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We design two new layered indium halide compounds LaOInF; and LaOInCl, by means of first-principles calcu-
lations and evolutionary crystal structure prediction. We find both compounds crystallize in a tetragonal structure with
P4 /nmm space group and have indirect band gaps of 2.58 eV and 3.21 eV, respectively. By substituting O with F, both of
them become metallic and superconducting at low temperature. The F-doping leads to strong electron—phonon coupling in
the low-energy acoustic phonon modes which is mainly responsible for the induced superconductivity. The total electron—
phonon coupling strength are 1.86 and 1.48, while the superconducting transition temperature (7;) are about 7.2 K and
6.5 K with 10% and 5% F doping for LaOInF, and LaOInCl,, respectively.

Keywords: superconductor, LaOInF;, LaOInCl,, electron—phonon coupling
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1. Introduction

Superconducting materials have attracted significant at-
tention worldwide due to their promising applications. The
search for new high-temperature superconductors has long
been an important subject of both theoretical and experimen-
tal studies. With the rapid advancements in computational
science and algorithms, computational simulation has become
a crucial pathway in the exploration of new superconductors,
which offers valuable insights that help guide experimental de-
sign and material optimization.[!=]

Layered materials have attracted increasing interests in
superconducting research due to their rich structural vari-
ation, in which the superconductivity can be induced and
improved through doping, substitution, intercalation, and
applying pressure.l>! There are a number of superconduc-
tors possessing layered structures, such as the MgB,,%!
Sr;RuO4,[7! (Hf,Zr)NCL B! and Cu-based, ! Fe-based, %! Bi-
based,!'! Ni-based!'?! superconductors. However, the su-
perconducting mechanism of most layered superconductors

10.12-14] it is important to discover new lay-

is still elusive,!
ered superconductors to accelerate the understanding of super-
conductivity. Recently, we predicted two new layered com-
pounds LaOTIF, and LaOTICl, by means of first-principle
calculations.!">! Both of them crystallize in a layered tetrago-
nal structure with P4 /nmm space group. Similar to BiS,-based
superconductors, their parent phases are insulators, and super-
conductivity was introduced by partially substituting O with F.
The T; are predicted to reach about 8.6 K and 8.1 K in opti-
mally doped La(O,F)TIF, and La(O,F)TICl, compounds. !
Considering that thallium (TI) is a toxic metal element,
so it is dangerous to synthesize compounds containing T1. We

fCorresponding author. E-mail: yinzhiping@bnu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad6a09

further studied layered indium (In) halide-based compounds,
which do not have toxic elements, thus can be synthesized
safely in the laboratory. Previously, a bulk indium halide-
based compound CsInF3 %! was predicted to have a supercon-
ducting temperature 7, about 24 K with sufficient hole doping
and pressure, which is similar to CsTIF3.!'”! However, hole-
doping these bulk materials is very difficult, which has been
unsuccessful yet. To overcome the difficulties of doping in
bulk materials, we aim to design layered indium halide-based
compounds. Our results demonstrate that F-doped layered
LaOInF, and LaOInCl, compounds are candidates for super-
conductors.

2. Computational details

We find that there is no information on the LaOInF,
and LaOInCl, compounds in the ICSD (Inorganic Crystal
Structure Database),!!®! thus the widely used crystal structure
prediction software CALYPSO (Crystal structure AnaLYsis
by Particle Swarm Optimization)!'”) and USPEX (Universal
Structure Predictor: Evolutionary Xtallography)?%! are em-
ployed to find the ground state crystal structures of LaOInF,
and LaOInCl,. To simulate the electron-doping systems, we
replace O with F by the virtual crystal approximation (VCA)
method.?1-24]

The structural, electronic, and lattice-dynamical prop-
erties are obtained based on the density functional theory
(DFT) and density functional perturbation theory (DFPT) %!
using the Quantum ESPRESSO code.*%! We adopt the norm-

[27] to describe the interactions be-

conserving pseudopotential
tween electrons and ion cores. The Perdew—Burke—Ernzerhof

(PBE)!?!! is used for the exchange—correlation functional,
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where the In 4d105525p1, La 5525p65d1652, F 2522p5, Cl
3s23p>, and O 2s?2p* orbitals are included as valence elec-
trons. The kinetic energy cut-off and the charge density
cut-off of the plane wave basis are set to be 100 Ry
(1 Ry=13.6056923(12) eV) and 400 Ry, respectively. For
each doping case, the lattice constants and atomic positions are
fully relaxed by minimizing the total energy. In calculations,
the Brillouin zone integration is performed with a Monkhorst—
Pack grid of 16x16x4 k-points.
and phonon perturbation potentials are calculated within the
framework of DFPT?! on a I'-centered 8 x8x2 g mesh. In
addition, considering the DFT-PBE typically underestimates

The dynamical matrices

the band gaps of insulators, we use the strongly-constrained
and appropriately-normed (SCAN) functional [*! to estimate
the band gaps of the parent compounds.

