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Superconductivity and Pronounced Electron-Phonon
Coupling in Rock-Salt Al1−xO1−x and Ti1−xO1−x

Pjotrs Žguns, Nuh Gedik, Bilge Yildiz,* and Ju Li*

The highest ambient-pressure Tc among binary compounds is 40 K (MgB2).
Higher Tc is achieved in high-pressure hydrides or multielement cuprates.
Alternatively, are explored superconducting properties of binary, metastable
sub-oxides, that may emerge under extremely low oxygen partial pressure.
The emphasis is on the rock-salt structure, which is known to promote
superconductivity, and exploring AlO, ScO, TiO, and NbO. Dynamic lattice
stability is achieved by introducing metal and oxygen vacancies in the fashion
of Nb1−xO1−x-type structure (x = ¼). The electron-phonon (e-ph) coupling is
remarkably large in Al1−xO1−x and Ti1−xO1−x (𝝀 ≈ 2 at x = ¼), with Tc ≈ 35 K
according to the Allen–Dynes equation. Significantly, the coupling strength is
comparable to that in high-pressure hydrides, yet, in contrast to hydrides and
MgB2, the coupling is largely driven by low frequency phonons. Sc1−xO1−x and
Nb1−xO1−x show significantly smaller 𝝀 and Tc. Further, hydrogen intercalation
to boost 𝝀 and Tc is investigated. Only Ti1−x(O1−xHx) and Nb1−x(O1−xHx) are
dynamically stable upon intercalation, where H, respectively, decreases and
increases Tc. The effect of H doping on electronic structure and Tc is
discussed. Altogether, the study suggests that metal sub-oxides are promising
compounds to achieve strong e-ph coupling at ambient pressure.

1. Introduction

Superconductors are used in key technologies such as strong
magnets for medical imaging and maglev trains, the lossless
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transmission of electricity, quantum
computing, etc. Attaining high critical
temperature Tc is desirable to bring
operation conditions closer to ambient
and reduce cooling costs.

The Tc had long been considered to
have an upper bound of ≈20 K (the so-
called Matthias limit,[1,2] and also Cohen–
Anderson limit[3,4]), with Nb3Ge alloy
holding the record Tc ∼ 23 K[5,6] until the
discovery of unconventional cuprate su-
perconductors with Tc ∼ 30 K in 1986[7]

that then grew to ≈130 K by 1993.[8]

However, conventional superconductors,
those obeying the Bardeen–Cooper–
Schrieffer (BCS) theory,[9] were mostly
within the expected limit. The discovery
of MgB2 conventional superconductor
with Tc ∼ 39 K (2001)[10] sparked enthu-
siasm to find materials with a higher
Tc among the BCS superconductors.

In contrast to unconventional super-
conductors, the strategies to achieve
high Tc in the BCS superconductors
are generally well understood. The

pioneering work of Ashcroft[11,12] suggested employing exotic (far
from ambient) conditions such as extreme pressure, to achieve
the metallic phase of hydrogen[11] and metal hydrides[12] where Tc
would be driven by high-frequency phonons of the light element
and strong e-ph coupling. Recent developments of crystal struc-
ture prediction algorithms and first-principles calculations of e-
ph coupling allowed the identification of superconducting phases
and prediction of their Tc, most notably predicting H3S[13,14] and
LaH10,[15,16] with their superconducting properties and Tcs on the
order of 200 K confirmed experimentally.[17,18]

Superconducting phases may also be promoted by ex-
otic chemical conditions such as the increased chemical
potential of species (e.g., exceptionally high or low oxy-
gen partial pressure PO2 or gas atmosphere different from
ambient). Recently, Palnichenko and co-workers reported
superconducting-like behavior in various metal-oxygen systems
such as Na/NaOx,[19] Mg/MgOx,[20] Al/AlOx,[21] Fe/FeOx,[22]

Cu/CuOx,[23] Mo/MoO3–x,[24] Bi/Bi2O3.[25] These systems were
often obtained by high-temperature oxidation of metals or
reduction of oxides, and although superconductivity was often
volatile and filamentary, the reported Tc was high, typically on the
order of 50 K or even up to 120 K (Fe/FeOx

[22]). Superconduct-
ing behavior was also reported in the Bi2O3-based memristor
device with Bi filaments.[26] In all these examples, metal-oxygen
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Figure 1. a) Conventional unit cell of rock-salt (B1) structure M1O1 (cP8, Fm-3m). b) Conventional unit cell of M1−xO1−x (x = ¼, cP6, Pm-3m). It can
be seen as a B1 structure with two vacancies at (0, 0, 0) and (½, ½, ½) sites, as known for NbO.[38] c) Brillouin zone of the cP unit cell; high-symmetry
paths are shown in red. Color code for atoms in a) and b): M is blue, O is red.

