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We combine GW plus extended dynamical mean field theory (GW+EDMFT) with the density functional
theory for superconductors (SCDFT) framework to study the electronic properties of LiTi.O4. Excellent
agreement with experiment is obtained for the density of states, mass enhancement, Sommerfeld
coefficient and superconducting T, if the dynamical nature of the screened Coulomb interaction is
taken into account. Our results show that the coupling to collective charge fluctuations (plasmons)
plays an important role in the pairing mechanism and explains the remarkably high T, of this

moderately correlated spinel compound.

More than 200 compounds are known to crystallize in the AB,O4 normal
spinel structure, but only a few of them exhibit superconductivity. Examples
include CuRh,Se, (with a critical temperature T, = 3.5 K), CuV,S, (T.=4.5
K), and CuRh,S, (T, = 4.7 K). Within this family, LiTi,0, (LTO) is the only
oxide superconductor and stands out with the highest critical temperature,
ranging from 10 K to 13.7 K'™*.

LTO is a type-II superconductor with a fully gapped s-wave order
parameter, whose properties can be described to a good extent within the
Bardeen-Cooper-Schrieffer (BCS) framework, where pairing is mediated
by electron-phonon (e-ph) interactions™. However, comparisons
between band-structure calculations, angle-resolved photoemission
spectroscopy (ARPES) data and specific-heat measurements indicate
significant electron-electron (e-e) correlations’. In the normal state, the
resistivity shows a metallic behavior, decreasing monotonically with
temperature until the superconducting transition. The superconducting
properties are highly sensitive to stoichiometry'®" and recent ionic liquid
gating experiments'”" reported a superconducting dome between two
insulating states with unclear origin. Furthermore, LTO displays an
angle-dependent anomalous magnetoresistance'’, which may originate
from spin-orbital fluctuations reminiscent of those observed in high-T,
cuprate superconductors”.

Experimental investigations of LiTi,O, reported values for both the
specific-heat (Sommerfeld) coefficient y = 19 mJ mol™' K and the
superconducting gap amplitude A = 1.97 meV"*'’. Concurrently, the first
density functional theory (DFT) studies'”"* provided an estimate for the
electronic density of states (DoS) at the Fermi level, N DFT — (.46 states/eV
atom. By comparing this value with the one determined from
y = K ~4=N.¥, an e-ph coupling constant A, ~ 1.8 was initially inferred
using the formulaN “"‘P =1+ /\Ph)N DET t{owever, even at this early stage,
estimates of T, based on the McMillan formula® indicated that such a
strong coupling was inconsistent with the experimentally observed critical

temperature, which instead suggested an intermediate value of A,;, = 0.6.
This discrepancy provided the first indication that an additional renorma-
lization mechanism, associated with e-e interactions, was required to
understand the properties of LTO. Consequently, the total enhancement of
the DoS was reformulated as N = (1 4 A, 4 A, )N ?FFT , implying A, -+
Aee = 1.8. More recent experimental work® refined these estimates, con-
firming A, =~ 0.65 from both the specific-heat jump and independent fits
using the McMillan equation. The same study also reported an updated
specific-heat coefficient of y = 19.15 mJ mol ™' K™>. Combining this value
with N SF T and Apn = 0.65 yields A + A, = 1.53, corresponding to A,
= 0.88.

These results imply that LiTi,O4 cannot be described as a purely e-ph
driven superconductor. In particular, the significant enhancement of the
experimentally derived density of states, relative to the DFT prediction,
suggests the presence of non-negligible e-e interactions. The influence of e-e
correlations can be quantified by the quasiparticle renormalization factor Z,
which based on the DFT and experimental results is Z =~ 0.65, a value
consistent with moderate e-e correlations.

The recent ionic-gating study on LTO" provides further evidence for
nontrivial correlation effects. The experiment probed the superconducting
response as a function of carrier concentration, effectively tuning the tita-
nium valence between the limiting configurations d° and d". The &’ case is
rather straightforward, given that the oxygen p bands lie approximately 2 eV
below the Ti t,, manifold and the resulting state is expected to be band-
insulating. In contrast, the emergence of an insulating or bad metal phase in
the d' limit cannot be explained within a simple single-particle picture,
pointing instead to a correlation effect. Here, we will show that these cor-
relations have important implications both on the doping evolution of the
electronic structure and on the nature of the pairing glue in LTO, and more
specifically that plasmons (collective charge fluctuations) are essential for
explaining the high T, of this spinel compound.
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Fig. 1 | The local GW+EDMEFT spectral function at stoichiometric filling is
shown by the brown line. In the CF basis, the local spectral function splits into two
components: the twofold-degenerate occupied orbitals (Aﬁ;i, red line) and an almost

empty orbital (A, yellow line). The shaded region indicates the DFT DoS.
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Fig. 2 | Electronic properties as a function of the total filling of the Ti-d shell, n".
Density imbalance An between the singly and doubly degenerate local levels (red
circles) and impurity polarization PP (brown squares). The inset reports the insu-
lating local spectral function at the d" configuration with the same color convention
as in Fig. 1.

