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Electrides are unique materials with the anionic electrons confined to the interstitial sites, expecting important ap-
plications in various areas. In this work, the electronic structure and detailed physical properties of topological electride
Ca3Pb are studied theoretically. By comparing the crystal structures and band structures of Ca3Pb and CazPbO, we find that
after removing 0% ions from Ca3PbO, the remaining electrons are confined in the vacancies of the Cag octahedra centers,
playing the role as anions and forming an additional energy band compared with that of Ca3Pb. These interstitial electrons
partially result in the low work function of CazPb. Moreover, the calculated mechanic properties imply that CazPb has a

strong brittleness. In addition, the dielectric functions and optical properties of Ca3Pb are also analyzed.

Keywords: density functional theory (DFT), density of states (DOS), work function, elastic constant

PACS: 71.15.Mb, 71.20.-b, 73.30.4y, 62.20.dq

1. Introduction

The discovery of novel materials with excellent perfor-
mance will not only promote the fundamental research in
condensed matter physics and material science but also find
great value in applications. It is electrides that are one of
the paradigms. Electrides represent a special class of com-
pounds whose electrons are partially confined in the structural
cavities (e.g., zero-dimensional (OD) cages, one-dimensional
(1D) channels, or two-dimensional (2D) interlayer spacings),
rather than attached to atoms, and these electrons behave as
anions.!'=3] The history of electrides began with the obser-
vation of alkali metal ammonia solutions. Later, the organic
electride crystal Cs™(18C6),e~ composed of alkali metals
and organic components was synthesized.[!! However, the or-
ganic electrides are thermally unstable, easy to decompose at
room temperature, and sensitive to water and air. In 2003,
the first air-stable inorganic electride [Ca24A128064]4+(4e’)
(C12A7) was synthesized, making electride materials firmly
established in chemistry.l”! Since then, many electrides with
various anionic electron confinement topologies have been
discovered, such as 0D, 34 lD,[5’6] and 2D electrides. "8
Unlike ionic compounds, anionic electrons in electrides are
usually loosely bound. Such loosely bound nature of an-
ionic electrons leads to their relatively high mobilities and low
work functions, which are key ingredients for various appli-

9

cations, such as electron emitters,[”) anode materials,!'?! and

DOI: 10.1088/1674-1056/abec38

high-performance catalysts.!!!"'?] Especially, the OD electrides
where the anionic electrons reside in the cage space, such as
C12A72! and LaH,,"3! have high chemical reactivities and
broad applications.!!!) Recently, Ca3Pb was reported to be a
0D electride with a topologically nontrivial band structure.!
The combination of topological electronic structure and fea-
tures of anionic electrons in topological electride might lead to
exotic physical phenomena, such as floating surface state and
the coexistence of 2D surface electride states and topological
surface state.!'*!3 In order to further understand the physical
properties of 0D topological electride Ca3zPb, in this work, we
calculate the electronic structure, work function, mechanical
and optical properties of CazPb in detail. The present work
provides theoretical support for experiments and industrial ap-
plications.

2. Calculation method

Based on density functional theory (DFT), we per-
formed structural relaxation and electronic structure calcula-
tions through the Vienna ab-initio simulation software pack-
age (VASP).!'S] The Perdew-Burke—Ernzerhof generalized
gradient approximation was used for the exchange correla-
tion functional.!'”! The projector augmented wave (PAW)!!8]
method was adopted to describe the electron—nuclei interac-
tion. The plane wave cutoff energy was set to 500 eV. A grid
of 20 x 20 x 20 mesh k-points was used to sample the Brillouin
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zone. The convergence standards for energy and force were set
to 1073 eV and 0.01 eV/A, respectively. When calculating the
mechanical and optical properties, the k-point grid was set to
20 x 20 x 20. In the calculation of work functions, the surfaces
of (100),(110),and (11 1) were cleaved and built as slab
models. The interplanar spacings of these surface planes are a,
a/ V2, and a/ V3, respectively. The thickness of the vacuum
layer was set to 20 A to avoid the interaction caused by peri-
odic boundary conditions. The thicknesses of the slabs were
setto 3,5,7,9, 11, 13, and 15 atomic layers to study the rela-
tionship between the work function and the slab thickness. ']
In the calculation of work function for the Ca-terminated (100)
surfaces of CazPbO and CasPb, the thickness of the slab was
set to 15, with the bottom 10 layers fixed and the top 5-layer
structure relaxed. 0!