phases or stoichiometries far from conventional may emerge,
potentially giving rise to a high Tc. Meta-stable compounds
were long anticipated to deliver high-Tc superconductivity,[5]

and these experimental findings motivate us to search among
the metal-oxygen phases. Identifying such compounds can
help us eventually stabilize or synthesize them by means of
ampoule or vacuum furnace-based crystal growth,[27] or far-
from-equilibrium techniques such as plasma treatment,[28]

or epitaxial film growth[29–31] with lattice-matching sub-
strates, which may be more feasible than applying extreme
pressure.

In this work, we search for meta-stable compounds that may
emerge under extremely reducing or oxidizing conditions and ex-
hibit high Tc. Since there are many plausible phases of metal ox-
ides, we start with the structure types that are known to promote
superconductivity in a variety of chemistries and evaluate their Tc
in the BCS framework. One such archetypal structure is the rock-
salt structure (B1, Figure 1a), and several transition metal nitrides
and carbides were reported to have a high Tc up to 20–30 K.[32,33]

Therefore, we consider the metal oxides in the B1 phase to find
out if they could have a strong e-ph coupling and a high Tc. We
are further motivated by the fact that Tc = 5 K was recently re-
ported in LaO rock-salt oxide,[30] and 5.5 K[27] and 7.4 K[29] in TiO
were reported recently after improvements in the synthesis pro-
cedures, which leaves room for achieving high Tc in this class
of sub-oxide compounds where the metal cation valence is lower
than their typical values on the surface of Earth.

Particularly, we explore rock-salt AlO, ScO, TiO, and NbO inter-
metallic compounds. These oxides have metallic electronic struc-
tures (see, e.g., the Materials Project database[34]), allowing us
to predict their Tc within the BCS framework. Recently, the Tc
of metallic LaO was determined within the BCS framework,[35]

matching well with the experimental records,[30] which is reassur-
ing for our approach. Moreover, Sc, Ti and Nb sequence allows
us to explore the periodic trend (we substitute V for Nb since VO
has a band gap[34,36]). The ideal, vacancy-free structure of these
oxides is thermodynamically and dynamically unstable (i.e., pos-
sesses imaginary frequency and is not stable with respect to lat-
tice vibrations). Ti1−xO1−x has vacancies (x = 0.15) that stabilize
the structure; Al1−xO1−x is reported for high temperature only;[37]

NbO oxide has 25% of vacancies on both oxygen and metal sites,
i.e., Nb1−xO1−x (x = ¼).[38] We chose to study these compounds in

the form of NbO-type structure (see Figure 1b), which remedies
phononic instabilities and makes these compounds dynamically
stable. For the chosen oxides, we perform electronic structure
and lattice dynamics calculations, confirming that these com-
pounds are metallic in their normal state and are dynamically
stable. We carry out e-ph calculations and employ Wannier in-
terpolation techniques to accurately compute Eliashberg spectral
function and e-ph coupling strength, and Tc. Next, we consider
the effect of H intercalation and its effect on the electronic struc-
ture, dynamics, and e-ph coupling, and Tc. We find that these
binary oxides with NbO-type structure can manifest strong e-ph
coupling, as observed for Al1−xO1−x (𝜆 = 2.1) and Ti1−xO1−x (𝜆 =
1.8). The strength of e-ph coupling is comparable to that reported
for high-pressure, high-Tc hydrides, and is driven primarily by
acoustic phonons which now all have positive stiffness. The re-
sultant Tc reaches up to 36 K and is higher than that reported[32,33]

in rock-salt nitrides and carbides.

2. Results and Discussion

Tc is calculated by following the Allen–Dynes equation with
modified f𝝎f𝝁 prefactors that correct predictions for high Tc
superconductors:[39]

TML
C =

f𝜔f𝜇𝜔log

1.20
exp

(
−

1.04 (1 + 𝜆)
𝜆 − 𝜇∗ (1 + 0.62𝜆)

)
(1)

μ* was set to 0.10 in our results. We note there are three factors
in equation (1): the exponential factor exp(− 1.04(1+𝜆)

𝜆−𝜇∗(1+0.62𝜆)
) that de-

pends on e-ph coupling strength 𝜆, the 𝜔log prefactor, and the f𝝎f𝝁
prefactor (see Methods for the definition of these parameters).

