/mmm space group™ predominantly
presents Nid,._» and d,» characters near E (Fig. 4b). The alternating NiOg
octahedra induce an energy splitting of the Ni 3d subbands. Despite the
distinct layer stacking order in LNO-1313, the phonon characteristics and e-
ph coupling (Fig. 4c) are similar to those of LNO-2222, with an e-ph coupling
constant A = 0.13, comparable to the weak coupling in the bilayer structure
(A = 0.15). Direct comparisons among the band structures defined in con-
sistent Brillouin zones of the different structural phases are summarized in
Supplementary Fig. S4. Last but not least, the Crmcm (Amam) structure phase
of La;Ni,O; at ambient pressure also shows a small A = 0.2 (see Supple-
mentary Fig. 5), corroborating a consistent weak e-ph coupling scenario.

Discussion

Through our comprehensive studies, we have revealed rich insights into the
e-ph interaction in LazNi,O-. Besides the key conclusion that e-ph coupling
is highly unlikely to mediate superconductivity in Ruddlesden-Popper
nickelates, our calculations reveal intriguing and nontrivial self-energy
effects both in band structures (reordering of bands with different char-
acters) and in e-ph matrix elements (enhancement effects), as well as the
impact of local Hubbard Uand different structural phases. By examining the
e-ph coupling strength in states near Ef, we unravel the fundamental dis-
tinction in the e-ph interaction landscape compared to infinite-layer nick-
elates Nd; _,Sr,NiO,, which have been predicted to be phonon-mediated
superconductors”’. We emphasize that the use of advanced first-principles
approaches (such as GW and GWPT) is crucial for reaching robust con-
clusions, as growing evidence has pointed out the inadequate description of
exchange-correlation effects for e-ph coupling in standard static DFT
approaches, especially in oxides™"*"*. Our considerations of the various
aspects on e-ph coupling, including the potential impact from many-
electron correlations, provide a strong and conclusive perspective on the
limited role of e-ph coupling in La;Ni,O5.

Our results hence suggest that the high-T, superconductivity in
La;Ni,O; under high pressure is more likely driven by unconventional
mechanisms. One plausible cause are spin fluctuations that are often linked
to high-T, superconductivity in strongly correlated materials, such as cup-
rates and iron-based superconductors™. In LazNi, Oy, the presence of Ni-3d
electrons may lead to magnetic interactions, potentially giving rise to spin
fluctuations that mediate Cooper pairing®**™. In addition, orbital-

selective correlations in the presence of different Ni-3d orbitals components
could play a role®*'**'. Another possible mechanism is the charge ordering,
which may result in an unconventional pairing”*. The different proposed
scenarios suggest that La;Ni,Oy likely harbors a complex interaction phase
space where electronic correlations'***”, magnetism™ ™, and lattice
dynamics"“*® corroborate or compete with each other”. Further experi-
mental and theoretical studies are necessary to elucidate these potential
mechanisms and to reveal the origin of superconductivity in La;Ni,O;.

In summary, we have thoroughly investigated the potential impact
from e-ph coupling on the superconductivity in La;Ni,O, under pressure.
Effects from electron correlations, oxygen vacancy, doping, and different
structural phases, lead to only limited changes (including enhancements) on
the weak e-ph coupling strength with A < 0.5, too small to account for the
experimentally reported T.~80K'. Our work provides an in-depth
understanding of the overall e-ph interaction landscape in Las;Ni,O,
strongly suggesting alternative (unconventional) mechanisms for explain-
ing its high-T, superconductivity, disfavoring a phonon-mediated, or at
minimum, a phonon-alone-mediated pairing mechanism.

Methods

DFPT and GWPT calculations

This work contains several major computational steps, including density
functional theory (DFT) and density-functional perturbation theory
(DFPT) calculations performed using the ABINIT code® (unless otherwise
stated), many-body perturbation theory with the GW and GW perturbation
theory (GWPT) methods using the BerkeleyGW code”**”", and electron-
phonon coupling property calculations using the EPW code”””. These steps
are incorporated into a dedicated workflow”.

In the DFT and DFPT calculations, we employ norm-conserving
pseudopotentials™”* within the generalized gradient approximation for the
exchange-correlation functional”®, and a plane-wave basis with a cutoff of 80
Ry for wavefunctions. The atomic coordinates are fully optimized by
minimizing the forces on each of the 12 atoms at 30 GPa. Subsequently, DFT
calculations (with a k-grid set to 16 x 16 x 16) and DFPT calculations (with
both k- and q-grids set to 4 x 4 x 4) are performed to determine the ground-
state properties and the linear-response changes due to atom displacements
(36 patterns) at each q-point, respectively.