3. Results and discussion

Figures 1(a) and 1(b) show the crystal structures of
CazPbO and CazPb, respectively. Ca3PbO has an anti-
perovskite structure that Pb, Ca and O atoms occupy the cor-
ners, face centers and body center of the cubic unit cell, re-
spectively. In addition, the OCag octahedra connect each other
by corner sharing. The structure of CaszPb is closely related to
that of CazPbO, and the former can be formed by simply re-
moving the O atoms from the latter. Thus, CaszPb also has
the cubic symmetry with the space group of Pm3m (No. 221),
same as CazPbO, and the anionic electrons are trapped at the
center of the Cag octahedra.3! The calculation of lattice relax-
ation for CazPb indicates that the optimized lattice constant
is 4.950 A, in good agreement with the experimental result
(a=4.853 A).L21

Figures 1(c) and 1(d) show the band structures of Caz;PbO
and CazPb, respectively. Because the Pb element has a large
atomic number and the previous study suggests that the spin-
orbit coupling (SOC) plays an important role in the transfor-
mation of triply degenerate node points near Fermi energy
level (Ef) into Dirac points, 3 the SOC is considered during
our theoretical calculations in order to describe the band struc-
ture of CazPbO and CazPb properly. It can be clearly seen
that for both CazPbO and Ca3Pb, the bands above Efr (pink
color) originate dominantly from the Ca-3d orbitals when the
three bands are mainly composed of the Pb-6p orbitals located
below Eg (—3.5 eV to Eg, blue color). Moreover, the bands
The al-
most fully occupied Pb-6s and Pb-6p bands suggest that the

between —8 and —9 eV consist of Pb-6s orbitals.

valence state of Pb atom in both materials can be assigned to
—4 approximately. For CazPbO, the three bands derived from
O-2p orbitals locate between —5.5 eV and —4 eV, and they
are fully occupied, indicating that the valence state of O is
—2. Combined with the Ca-4s bands far above Ef, the for-
mula of CazPbO can be expressed as Ca3"Pb*~0%~.[22 In
contrast to CazPbO, once the O atoms locating at the center

of OCag octahedra are removed, the three O-2p bands disap-
pear, and importantly, an extra band emerges just below Ep
(~ —0.5 eV to 0 eV, red color) in CazPb. The formation of
the extra band strongly suggests that the anionic electrons left
in O voids with Cag octahedral coordination form a periodic
structure, which is not confined in any cations but stays in the
interstitial sites.’] Moreover, this band is almost completely
filled, implying that there should be two electrons in each
interstitial site. Thus, the formula of CazPb can be written
as [Ca%J“Pb“’]2+ -2e7, satisfying the condition of the charge
neutrality. It has to be noted that for both Ca3;PbO and Ca3Pb,
there are topological non-trivial band crossing points in the
electronic structure. For the former, a 3D gapped Dirac point
very close to E can be clearly seen at finite momentum along
the I'-X direction, which results from a band inversion of the
Ca-d,, ,, and Pb-6p bands.[?3! For the latter, once the SOC
is considered, the triply degenerate node points near Er along
the I'-X and I'—R directions are transformed into Dirac points,
which are mainly composed of Pb-6p orbitals and interstitial
anionic electrons. !

The existence of anionic electrons has significant influ-
ences on the physical properties of CazPb. The anionic elec-
trons can lead to a low work function, which is a unique fea-
ture of electrides. The work function ®wg is the minimum
energy required to move an electron from the Fermi level to
the vacuum.® The ®wr can be calculated by the following
formula ®wr = ey, — EF, where Dy, is the electrostatic po-
tential of the vacuum region and e is an electron charge. The
surfaces of CazPb along (100) and (110) crystal planes have
two types of terminations, i.e., CaPb-terminated (100) and
(110) surfaces, and Ca-terminated (100) and (110) surfaces.
The ®wgs of CazPb for different terminations and orienta-
tions as a function of slab thickness N (= number of layers)
converge quickly when N > 9. The ®wrs for N = 15 are also
listed in Tab. 1. Comparing our present calculated values with
and without SOC, the ®wr of (100) Ca-terminated surface has
the smallest value, which is much lower than those values of
Pwrs for other surfaces and even smaller than the ®wg of
Ca (2.9 eV).?Y It could be partially ascribed to the highest
density of anionic electrons for the (100) Ca-terminated sur-
face. The relatively loose bound anionic electrons can lead to
alow work function. This explains the lower ®wp of (100) Ca-
terminated surface compared with the (110) CaPb-terminated
surface because the density of anionic electrons of the former
is higher than that of the latter even both surfaces pass through
the 15 site (the position anionic electrons occupied). Figure 2
shows the calculated ®wr of (100) Ca-terminated surface for
Ca3Pb and Ca3PbO, respectively. When anionic electrons are
replaced by O atoms occupying the center of Cag octahedra,
the ®wr of CazPbO increases. This comparison further proves
that the relatively loose bound anionic electrons tend to result
in a low work function.[”!
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Fig. 1. (a) and (b) Crystal structures of CazPbO and CasPb, respectively. The blue and gray balls represent Ca and Pb atoms, respectively.
The small red ball occupying the body center of the unit cell represents the O atom. (c) and (d) Band structures of CazPbO and CazPb,
respectively. The fat-band representation shows the contributions of atomic orbitals on the projected band structure with Ca-3d orbitals in pink,
Pb-6p orbitals in blue, and Pb-6s orbitals in green. The projected band structure from —5 to —4 eV (red color) in panel (c) originates from the
O-2p orbitals. In panel (d), the band marked by the red dots is mainly composed of anionic electrons at the interstitial sites.