2.1. Al1−xO1−x, Sc1−xO1−x, Ti1−xO1−x, Nb1−xO1−x

Rock-salt Al1O1, Sc1O1, Ti1O1, and Nb1O1 compounds are ther-
modynamically unstable. Their convex hull energies, Ehull, range
from 0.1 eV/atom to 1.3 eV/atom (see the Materials Project[34,40]

data provided in Table S1, Supporting Information). Moreover,
our phonon calculations show that three of these compounds
are dynamically unstable (Al1O1, Ti1O1, Nb1O1). This is expected
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Figure 2. Electronic structure of Al1−xO1−x, Sc1−xO1−x, Ti1−xO1−x, Nb1−xO1−x (x = ¼, cP6, NbO-type structure): a) Band structure. b) Projected DOS. c)
Electron localization function colormap of the [002] plane (the vacant oxygen site is in the center). The colormap spans values from 0 (blue) to 1 (red),
indicating delocalization and strong localization, respectively. EF is the Fermi level.

since Al monoxide is unstable at room temperature,[37] while Ti
monoxide possesses ≈15% of (disordered) Ti and O vacancies
(Ti0.85O0.85),[41–43] and Nb monoxide possesses 25% of ordered va-
cancies (Nb0.75O0.75).[38] Likewise, theoretical studies of Ti1O1 re-
port the appearance of imaginary phonons that can be cured by
the introduction of Ti and O vacancies.[44] We show that the in-
troduction of vacancies in the fashion of the NbO-type structure
(x = ¼)[38] makes Al, Ti, and Nb monoxides significantly more
stable, with Ehull decreasing by 0.2…0.8 eV/atom (see Table S1,
Supporting Information; though, only Nb0.75O0.75 is thermody-
namically stable). Most importantly, all four oxides are dynami-
cally stable in the NbO-type structure, and we therefore used it in
further calculations.

Band structure calculations show that Al1−xO1−x, Sc1−xO1−x,
Ti1−xO1−x, and Nb1−xO1−x are metallic (Figure 2a), which agrees
with the experimental report of metallic conduction in Ti and Nb
monoxides.[43] In Al1−xO1−x, the valence band at the Fermi level
is dominated by Al 3p and 3s states, with the contribution of O 2p
and 2s states (Figure 2b). In Sc1−xO1−x, Ti1−xO1−x and Nb1−xO1−x,
the Fermi level is dominated by d states, with only marginal con-
tribution of O 2p and other states (Figure 2b). Electron localiza-
tion function[45] analysis suggest that these oxides have metallic
bonding character especially in between the sites (Figure 2c), with
some strong localization of electrons close to Ti in Ti1−xO1−x and
in the oxygen vacancy in Sc1−xO1−x (Figure 2c).

All four oxides are dynamically stable in the NbO-type phase,
as mentioned above; no imaginary frequencies are present
(Figure 3). However, phonon softening is seen in the disper-
sion: Thus, Al1−xO1−x has significant softening of acoustic modes
along the Γ−X and Γ−M paths, indicating proximity to dynam-
ical instability. Indeed, this phase is highly unstable (Ehull =
0.768 eV/atom, Table S1, Supporting Information). These acous-
tic branches (Γ−X and Γ−M) also show remarkable e-ph coupling
as highlighted in Figure 3a (see Figure S1, Supporting Informa-
tion for visualization of these modes). Anomalies such as disper-
sion wiggles are further seen at different frequency ranges, e.g.,
≈25–40 meV along the M−R−Γ paths, contributing to the strong
e-ph coupling (Figure 3a). In Ti1−xO1−x, the Γ−X and Γ−M acous-
tic branches are unusually straight. The strong e-ph coupling can
be seen in Figure 3c for acoustic modes near the R and M points
(see Figure S2, Supporting Information for visualization of these
modes; these modes are octahedral rotations, well-known for the
Pm-3m compounds with perovskite-like structure;[46,47] here, oc-
tahedra are Ti6 units).

The Eliashberg spectral function and integrated e-ph coupling
strength, 𝜆(𝜔), are shown in Figure 4. In Al1−xO1−x, 𝜆(𝜔) shows
a steady increase and the strongest contribution comes from
modes below 35 meV, with a high peak in 𝛼2F ≈32 meV. Acous-
tic modes extend up to ≈25 meV and contribute to 𝜆 throughout
their frequency range. This agrees with the fact that Al1−xO1−x
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Figure 3. Phonon dispersion of a) Al1−xO1−x, b) Sc1−xO1−x, c) Ti1−xO1−x, d) Nb1−xO1−x. (x= ¼, cP6, NbO-type structure.) All compounds are dynamically
stable. The e-ph coupling strength of each mode and q-point (𝜆q𝜈) is shown with red, filled circles (circle size is proportional to 𝜆q𝜈).

