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A recent experiment reported the first rare-earth binary oxide superconductor LaO (7. ~ 5K) with a
rock-salt structure [K. Kaminaga et al., J. Am. Chem. Soc. 140, 6754 (2018)]. Correspondingly, the underlying
superconducting mechanism in LaO needs theoretical elucidation. Based on first-principles calculations on the
electronic structure, lattice dynamics, and electron-phonon coupling of LaO, we show that the superconducting
pairing in LaO belongs to the conventional Bardeen-Cooper-Schrieffer (BCS) type. Remarkably, the electrons
and phonons of the heavy La atoms, instead of those of the light O atoms, contribute most to the electron-phonon
coupling. We further find that both the biaxial tensile strain and the pure electron doping can enhance the
superconducting 7, of LaO. With the synergistic effect of electron doping and tensile strain, the 7. could be even
higher, for example, 11.11 K at a doping of 0.2 electrons per formula unit and a tensile strain of 4%. Moreover,
our calculations show that the superconductivity in LaO thin film remains down to the trilayer thickness

with a T, of 1.4 K.

DOI: 10.1103/PhysRevB.104.045121

I. INTRODUCTION

Searching for new superconductors and exploring the re-
lated superconducting mechanism have been a long-standing
subject in condensed matter physics. Among various su-
perconductors, the binary lanthanide compounds have been
intensively investigated. For example, the lanthanum di-
carbide LaC, was shown to become superconducting at
1.6 K [1], and the recent experimental [2] and theo-
retical [3] studies further confirmed its BCS character.
Compared with LaC,, the lanthanum sesquicarbide La,C;
has a superconducting 7. of 11 K [4-6], which can be
further raised to 13 K by tuning the La/C ratio [7-9].
However, whether the pairing symmetry in La,C; is of
multiple gap [10-12] or s-wave gap [9] needs further
clarification [13]. The lanthanum monopnictides LaSb and
LaBi exhibit extremely large magnetoresistance (XMR)
at ambient pressure [14-17] and were reported to show
superconducting behavior under pressure [18,19]. Never-
theless, our first-principles calculations indicated that the
electron-phonon coupling (EPC) mechanism cannot account
for the observed superconductivity in compressed LaBi
[20]. More recently, the lanthanum superhydride LaHjq
under ultrahigh pressure demonstrates a very high 7, of
250-260 K [21,22], which is consistent with previous
predictions based on EPC calculations [23,24]. The nu-
merous lanthanide compounds as exemplified above have
thus provided a material warehouse for discovering new
superconductors.
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In addition to the aforementioned binary lanthanide su-
perconductors, many unconventional superconductors, such
as cuprate and Fe-based superconductors, also contain
lanthanide elementary units. For example, the cuprate
La,_,Ba,CuO, [25] is composed of CuO, planes intercalated
with LaO planes [26,27], while the iron-based superconductor
LaO,_,F,FeAs [28] consists of FeAs and LaO layers [29-31].
The LaO layers in these two compounds are recognized as
charge reservoirs that can provide carriers to CuO, or FeAs
planes [26,27,30,31]. On the other hand, rare attention has
been paid to the binary lanthanum compound LaO, probably
due to its poor chemical stability in bulk form [32]. With
the advance in the state-of-the-art oxide thin-film epitaxy
techniques, several rare-earth monoxides with rock-salt struc-
ture including LaO have been successfully synthesized in the
past five years [33-37]. Particularly, the LaO thin films with
a thickness of approximately 20 nm deposited on different
substrates show bulk superconductivity with a 7. around 5 K
[36]. This was an experimental report on the superconductiv-
ity in the rare-earth binary oxide. By changing the amount
of oxygen vacancies in LaO thin films, the electron carrier
density and the superconducting 7T, can be effectively tuned;
moreover, the superconducting 7. of LaO thin films varies
from 4.25 K to 5.24 K when grown on YAlO;, LaAlOs;,
LaSrAlQO4 substrates [36]. However, the electronic structure
and the origin of superconductivity in LaO wait for theoretical
clarification.

To explore the superconducting mechanism in LaO, we
carried out first-principles calculations on its electronic struc-
ture, lattice dynamics, and EPC strength. We find that LaO
is a phonon-mediated superconductor. The calculated super-
conducting T, agrees quite well with the previously measured
value. We then studied the effects of lattice strain, charge
doping, and dimensionality on the superconductivity in LaO.