Table 1. The work function of Ca3Pb with different surface terminations.

(100)  (100)  (110) (110 a1
CaPb-T CaT  CaPb-T  CaT
Owr (€V)  3.189 2763 3.021  2.876 3.078
q)WF(eV) 3097 2811  3.108 2838  3.166
with SOC
5
(@) CazPb (b)
0.
—5}
Z z
- —10 -
£ £
s g
720.
—25 : . . : : : : .
0 10 20 30 40 10 20 30 40
Z(100) Z(100)

Fig. 2. Work functions for the Ca-terminated (100) surfaces of (a) CazPb
and (b) Ca3zPbO.

The elastic constants characterize the resistance of the
material to external stress and deformation. The elastic con-
stants of cubic CazPb in the linear strain range have only
three independent components: Cjj, Cip, and Ca4, which
are 61.89 GPa, 21.32 GPa, and 34.61 GPa, respectively.
The elastic properties were calculated by Voigt—Reuss—Hill

approximation.?*! Bulk modulus B = (By + Br)/2, shear
modulus G = (Gy + GRr) /2, where

2
By = By = (2 2002) M
Gy = C11—C152-‘r3C447 @
Ga = 5(C11 —C12)Cas 3)

© 4Cy +3(C—Cpp)’

Then, Young’s modulus £ and Poisson’s ratio ¢ can be

obtained by the following formulas: (%]
9BG
= 4
3B+G’ @
3B—-2G
= 5
°2(3B+106) )

The calculated elastic constants satisfy the criterion of
crystal structure stability: Cy; — Cip > 0, Cyp +2Cpp > 0,
Cus > 0.11 The calculated B, G, E, o, and B/G are shown
in Tab. 2. It can be seen that Caz;Pb has good mechanical
properties and can maintain its stable performance when sub-
jected to mechanical distortion. The result with considering
the SOC effect on elastic calculation is also shown. The re-
sult with SOC calculation has changed B (4.4%), G (0.9%),
E (1.7%), 6 (4.9%), and B/G (4.0%) compared with the re-
sults without considering SOC, indicating that the effect of
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SOC of heavy atom Pb on elastic properties is not obvious.
The bulk modulus is an important indicator reflecting the frac-
ture strength, and the shear modulus is an important indicator
reflecting the strength against plastic deformation. If the ratio
of B to G is less than 1.75, the material is brittle. Otherwise,
the material has a better ductility.?! Different from other typ-
ical electrides such as Cap;N, C12A7 and Y,C, Ca3Pb has a
strong brittleness.?’?°1 The stiffness of the material can be
measured by Young’s modulus E. The E value of CazPb is
66.13 GPa, much smaller than these of C12A7 and Y,C. The
ratio of quantities of ionic bonds to covalent bonds in certain
material and the ability to resist deformation can be character-
ized by Poisson’s ratio . For the materials containing only
covalent bonds, the value of o is less than or equal to 0.1, and
for materials that only contain ionic bonds, the value of o is
greater than or equal to 0.25.1% The & of Ca3Pb is 0.184, and
it suggests that the chemical bonds in CazPb are partially co-
valent, possibly due to the smaller electronegativity difference
between Ca and Pb compared with other electrides listed in
Tab. 2.

Table 2. Mechanical properties of Ca3Pb in comparison with other elec-
trides.