has phonon anomalies of both acoustic and higher frequency
modes. The integrated coupling strength is remarkably high (𝜆
= 2.09). In Sc1−xO1−x, the e-ph coupling comes from all over the
frequency range, however, the coupling is weak (𝜆 = 0.29). In
Ti1−xO1−x, the e-ph coupling is mainly driven by acoustic modes
in the 10–20 meV frequency range, which constitutes ≈60% of
𝜆. The integrated coupling is strong (𝜆 = 1.80) and is compara-
ble to that of Al1−xO1−x. In Nb1−xO1−x, the main contribution to
𝜆 comes from 15–25 meV acoustic phonons, however, the cou-
pling (𝜆 = 0.47) is weaker than that in Ti1−xO1−x. Although Sc, Ti
and Nb oxides have similar electronic structures, i.e., the Fermi
level is dominated by d states, the 𝜆 and respective Tc are dif-
ferent. This can be attributed to different electron count, which
is an important factor for e-ph coupling. Indeed, the oscillatory
variation of Tc along the d elements (Sc, Ti, Nb) is generally con-
sistent with what is known for other superconductors: Thus, Tc
shows oscillatory behavior with the number of valence electrons
per atom in various intermetallic compounds and alloys,[48–50]

as well as rock-salt transition metal carbides and nitrides as re-
ported theoretically.[51] The electron count influences the num-
ber of bands and pockets near the Fermi level that can enhance
coupling: For example, in Ti1−xO1−x, there is a nearly flat band at
the Fermi level near the M point and a pocket at the Γ–M path.
Furthermore, the absence of strong e-ph coupling in Sc1−xO1−x,
which also have nearly flat bands close to the Fermi level, may
be attributed to charge localization at the O vacancy site, as ob-
served for only this compound (see Bader charges in Table S2,
Supporting Information and strong localization at the vacancy

site in Figure 2c). The charge localized at the interstitial sites
is known to couple weakly with phonons and is therefore detri-
mental for the e-ph coupling as reported for high-pressure Li-S
compounds.[52]

The summary of calculated 𝜆 and Tc is shown in Table 1. In-
triguingly, Al1−xO1−x and Ti1−xO1−x show pronounced coupling (𝜆
≈ 2), and Tc on the order of 35 K, which is relatively high for bi-
nary compounds at ambient pressure. For example, MgB2

[53] and
related Li-Mg-B superconductors[54] have 𝜆 of 0.5–0.7, with the
main contribution to coupling originating from high-frequency
modes of Boron atoms (above 50 meV). Strong coupling on
the order of 𝜆 ∼ 2 was reported in high-pressure, high-Tc hy-
drides such as LaH10 (𝜆 = 2.2 at 250 GPa) and YH10 (𝜆 = 2.6

Table 1. 𝜆, 𝜔log, and Tc
ML of Al1−xO1−x, Sc1−xO1−x, Ti1−xO1−x and

Nb1−xO1−x oxides (x = ¼, NbO-type structure).

Compound 𝜔log (meV) 𝜆 Tc
ML (K)

Al1−xO1−x 13.3 2.09 36

Sc1−xO1−x 0.1 0.29 0.1

Ti1−xO1−x 16.8 1.80 35

Nb1−xO1−x 25.4 0.47 2.8

Noteworthy, achieving a high Tc in the BCS superconductors depends on both
the strong e-ph coupling and the 𝜔log prefactor (according to the Allen-Dynes
formula.[39,63]) For example, a twofold increase of 𝜆 alone in Al1−xO1−x would in-
crease Tc by 37%; a two-fold increase of 𝜔log alone would increase Tc by 100% (this
estimate is oversimplified since 𝜆 and 𝜔log are interdependent).
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Figure 4. Eliashberg spectral function 𝛼2F(𝜔) and 𝜆(𝜔) of Al1−xO1−x,
Sc1−xO1−x, Ti1−xO1−x, and Nb1−xO1−x (x = ¼, cP6, NbO-type structure).

at 250 GPa),[15] as well as H3S (𝜆 = 2.6 at 200 GPa),[55] and more
recently in ambient-pressure meta-stable Mg2IrH6 (𝜆= 2.5 at am-
bient pressure).[56] However, in H3S it originates mainly from
high-frequency H modes (above 50 meV).[55] In contrast, the
strong e-ph coupling in Al1−xO1−x and Ti1−xO1−x comes from
mainly acoustic and low-frequency phonons (below 35 meV,
Figure 3 and Figure 4), dominated by the metal cation partici-
pation (especially for Ti1−xO1−x, see Figure S3, Supporting Infor-
mation). A strong e-ph coupling originating from low-frequency
modes was recently reported in PdCuHx,[57] and rock-salt transi-
tion metal carbides, namely VC, CrC, MnC and ZnC,[33] however
the resultant Tc was somewhat smaller (up to 28 K in ZnC).