The electron—phonon coupling (EPC) simulations are
implemented in the EPW (Electron—phonon Wannier)
package.’%31l Six maximally localized Wannier functions
(three p states for each In atoms) are used to describe the elec-
tronic structure near the Fermi level. We take the 16 x16x2 k-
mesh and 8 x8x2 g-mesh as coarse grids and then interpolate
to the 64 x64x 16 k-mesh and 32x32x8 g-mesh dense grids,
respectively. The Dirac d-functions for electrons and phonons
are replaced by smearing functions with widths of 20 meV and
0.2 meV, respectively.

3. Results and discussion
3.1. Stability and structures of LaOInF, and LaOInCl,

Figure 1 shows the predicted crystal structures of two
compounds. Both of them have a tetragonal structure with
the space group of P4/nmm (No. 129), in which double
InF,/InCl; layers and LaO layers alternately stacked along the
¢ axis, forming the layered structure. Each unit cell has two
formula units with ten atoms. A notable difference of the two
compounds is the atom positions of halogen ions: In LaOInF5,
all the F ions occupy only one type of Wyckoff positions 4f,
whereas in LaOInCl,, there are two distinct sites for the Cl
ions (Cl-1 and CI-2), of which CI-1 ions and CI-2 ions are
very close to the In and La ions, respectively.

(b) >
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0
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Fig. 1. Crystal structures of (a) LaOInF, and (b) LaOInCl,. The num-
bers 1 and 2 in the blue balls of panel (b) represent the two inequivalent
sites of Cl atoms. The figures are generated by the software VESTA.[32]

The detailed lattice parameters and Wyckoff atomic coor-
dinates are summarized in Table 1.

To verify whether these two compounds are stable with
the tetragonal structure, a double check was carried out on en-
ergetic stability and dynamic stability. To check the energetic
stability, two possible reactions are considered to synthesize
LaOInF, and LaOInCl, compounds respectively.

3LaOF + InF3 + 2In — 3LaOInF; + Q,
LaCl + InOCl — LaOInCl, + Q,

where Q is the emitted energy during the reaction. By us-
ing the structures of the related reactants taken from the
ICSD, 8] our calculations suggest the two reactions release
about 2.59 eV (249 kJ/mol) and 3.95 eV (381 kJ/mol) energy
per LaOInF, unit and per LaOInCl, unit, respectively. The
results confirm that the above reactions are energetically fa-
vored.

To further examine the dynamic stability of the two com-
pounds, their phonon dispersion curves are calculated using
DFPT and the results are depicted in Figs. 2(a) and 3(a). The
absence of imaginary frequency modes indicates the dynamic
stability of LaOInF; and LaOInCl, compounds. The satis-
factory energetic stability and dynamic stability indicates that
these two compounds are promising to be synthesized in future
experiments from the theoretical point of view.

Table 1. The calculated lattice parameters and Wyckoff positions of LaOInF, and LaOInCl,.

LaOInF, LaOInCl,
a(A) 4.135 4211

c(A) 11.185 13.997
Wyckoff positions site Wyckoff positions site
La 0.0000 0.5000 0.1132 2¢ 0.0000 0.5000 0.0866 2¢
(6] 0.0000 0.0000 0.0000 2a 0.0000 0.0000 0.0000 2a
In 0.5000 0.0000 0.3890 2¢ 0.5000 0.0000 0.3840 2¢
F/C1 0.0000 0.0000 0.2638 (F) 4f 0.0000 0.5000 0.3174 (CI-1) 2¢
0.5000 0.0000 0.1805 (C1-2) 2¢

107401-2
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Moreover, the total and partial phonon density of states
(DOS) are also calculated and shown in Figs. 2(b) and 3(b).
For both compounds, the low-frequency phonons are mainly
from the vibrations of In atoms, while the high-frequency
modes are mostly related to the vibrations of O atoms. The
intermediate-frequency region about 90 cm~'-215 cm™! for
LaOInF, and about 80 cm~!-225 cm~! for LaOInCl, involves
the vibrations of La and F/Cl atoms (F for LaOInF, and Cl
for LaOInCly). In addition, the frequency modes between
215 cm™! and 315 cm™! mostly correspond to the vibrations
of F atoms for LaOInF,. However, in the case of LaOInCl,,
since there is a greater mass difference between Cl and O than
that between F and O, a wider optical phonon gap was ob-
served in the range of 225 cm~!-325 cm™!
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Fig. 2. Phonon dispersion curves and phonon density of states (DOS)
of LaOInF,.
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Fig. 3. Phonon dispersion curves and phonon density of states of
LaOInCl,.

