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Insights into superconductivity of LaO from experiments and first-principles calculations
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To explore the mechanism of superconductivity in lanthanum monoxide (LaO) film, using first-principles
calculations we investigated the electronic properties, phonon vibration, and electron-phonon coupling char-
acteristics in LaO with a tetragonally distorted rocksalt structure in accordance with our experiments. It is
demonstrated that LaO shows coexisting metallic and ionic characteristics, and the electronic density of states at
the Fermi level is primarily from La-d and O-p orbitals. The low-frequency phonons from La atoms dominate
61% of the electron-phonon coupling constant, and the high-frequency phonons derived from O atoms contribute
the rest. The calculated Tc of about 5.37 K is consistent with the experimental result, indicating that the
superconductivity in LaO can be clearly illustrated by the phonon-mediated mechanism and McMillan’s formula.
The calculated results reveal that comparing LaO with other lanthanum monochalcogenides, the electronic
properties vary more significantly than the phonon properties and lead to a stronger electron-phonon coupling in
LaO, which is responsible for its higher Tc. The theoretical and experimental investigations provide deep insights
into the mechanism of superconductivity in the LaO system.

DOI: 10.1103/PhysRevB.104.054515

I. INTRODUCTION

Lanthanum is an important element in superconducting
materials, from the superconducting La [1], lanthanum com-
pounds such as LaX (X = S, Se, or Te) [2], LaH10 [3],
LaBi [4], LaSb [5], La2Ni2In [6], etc., to complex La-doped
copper-based oxides [7–10]. Due to the similar structure of
different lanthanum monochalcogenides LaX , experimental
and theoretical investigations on their physical properties with
X varying from S, Se, to Te have attracted much attention
[11–13], which may provide valuable hints on how to uncover
the mechanism of superconductivity. For example, from LaS,
LaSe, to LaTe, it was found that the binding energy for the
bottom of the conduction band decreases while the binding
energy for the top of the valence band increases, confirmed
by angle-resolved photoemission spectroscopy measurements
[14]. The local spin-density approximation calculations in-
dicate that the p bandwidth increases monotonically due to
the enhancing extension of the atomic np wave function with
increasing lattice constant [15]. The density of states (DOS) at
the Fermi level, N (EF), calculated by the linear muffin-tin or-
bital method, increases with the increase of the atomic radius
from S to Te [2]. Meanwhile, their Fermi surfaces are all in a
nearly ellipsoidal shape centering at the X points in the Bril-
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louin zone (BZ) [16]. Furthermore, the electronic band struc-
ture shows a similar line shape; the bond between La and X
atoms is predicted to be both metallic as well as ionic [2]; and
a clear band gap exists between optical and acoustic phonons
for LaX (by the generalized gradient approximation) [17,18].

In addition to the properties mentioned above, the LaX
compounds exhibit superconductivity with superconducting
transition temperatures Tc ∼ 1–2 K. To understand the mech-
anism of superconductivity in LaX , theoretical calculations
[2,11,13] have been carried out based on density functional
theory. Considering McMillan’s formula within the frame-
work of Bardeen-Cooper-Schrieffer (BCS) theory [19], the
calculations have revealed that LaX are conventional super-
conductors and their superconductivity can be described by
the phonon-mediated electron-phonon interaction [2]. As a
result of the theoretical calculations in LaX , the electron-
phonon coupling (EPC) constant λ decreases from LaS, LaSe,
to LaTe [2]. Typically, Tc is closely associated with the
strength of EPC, and generally the Tc value increases with
increasing λ but decreases with increasing molecular mass in
LaX [2].

It is notable that the element O belongs to the same main
group as S, Se, and Te, and it has a smaller atomic mass and
atomic radius compared with other chalcogen atoms. Hence,
LaO should be superconducting as well and may exhibit
stronger superconductivity than LaX , which was experimen-
tally demonstrated very recently in the LaO thin films with
Tc ∼ 5 K [20]. The superconductivity of LaO thin films can
be tuned by the stress from substrates, and the Tc of LaO
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film decreases with the decrease of the unit-cell volume [20].
It can be seen that the Tc of LaO is approximately twice as
high as that of LaX , and thus the theoretical investigations of
electronic and phonon properties of LaO would be important
for understanding its enhanced superconductivity. However,
the mechanism behind the higher Tc in LaO is unclear, and
corresponding theoretical calculations have not been carried
out yet.