Few words should be said about the comparison with the avail-
able experimental and theoretical data. First, Nb0.75O0.75 is a well-
known superconductor with a Tc = 1.4 K,[43] which is reasonably
reproduced in our calculations (Tc = 2.8 K). The Tc of Al1−xO1−x
is not known experimentally since this compound was reported
only at elevated temperatures to date.[37] For Ti1−xO1−x, the fol-
lowing Tc values were reported: 0.6 K,[43] 1.4 K,[58] 0.7–2.3 K,[59]

and even 5.5 K[27] and 7.4 K[29] more recently. The disorder of va-
cancies was considered one of the plausible sources for decreas-
ing Tc in Ti monoxide,[43] which also increases the resistance of
the normal, metallic state. Previous theoretical work on TiO (x =
1/8) has found much smaller 𝜆= 0.8 and Tc = 7 K,[44] however the

discrepancy might be attributed to different compositions and/or
insufficient sampling of k and q points in the ref. [44] Our cal-
culated Tc, of Ti1−xO1−x is, however, much greater (35 K) than
that previously reported in experiments. The difference can be at-
tributed to a different composition (x = ¼ in our work versus x =
0.15 in experiments[41,42]). Further, accounting for plausible an-
harmonic effects may decrease the calculated Tc, as reported for
AlH3

[60] and YH6.[61] Magnetic order may also decrease the Tc,
[33]

which might be relevant for Ti1−xO1−x that has slight ferromag-
netic magnetization according to the MP database.[34,40] Electron
correlation effects may also influence the Tc of oxides as demon-
strated for bismuthate superconductors.[62]

To increase 𝜆 and 𝜔log, the introduction of H, which has a low
atomic mass and high vibrational frequency, may be helpful. We
therefore study it in the next section to see if it can enhance Tc
through both 𝜆 and 𝜔log factors in equation (1) (for details, see
Methods).

2.2. Hydrogenated Oxides: Ti1−x(O1−xHx), Nb1−x(O1−xHx)

Intercalation of hydrogen in oxides with NbO-type structure can
occur on either the metal or oxygen vacancy site (x = ¼). Our
calculations show that intercalation into the metal vacancy site
is energetically unfavorable (requires ≈3 eV per H atom, for
(M1−xHx)O1−x, x = ¼), and the obtained structures are dynam-
ically unstable. Intercalation into the oxygen vacancy site is un-
favorable for Al1−xO1−x (1.3 eV per H atom), and favorable for
Sc1−xO1−x, Ti1−xO1−x and Nb1−xO1−x (–0.2 eV to –0.8 eV per H,
see Table S3, Supporting Information). However, Sc1−x(O1−xHx)
is dynamically unstable, while Ti1−x(O1−xHx) and Nb1−x(O1−xHx)
are dynamically stable, and we therefore investigate these two lat-
ter compounds further.

Band structure calculations show that Ti1−x(O1−xHx) and
Nb1−x(O1−xHx) are metallic (Figure 5a). Similar to Ti1−xO1−x and
Nb1−xO1−x, the valence band at the Fermi level is dominated by d
states, with only marginal contribution of O 2p and other states
(Figure 5b). Electron localization function[45] analysis suggest
that these oxides have metallic bonding character especially in be-
tween the sites, with some strong localization of electrons close
to H atoms and Ti in Ti1−x(O1−xHx) (Figure 5c). The Bader charge
analysis shows that hydrogen charge state is hydride anion
(qH =−1.81 |e| and−1.68 |e| in Ti1−x(O1−xHx) and Nb1−x(O1−xHx),
respectively) instead of proton cation.

Both Ti1−x(O1−xHx) and Nb1−x(O1−xHx) are dynamically sta-
ble, as mentioned above; no imaginary frequencies are present
(Figure 6). Some phonon anomalies can be seen in dispersion,
e.g., the Γ−X acoustic branches in Ti1−x(O1−xHx) is unusually
straight. The introduction of hydrogen contributes to the forma-
tion of high-frequency phonon modes at about 120 and 110 meV
in Ti1−x(O1−xHx) and Nb1−x(O1−xHx), respectively. These phonon
modes slightly contribute to e-ph coupling and increase the 𝜔log
frequency (from 16.8 to 25.7 meV in Ti monoxide, and from 25.4
to 27.1 meV in Nb monoxide).