Results
Electronic structure
The normal spinel AB,O, adopts the cubic Fd3m space group (No. 227),
corresponding to a face-centered cubic (fcc) lattice. In LiTi,O,, Li™ ions
occupy the tetrahedral (8a) “A” sites, while Ti cations reside on the octa-
hedral (16d) “B” sites, forming TiOg octahedra within an oxygen-based
cubic close-packed framework with a lattice constant of approximately
8.37 A**. The Ti ions exhibit a mixed-valence configuration with equal
proportions of Ti** (3d") and Ti*" (3d’), resulting in partially filled Ti 3d°*
bands™. The octahedral crystal field splits the Ti 3d manifold, pushing the e,
states about 2 eV above the Fermi level, while the trg orbitals form the low-
energy manifold responsible for the metallic character of the compound™**.
Our electronic structure analysis is based on the real-space extension of
GW+extended dynamical mean field theory (GW+EDMFT), which has
previously been applied to the related material Ca,RuO,”, where octahedral
rotations make the local Hamiltonians for the sites within the unit cell
inequivalent. The GW-+EDMFT framework™” captures screening, non-
local exchange-correlations, and local dynamical fluctuations without
resorting to empirical interaction parameters or heuristic double-counting
corrections. Its fully diagrammatic formulation enables partitioning of the

self-energy into high-, intermediate-, and low-energy contributions, which
are treated, respectively, by single-shot G'W°, self-consistent GW, and
EDMFT?. We treat the Ti-3d submanifold with isolated bands of pre-
dominant t,, character as the strongly correlated subsystem, while higher-
energy bands enter the description via the dynamical and spatial structure of
the constrained random phase approximation (cRPA)” interaction and the
G'W’ fermionic propagators. Technical details on the GW-+EDMFT
implementation can be found in the Method section.

All GW+EDMEFT calculations in this study are performed at an inverse
temperature of =30 eV ' (T = 387 K) with a high-frequency cutoff of 200
eV, using a continuous-time quantum Monte Carlo impurity solver capable
of treating dynamical screening, but limited to density-density
interactions". The relatively high temperature is imposed by the mem-
ory requirements of the finite-temperature GW calculation. The normal-
state quantities extracted from this calculation, such as the quasiparticle
renormalization, orbital polarization, low-energy spectral redistribution,
and screened interaction, are controlled by energy scales set by the Ti-t,,
bandwidth, the local Coulomb interaction, and the plasmon frequencies,
which are all substantially larger than kT at f = 30 eV~". We therefore
expect these quantities to vary only weakly upon further lowering the
temperature. The low-temperature dependence relevant for the super-
conducting instability is then treated within the SCDFT gap equation, while
the many-body electronic input is kept fixed at the normal-state GW
+EDMEFT solution. As a result, the trends extracted from our data are
expected to reflect the low-temperature behavior. To determine the
superconducting critical temperature, we compute the electronic structure
at a temperature higher than the expected T but still well below the char-
acteristic electronic energy scales.

Figure 1 shows the converged local spectral function of LiTi,O, at the
stoichiometric filling of 0.5 electrons per Ti site. The occupation of the well-
localized (spread ~ 1.63 A?) Wannier orbitals is degenerate, with 0.083
electrons per spin-orbital, corresponding to the spectrum shown by the full
brown line. The local interaction matrix (/) for the Ti sites is calculated in
the GWHEDMEFT self-consistency loop for this degenerate Wannier basis,
and then rotated to the diagonal crystal field (CF) basis for the solution of the
impurity problem. This local rotation lifts the degeneracy, causing one of the
three impurity levels to become nearly empty. The interaction parameters,
on the other hand, remain the same (see Method section). Hence, in the CF
basis, we have two degenerate orbitals with approximately 0.445 electrons
each, and one containing the remaining 0.055 electrons. The corresponding
spectra are indicated by the red and yellow lines in Fig. 1, respectively.

Inspired by the ionic gating experiments', we investigate the doping
dependence of the system by tuning the chemical potential of the model. A
fully consistent treatment would require performing separate cRPA and
G’W° (and later phonon) calculations for each target filling. This is an
extremely demanding task, both computationally and conceptually, due to
the difficulty of doping the band structure without altering the chemical
constituents of the material. In the present work, we hence use the down-
folded model for filling ™ = 0.5 and scan the chemical potential to reach the
desired occupation. For each filling, the twelve-orbital GW+EDMFT pro-
blem is solved self-consistently, so that the low-energy correlations, orbital
occupations, polarization, and screened interaction are recomputed. What
remains fixed is the contribution of the remote high-energy sector, and in
the SCDFT calculation also the phononic input o*F(w), which is evaluated
for the undoped structure. This approximation is justified by the energetic
separation between the Ti-f,;, manifold and the excluded O-p and Ti-¢,
states.

Insights into the evolution of the system at different fillings can be
extracted from the diagonal elements of the CF impurity density matrix,
diag(p) = (n, n+ An, n + An), which satisfy the constraint Trp = n". From
the values of An, indicated by the red line in Fig. 2, it follows that, upon
approaching the d' configuration, the isolated level becomes depleted,
whereas the two degenerate orbitals almost reach a half-filled configuration.
The near-linear slope of the An curve implies that the impurity orbital
polarization that we define as P = 2An/n"™ almost saturates as n™ ~ 1, as

npj Computational Materials | _######### -


www.nature.com/npjcompumats

https://doi.org/10.1038/s41524-026-02254-z

Article

1.0
118
0.9 |
115
0.8} E)
N 12 =
0.7 2
. 1o %
0.6 | 16
05 L L L L L L L L L L
01 02 03 04 05 06 07 08 09 1.0

T

Fig. 3 | Quasiparticle renormalization factor Z (red circles) and Sommerfeld
coefficient y (brown squares) as a function of n". The labels indicate the value of
the local interacting spectral function at the Fermi level (states eV~ atom ™).