In this paper, we successfully grew superconducting LaO
epitaxial films on LaAlO3 substrates with Tc ∼ 5.27 K. The-
oretical investigations of the electron localization function
(ELF) and the differential charge density (DCD) indicate the
coexistence of metallic and ionic characters in LaO. In par-
ticular, LaO was found to be a conventional superconductor,
and its Tc was calculated to be 5.37 K, consistent with the ex-
perimental observation. The calculations reveal that the higher
Tc in LaO than LaX is related to its stronger electron-phonon
coupling, which is mainly attributed to the peculiar electronic
properties.

II. METHODS

A. Experiment

Epitaxial LaO (001) films on commercial LaAlO3 (001)
substrates were grown by ablating a bulk La metal target
(purity ∼99.99%) using a pulsed laser deposition technique
with a KrF laser (248 nm wavelength). Before deposition, the
chamber was purged three times with high-purity nitrogen
gas, and the base pressure of the chamber was about 2 ×
10-5 Pa. The deposition temperature, target-substrate distance,
and laser energy density were 300 ◦C, 4.0 cm, and 2.5 J cm-2,
respectively. After deposition, the substrate was cooled down
naturally in the high vacuum. Then, a ∼50-nm-thick AlOx

capping layer was deposited in situ onto the film surface at
room temperature to prevent the oxidation of LaO in air, and
the typical thickness of LaO film was approximately 150 nm,
as revealed by cross-sectional scanning electron microscopy
(SEM). The crystal structure for LaO film was identified by
means of x-ray diffraction (XRD) with Cu Kα1 radiation at
a wavelength of 1.5406 Å. The resistances were measured by
using a standard four-probe technique in the Physical Property
Measurement System (PPMS-9T, Quantum Design).

B. Calculation

The electronic structure was calculated by utilizing the
density functional theory, which is on the basis of a
generalized gradient approximation (GGA) with a Perdew-
Burke-Ernzerhof (PBE) functional [21]. The calculations have
been performed using the code QUANTUM ESPRESSO [22,23].
The kinetic energy cutoff for the wave functions expanded
on a plane-wave basis set was 60 Ry, and the kinetic en-
ergy cutoff for potential and charge density was 720 Ry.
The ultrasoft Vanderbilt pseudopotential was used to model
the core-valence interaction. The Methfessel-Paxton smearing
[24] with a width of 0.02 Ry was taken into consideration by
integrating in the first BZ to determine the electronic proper-
ties. We used the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm [25,26] to fully relax the crystal structure and the
atomic coordinates in order to ensure that the maximum

force was below 10-6 Ry/Bohr on each atom. A 12 × 12 × 12
Monkhorst-Pack mesh was used to calculate the electronic
band structure, while a finer 60 × 60 × 60 mesh was used
to calculate the DOS connecting the special high symmetry
k-points in the first BZ. The dynamic matrix and electron-
phonon coupling were computed using a grid of 5 × 5 × 5
mesh for phonon wave vectors and a grid of 40 × 40 × 40
mesh for finer k point convergence, respectively. The phonon
dispersion curves, phonon DOS, and electron-phonon interac-
tions were calculated within the frame of density functional
perturbation theory (DFPT) [27]. The electronic band struc-
tures and phonon dispersions of LaO were also studied using
the GGA-PBE functional and the Heyd-Scuseria-Ernzerhof
(HSE06) [28] hybrid functional by the Vienna ab initio sim-
ulation package (VASP) [29,30] to reveal the impact of using
different exchange-correlation functionals. The related results
are shown in the Supplemental Material [31].