The GWPT calculation is performed with a screened Coulomb inter-
action cutoff of 25 Ry and a bare Coulomb interaction cutoff of 80 Ry using
the BerkeleyGW code™”". The inverse dielectric matrix eg¢; (p) (where G's
are the reciprocal lattice vectors), and the linear-response changes in the self-
energy 04,27 “(r, r'; ¢) are constructed with 500 bands and a 4 x 4 x 4
internal p grid”.

The e-ph matrix elements gPFT(k, q) and g% (k, q) from DFPT and

mnv mnv

GWPT, respectively, are directly computed on coarse 4 x 4 x 4 k- and
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q-grids, and then interpolated using a Wannier function approach™” with
the EPW code’'. Consistency in the gauge of the wavefunctions and matrix
elements is crucial and is ensured throughout the entire procedure,
including the DFT, DFPT, GWPT, and Wannier interpolation procedures”.
The Wannier subspace contains 46 Wannier orbitals, with the initial pro-
jections set as the five d orbitals of each of the three La and two Ni atoms and
three p orbitals of each of the seven O atoms. The e-ph coupling constant A is
calculated on the fine interpolated 24 x 24 x 24 k- and q-grids. All con-
vergence parameters have been tested to ensure converged results.

The DFPT calculations directly compute all the e-ph matrix elements
(with full m, n, v, k, and q dependence) for the Wannier manifolds and
beyond. However, due to the extremely demanding computational
resources required by GWPT calculations, we compute a subset of GWPT
matrix elements that contributes most dominantly to physical properties
near Ep. In this work, our GWPT calculations directly compute, for all
phonon branches, the matrix elements within the three bands (one d,
bonding stateand two d,._ > bands of Niatoms) crossing E. for all k- and q-
points as well as those within 1 eV for k- and g-points of the d , antibonding
and La-d,._, states. Less relevant matrix elements (those away from E)
take on their DFPT values in the subsequent EPW calculations.

The calculations for defective structures and LNO-1313 structure are
conducted based on DFT and DFPT using the Quantum ESPRESSO
package’®, with the same pseudopotentials™. The unfolded band structures
(spectral functions) are obtained by projecting supercell states back to wave
vectors in the primitive cell Brillouin zone’*”. The assessment of e-ph
coupling constant as a function of the shift of the Fermi level for bulk
La;Ni,O, and infinit-layer NdNiO, is carried out using the EPW code’".

Frozen-phonon calculations

The two A;g modes I and II are characterized dominantly by vibrations
originating from outer apical and planar oxygen atoms. Mode I differs from
mode IT in the relative phase difference between the vibrations of the nearby
outer apical oxygen atoms and planar oxygen atoms, as well as their
vibrational amplitudes. The actual displacements can be determined from
the mass-scaled phonon eigenvectors (see Supplementary Fig. 1).

As discussed in the main text, the frozen-phonon approach can directly
relate certain e-ph matrix elements with the band energy shift for the zone-
center (q = I') phonons. The correspondence is derived below. The band
energy of unperturbed structure is denoted as,

Epy = (1/’21(|H0|‘l’2k) — Ep. 1)

The frozen-phonon configuration (of a phonon mode qv with q = I
introduces changes in both Hamiltonian and wavefunctions with some
finite displacement Xqv in the mode basis, and thus the Hamiltonian
diagonal matrix elements become (keeping up to first-order terms),

(Yo + Ay |H® + AH[ySy + Ayy)
(W H Ly + (Wi |AH |y, ) ()
(W2k|H0|1/’9:k> +g7mu(k? q= r) quV'

<V/nk|H|l//nk) =

%

The band energy shift can be written, to the first order, as,

AE, = E, —Ey
= (YulHlv,) — B — (W Hly) + By (3)
= gnnu(k7 q= r) x xqu - AEF7
and therefore,
AE,j + AE
gnm/(k’ q= r) = # (4)
qv

Data availability

The datasets generated and analyzed during the current study are presented
as figures and tables in the manuscript and Supplementary information, and
are available from the corresponding author on reasonable request.

Code availability

Some codes used for this work are open-source, with the latest stable
versions available at https://www.abinit.org for Abinit, http://www.
wannier.org for Wannier90, https://berkeleygw.org for BerkeleyGW,
https://www.quantum-espresso.org for Quantum Espresso, and https://
docs.epw-code.org for EPW. Customized and internal versions of some
of the above packages for specific functionalities may be made available
upon reasonable request from the corresponding author.
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