Table 1 | Comparison between the experimental
measurements on LTO%® and our theoretical results

Parameters Ref. 6 Present work
Tc (K) 11.4+03 106=+15

A (meV) 1.97 1.82 +0.37

4 ~0.65 0.62 + 0.01

y (mJ mol " K2 19.15 + 0.20 16.7+1.2

N,_ (states eV" atom™) 0.70 +0.01 0.65 + 0.05
20/kgT, ~4.0 4.0+03

A 0.65 0.54

The numerical data are reported for the fillings between 0.6 and 0.8 corresponding to the highest T..
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Fig. 4 | Eliashberg function o’F(w) of LTO.

shown by the brown line. At the d' occupation, a gap opens at the Fermi
level, as a result of the almost complete depletion of the isolated orbital and
the (near-)localization of the remaining electrons, see inset in Fig. 2. In
DMEFT studies of metals the strength of the e-e interactions is often quan-
tified by the quasiparticle renormalization factor extracted from the local
self-energy,
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which is reported by red circles in Fig. 3, together with the Sommerfeld
coefficient
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In this expression, we used the e-ph coupling A = 0.54 derived from the
phonon calculation described below and in the Method section. We fur-
thermore evaluated the height of the quasiparticle peak using the approx-
imate formula NOWHEPMFT — G, (7 = B/2) /atom™, see the labels next
to the squares in Flg 3. Due to the lack of particle-hole symmetry, I,

not diverging even in the insulating regime, resulting in Z > 0 for nT‘ = 1
Also, since the DoS does not vanish completely in our f = 30 eV
calculation, the y coefficient remains nonzero in this limit.

In the occupation range corresponding to the highest T, our calcula-
tions yield almost quantitative agreement with the available experimental
benchmarks, see Table 1. In particular, the Sommerfeld coefficient extracted
from our GW-+EDMFT solution reproduces the most recent reported value
of y = 19.15 mJ mol™" K* with good accuracy for a wide range of Ti
occupations. Likewise, the quasiparticle renormalizations Z = 0.6-0.75 fall
within the range inferred from photoemission and transport analyses, and
they are consistent with the expected moderate e-e correlations. Finally, the
emergence of insulating states flanking the d’-d' region is fully consistent
with the experimentally observed suppression of metallicity for both elec-
tron depletion and electron accumulation in the ionic gating experiments.

Superconductivity

To calculate the superconducting critical temperature T, we combine our
GW+EDMEFT results with density functional theory for superconductors
(SCDFT)**. SCDFT provides a first-principles framework to determine
T,, based on a gap equation in which the mass renormahzatlon and the
pairing interaction are encoded in two kernels, zbh o and KC 1o, which are,
respectively, diagonal and off-diagonal in the Kohn-Sham eigenvalue index.
We detail our implementation of the formalism in the Method section. The
superconducting order parameter A,y is obtained as the self-consistent
solution of the gap equation

h tanh [(B/2)E
Ank = _Zfrk ZKnk k' £, . } An’k'7 (3)
where f3 is the inverse temperature and E,, = /&%, + A2, (with &, the

Kohn-Sham eigenvalues) denotes the quasiparticle energles In the
following, the diagonal kernel Z is assumed to contain only the e-ph
contribution, whlle the palrmg kernel is decomposed into phononic and
electronic parts IC  and lan K-

We report in Flg 4 the Eliashberg function a® F(w), which is needed to
define the phononic kernels (Egs. (14) and (15) in the Method section), and
from which we can also estimate the magnitude of the e-ph coupling used in
this study: A =2 [9¢a?F(w)=0.54, in agreement with previous
results™”’.

The electronic Kernel Ian Y
dynamic contribution, so that™ &

¢ can be separated into a static and a

+ ICeI ,dyn

]an,n’k’ = ’C nk,n’k "

o + ICel ,stat (4)

The static electronic pairing kernel ICel 2 s calculated from the static

WK
limit of the screened interaction W(iQQ,,) as

el stat .
]an K Wnk,n’k’ (ZQn = 0)7

)

whereas the dynamic component can be expressed in terms of the anom-

alous Green’s functions F  (iw) = +'252 evaluated at the DFT level and the

frequency-dependent part of the scieened interaction W™ (i,) =
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Fig. 5| Diagonal components of the contributions to the SCDFT Kernel K computed
at T=0.05K.
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Fig. 6 | Gap amplitude A(T, 0) of stoichiometric LTO as a function of tempera-
ture, yielding T, = 7.2 K, is indicated by the red line. The brown line shows the
result obtained with only the static interaction, which clearly underestimates T..
Inset: energy structure of the low temperature BCS order parameter A(T = 0.05K, ¢)
with the same color convention for the used Kernel. The structure near e = 0.8 eV is
likely of plasmonic origin, since it is not present in the calculation with static kernel.
All brown lines are x 10 magnified for clarity.

14 — T 2.4
o—eo7,.
12 {H{=—aA 190
10 |
41.6
— 8} >
ﬁ 112 £
= 6l =
0.8
4 -
9L 40.4
0Ll : 0.0

01 02 03 04 05 06 07 08 09 1.0

nTl

Fig. 7 | Superconducting dome of LiTi,O4. Red circles indicate the critical tem-
perature, while brown squares show the BCS order parameter. The gray horizontal
line represents the BCS ratio for the d shell occupations with a superconducting
solution.

w(iQ,) — W(0) as

edyn g1 1 1
Ian k' Alnilgo p? tanh(BE, /2) tanh(BE, v /2)

. . dy . .
x 3 Fnk(lwl)Fn/k'(lwz)wni’:,,/k’(lwl — iw,).