The Allen-Dynes modified McMillian equation [19,32,33]
was used to estimate the superconducting transition tempera-
ture (Tc):

Tc = ωln

1.20
exp

(
− 1.04(1 + λ)

λ − μ∗(1 + 0.62λ)

)
, (1)

where μ∗ is the Coulomb coupling constant, ωln is the log-
arithmically averaged phonon frequency, and λ is the EPC
constant. The last two parameters can be calculated as follows
[32,33]:

ωln = exp

(
2

λ

∫ ∞

0
α2F (ω) ln ω

dω

ω

)
, (2)

λ = 2
∫ ∞

0

α2F (ω)

ω
dω, (3)

where α2F (ω) is the Eliashberg spectral function [33]:

α2F (ω) = 1

2πN (EF )

∑
qv

δ(ω − ωqv )
γqv

h̄ωqv

, (4)

in which N (EF), γqν , and ωqν are the DOS at Fermi level EF,
the phonon linewidth, and the frequency of ν phonon mode at
the wave vector q, respectively. γqν is defined by [33]

γqv = 2πωqv

∑
knn′

∣∣gqv

k+qn′,kn

∣∣2
δ(Ekn − EF )δ(Ek+qn′ − EF ),

(5)
where gqv

k+qn′,kn is the EPC matrix element.

III. RESULTS AND DISCUSSION

A. Superconducting properties of LaO in experiments

Figure 1(a) shows the XRD θ−2θ specular scan of an
as-grown LaO film on LaAlO3 (001) substrate. The (002) and
(004) diffraction peaks of LaO film and the (00l) diffraction
peaks of LaAlO3 substrate were clearly observed, demon-
strating the (001) out-of-plane orientation of LaO film. The
rocking curve of the LaO (002) peak depicted in Fig. 1(b)
demonstrates that the full width at half-maximum (FWHM)
is ∼0.47◦, indicating a fairly good crystallinity of LaO film.
The XRD θ−2θ scan pattern around the LaO (111) peak was
also measured at an inclination angle ψ of ∼54.73◦, as shown
in Fig. 1(c). Based on the 2θ values of the (004) and (111)
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FIG. 1. (a) XRD θ−2θ pattern for LaO film on LaAlO3 (001) substrate. (b) Rocking curve for LaO (002) reflection. (c) XRD θ−2θ scan
pattern around LaO (111) peak. (d) XRD φ-scans of LaO (111) and LaAlO3 (111) planes. (e) Schematic crystal structure of the LaO film on
the LaAlO3 substrate. (f) Cross-sectional SEM image of the specimen. (g) Temperature-dependent resistance of LaO film. The inset shows the
enlarged view near the superconducting transition.

peaks, the lattice constants of the LaO film can be calculated
as a = b = 5.295 Å and c = 5.266 Å. Therefore, a tetragonal
distortion occurs when the lanthanum monoxide film is grown
on the LaAlO3 substrate, similar to the earlier report [20]. The
distortion might result from the in-plane tensile strain from the
substrate. The XRD φ-scans of LaO (111) and LaAlO3 (111)
planes in Fig. 1(d) show four distinct peaks at 90° intervals to
each other with nearly the same intensity, revealing a fourfold
rotational symmetry along the LaO (001) plane normal and
the LaAlO3 (001) plane normal. According to the φ differ-
ence ∼45◦ between the LaO (111) and LaAlO3 (111) peaks,
the in-plane epitaxial relationship can be determined as LaO
[110]//LaAlO3 [100], as schematically shown in Fig. 1(e). The
cross-sectional SEM image of LaO indicates that the thick-
nesses of LaO and AlOx are ∼150 and ∼50 nm, respectively,
as shown in Fig. 1(f).

The superconductivity in LaO film was unambiguously
confirmed by its zero resistance, as the temperature-dependent
resistance from 2 to 300 K shown in Fig. 1(g). In the normal
state, the resistance decreases with decreasing temperature,
indicating the metallic nature of LaO. When the temperature
goes down further, the resistance shows a sharp decrease, and
a superconducting behavior appears with the onset supercon-
ducting transition temperature Tc,onset ∼ 5.27 K (defined by
the criterion of 90% of the normal-state resistance [34]) and
the zero-resistance temperature Tc,zero ∼ 4.87 K, similar to the
earlier report on LaO film of Tc ∼ 5 K [20].

B. Superconducting properties of LaO via
first-principles calculations

It can be seen that the Tc of LaO is higher than other
lanthanum monochalcogenides. To reveal the physical mech-

anism of the enhanced superconductivity, it is necessary
to calculate the electronic, phonon, and electron-phonon
coupling properties of LaO for further elucidating its super-
conductivity using density functional theory. According to
the experimental results, the LaO shows a distorted rocksalt
structure when it grows as a thin film on the substrate, which
causes the LaO to be a tetragonal structure in the I4/mmm
(no. 139) space group. The lattice constants of tetragonal LaO
relaxed by first-principles calculations are a = b = 5.1335 Å
and c = 5.1331 Å.