Significantly, the e-ph coupling in Ti1−x(O1−xHx) is much de-
creased as compared to Ti1−xO1−x. In Ti1−x(O1−xHx), the contri-
bution at 10–20 meV is much smaller (Figure 7). The main ori-
gin of this reduction may come from the change in the elec-
tronic structure: in Ti1−xO1−x the Fermi level crosses the bands
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Figure 5. Electronic structure of Ti1−x(O1−xHx) and Nb1−x(O1−xHx): a) Band structure. b) Projected DOS. c) Electron localization function colormap of
the [002] plane (hydrogen occupies the vacant oxygen site and is in the center of the colormap). EF is the Fermi level.

at the Γ–M path and crosses a flat segment near the M point.
Intercalation of hydrogen changes the number of valence elec-
trons and shifts these bands below, reducing the complexity of the
Fermi surface of Ti1−x(O1−xHx) as compared to that in Ti1−xO1−x
(Figure 2a and Figure 5a). In Nb1−x(O1−xHx), the e-ph coupling is
slightly increased as compared to Nb1−xO1−x. In the former com-
pound, the contribution at 60–70 meV is stronger and H also con-
tributes to coupling at 110 meV. H intercalation shifts the Fermi
level up and contributes to the complexity of the Fermi surface,
where bands at X and Γ points and Γ–R path are closer to the
Fermi level, which can promote the coupling.

The analysis of contributions to critical temperature (Table 2)
shows that the main contribution to Tc comes from the change in
the exponential factor (as one may expect). Although hydrogen in-
tercalation boosts the 𝜔log frequency, especially in Ti1−x(O1−xHx),
the decrease of 𝜆 overrides this beneficial effect and Tc of tita-
nium oxide decreases. Altogether, this means that e-ph coupling
strengths have the dominant influence on Tc in these oxides.

3. Conclusions

Binary oxides with the NbO-type structure can manifest strong
electron-phonon coupling, as observed for Al1−xO1−x (𝜆 = 2.1)

and Ti1−xO1−x (𝜆 = 1.8) in this work at x = ¼. The strength of the
e-ph coupling is comparable to that reported for high-pressure,
high-Tc hydrides (𝜆 ≈ 2–3).[15,55] In Al1−xO1−x, the coupling is
driven by phonon anomalies at various phonon frequencies. In
Ti1−xO1−x, the coupling is primarily driven by acoustic phonons.
The computationally predicted Tc reaches 36 K for Al1−xO1−x
and 35 K for Ti1−xO1−x, which is higher than in counterpart ni-
trides and carbides reported to date, where superconductivity also
emerges from phonon mode anomalies.[33,51] The Tc and e-ph
coupling are sensitive to the intercalation of hydrogen in the Ti
and Nb monoxides, as it changes the number of valence electrons
and thus the band structure at the Fermi level. Altogether, such
intermetallic oxides with phonon anomalies are attractive for fur-
ther investigation to achieve high Tc.

4. Computational Methods

Density functional theory[64,65] calculations were performed with
the Quantum Espresso package.[66–68] Perdew-Burke-Ernzerhof
exchange-correlation functional[69,70] and norm-conserving
scalar-relativistic pseudopotentials, as provided in the Pseu-
doDojo database (v0.4.1),[71] were employed. Planewave kinetic
energy cut-off for wavefunctions was set to 90 Ry. Brillouin

Figure 6. Phonon dispersion of cP7 a) Ti1−x(O1−xHx), b) Nb1−x(O1−xHx) (x = ¼). Both compounds are dynamically stable (there are no imaginary
frequencies). The e-ph coupling strength of each mode and q-point (𝜆q𝜈) is shown with red, filled circles (circle size is proportional to 𝜆q𝜈).