3.2. Electronic structures of LaOInF, and LaOInCl,

With the reliable crystal structure, we next explored the
electronic structures of LaOInF, and LaOInCl, using the
SCAN functional. The calculated electronic band structures
and density of states (DOS) in the energy range of [-3.0 eV,
5.5 eV] are shown in Figs. 4 and 5, which indicates both com-
pounds are insulators with indirect band gaps of 2.58 eV and
3.21 eV for LaOInF; and LaOInCl,, respectively. One ma-
jor difference is that the valence band maximum and conduc-
tion band minimum of the two compounds are at different k
points. The partial density of states in Figs. 4(b) and 5(b) show

that the bottom of conduction bands for both compounds are
mainly from In-5p orbitals, while the contribution from La-5d
orbitals are mainly located above 4.8 eV/5.0 eV (4.8 eV for
LaOInF, and 5.0 eV for LaOInCl,). For the valence bands,
both In-5s and F-2p/CI-3p orbitals have significant contribu-
tion to the DOS near the Fermi level (0.0 eV). The lower part
of valence bands from —3.0 eV to —0.33 eV for LaOInF, and
from —3 eV to —0.46 eV for LaOInCl, mainly originates from
the O-2p, La-5d, and F-2p/Cl-3p orbitals.

DOS (states/eV/cell)

Fig. 4. (a) Electronic band structure and (b) density of state (DOS)
of LaOInF,. The red circles in panel (a) are used to denote the In-5p
orbital character in different bands where the radius of the circle is pro-
portional to the orbital weight. The black horizontal dash line represents
the Fermi energy level.
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Fig. 5. (a) Electronic band structure and (b) density of state of
LaOInCl,. The red circles in panel (a) are used to denote the In-5p

orbital character in different bands where the radius of the circle is pro-
portional to the orbital weight. The black horizontal dash line represents
the Fermi energy level.

3.3. Electronic properties of F-doped LaOInF, and
LaOInCl,

In the following section, the effects of electron-doping
on LaOInF, and LaOInCl, compounds are investigated by
substituting O with F, namely, forming LaO;_,F,InF, and
LaO;_,F,InCl, with F doping level x. The partial substitution
of F~ for O>~ is implemented by the VCA method. The fully
relaxed lattice constants of each doping level are displayed in
Table 2. The increasing doping level leads to a monotonous
reduction of the lattice parameters a and ¢, due to the fact that
the radius of F atom is slightly smaller than that of O atom.

107401-3
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Table 2. The lattice constants of different F doping level (x) on the
parent compounds LaOInF, and LaOInCl,.

LaO;_,F,InF, LaO;_,F,InCl,

X 0 0.05 0.1 0.15 0 0.05
a(A) 4135 4128 4122 4117 4.211 4.208
c(A) 11.185 10991 10.898 10.849 13.997 13.895

The calculated electronic band structures and DOS
as well as the Fermi surface (FS) of LaOgoFy InF, and
LaOg.95F¢ 05InCl, are displayed in Figs. 6 and 7. For
LaOg 9Fy 1InF,, the conduction bands around the M (A) point

cross the Fermi energy, which results in two overlapped cylin-
droids electron-like FS around M (A) point (Fig. 6(c)). In
case of LaOg g5F( ¢5InCl,, the conduction bands around the
X (R) point cross the Fermi energy, which results in two
separated irregularly cylindrical barrel electron-like FS near
X (R) point (Fig. 7(c)). For two compounds, the DOS near
the Fermi energy are mainly from the In-5p states (Figs. 6(b)
and 7(b)). LaOyg95F(05InCl, has higher N(Eg) (electronic
DOS at the Fermi energy) than that of LaOg¢Fy ;InF, (and
La0yg.95F0.0sInF;). The results of N(Eg) are listed in Table 3,
the larger N(Eg) of LaOg 95F¢ 0sInCl, may lead to a higher T..