Materials B (GPa) G (GPa) E(GPa) o B/G Ref.
CazPb 3482 2793  66.13 0.184 1.25 this work
CazPb (with SOC) 3330 27.67 65.00 0.175 1.20 this work

Cap;N 35.0 15.0 424 031 233 [27]

Y,C 68.0 42.0 1045 024 1.62 [28]

CI2A7 95.5 47.8 1229 028 2.00 [29]

The degree of elastic anisotropy of a solid can be pre-
sented by the elastic anisotropic factor A.[?>! It means com-
plete isotropy when the value of A is 1, and anisotropy when
A deviates from 1. In the cubic structure, A is given by

2C.
A 44

- 6
Ch—Cn ©

The calculated A is 1.706, indicating that CazPb shows a
little elastic anisotropy. Three-dimensional surface structures
of Young’s modulus £ and shear modulus G are plotted in
Fig. 3. The relationship between E and G and direction can

be described by the following formulas: 3]

1 S

E:S] 1—2 (Sn —512—;4> (1121%4-1%1%4-1121%) , (D

1 Sa4

—=Su+4 ( S11—Sp—"2 ) J 8

G 44+ ( 11—3S12 2) ) ()
where

J = sin? 8-cos? 6+0.125sin* @ (1—cos4¢). 9)

Among them, /1, I, and /3 are the directional cosines in
the system, and S;; is the elastic compliance constant. The pa-
rameters of 6 and ¢ are Euler angles. The minimum value

of E is 50.97 GPa, and the maximum value is 70.80 GPa; the
minimum value of G is 20.19 GPa, and the maximum value is
34.61 GPa.

() GPa

75

100

50

—50

—100
—100

GPa
(b) 34
32

40
30

20
28

0
© 26

—20
24

—40
—40 20 22

B 0 9
G, 40

Fig. 3. Three-dimensional surface constructions of (a) Young’s modu-
lus E and (b) shear modulus G of Ca3Pb.

Debye temperature @p is an important parameter in mate-
rial thermodynamics which is related to specific heat, melting
temperature, and lattice vibration. ®p can qualitatively reflect
the strength of the material’s covalent bond. ®p can be ob-

tained from the average sound velocity!3?!

1
3
Op=" (3"NA”) - (10)

k\ 4nM

where h is the Planck constant, k is the Boltzmann constant,
n is the number of atoms in the molecule, Ny is the Avogadro
constant, M is the molecular mass, and p is the density. The
average sound velocity vy, can be obtained by the following

[32]
1/2 1 3
== (4= 11
" [3 (mﬂ ’ (b

1
2

formula:

W=

(B+%9)
- , 12
V] P ( )
vw=(G/p)?, (13)
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where v; and v are the longitudinal and transverse sound ve-
locities, respectively. The calculation results at 0 GPa are
shown in Tab. 3. The ®p of Ca3Pb is 262.66 K, which is much
smaller than 353 K of Y,C.[?8!

Table 3. Calculated thermodynamic properties of CazPb at 0 GPa.

Op (K)
262.66

Vi (m/s)
4010.06

V¢ (m/s)
2496.24

Vi (m/s)
271.05

property  p (g/cm?)
value 4.48

The optical properties of materials enable us to under-
stand their properties and describe their response to electro-
magnetic radiation. Since optical properties in the infrared
region are usually sensitive to the band structure near the
Fermi level, the research on optical properties will provide
useful information about the characteristics of electronic struc-
tures and inspire their applications in optoelectronic devices. A
complex dielectric function €(®) is the basic data for study-
ing the optical properties, which describes the response of
matter to the electromagnetic field. It can be expressed as
e(w) =€ (0)+ i (), where €;(®) and & (w) are the real
and imaginary parts, respectively. The imaginary part can be
obtained by the equation !

ezﬁ : 2 3
sz(a)):m;/BZva(kﬂ 500 (k) — 0] k. (14)

The integral covers the first Brillouin zone and the
momentum dipole element M,y (k) = (k{ucr|EelecV|uw)]) de-
scribes the interband transition directly from valence bands
to conduction bands, where Egje. is the electric field, and the
parameters of u. and u,; are the wave functions of the con-
duction band and the valence band, respectively. The pa-
rameter h@,, (k) =E.—E,; describes the excitation energy re-
quired for the interband transition. On the other hand, the real
part of the dielectric function about intraband information can
be calculated from the imaginary part using Kramers—Kronig
transformation 33!