Adv. Electron. Mater. 2024, 2400141 2400141 (6 of 8) © 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 7. Eliashberg spectral function 𝛼2F(𝜔) and 𝜆(𝜔) of cP7
Ti1−x(O1−xHx) and Nb1−x(O1−xHx) (x = ¼).

zone integration was performed on the Γ-centered 16 × 16 ×
16 k-mesh (for Sc1−xO1−x, Ti1−xO1−x, Nb1−xO1−x; for Al1−xO1−x,
20 × 20 × 20 k-mesh was used). Lattice parameters and atomic
positions were optimized until pressure, total energy and
forces converged within 0.1 kbar, 10−5 Ry, and 10−4 Ry/Bohr,
respectively (equilibrium lattice parameters are provided in
Table S4, Supporting Information). The EPW code[53,72,73] was
used to calculate e-ph coupling on the fine grids. The follow-
ing orbitals were used for Wannier interpolation: sp3 and d
for metal atoms and sp3 for oxygen atoms, and s orbitals for
vacant sites and hydrogen. Phonon and e-ph interactions were
evaluated on the coarse 6 × 6 × 6 q-grid and 12 × 12 × 12
k-grid. E-ph coupling and Eliashberg spectral function 𝛼2F(𝜔)
were evaluated on the interpolated, fine 18 × 18 × 18 q-grid
and 36 × 36 × 36 k-grid (for AlO, 24 × 24 × 24 q- and 48 ×
48 × 48 k-grids were used). The Tc was calculated following
the Allen–Dynes equation[63] with modified f𝜔f𝜇 prefactors that
corrects predictions for high Tc superconductors:[39] TML

C =
f𝜔 f𝜇𝜔log

1.20
exp(− 1.04(1+𝜆)

𝜆−𝜇∗(1+0.62𝜆)
), where f𝜔 = 1.92(

𝜆+
𝜔log
�̄�2

− 3
√
𝜇∗√

𝜆exp(
𝜔log
�̄�2

)
) − 0.08,

f𝜇 =
6.86exp( −𝜆

𝜇∗ )

1
𝜆
−𝜇∗−

𝜔log
�̄�2

+ 1, 𝜆 = 2
∞
∫
0

d𝜔𝛼2F(𝜔)∕𝜔, while �̄�n = ⟨𝜔n⟩1∕n

and ⟨𝜔n⟩ = 2
𝜆

∫ d𝜔𝛼2F(𝜔)𝜔n−1, and 𝜔log = lim
n→0

�̄�n =

Table 2. Electron-phonon coupling, 𝜆, 𝜔log, f𝜔fμ/1.20 prefactor, exponen-
tial factor (exp{–1.04(1+𝜆) / [𝜆 – μ*(1+0.62𝜆)]}); μ* was set to 0.10),
and critical temperature, Tc

ML, of Ti1−xO1−x, Ti1−x(O1−xHx, Nb1−xO1−x,
Nb1−x(O1−xHx). The numbers in brackets show a change of M1−x(O1−xHx)
versus M1−xO1−x (e.g., 𝜆Ti1-xO1-xHx / 𝜆Ti1-xO1-x ≈ 0.5).

Compound 𝜆 𝜔log (meV) f𝜔fμ/1.20
(K/meV)

exp. factor. Tc
ML (K)

Ti1−xO1−x 1.80 16.8 13.0 0.16 35

Ti1−xO1−xHx 0.96 (×0.5) (×1.5) 25.7 (×0.8) 10.4 (×0.5) 0.08 (×0.6) 21

Nb1−xO1−x 0.47 25.4 9.8 0.011 2.8

Nb1−xO1−xHx 0.66 (×1.4) (×1.1) 27.1 (×1.0) 9.3 (×3.2) 0.036 (×3.3) 9.1

exp( 2
𝜆

∞
∫
0

d𝜔
𝜔
𝛼2F(𝜔)ln𝜔);[63] μ* was set to 0.10. Calculation of

Tc
ML is implemented in the recent versions of the EPW code.

Electron localization function[45] and Bader charges[74,75] were
calculated with the VASP code[76–81] for earlier optimized struc-
tures. VESTA software was used for the visualization of crystal
structure and electron localization function 2D colormaps.[82]
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Table S1. Phase stability of Al1-xO1-x, Sc1-xO1-x, Ti1-xO1-x, Nb1-xO1-x in two structures: the rock-

salt structure (B1, cP8, x = 0) and rock-salt structure with vacancies (x = ¼, cP6, NbO-type [1]). 

E
MP

hull is the energy above the convex hull as reported in the Materials Project database [2]. ΔE 

is the energy difference between the cP6 and cP8 structures as calculated in this work (eV/atom): 

ΔE = ⅙ EcP6 – ⅛ EcP8. Ehull, cP6 is the energy above the convex hull of the cP6 structure calculated 

as follows: Ehull, cP6 = E
MP

hull, cP8 + ΔE. All MP structures are non-magnetic except mp-755300 

(Ti1-xO1-x, x = ¼, cP6), which is ferromagnetic. 