1.0
(c)
> 05}
L
e
o0
g
L‘ﬂ 0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
— Total
—DFT ) ----In-5p
----Wannier
—0.5 L L L1 L L L 1 L
I X M 'z R A Z 0 2 4

DOS(states/eV /cell)

Fig. 6. (a) Electronic band structure, (b) electronic density of states, and (c) corresponding Fermi surface of LaOg 9Fp jInF;. In panel (a), the
black lines are calculated by DFT, while the red dotted line is obtained through maximally localized Wannier functions interpolation.

1.0

£ 0.5
L
>
%
g
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Fig. 7. (a) Electronic band structure, (b) electronic density of states, and (c) corresponding Fermi surface of LaOg 95F 05InCl,. In panel (a),
the black lines are calculated by DFT, while the red dotted line is obtained through maximally localized Wannier functions interpolation.

3.4. Electron—phonon coupling of F-doped compounds

We now discuss the lattice dynamical properties and es-
timate the electron—phonon coupling of LaOg¢Fy 1InF, and
LaOg 95F( 05InCl,. Reliable EPC results require very dense
sampling of both phonon and electron momentum, so the
Wannier interpolation technique are used, which can main-
tain a reasonable computational cost while making the EPC
quantities convergent. Figures 6(a) and 7(a) reveal the Wan-
nier interpolated band structures are in good agreement with
those obtained by first-principles calculations, which forms
a solid foundation for our EPW calculations. The calcu-
lated phonon dispersion curves (the size of red dots super-
imposed on the phonon dispersion curves is proportional to
EPC coefficient A,,) and the Eliashberg phonon spectral func-
tion o>F (@) as well as the cumulative frequency dependence

of electron—phonon coupling A(®) of LaOggFy InF, and
LaOg.95F¢ 05InCl, are shown in Figs. 8 and 9. The absence
of any imaginary frequency confirms their dynamical stability.

For LaOg 9Fy 1InF,, significant phonon softening can be
seen in the lowest phonon branches along the I'-X (Z—R) and
I'-M (Z-A) directions. The large softening of acoustic modes
are associated with large contributions to EPC, which is also
supported by the o>F (@) shown in Fig. 8(b). The A(®) indi-
cates these softening modes contribute about ~ 70% of the to-
tal EPC strength. This phenomenon suggests that strong EPC
at higher F doping levels may lead to lattice instability. In-
deed, our calculations show that when F doping level is more
than 0.1 (x > 0.1), the frequencies of the lowest phonon mode
become imaginary around ¢ = (0,0.125,0)/(0,0.125,0.5),
and g = (0.125,0.125,0)/(0.125,0.125,0.5) (The g points
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are given in the units of the three reciprocal lattice vectors
of the primitive unit cell). For the LaOg¢5F( o5InCl,, fig-
ure 9(b) reveals that low frequency vibration modes around
g = (0,0.165,0)/(0,0.165,0.5), and q = (0.125,0.125,0)/
(0.125,0.125,0.5) have large contributions to EPC. Our cal-
culations suggest that when F doping level is more than
0.05, the lowest phonon frequencies at these g points become
imaginary. The a?F(®) and A(®) curves exhibit that low-
frequency vibrational modes (< 56 cm™!) which mainly cor-
responding to the vibrations of the acoustic branches involv-
ing mainly the In atoms contribute about 74% of total A for
La0g.95F.0sInCl,. Meanwhile, we find the A(®) curves in-
creases gently in the middle-frequency region about 56 cm™!
to 225 cm™!. It can be seen that the strong EPC is the driving
force for both the phonon softening and superconductivity of
LaOo.gFO_ 1 Ian and La00'95F0‘05InC12.

560
480
400
320
240

160

Frequency (cm~1)

a?F(w) (1/cm™1)

Fig. 8. (a) Phonon dispersion curves of LaOg 9F¢ ;InF,. The sizes of red dots
on the phonon dispersions curves correspond to the strengths of the mode
EPC Agy. (b) Eliashberg spectral function a?F (o) (black line) and cumula-
tive frequency dependence of EPC A () (red line) of LaOggFy ;InF,. The
results of a®F () are integrated on a homogeneous fine k-point grid con-
taining 64x64x 16 points, and a fine homogeneous g-mesh with 32x32x8
points.
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Fig. 9. (a) Phonon dispersions curves of LaOg 95F 0sInCl,. The sizes of red
dots on the phonon dispersions curves correspond to the strengths of the mode
EPC Agy. (b) Eliashberg spectral function a?F (o) (black line) and cumula-
tive frequency dependence of EPC A (®) (red line) of LaOg 95Fg 0sInCl,. The
results of a®F () are integrated on a homogeneous fine k-point grid con-
taining 64x64x 16 points, and a fine homogeneous g-mesh with 32x32x8
points.