LaO with a tetragonal structure contains one lanthanum
atom positioned at (0,0,0) and one oxygen atom positioned
at (0,0.5,0.5) in fractional coordinates per primitive cell. To
explore the bonding character of LaO, the ELF [35] and the
DCD (charge density minus superposition of atomic densities)
of the system were calculated. ELF is an effective way for
bond classification, and it can be described in a map of real
space in the range between 0 and 1, where 0 corresponds to a
completely nonlocal state, 0.5 to a uniform electron gas, and
1 to a perfect localization state. Figures 2(a)–2(f) present the
ELF and DCD calculated in three particular slices of LaO,
i.e., for the slices containing only La atoms [Figs. 2(a) and
2(d)], only O atoms [Figs. 2(b) and 2(e)], and both La and O
atoms [Figs. 2(c) and 2(f)], respectively. It is found clearly in
Fig. 2(a) that the maximum ELF value in the central triangle
among the La atoms approaches 0.59, demonstrating a strong
metallic bonding. The ELF values of triangular regions are
around 0.4-0.6 among O atoms as shown in Fig. 2(b), which
also indicates the metallic character. However, as depicted in
Fig. 2(c), the maximum ELF value of the narrow channel
between La and O is less than 0.2, and there is an apparent
difference between the lower ELF value of the La region
and the higher ELF value of the O region. This indicates the

054515-3



H. GAN et al. PHYSICAL REVIEW B 104, 054515 (2021)

FIG. 2. (a)–(c) Electron localization function maps in the (111) plane (a), (b) and the (001) plane (c) of LaO, respectively. (d)–(f)
Differential charge density (10-3 e/Bohr3) maps in the (111) plane (d), (e) and the (001) plane (f) of LaO, respectively.

existence of recognized ionic bonds rather than covalent
bonds in the LaO. It should be noted that the higher ELF val-
ues of the residual channels in the interstitial region between
La and O atoms demonstrate that the metallicity still exists
with the ionicity in this slice.

The DCD map in Fig. 2(d) shows that the charge den-
sity around La atoms is very low, but the charge density
of the spherical region is relatively high, indicating that La
atoms lose charges. Figure 2(e) depicts that the charge density
around O atoms is very high, indicating that O atoms gain
charges. This means that La and O atoms act as charge donors
and acceptors, respectively, and the charges transfer from La
atoms to O atoms, as shown in Fig. 2(f). Overall, the ELF and
DCD results reveal that the metallic bonds are formed in LaO,
consistent with our experimental results, and there is also a
non-negligible ionicity between La and O atoms.

The metallic nature of LaO is also confirmed by the cal-
culated electronic band structure in Fig. 3(a) which shows
that the conduction-band bottom is about 2.51 eV below the
Fermi level. There are three valence bands between −6.48 and
−3.82 eV. These valence bands give rise to two peaks at −5.76
and −4.45 eV in the electronic DOS. As shown in Fig. 3(b),
the lower parts of three valence bands are predominantly due
to the La-d and O-p orbitals. In the wide range of conduction
bands, La-d electrons dominate the DOS and strongly hy-
bridize with O-p electrons while La-s, La-p, and O-s electrons
contribute to the rest. In addition, the two peaks at −0.55 and
0.66 eV are mainly contributed by La atoms in the electronic
DOS, which clearly indicates that La electrons dominate in the
conduction band. The calculated N (EF) ∼ 0.55 states/eV/f.u.
of LaO is lower than other lanthanum monochalcogenides,
and these N (EF) follow the trend that the N (EF) decreases
with the decrease of the atomic number of chalcogen [2,11].
This may be due to the enhanced overlapping between the