©2021 American Physical Society


https://orcid.org/0000-0001-6216-333X
https://orcid.org/0000-0001-7359-3343
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.045121&domain=pdf&date_stamp=2021-07-12
https://doi.org/10.1021/jacs.8b03009
https://doi.org/10.1103/PhysRevB.104.045121

SUN, ZHANG, LIU, HAN, AND LU

PHYSICAL REVIEW B 104, 045121 (2021)

II. COMPUTATIONAL DETAILS

The electronic structure, phonon spectrum, and EPC
strength of LaO were studied by using the density functional
theory (DFT) [38,39] and density functional perturbation
theory (DFPT) [40,41] calculations as implemented in the
QUANTUM ESPRESSO (QE) package [42]. The interactions
between electrons and nuclei were described by the RRKIJ-
type ultrasoft pseudopotentials [43] which were taken from
the PSlibrary [44,45]. The generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) formula [46] was
adopted for the exchange-correlation functional. The kinetic
energy cutoff of the plane-wave basis was set to 80 Ry.
A 12 x 12 x 12 k-point grid was adopted for the Brillouin
zone (BZ) sampling. The Gaussian smearing method with a
width of 0.004 Ry was used for the Fermi surface broad-
ening. Both lattice constants and internal atomic positions
were optimized with the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) quasi-Newton algorithm [47] until the forces on all
atoms were smaller than 0.0002 Ry/Bobhr. In the calculations
of the dynamical matrix and the EPC, the BZ was sampled
with a 6 X 6 x 6 g-point mesh and a dense 60 x 60 x 60
k-point mesh, respectively. At certain conditions (2% strain
and 0.2 e/cell doping), a denser 8 x 8 x 8 q-point mesh was
also used to examine whether or not the imaginary frequency
exists near the BZ center. The ultrathin LaO films were stud-
ied by two-dimensional slabs with a 16-A vacuum layer to
avoid the artificial interaction between periodic images. For
the LaO slabs, all atomic positions and lattice constants were
fully optimized. A 12 x 12 x 1 k-point grid was used for
the self-consistent calculation while 6 x 6 x 1 q-point and
60 x 60 x 1 k-point grids were adopted to investigate the
phonon dispersion and the EPC.

Based on the EPC theory, the Eliashberg spectral function
a?F (w) is defined as [48]
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where N(er) is the density of states (DOS) at Fermi level ¢F,
wqv 18 the frequency of the vth phonon mode at wave vector
g, and yg, is the phonon linewidth [48],
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in which g‘]‘(iqn“kn is the electron-phonon coupling matrix
element. The total electron-phonon coupling constant A can
be obtained by [48]
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Then the superconducting transition temperature 7, can be
determined by substituting the EPC constant A into the
McMillan-Allen-Dynes formula [49],
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where ©* is the effective screened Coulomb repulsion con-
stant with the empirical values between 0.08 and 0.15 [50,51].
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FIG. 1. (a) Crystal structure of bulk LaO, where the blue and red
balls represent La and O atoms, respectively. (b) Bulk Brillouin zone
(BZ) for the primitive cell of LaO. The high-symmetry paths in BZ
are indicated by red lines.

In our calculation, u* was set to 0.13, similar to a previ-
ous study on lanthanum monochalcogenides [52]. wiog is the
logarithmic average of Eliashberg spectral function that is
defined as

Wiog = eXp|:§ / d?wazF(a))ln(a)):|. ®)]

III. RESULTS AND ANALYSIS

Figure 1(a) shows the bulk crystal structure of lanthanum
monoxide LaO. Similar to other reported rare-earth monox-
ides [33-35,37], LaO adopts a rock-salt structure with space
group Fm-3m, which is composed of two face-centered cu-
bic lattices, respectively, of La and O. The calculated lattice
constants of bulk LaO are a=b=c =5.164 A, in good
accordance with the previous experimental values (a = b =
c=>5.144 A) [53]. The bulk Brillouin zone (BZ) of the prim-
itive cell of LaO along with the high-symmetry k points is
displayed in Fig. 1(b).