W Wy

(6)

We use the momentum-dependent screened interaction obtained from
the converged GW+EDMEFT solution, which accounts for both local
(EDMFT) and long-range (GW) correlations and dynamical screening. The
bosonic propagator is usually calculated from numerically less advanced
schemes — such as RPA™*"**, the adiabatic local density approximation®, or
plain GW* - and used in the kernels above. The novel aspect of the present
work is the application (within SCDFT) of a non-perturbative many-body
method to a compound characterized by significant local electronic corre-
lations. The screened interaction W used in this context is not the plain RPA
interaction. In our GW+EDMEFT construction, the polarization entering W
is computed as IT = [T’ — TIEPA 4 TT™P, where TS is the local pro-
jection of the RPA polarization that would otherwise be double counted, and
IT™ is the impurity polarization obtained from the EDMFT problem. The
nonlocal screening channels are thus retained at the RPA level, while the
local screening is replaced by the impurity polarization, which includes local
vertex corrections generated by the impurity model.

The static and dynamic electronic contributions to the non-diagonal
kernel are plotted in Fig. 5 with red and brown lines, respectively.

The static contribution is, as expected, nearly constant, whereas the
dynamic component displays a pronounced energy dependence, albeit with
features that are broadened compared to those obtained using the non-
interacting DoS (see for instance Fig. 4 in ref. 38). This frequency depen-
dence originates from the poles and spectral weight of the screened inter-
action W, which are generated by the charge polarization. In real-frequency
language, weakly damped poles of W(q, w) = V(q)/[1 — II(q, w)V(q)]
correspond to collective charge excitations. The dynamical electronic kernel
therefore encodes the retardation associated with these plasmonic screening
modes. This retardation reduces the effective Coulomb repulsion®*’ and
produces an additional negative contribution in the term of Eq. (3) involving
K. As we will show in the following, the near disappearance of the super-
conducting solution when only the static interaction is retained demon-
strates that these collective charge fluctuations are essential for obtaining a
T, of the correct order of magnitude. Unlike conventional Eliashberg/
McMillan approaches, which absorb the Coulomb repulsion into an
empirical y*, our calculation treats the frequency dependence of W expli-
citly. A static residual scale p,,, = NSW%DMFT(W(O)) s ~ 0.095 can be
extracted, but should not be identified with y*: in the Morel-Anderson
picture, y* already absorbs an additional retardation reduction between
electronic and phononic energy scales, whereas in the present approach that
retardation is treated explicitly through the frequency dependence of
W(i€),,). The key evidence for plasmon-assisted pairing is therefore not the
absolute magnitude of y,,,, but the comparison between the static and full
dynamical kernels within the same framework. A phenomenological y* that
reproduces the experimental T, in a McMillan formula should thus be
viewed as an effective parameter that hides several competing microscopic
effects, rather than as a direct measure of the screened interaction.

In practice, we reformulate the gap equation [Eq. (3)] in terms of
integrals over the density of states (Eq. (20) in the Method section). For each
doping level of the electronic structure, we then solve this equation at a given
temperature. Starting below the expected T,, the self-consistent solution
converges to a stable energy-dependent order parameter A(T, ¢) that bal-
ances the repulsive and attractive interactions encoded in the kernels. A
nonvanishing order parameter at the Fermi level, A(T, 0), which represents
the gap amplitude, signals the existence of a superconducting solution. By
analyzing the evolution of A(T, 0), with kernels recalculated at progressively
increasing T, the critical temperature can be identified by the vanishing of
the the gap amplitude, A(T,, 0) = 0. The order parameter at T = 0.02 K,
associated with LTO at the stoichiometric filling, is reported in the inset of
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Fig. 6. The nonzero value for ¢ — 0 demonstrates the existence of a
superconducting solution, and we find that superconductivity persists up to
approximately 7.2 K, shown by the red line in Fig. 6, close to the first
reported experimental value of 11.5 K'. An important observation is that the
superconducting state becomes extremely weak when only the static part of
the e-ekernel is considered (brown line in Fig. 6), with a substantially smaller
order parameter and much lower T,, compared to the typical reduction by a
factor of 2-5"****. This demonstrates that the dynamical structure of the
interaction plays a central role in the pairing mechanism. When the retar-
dation effect is omitted, a significant negative contribution to the integral of
ICA is missing in the gap equation, which suppresses the superconducting
order. Only with the full dynamical kernel a T, of the correct order of
magnitude is obtained. Within the GW+EDMFT framework, the collective
charge fluctuations (plasmons) captured by the bosonic self-consistency
loop are responsible for the retardation effect. This demonstrates that
plasmons are essential to explain the remarkably high T, of LTO.

Figure 7 summarizes the superconducting properties across the entire
doping range and reveals a dome-shaped T, in good agreement with ionic
gating measurements. In the metallic region between the d° and d" config-
urations, the superconducting solution emerges below 12.3 K, which is very
close to the maximum experimental T, (Table 1). The figure reports both the
critical temperature and the zero-temperature gap amplitude. Also the
maximum gap of approximately 2.2 meV is in good agreement with
experiment. The ratio of gap amplitude and T is compatible with the BCS
expectation over the entire doping range, which confirms the internal
consistency of the calculation.

Discussion

We used GW+EDMEFT to calculate the electronic structure and screened
interaction of LiTi,0,, and employed the dynamically screened W(w) in the
electronic kernel of SCDFT to estimate the superconducting T,. This
computational framework yields excellent agreement with experiment for
the metal-insulator transitions, the mass enhancement, Sommerfeld coef-
ficient, and filling-dependent T,, while SCDFT calculations performed with
the static screened interaction W(w = 0) underestimate T, by more than a
factor of 10, proving the relevance of the frequency structure of the e-e
interaction. The coupling to plasmons, encoded in the frequency depen-
dence of W, hence plays an important role in the pairing, and explains the
remarkably high superconducting T, in LiTi,0,, which should be char-
acterized as a plasmon-assisted superconductor. More generally, the accu-
rate prediction of thermodynamic, spectral, and transport-related quantities
across the valence window accessed in ionic-gating experiments suggests
that the presented combination of the GW-+EDMFT and SCDFT frame-
works captures the essential physics of moderately correlated super-
conductors. It would be interesting to apply it to other compounds with
potentially significant plasmonic contribution to the pairing, such as layered
[B-nitrides” or BiS,-based superconductors®.