La-d and O-p or X -p orbitals with the reduced interatomic
separation from LaTe to LaO. The broadening of the d-bands
is a consequence of this enhancement of the d-p hybridization,
which results in a lower DOS at the Fermi level [2]. We
noted that the hybridization between the La and O atoms
is stronger than that between La and S (or Se/Te) in LaX
[2,11], which is closely related to the following aspects: (i)
The electronegativity of O (3.44 eV) is larger than S (2.58
eV), Se (2.55 eV), and Te (2.10 eV), and the bonding strength
at 298 K of La-O (798 kJ/mol) is stronger than those of La-S
(573.4 ± 1.7 kJ/mol), La-Se (485.7 ± 14.6 kJ/mol), and La-
Te (385.6 ± 15 kJ/mol) [36]. Thus, the combination of La
and O will be relatively stronger [36]. (ii) The calculated
conduction-band width of LaO is ∼2.52 eV in our work,
which is larger than those of LaS (2.38 eV), LaSe (2.15 eV),
and LaTe (1.85 eV) [2]. This demonstrates the greater hy-
bridization in the case of LaO than LaX [2,37]. (iii) The lattice
constant of LaO is the smallest among these compounds,
which is closely related to the smallest atomic radius and
the strongest electronegativity of the O atom. Hence, the hy-
bridization can be expected to increase from LaX to LaO [11].

Figure 3(c) shows the Brillouin zone of the LaO lattice
and the path calculated in the band structure along the special
high-symmetry k-points �, X , Y , , �, Z , 1, N , P, Y1, Z , and
P. The Fermi level intersects only one band in all directions
between the high-symmetry points of the BZ, indicating that
there is only one Fermi surface. As shown in Fig. 3(d), the
Fermi surface consists of six closed and disconnected elec-
tronlike pockets [38] and 12 small electronlike sheets. The
six pockets are centered at points Z or X separately, similar
to LaX [16]. Meanwhile, all of the pockets and sheets are
integrally symmetrical around the center � point. In addition,
it is noted that the disconnected pockets in LaO are similar to
LaS and LaSe but slightly different from LaTe in which the
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FIG. 3. (a) Electronic band structure of LaO plotted along �, X , Y , , �, Z , 1, N , P, Y1, Z , and P high-symmetry k points. (b) Partial
electronic density of states of LaO. The parallel (a) and perpendicular (b) dashed lines indicate the position of the Fermi level. (c) Brillouin
zone of the LaO lattice. (d) Three-dimensional Fermi surface of the tetragonal LaO.

ellipsoidal electronlike pockets are connected at the � point
[16].

The quantum-mechanical many-body state has been inves-
tigated for electron interaction in superconducting materials
by using the BCS theory and introducing electron-phonon
coupling. Studies have shown that Cooper pairs can be formed
by electrons near the Fermi level and thus superconductivity
may show up in materials [39]. Focusing on the vibrational
properties, the phonon frequencies as well as the projected
phonon DOS were calculated. Figure 4(a) shows six phonon
branches including three acoustic branches and three optical
branches. The dynamical stability of LaO is demonstrated by
the phonon dispersion curves without imaginary frequency

[39]. Along the special symmetry directions Y -, Z-1, and
Y1-Z , the flatness of different branches increases in considera-
tion of the symmetry. Notably, the acoustic and optic branches
have a clear phonon dispersion band gap because an La atom
is much heavier than an O atom (the mass ratio of MLa/MO is
equal to 8.68), as shown in Fig. 4(a). In this case, the vibra-
tions of La atoms principally contribute to the acoustic phonon
modes, while the vibrations of O atoms principally contribute
to the optical phonon modes, as indicated by the projected
phonon DOS shown in Fig. 4(b). On the one hand, the optical
branches are relatively flat throughout the BZ except at X and
N , resulting in the two peaks at the frequencies of 7.51 and
9.37 THz in the phonon DOS. On the other hand, along the

FIG. 4. (a) Phonon dispersion curves, and (b) projected phonon density of states of LaO.
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FIG. 5. (a) Eliashberg spectral function, α2F (ω) (solid line), and frequency-dependent electron-phonon coupling constant, λ(ω) (dashed
line), of LaO. (b) Superconducting transition temperature Tc as a function of μ∗.