Figure 2 presents the orbital-resolved electronic band
structure of bulk LaO along the high-symmetry paths in the
BZ as well as the total and projected density of states (DOS).
These results were calculated in the absence of spin-orbital
coupling (SOC). There is a band passing through the Fermi
level Er across the BZ [Fig. 2(a)], indicating the metallic
behavior of LaO. Based on the orbital analysis, the 5d or-
bitals of La play a dominant role around the Fermi energy
level, followed by the 4f orbitals, while the contribution of
the 2p orbitals of O is tiny. From the Fermi surface of LaO
displayed in the inset of Fig. 2(a), we can see that there are
large electron-type pockets around the X points and small
electron-type pockets around the K and U points, respec-
tively. The corresponding DOS shows a hump near the Ep
[Fig. 2(b)], which is helpful to the appearance of supercon-
ductivity. Moreover, the electronic states around the Er are
mainly contributed by La 5d orbitals, suggesting their major
role playing in the superconductivity. This is consistent with
the above analysis of orbital weights for the electronic bands.
We also examined the electronic structure with the inclusion
of SOC and found that both the energy dispersion and the total
DOS near the Fermi level are almost unchanged. Hence, we
will not consider the SOC effect in the following calculations.
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FIG. 2. (a) Orbital-resolved electronic band structure of bulk
LaO along the high-symmetry paths of BZ. The bands projected onto
the La 5d, 4f, and O 2p orbitals are displayed with pink, blue, and
cyan lines, respectively. The widths of lines are proportional to the
weights of the corresponding orbitals. Inset shows the Fermi surface
of LaO. (b) Total and projected density of states of LaO. The Fermi
level is set to zero.

We next explore the phonon properties and the electron-
phonon coupling of LaO. Figures 3(a) and 3(b) show the
phonon dispersion with the EPC strength and the phonon den-
sity of states (PHDOS), respectively. There is no imaginary
frequency in the phonon spectrum of Fig. 3(a), indicating the
dynamical stability of bulk LaO. From the momentum- and
mode-resolved EPC parameter A4, [as indicated by the size
of red dot in Fig. 3(a)], we learn that the largest contribution
to the EPC comes from the acoustic phonon branch in the
frequency range of 100 to 140 cm ™!, which mainly originates
from La vibrations [Fig. 3(b)] and contributes about 64.5% to
the total EPC constant [Fig. 3(c)]. In particular, the phonon
modes with the frequencies ~135 cm™! across the BZ almost
all contribute significantly to the EPC [Fig. 3(a)], being con-
sistent with the sharp peak in the Eliashberg spectral function
a’F (w) [Fig. 3(c)]. The calculated total EPC constant A of
bulk LaO is 0.653. Based on the McMillan-Allen-Dynes for-
mula [Eq. (4)], we obtained the superconducting 7, of LaO as
4.84 K, which agrees well with the measured value of ~5 K
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FIG. 3. (a) Phonon spectrum of bulk LaO. The size of red
dot represents the electron-phonon coupling (EPC) strength Ag,.
(b) The total and projected phonon DOS. (c) Eliashberg spectral
function @?F(w) (blue line) and integrated EPC constant A(w)
(red dashed line).

for LaO films grown on several substrates [36]. This means
that the superconductivity in rock-salt structure LaO can be
explained in the framework of the BCS theory.

We further study the effects of lattice strain and charge
doping on the superconducting properties of LaO. The in-
plane biaxial strains from —4% (compressive strain) to 4%
(tensile strain) have been considered, which are accessible
experimentally. From Table I, we can see that the compressive
(tensile) in-plane strain causes the expansion (shrink) of the

TABLE 1. Calculated lattice constants, electronic density of
states, EPC parameters, and superconducting 7.s of bulk LaO under
different biaxial strains €. N(0) represents the electronic DOS at
Fermi level. wo, denotes the logarithmic average of the Eliashberg
spectral function [Eq. (5)]. A is the EPC constant. Superconduct-
ing 7, is calculated by using the McMillian-Allen-Dynes formula
with u* = 0.13.

€ a c N(0) WDiog A T.

(%) A) A) (states/eV)  (cm™') (K)
—4 4958 5282 0.96 161.1 0590 3.51
-2 5061 5222 1.02 1580 0614 4.05
0 5.164  5.164 1.08 1559  0.653 4.84
2 5267  5.108 1.12 1478 0727 629
4 5371 5.060 1.13 1349 0818 7.67
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FIG. 4. Charge doping effect on the superconducting properties
of bulk LaO. (a) Calculated superconducting 7, (black squares) and
EPC constant A (red triangles) as well as (b) calculated electronic
density of states at the Fermi level N(0) (black dots) and logarithmi-
cally averaged phonon frequency wo (red triangles), respectively, as
functions of doping concentration.