Methods

GW-+EDMFT

Our ab-initio calculation starts from the DFT electronic structure obtained
using the full-potential linearized augmented plane-wave code FLEUR with
the GGA functional*’ and a 18 x 18 x 18 k-grid, followed by the construction
of twelve maximally localized t,,-like Wannier functions centered on the
four Ti sites in the primitive unit cell via the Wannier90 library*. The cRPA
and single-shot G*W? calculations, which define the bare bosonic and fer-
mionic propagators for the GW+EDMEFT self-consistency loop, were per-
formed using the SPEX code® with an 8 x 8 x 8 k-grid. Unoccupied states up
to ~ 50 eV were included in the calculation of the polarization function and
self-energy.

All reciprocal-space grids used in the DFT, SPEX, and GW+EDMFT
calculations are I'-centered. In the GW-EDMFT calculation, the Coulomb-
interaction divergence at I' is handled by averaging the dielectric function
€e(iw,,, q) over the nearest k points, while in SPEX the I' point is treated using
the k - p perturbative treatment implemented in the code.

In the Wannier representation, the local tight-binding bare fermionic
Hamiltonian H, (R = 0) contains four sites per unit cell, with three orbitals
each. While the (flagonal levels on each site are degenerate, blocks associated
with different sites have local off-diagonal hopping terms which differ by a
phase factor between the different sites. Within EDMFT™, the lattice model
is mapped onto four impurity problems, which become locally equivalent
after applying the corresponding local SO(3) rotations that diagonalize the
H,, (R = 0) block of each titanium site, reducing the problem to the
numerical solution of a single impurity in the so-called crystal field (CF)
basis™. The resulting impurity self-energy ™ and polarization IT™ are
then rotated back to the Wannier basis, preserving the site-dependent phase
modulations of the inter-orbital components.

As a consequence of the orbital degeneracy, the interaction
obtained from the cRPA calculation is locally rotationally invariant
when expressed in spin-orbital space, and therefore retains the same
structure also in the crystal field basis. Its magnitude, U=4.35eV with a
Hund’s coupling J = 0.5 eV, combined with a bandwidth of ~ 2.5 eV,
indicates that the system should exhibit sizeable correlation effects,
despite the low band filling.

SCDFT

In density functional theory for superconductors (SCDFT)* ™ the super-
conducting order parameter A, is obtained as the self-consistent solution of
the gap equation

——Z’C - tanh[(8/2)E |

h
Ank = _ng E., K

An/k’v (7)

where B is the inverse temperature and E,;, = /€2, + A2, (with &, the
Kohn-Sham elgenvalues) denotes the quasiparticle energies. In this study,

the diagonal kernel Z is assumed to contain only the e-ph contribution,
while the pairing kernel is decomposed into phononic and electronic parts
ICik ¢ and Ian’n - In this implementation, the diagonal mass-
renormalization kernel contains only the phononic contribution. Electronic
mass renormalization is instead included through the G°'W° quasiparticle
bands used in the construction of the energy representation of the gap
equation. This accounts for the self-energy-induced band renormalization
before solving the superconducting problem. We therefore do not add an
additional dynamical electronic Z% kernel (as done for example in ref. 51 to
account for this renormalization), since combining it with the GW°
quasiparticle renormalization would double count the same GW-level
electronic mass-renormalization effect, although we note that Z9 also enters
the anomalous component of the self-energy that we are not including in
our implementation. We calculate the electron-phonon matrix elements
g,’j‘é’"’k’ onaé6x6x6q-grd and a 18 x 18 x 18k-grid using density
functional perturbation theory”, as implemented in QUANTUM
ESPRESSO™* (4 and n refer to the phonon mode and band index,
respectively). The Quantum ESPRESSO calculations used PAW pseudo-
potentials from the PSlibrary 1.0.0”, with plane-wave cutoffs of 120 Ry for
the wave functions and 500 Ry for the charge density. The phononic
contributions we consider are calculated using the Liiders-Marques
functionals™”. These are of the form
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ph _ 1 k'K
Zok = ranh[(ﬁ/z)s"k]§ > 18" ’
nk' H#q (8)
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ph 1 1 k'K
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with the functions I and J defined in terms of the Fermi-Dirac (nx(¢)) and
Bose-Einstein (n5(w)) distributions:

, , eﬁs _ eﬂ(£’+w) eﬁs’ _ eﬁ(£+w) 10
1 = _
] ) B L)
](878/7(‘)) 27(878,7“})_7(678,7_“))7 (11)
7(8, 8/7 (L)) = nFis_)Zii(,w)
(12)

x (P — (e — whnp(—e + w)).