Y -, Z-1, and Y1-Z directions, the flatness of acoustic
phonon branches leads to the two sharp peaks at frequen-
cies of 2.97 and 3.74 THz in the phonon DOS. It is worth
mentioning that there is no longitudinal optical and transverse
optical (LO-TO) splitting in the phonon dispersion. Generally,
the LO-TO splitting is caused by the long-range Coulomb
interaction [40,41], which typically exists in insulators or
semiconductors [41–44]. While in metallic systems, the long-
range Coulomb interaction would be efficiently screened
[45,46] and thus the LO-TO splitting will be absent. In our
case, LaO is of metallic behavior and the long-range Coulomb
interaction could be screened. Thus, the LO and TO branches
are triply degenerated at the � point; see, e.g., the phonon
dispersions shown in Fig. 4(a). This is consistent with the
calculated results on LaX [17,18]. In addition, from our cal-
culation results by VASP (see the Supplemental Material [31]
for details), it can be seen that with the GGA and HSE func-
tionals, the electronic band structures near the Fermi level
are almost identical, and the low-frequency phonons are very
similar. This suggests that the calculation on the supercon-
ducting properties would not be overtly affected with different
functionals [47].

To investigate the superconductivity in LaO, the phonon
frequency-dependent Eliashberg spectral function α2F (ω)
and EPC constant λ are calculated by using Eqs. (4) and (3),
respectively, as depicted in Fig. 5(a). Comparing Fig. 5(a)
with Fig. 4(b), the similar curve shape between α2F (ω) and
the phonon DOS indicates that all vibration frequencies con-
tribute to the electron-phonon coupling. There are two main
ranges of phonon energies contributing to the EPC constant λ:
the lower phonon frequencies from 1.82 to 4.48 THz and the
higher phonon frequencies from 6.41 to 10.50 THz. Specifi-
cally, the EPC constant λ is dominated by two aspects: (i) The
lower-energy phonons coupling with electrons related to the
La atoms contribute approximately 61% of the total λ value.
(ii) The remaining 39% mainly comes from the higher-energy
phonons coupling with electrons associated with O atoms.
The electron-phonon coupling is due to the interactions of
these phonons with the electrons from La-d and O-p states.
Remarkably, the obtained total EPC constant λ of 0.69 is
moderately large for superconductivity [48–50]. Based on the
obtained α2F (ω) and λ, the logarithmic average of the phonon
energy ωln ∼ 222.11 K was obtained according to Eq. (2).

Figure 5(b) shows that the Tc calculated by Eq. (1) de-
creases with decreasing Coulomb coupling constant μ∗ in the
range from 0.1 to 0.2 [19]. Typically, the values of μ∗ are
usually 0.1–0.13 for various superconductors [32,51]. Here,
the μ∗ value of 0.13 is used for LaO, the same as that reported
for LaX [2], and Tc of LaO is estimated to be about 5.37 K,
very close to our experimental Tc ∼ 5.27 K in Fig. 1(g). The
factors such as structural defects or electron inhomogeneity
in experiments and the overestimation of electronic DOS
in calculations may cause the deviation between experimen-
tal observation and theoretical calculation [52]. It should be
pointed out that the Tc of the LaO film (∼150 nm) measured
by our experiment shown in Fig. 1(g) is in good agreement
with our first-principles calculation as well as earlier experi-
mental results on a ∼20 nm LaO film reported by Kaminaga
et al. [20]. Generally, the physical properties including su-
perconductivity of films tend to be close to the bulk ones
when the film thickness is above a certain level (mostly tens
of nanometers) [52–59]. Thus, it can be expected that the
superconducting properties of our LaO film (150 nm) will be
retained in the bulk one.

FIG. 6. Superconducting transition temperature Tc as a function
of electron-phonon coupling constant λ for LaO and LaX . The solid
points are from theoretical calculations of this work (red star) and
an earlier report [2], and the hollow points are results derived from
experimental data [20].
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TABLE I. Theoretical calculated values of N (EF ) (states/eV/f.u.), 〈I2〉 [(eV/Å)2], M(1.661 × 10-27 kg), 〈ω2〉1/2 (K), η(eV/Å2),
κ (eV/Å2), λ, and Tc (K).

Compound N (EF ) 〈I2〉 M 〈ω2〉1/2 η κ λ Tc Ref.