 B1 structure 

MP 

NbO structure 

MP 

NbO structure 

this work  

B1 → NbO 

this work 

 E
MP

hull, cP8 

(eV/atom) 

E
MP

hull, cP6 

(eV/atom) 

Ehull, cP6 (eV/atom) ΔE (eV/atom) 

Al1-x O1-x 1.303 

mp-8023 

n/a   0.768 −0.535 

Sc1-x O1-x 0.104 

mp-644481 

n/a   0.433   0.329 

Ti1-x O1-x 0.272 

mp-2664 

0.113 

mp-755300 

  0.098 −0.174 

Nb1-x O1-x 0.789 

mp-2692 

0.000 

mp-2311 

−0.006 −0.795 

 

 



   

 

2 

 

Table S2. The Bader charges of M1-xO1-x (cP6, x = ¼; NbO-type structure). qM and qO are the 

Bader charges of, respectively, metal and oxygen atoms. qVM and qVO are the Bader charges of, 

respectively, metal and oxygen vacancies located at, respectively, (0, 0, 0) and (½, ½, ½) sites. 

Compound qM qO qVM qVO 

Al1-xO1-x +1.72 −1.72   0.00   0.00 

Sc1-xO1-x +1.49 −1.72   0.00 −0.52 

Ti1-xO1-x +1.28 −1.28   0.00   0.00 

Nb1-xO1-x +1.20 −1.20   0.00   0.00 

 

Table S3. Hydrogen intercalation energy, ΔEint, vs. hydrogen gas molecule (H2) and vs. solid 

PdHx. ΔEint, = E(HM3O3) – E(M3O3) – ½ E(H2). List of computational parameters. Nat, the 

number of atoms. Two intercalation sites were considered: the metal vacancy site, and the 

oxygen vacancy site. Electron-phonon coupling, λ, and Tc
ML

 were calculated for dynamically 

stable compounds. 

Compound 
ΔEint vs. H2 

(eV) 

ΔEint vs. PdHx 

(eV) 

Phonon 

stability 
λ Tc

ML
 (K) 

H on metal site 

Al1-xHxO1-x 3.40 3.59 Unstable n/a n/a 

Sc1-xHxO1-x 2.71 2.90 Unstable n/a n/a 

Ti1-xHxO1-x 3.05 3.24 Unstable n/a n/a 

Nb1-xHxO1-x 3.34 3.53 Unstable n/a n/a 

H on oxygen site 

Al1-xO1-xHx 1.33 1.52 Unstable n/a n/a 

Sc1-xO1-xHx −0.25 −0.06 Unstable n/a n/a 

Ti1-xO1-xHx −0.77 −0.58 Stable 0.96 21 

Nb1-xO1-xHx −0.21 −0.02 Stable 0.66 9 

 

Table S4. List of computational parameters of M1-xO1-x compounds for both x = 0, cP8, and x = 

¼, cP6. Ecut, the plane-wave energy cut-off. Ni, the subdivision of the k-point mesh (Γ-centered). 

The resultant, optimized lattice constants are provided. 

Compound Pearson 

symbol 

Ecut (Ry) N1 × N2 × N3 Lattice 

constant (Å) 

Al1.00O1.00 cP8 90 17 × 17 × 17 4.473 

Al0.75O0.75 cP6 90 20 × 20 × 20 3.951 

Sc1.00O1.00 cP8 90 20 × 20 × 20 4.467 

Sc0.75O0.75 cP6 90 14 × 14 × 14 4.328 

Ti1.00O1.00 cP8 90 20 × 20 × 20 4.278 

Ti0.75O0.75 cP6 90 16 × 16 × 16 4.077 

Nb1.00O1.00 cP8 90 22 × 22 × 22 4.472 

Nb0.75O0.75 cP6 90 16 × 16 × 16 4.233 

 



   

 

3 

 

 

Fig. S1. Snapshots of Al1-xO1-x phonon modes at the Γ–X and Γ–M edges, that show pronounced 

e-ph coupling (see Fig. 3a). Color code: Al is grey, O is red. Prepared with the interactive 

phonon visualizer at Materials Cloud [3]. 
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Fig. S2. Snapshots of Ti1-xO1-x phonon modes at M and R points, that show pronounced e-ph 

coupling (see Fig. 3c). Color code: Ti is grey, O is red. Prepared with the interactive phonon 

visualizer at Materials Cloud [3]. 
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Fig. S3. Eliashberg spectral function α
2
F(ω) and λ(ω) of Al1-xO1-x, Sc1-xO1-x, Ti1-xO1-x, and 

Nb1-xO1-x (x = ¼, cP6, NbO-type structure). The phonon DOS (PDOS) projected onto metal 

(grey) and oxygen (red) atoms is also shown. 
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