In addition, the analysis of atomic vibrational modes
of low-frequency phonons shows that the vibrations of In

atoms contribute significantly to the EPC for LaOg 9Fg ;InF,
and LaOg 95F gsInCl,. For example, for LaOg 9Fy | InF;, the

phonon mode with frequency about 34.6 cm™!

at Z point
mainly corresponds to the out-of-plane vibrations of In atoms
moving out-of-phase between two InF, layers (Fig. 10(a));

the phonon mode with frequency about 17.8 cm™!

at g =
(0.15,0.15,0) is also primarily the vibrations of In atoms
moving out-of-phase between two InF, layers (Fig. 10(b)).
For La0Og95F)0sInCl,, the phonon modes with frequency
about 15.8 cm~! at ¢ = (0.125,0.125,0.5) and 16.5 cm™! at
g = (0.1,0.1,0.0) are primarily from the in-plane vibrations
of In atoms moving out-of-phase between two InCl, layers

(Fig. 10(c)).

O

OLa
OIn

o0 3
@ | Q +9 © O.F,_,
(b)o | (’> | “Lb

Fig. 10. Three important vibrational modes with large electron—phonon
coupling. (a) The phonon mode at Z with frequency ® ~ 34.6 cm™!
for LaOg 9Fy 1 InF,, (b) The phonon mode at g = (0.15,0.15,0) with
frequency @ ~ 17.8 cm™! for LaOg 95F( ¢sInF>, (c) The phonon modes
at ¢ = (0.125,0.125,0.5) with frequency @ ~ 15.8 cm™! and at q =
(0.1,0.1,0.0) with frequency ® ~ 16.5 cm™! for LaOy.95F0 05InCl,.

By integrating a>F(w), the total EPC constant A and
the logarithmic average phonon frequency @, are obtained,
which are listed in Table 3. The decrease in @,y with in-
creased F-doping level is the consequence of the phonon soft-
ening behavior discussed above. Considering the strong EPC
of these doped-compounds, the T; are estimated through the
revised Allen-Dynes formula with u* = 0.1,133 and the re-
sulting 7; (K) values are also listed in Table 3. It can be seen
that the A of LaOg 9Fy 1 InF; is significantly larger than that of
LaOg 95F.05InF5, which is due to the severe phonon softening
of LaOg gFg.1InF>. In addition, the A of LaOg ¢5F ¢5InCl, is
larger than that of LaOy 95Fg osInF> which is attributed to the
higher N(EF) of LaOO_95F0_05InC12.

Table 3. Calculated electronic density of states at Fermi level N(Ep)
(states/spin/eV/cell), logarithmic average phonon frequency @, (K), to-
tal electron—phonon coupling A, and superconducting transition tem-
perature 7z (K) for LaOgosFyosInF, and LaOgoFp 1InFy as well as
L8.00495F0'051HC12.

Compound N(EF) A Olog Ic
La00,95F0_05InF2 0.31 0.79 88.5 39
LaOg 9Fo.1InF> 0.33 1.86 433 72
La00495F0,05InC12 0.87 1.48 50.5 6.5
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4. Conclusions

Based on first-principle calculations and evolutionary
crystal structure search, we predicted two new layered in-
dium halide compounds LaOInF, and LaOInCl,, both of them
are energetically and dynamically stable with the space group
of P4/nmm (129). The electronic structure calculations sug-
gest that LaOInF, and LaOInCl, are insulators with indi-
rect band gaps of 2.58 eV and 3.21 eV, respectively, which
become metallic by substituting O with F. The lattice dy-
namics and electron—phonon coupling calculations suggest
the F-doped compounds have large EPC strength, which is
mainly contributed by the low-energy acoustic phonon modes.
Based on the Wannier interpolation technique, the 7. values
of LaOg 9Fy 1 InF; and LaOg 95F( ¢5InCl, reached about 7.2 K
and 6.5 K with A of 1.86 and 1.48, respectively. We expect
that the novel superconductors with the InF; or InCl, super-
conducting layer will open a new field in physics and chem-
istry of layered superconductors.
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