LaO 0.55 26.33 154.91 276 14.48 20.99 0.69 5.37 This work
LaS 1.11 5.42 170.97 195 6.02 11.58 0.52 2.01 [2]
LaSe 1.24 3.50 217.88 163 4.34 10.33 0.42 0.54 [2]
LaTe 1.40 1.76 266.51 124 2.47 7.25 0.34 0.07 [2]

It should be pointed out that the theoretical results of both
Tc and λ for LaO are in good agreement with the earlier reports
derived experimentally by Kaminaga et al. [20], as depicted in
Fig. 6. Interestingly, by comparing λ and Tc of LaO with the
values from LaX [2], it is found that the values of λ increase
monotonously from LaTe to LaO with decreasing the atomic
number of chalcogen atoms, and the EPC constant contributes
positively to obtaining a higher Tc in this system. It is known
that the λ can be approximately expressed by [19]

λ = η/M〈ω2〉. (6)

Here, the Hopfield parameter η = N (EF)〈I2〉 only de-
scribes the electronic characteristics, where 〈I2〉 is the average
square of the electronic matrix element over the Fermi level
[19]; the force constant κ = M〈ω2〉 corresponds to the phonon
properties, where M is the mass and 〈ω2〉 is the average
square of the phonon frequency. To obtain a comprehensive
understanding of the variation trends of λ and Tc in Fig. 6,
the values of N (EF), 〈I2〉, M, 〈ω2〉1/2, η, κ , λ, and Tc of LaO
and LaX are listed in Table I. It can be seen from Table I that
all these parameters change monotonously from LaTe to LaO.
The N (EF) and M of LaO are the lowest, while its 〈I2〉, 〈ω2〉,
η, κ , λ, and Tc are the highest.

According to Eq. (6), both the increased electronic term
η and the phonon term κ from LaTe to LaO compete with
each other in affecting λ. On the one hand, although the
N (EF) decreases from LaTe to LaO, the Hopfield parameter η

undergoes a significant increase due to the higher 〈I2〉, which
contributes proportionally to the higher λ. On the other hand,
from Te to O, the decrease of atomic radius and the increase
of the electronegativity result in the decrease of interatomic
spacing and the increase of bond strength from LaTe to LaO,
and these lead to the phonon stiffening with higher 〈ω2〉, as
obtained from the phonon property calculations [17,18]. Even
though the M decreases from LaTe to LaO, the more profound
increase in 〈ω2〉 results in the enhancement of the phonon
term κ that is inversely proportional to λ. Overall, the much
stronger increase in the electronic term η contributes more
significantly to λ, explaining the larger λ as well as the higher
Tc of LaO than those of other LaX .

The above calculation based on the BCS theory using the
modified McMillian equation is in good agreement with the
experimental results. As we know, the researchers have also
concluded that LaX (X = S, Se, or Te) is a conventional

BCS electron-phonon coupling superconducting system [2].
Even for the clathrate-like structured LaH10 with a super-
conducting transition temperature close to 250 K under high
pressure, it is still considered as a conventional supercon-
ductor and its superconductivity can be described by BCS
theory [3,60]. However, it is difficult to rule out non-BCS type
mechanisms. For example, for some unconventional super-
conductors, such as lanthanum strontium copper oxide, some
non-BCS mechanisms were proposed to explain the origin
of the superconductivity, including the Anderson non-Fermi-
liquid high-temperature superconducting mechanism [61], the
Schrieffer spin bag mechanism [62,63], the nearly antifer-
romagnetic Fermi liquid mechanism [64,65], the bipolaron
mechanism [66,67], etc. The non-BCS mechanisms have al-
ways been a challenging topic in condensed-matter physics,
and further experimental and theoretical research is required.

IV. CONCLUSIONS

In summary, the superconductivity of LaO has been studied
by experiments and first-principles calculations. The calcula-
tions on the electronic and phonon properties of LaO showed
that La-d and O-p electrons dominate the electronic DOS
at the Fermi level, and the tetragonally distorted rocksalt
structure LaO is dynamically stable. Based on the calculation
of electron-phonon coupling, La atoms mainly contribute to
the low-frequency phonons which dominate the EPC con-
stant λ. The stronger phonon-mediated EPC in LaO than
LaX , mainly contributed from the significantly varied elec-
tronic contribution, makes its Tc ∼ 5.37 K higher than other
lanthanum monochalcogenides. The consistency of our exper-
imental observations and theoretical calculations provides an
understanding of the intrinsic superconducting properties of
LaO.
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