An alternative form of the e-ph kernels has been proposed by Sanna and co-
workers", showing an improvement over the original functional for a wide
range of systems. However, since we are interested here in a pairing
mechanism of dominant electronic origin, we choose the standard Liiders-
Marques functional.
The Eliashberg function
S(w—w

(XZF((A)) = ZNTTWI Z

uq & nk,n'k’

L2
g 8(ea)8 () (13)

: nk,n'k'
encodes the e-ph coupling constants g7,

"% and related energies w,q in a
single frequency-dependent function evaluated at the Fermi level of the DFT
bandstructure. This allows to re-express the phononic kernels of Eq. (8) and

Eq. (9) in an energy-averaged formulation as

2P (e) = —m/ ds// dwa®F(w)[J(g, € , w) + J (e, —€ , w)],
(14)

h _ 2
KP(e, &) = tanh(e8/2) anh(£ B/2)

x i | dwa®F(w)[I(e, €', w) — I(e, =€, )] (15)

Furthermore, it follows that the typical dimensionless e-ph coupling con-
stant A, is related to the kernels as®**”

A =0.54 ~ ZP(0) ~ —KP(0, 0)ND. (16)

The electronic Kernel Icfllk.n’k/ can further be separated into a static and
a dynamic contribution, so that™”

’an,n’k' = K:Ph (17)

nk,n

el stat el,dyn
'K + Iann’k/ + Knkﬁn/k’ .

The static electronic pairing kernel ICZII’(S:,tk/ is calculated from the static

limit of the screened interaction (or bosonic propagator) W(iQ),,) as

el stat . _
K = Wi (i€, = 0),

nk,n'

(18)

whereas the dynamic component can be expressed in terms of the anom-
alous Green’s functions F ,, (iw) = % evaluated at the DFT level and the
frequency-dependent part of the scfeened interaction W™ (iQn) =

w (i) — W(0) as

eldyn . 1 1 1
Koo = Aﬂrgol?tmwnk/z) tanh(BE,  /2)
. . d ) ‘ (19)
X 3 Fulio))F, 0 (i)W (o) — iw,).
W Wy

In our implementation, we use the momentum-dependent
screened interaction obtained from the converged GW-+EDMEFT solu-
tion, which accounts for both local (EDMFT) and long-range (GW)
correlations and dynamical screening. The relevant energy scales are

very different for the e-e and e-ph contributions to the kernels, with the
latter being relevant only within a window on the order of the Debye
frequency”. To resolve this, a very fine sampling of the k-mesh is
required to accurately capture the contribution from states around the
Fermi level, which renders a fully self-consistent GW+EDMFT solution
computationally prohibitive. To overcome this limitation, it is advan-
tageous to express both the kernels and the order parameter in the
energy domain®, thereby avoiding the need for ultra-dense momen-
tum sampling for W, 1(iQ,)). We refer the reader to refs. 38,42,44,56
for a detailed description of the formalism with a dynamically screened
e-e interaction. At the cost of losing information on the symmetry of the
order parameter, which becomes s-wave by construction, the gap
equation is then recast into the form

tanh[(3/2)E]

AT,

A(T,¢) = —Z"h(s)A(s)—% / de' N(¢)K (e, €)
(20)

where N(e) is the DoS. In the context of this study it is important to
emphasize that the energy representation of the e-e kernels is defined by
numerical averages over iso-energetic surfaces,

, O(e — &) 0( — €pr)

IC(S, £ ) - n;n,k, N(é’) N(S/) Knk,Wk'? (21)
which, in the original formulation, was carried out using the non-
interacting DoS. Relying on the latter has the drawback that its profile
is rigid under changes in the filling, i.e. the density dependence of the
electronic kernel before performing the k-space integration is not fully
captured in the energy representation. In principle, this Hilbert-
transform mapping can be performed with any suitably defined
spectral function, and we hence tried to replace the DFT DoS with the
fully interacting spectral function evaluated at each k point. However,
the numerical inaccuracies associated with analytic continuation
prevented a stable convergence of the gap equation (20). A practical
compromise, which transfers a substantial portion of the doping
dependence onto the energy axis while avoiding analytic continuation
errors, is achieved by employing the G'W° spectral function,
corresponding to the bare fermionic propagator from the
downfolding®, which is evaluated directly on the real-frequency axis.
This choice affects only the fermionic energy mapping used to
construct K(e, ¢'). The screened interaction entering the electro-
nic kernel remains the fully converged GW+EDMEFT interaction.
Using the G"W?’ spectral function is therefore a practical compromise:
it transfers part of the filling dependence of the interacting electronic
structure to the energy axis, while avoiding uncontrolled artifacts
from analytic continuation of the full momentum- and frequency-
dependent GW+EDMEFT self-energy.

Data availability

The minimal dataset required to interpret, replicate, and build upon the
findings of this study, including the numerical data underlying the figures
and tables, is available from the corresponding author upon reasonable
request.

Code availability

The calculations reported in this study rely on established community
codes, including FLEUR, SPEX, Wannier90, and Quantum ESPRESSO,
together with in-house GW+EDMFT, SCDFT, and analysis/post-pro-
cessing scripts. The in-house codes and scripts used to generate the
reported results are available from the corresponding author upon rea-
sonable request.

Received: 11 February 2026; Accepted: 21 July 2026;

npj Computational Materials | _######### -


www.nature.com/npjcompumats

https://doi.org/10.1038/s41524-026-02254-z

Article

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Johnston, D., Prakash, H., Zachariasen, W. & Viswanathan, R. High
temperature superconductivity in the Li-Ti-O ternary system. Mater.
Res. Bull. 8, 777-784 (1973).

Heintz, J. M. et al. Superconductivity of LiTi,O4 and related systems.
Z. f.0r. Phys. B Condens. Matter 76, 303-309 (1989).

Moshopoulou, E. G. Superconductivity in the spinel compound
LiTi»O4. J. Am. Ceram. Soc. 82, 3317-3320 (1999).

Geng, H. et al. Investigations on preparation, upper critical field and
low temperature thermal expansion of LiTi,O,4 superconductor. Phys.
C: Superconduct. Appl. 432, 53-58 (2005).