c-axis lattice, indicating that LaO undergoes a structural tran-
sition from the cubic phase to the tetragonal phase [36]. These
structural changes have significant impact on the electronic
states of LaO. For example, the electronic DOS at the Fermi
level decreases under the compressive strain but increases
with the tensile strain (Table I), the latter of which would
allow more electronic states to couple with the phonons. As
the tensile strain increases, the phonon modes generally shift
toward lower frequencies, especially where the EPC is strong
(see Fig. 7 in Appendix A); concomitantly, the total EPC
strength A is lifted (Table I). The calculated superconducting

T, reaches 7.67 K at € = 4%, which is enhanced by 58.5%
compared with the strain-free one (4.84 K). It is notewor-
thy that the simulated strain effect on superconductivity is
in good agreement with the behavior of the measured 7, of
LaO thin films grown on different substrates (YAIO3, LaAlO3,
LaSrAlOy) [36].

The influence of charge doping on the superconductivity in
LaO is also examined. Here, we simulate the charge doping
by directly adding electrons into or removing electrons from
the system, together with a compensating uniform charge
background of opposite sign to maintain the charge neutrality.
Considering that there is a hump in the DOS right above the
Fermi level [see Fig. 2(b)], we infer that the electron doping is
more conducive to enhancing EPC and 7, than the hole dop-
ing. This is confirmed by the calculated values of 7,: 4.37 K
for 0.05 holes/cell doping vs. 5.84 K for 0.05 electrons/cell
doping [Fig. 4(a)]. We then focus on the case of electron
doping in a range from 0.05 to 0.2 electrons/cell. As seen
from Fig. 4(b), with the electron doping the electronic DOS
at the Fermi level N(0) first increases dramatically and then
decreases gradually. Meanwhile, the calculated 7. initially
lifts up sharply with the electron doping, reaching a value of
7.22 K, and then varies modestly [see Fig. 4(a)]. The above
results indicate that both the tensile lattice strain and the pure
electron doping can enhance the superconducting 7; of LaO.

We further investigate the synergistic effect of the tensile
strain and the charge doping on the superconductivity in LaO.
Figure 5(a) shows the distribution of T, under different lattice
strains and doping concentrations, in which nine black dots
mark the actual points we have calculated. Compared with
the 7, obtained under pure tensile strain or pure electron
doping (Table I and Fig. 4), the 7. increases significantly
with their combined effects and reaches a value of 11.11 K at
0.2 electrons/cell doping and 4% tensile strain, more than
twice that of pure LaO. According to Fig. 5(b), the elec-
tronic DOS under 4% tensile strain and 0.2 electrons/cell
doping is enhanced, which is beneficial to the superconduc-
tivity. From the phonon spectra shown in Fig. 5(c), we can
see that when the doping concentration increases from 0.1
to 0.2 electrons/cell, the phonon spectra appears obviously
softening and would be further softened with the tensile strain
increasing from 2% to 4%, which would lead to the enhance-
ments of EPC and T7.. In short, the significant boost in T
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FIG. 5. (a) Superconducting 7. of LaO under the synergistic effect of tensile strain and electron doping. The nine black dots are the
specific calculation results. (b) Total electronic DOS and (c) phonon spectra of bulk LaO under various tensile strains and electronic doping

concentrations.
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FIG. 6. (a) Phonon spectrum of trilayer LaO. The size of red
dot represents the EPC strength Ag,. (b) Total and projected phonon
DOS. (c) Eliashberg spectral function a®>F (w) (blue line) and inte-
grated A(w) (red dashed line). Vibrational patterns of (d) A;, and
(e) A,, phonon modes at the T point with strong EPC. Yellow
arrows and their lengths denote the direction and amplitude of atomic
vibrations, respectively.
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could be attributed to the softening of phonon spectrum and
the increase in the electronic DOS at the Fermi level.

Besides the strain and charge doping effects, the dimen-
sionality is another important factor that could influence the
superconductivity of materials. We have examined whether
the LaO thin film is still stable and superconducting down
to the atomic-layer thickness. The calculated phonon spec-
tra of monolayer and bilayer LaO thin films show that they
both have large imaginary frequencies around the X point,
indicating their dynamical instabilities. In contrast, there is
no imaginary frequency in the whole BZ for the trilayer LaO
film except a tiny one near the T point [Fig. 6(a)]. Instead of
a sign of structure instability, it may result from the numerical
difficulties in the accurate calculation of rapid decaying in-
teratomic force [54,55], which was also found in the phonon
spectra of borophene [56], germanene [57], and buckled ar-
senene [58,59].