Tang, L. et al. Electrical resistivity and Andreev reflection
spectroscopy of the superconducting oxide spinel LiTioO4. Phys. Rev.
B 73, 184521 (2006).

Sun, C. P. et al. Magnetic field dependence of low-temperature
specific heat of the spinel oxide superconductor LiTi,O,4. Phys. Rev. B
70, 054519 (2004).

Edwards, P. et al. A study of the spinel materials LiTi,O4 and
Li43Ti5304 by photoelectron spectroscopy. J. Solid State Chem. 54,
127-135 (1984).

Johnston, D. C., Swenson, C. A. & Kondo, S. Specific heat (1.2-108 K)
and thermal expansion (4.4-297 K) measurements of the 3d heavy-
fermion compound LiV204. Phys. Rev. B 69, 2627-2641 (1999).
Hasan, Z. et al. Unconventional polaronic ground state in
superconducting LiTi,O,4 https://arxiv.org/abs/2505.09762 (2025).
Fazileh, F., Gooding, R. J. & Johnston, D. C. Examining the metal-to-
insulator transitions in LiyTi>-xO4 and LiAl, Ti>.,O4 with a quantum
site percolation model. Phys. Rev. B 69, 104503 (2004).
Yoshimatsu, K., Niwa, M., Mashiko, H., Oshima, T. & Ohtomo, A.
Reversible superconductor-insulator transition in LiTi,O4 induced by
Li-ion electrochemical reaction. Sci. Rep. 5, 16325 (2015).
Maruyama, S. et al. Reversible electrochemical modulation of the
superconducting transition temperature of LiTi,O4 ultrathin films by
ionic liquid gating. Appl. Phys. Lett. 107, 142602 (2015).

Wei, Z. et al. Two superconductor-insulator phase transitions in the
spinel oxide Liy.«Ti2O4_s induced by ionic liquid gating. Phys. Rev. B
103, L140501 (2021).

Jin, K. et al. Anomalous magnetoresistance in the spinel
superconductor LiTi,O4. Nat. Commun. 6, 7183 (2015).

Xue, H. et al. Fourfold symmetric superconductivity in spinel oxide
LiTi»04(001) thin films. ACS Nano 16, 19464-19471 (2022).

Ekino, T. & Akimitsu, J. Superconducting energy gap in spinel
compound Liy_,Ti>_xO4 from electron tunneling. Phys. B: Condens.
Matter 165, 1599-1600 (1990).

Satpathy, S. & Martin, R. M. Electronic structure of the
superconducting oxide spinel LiTi.O4. Phys. Rev. B 36, 7269-7272
(1987).

Massidda, S., Yu, J. & Freeman, A. J. Electronic structure and
properties of superconducting LiTi,O,4. Phys. Rev. B 38, 11352-11357
(1988).

McMillan, W. L. Transition temperature of strong-coupled
superconductors. Phys. Rev. 167, 331 (1968).

Allen, P. B. & Dynes, R. C. Transition temperature of strong-coupled
superconductors reanalyzed. Phys. Rev. B 12, 905-922 (1975).
Campa, J. et al. Crystal growth of superconducting litio04. J. Cryst.
Growth 142, 87-92 (1994).

Takahashi, Y., Gotoh, Y. & Akimoto, J. Structure and electron density
analysis of oxide spinel LiTioOy4. J. Phys. Chem. Solids 63, 987-990
(2002).

Chen, C. L. et al. Role of 3d electrons in the rapid suppression of
superconductivity in the dilute V doped spinel superconductor
LiTioOy4. Supercond Sci. Technol. 24, 115007 (2011).

Liu, Y. etal. Thefirst-principles study for the novel optical properties of
LiTi»Oy, Li4Ti5012, LioTioO4 and Li;TisO12. Chem. Phys. Lett. 677,
114-119 (2017).

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Petocchi, F., Christiansson, V. & Werner, P. Fully ab initio
electronic structure of Ca,RuO4. Phys. Rev. B 104, 195146
(2021).

Biermann, S., Aryasetiawan, F. & Georges, A. First-principles
approach to the electronic structure of strongly correlated systems:
Combining the gw approximation and dynamical mean-field theory.
Phys. Rev. Lett. 90, 086402 (2003).

Boehnke, L., Nilsson, F., Aryasetiawan, F. & Werner, P. When strong
correlations become weak: Consistent merging of gw and dmft. Phys.
Rev. B 94, 201106 (2016).

Nilsson, F., Boehnke, L., Werner, P. & Aryasetiawan, F. Multitier self-
consistent GW + EDMFT. Phys. Rev. Mater. 1, 043803 (2017).
Aryasetiawan, F. et al. Frequency-dependent local interactions and
low-energy effective models from electronic structure calculations.
Phys. Rev. B 70, 195104 (2004).

Werner, P., Comanac, A., de’ Medici, L., Troyer, M. & Millis, A. J.
Continuous-time solver for quantum impurity models. Phys. Rev. Lett.
97, 076405 (2006).

Werner, P. & Millis, A. J. Dynamical screening in correlated electron
materials. Phys. Rev. Lett. 104, 146401 (2010).

Gull, E., Werner, P., Wang, X., Troyer, M. & Millis, A. J. Local order and
the gapped phase of the hubbard model: A plaquette dynamical
mean-field investigation. Europhys. Lett. 84, 37009 (2008).

Oliveira, L. N., Gross, E. K. U. & Kohn, W. Density-functional theory for
superconductors. Phys. Rev. Lett. 60, 2430-2433 (1988).

Luders, M. et al. Ab initio theory of superconductivity. |. Density
functional formalism and approximate functionals. Phys. Rev. B 72,
024545 (2005).

Marques, M. A. L. et al. Ab initio theory of superconductivity. II.
application to elemental metals. Phys. Rev. B 72, 024546 (2005).
Oda, T., Shirai, M., Suzuki, N. & Motizuki, K. Electron-phonon
interaction, lattice dynamics and superconductivity of an oxide spinel
LiTioOg4. J. Phys.: Condens. Matter 6, 6997 (1994).

Oda, T., Shirai, M., Suzuki, N. & Motizuki, K. First-principles study on
lattice dynamics and electron-phonon interaction in an oxide spinel
LiTioO4. Phys. B: Condens. Matter 219, 451-453 (1996).

Akashi, R. & Arita, R. Development of density-functional theory for a
plasmon-assisted superconducting state: Application to lithium
under high pressures. Phys. Rev. Lett. 111, 057006 (2013).

Akashi, R. & Arita, R. Density functional theory for plasmon-assisted
superconductivity. J. Phys. Soc. Jpn. 83, 061016 (2014).

Errea, |. et al. Quantum crystal structure in the 250-kelvin
superconducting lanthanum hydride. Nature 578, 66-69 (2020).
Sanna, A., Pellegrini, C. & Gross, E. K. U. Combining Eliashberg theory
with density functional theory for the accurate prediction of
superconducting transition temperatures and gap functions. Phys.
Rev. Lett. 125, 057001 (2020).

Christiansson, V. & Werner, P. Quaternary borocarbides: A testbed for
DFT for superconductors. Phys. Rev. B 109, L180505 (2024).
Tsutsumi, K., Hizume, Y., Kawamura, M., Akashi, R. & Tsuneyuki, S.
Effect of spin fluctuations on superconductivity in v and nb: A first-
principles study. Phys. Rev. B 102, 214515 (2020).

Christiansson, V., Petocchi, F. & Werner, P. Superconductivity in
black phosphorus and the role of dynamical screening. Phys. Rev. B
105, 174513 (2022).

Akashi, R., Nakamura, K., Arita, R. & Imada, M. High-temperature
superconductivity in layered nitrides 8 — liyMNCI (M = Ti, Zr, Hf):
Insights from density functional theory for superconductors. Phys.
Rev. B 86, 054513 (2012).

Morice, C., Akashi, R., Koretsune, T., Saxena, S. S. & Arita, R. Weak
phonon-mediated pairing in bis, superconductor from first principles.
Phys. Rev. B 95, 180505 (2017).

Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 77, 3865-3868
(1996).

npj Computational Materials | _#######H#HH# -


https://arxiv.org/abs/2505.09762
https://arxiv.org/abs/2505.09762
www.nature.com/npjcompumats

https://doi.org/10.1038/s41524-026-02254-z

Article

48. Mostofi, A. A. et al. Wannier90: A tool for obtaining maximally-
localised Wannier functions. Computer Phys. Commun. 178, 685-699
(2008).

49. Friedrich, C., Bligel, S. & Schindimayr, A. Efficient implementation of
the GW approximation within the all-electron FLAPW method. Phys.
Rev. B 81, 125102 (2010).

50. Sun, P. & Kotliar, G. Extended dynamical mean-field theory and GW
method. Phys. Rev. B 66, 085120 (2002).

51. Davydov, A. et al. Ab initio theory of plasmonic superconductivity
within the Eliashberg and density-functional formalisms. Phys. Rev. B
102, 214508 (2020).

52. Baroni, S., de Gironcoli, S., Dal Corso, A. & Giannozzi, P. Phonons and
related crystal properties from density-functional perturbation theory.
Rev. Mod. Phys. 73, 515-562 (2001).

53. Giannozzi, P. et al. Quantum espresso: a modular and open-source
software project for quantum simulations of materials. J. Phys.:
Condens. Matter 21, 395502 (2009).

54. Giannozzi, P. et al. Advanced capabilities for materials modelling with
quantum espresso. J. Phys.: Condens. Matter 29, 465901 (2017).

55. Dal Corso, A. Pseudopotentials periodic table: From Hto Pu. Comput.
Mater. Sci. 95, 337-350 (2014).

56. Kawamura, M., Akashi, R. & Tsuneyuki, S. Anisotropic
superconducting gaps in YNioB,C: A first-principles investigation.
Phys. Rev. B 95, 054506 (2017).

Acknowledgments

This work received financial support from the agencies and grants listed
below; these funders supported the research activities and computational
work reported in this study. The calculations have been performed on the
beo05 cluster at the University of Fribourg. PW acknowledges support
from ERC Consolidator Grant No. 724103 and the Swiss National Science
Foundation via NCCR Marvel and Grant No. 200021-196966. RA is sup-
ported by Grant-in-Aid for Scientific Research from JSPS, KAKENHI Grant
No. 25H01246, No. 25H01252, No. 24H00190, JST K-Program
JPMJKP25Z7, RIKEN TRIP initiative (RIKEN Quantum, Advanced General
Intelligence for Science Program, Many-body Electron Systems).

Author contributions

F.P. developed the computational workflow, performed the data analysis,
and wrote the manuscript. V.C. carried out the density functional theory and
phonon calculations. R.A. and P.W. conceived the project. All authors
discussed the results and contributed to the manuscript.

Funding

Open access funding provided by University of Fribourg.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Francesco Petocchi.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

npj Computational Materials | _######### -


http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
www.nature.com/npjcompumats

	Plasmon assisted superconductivity in LiTi2O4
	Results
	Electronic structure
	Superconductivity

	Discussion
	Methods
	GW+EDMFT
	SCDFT

	Data availability
	Code availability
	References
	Acknowledgments
	Author contributions
	Funding
	Competing interests
	Additional information