We then focus on the stable trilayer LaO film. The orbital-
resolved band structure shows that trilayer LaO is a metal
with the states at the Fermi level mainly contributed by
La 5d orbitals (see Fig. 8 in Appendix B). Similar to bulk
LaO, the phonon spectrum of trilayer LaO can be divided
into two regions [Figs. 6(a) and 6(b)]: a low-frequency branch
(0 ~ 170 cm™") with main composition of the La vibrations
and a high-frequency branch (220 ~ 400 cm™!) mainly with
the O vibrations. The mode- and momentum-resolved EPC
strength [red dots in Fig. 6(a)] labels the phonon modes with
large EPC. We select two typical phonon modes at the T’
point and plot their vibration patterns in Figs. 6(d) and 6(e),
respectively. One is an A, mode, where the outermost LaO
layers show opposite vibrations along the z direction and the
middle layer remains static; meanwhile, each outermost LaO

R NVp N BN
UL N
12, 200 _

Pag ApP=
100/ /T T \_,>“§_
OF XYZX r ZX N P Y, Z

(d)

300 R/\ v\ // \ .
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FIG. 7. Phonon spectrum of bulk LaO under different biaxial strains. The size of red dots on black lines represent the EPC strength Ag,.
(a) —2% compressive strain; (b) —4% compressive strain; (c) 2% tensile strain; (d) 4% tensile strain.
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FIG. 8. Electronic structure of trilayer LaO. The left panel is the
orbital-resolved band structure along the high-symmetry paths of the
BZ. The bands contributed to by La 5d, 4f, and O 2p orbitals are
displayed with pink, blue, and cyan lines, respectively. The widths of
lines are proportional to the corresponding orbital weights. The right
panel shows the total and projected density of states for trilayer LaO.
The Fermi level is set to zero.

layer involves the in-phase vibrations of La and O atoms.
The other is an A, mode, which involves the out-of-phase
vibrations of La and O atoms along the z direction in each
LaO layer. The calculated total EPC constant A of trilayer LaO
film is 0.488 and the corresponding 7, is 1.4 K. These results
indicate that LaO is still stable and superconducting down to
the trilayer thickness.

IV. CONCLUSION

In summary, based on the first-principles electronic struc-
ture calculations, we show the conventional electron-phonon
coupling mechanism for the superconductivity in rock-salt
structural LaO. The calculated superconducting 7, of 4.84 K
is in good accordance with the previous measurements [36].
According to our calculations, the EPC is mainly contributed
by the low-frequency phonon modes of La atoms. Moreover,
both the tensile lattice strain and the pure electron doping can
boost the T;, where the former is consistent with the previous
observations on LaO films prepared on different substrates
[36] and the latter waits for future experimental verification.

It is worth noting that when the doping concentration reaches
0.2 electrons/cell and the tensile strain reaches 4%, the T,
is significantly enhanced to 11.11 K, indicating that the su-
perconductivity of LaO can be significantly enhanced under
the synergistic effect of electron doping and tensile strain.
Interestingly, our calculations also suggest that the super-
conductivity (7, ~ 1.4 K) still exists when the LaO film is
reduced to trilayer thickness. Our works call for more effort
to explore superconductivity in rare-earth compounds and
their stacking structures [60] as well as to study the related
superconducting mechanism.
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APPENDIX A: PHONON SPECTRA AND EPC STRENGTH
OF BULK LaO UNDER DIFFERENT BIAXIAL STRAINS

To explore the effect of lattice stain on the supercon-
ductivity in bulk LaO, we calculated the phonon spectrum
and the EPC strength under different strains ranging from
—4% to 4%. As shown in Fig. 7, the phonon modes overall
shift toward higher (lower) frequencies with the compressive
(tensile) strain.

APPENDIX B: ELECTRONIC BAND STRUCTURE, TOTAL
AND PROJECTED DOS OF TRILAYER LaO THIN FILM

Figure 8 shows the electronic structures of trilayer LaO.
There are three bands crossing the Fermi level Er, indicating
its metallic nature. According to the orbital-resolved band
structure, the bands around the Fermi energy level are mainly
composed of La 5d orbitals while the weights of La 4f or-
bitals and O 2p orbitals are relatively lower.
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