o, (15)
where P is the main value. Figure 4(a) shows the & ()
and &(w) of CazPb for the energy range up to 50 eV, and
Fig. 4(b) depicts the total and partial densities of state (DOS
and PDOS). It is obvious that the Fermi surface is dominated
by the Pb-6p orbitals with a little contribution from Ca orbitals.
Above Fermi energy, the unoccupied orbitals are composed of
Ca-3d and Ca-4s orbitals. As shown in Fig. 4(a), the & ()
spectrum has a high absorption below 10 eV and reaches the
peak at 2.01 eV in the infrared region, which originates pre-
dominantly from the optical transitions of the Pb-6p states to
the Ca-3d states. The value of & (®) becomes zero in the range
of 12 eV to 23 eV and at the region above 30 eV, suggesting
that CasPDb is transparent in these energy ranges. The & (®)

spectrum shows that the threshold energy, i.e., the first criti-
cal point occurs at O eV. From this point, the curve linearly
declines to its minimum as the energy increases from 0 eV to
4 eV. This reduction may be due to the intraband transitions,
and the large negative values € (®) indicate the metallic na-
ture of this compound. In addition, in the ultraviolet region
between 22 eV and 27 eV, CazPb exhibits some small peaks.

60} (a
(=) ()
e1(w)
40
3
w
201
O F
0 10 20 30 40 50
Energy (eV)
12t (P) total DOS
— Ca 4s
—~ Ca 3p
% 9 ——cas3d
~
% Pb 6s
< 6l —— Pb 6p
- —— Pb6d
n
o
[m)
| /\
ol \ . Ve
-9 —6 -3 0 3 6

Energy (eV)

Fig. 4. (a) Dielectric function of CazPb, in which the red curve is the
imaginary part and the blue one is the real part. (b) Total and partial
density of states of CazPb.

Based on the complex dielectric function, we can get
some important optical functions, such as absorption coeffi-
cient (@), refractive index n(®), reflectivity R(®), and elec-
tron energy loss spectroscopy (EELS, L(®)).[33

The calculated results are presented in Fig. 5. As shown
in Fig. 5(a), a broadening absorption peak appears in the low
energy region from 0 eV-10 eV, corresponding to the low en-
ergy peak of & (). The absorption spectrum is caused by
the continuous band transition near the Fermi surface, which
indicates the properties of metals. Another absorption peak
emerges in the ultraviolet region, corresponding to the small
peak in the & (w) spectrum between 22 eV and 32 eV. This
may be due to the transition from the deep energy level to
the conduction band. Up to 35 eV, the absorption coefficient
approaches zero. Figure 5(b) shows the energy dependence
of n(w). The static refractive index n(0) is 7.1, then it de-
creases rapidly and has the lowest value at about 10 eV. With
the energy increasing further, n(®) begins to increase again
and reaches a peak value at about 22 eV. Figures 5(c) and 5(d)
show the R(®) and L(®) of CaszPb, respectively. The value
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of reflectivity at zero frequency R(0) is 0.67. When the inci-
dent electromagnetic energy is less than 8.5 eV, the reflectiv-
ity oscillates around 0.5. With the increase of incident elec-
tromagnetic energy to more than 8.5 eV, the reflectivity de-
creases sharply. This may be related to the switch of intraband
to interband absorptions. The EELS is used to describe the
energy loss of an electron passing through a solid at a certain
speed. The characteristic peaks of L(w) are related to the os-
cillation of the plasma. The energy loss is the largest at 10 eV
(Fig. 5(d)), corresponding to the sharp drop in the R(®) when
the energy is larger than 8.5 eV and the zero crossing of €; ().

25 8
o~ (3 (b)
I 20
E L
AU 15_
2 I
= 10}
° Ot 1 17, v 1 R R L L L
0 10 20 30 40 50 0 10 20 30 40 50
Energy (eV) Energy (eV)
4
(d)
3_
3

LAWY

30 40 50 0 10 20 30 40 50
Energy (eV)

Energy (eV)

Fig. 5. The energy dependence of (a) absorption coefficient, (b) refractive
index, (c) reflectivity, and (d) electron energy loss spectroscopy of CazPb.

4. Conclusion

We have studied the electronic structure, work function,
elastic and optical properties of OD electride CazPb based on
It is found that the interstitial
electrons in the center of the Cag octahedron in CazPb form an

first-principles calculations.

additional energy band near the EF, and the chemical formula
of CazPb can be expressed as [Ca2"Pb*~]>* - 2e~. Moreover,
the ®wr of Ca-terminated (100) surface has the lowest work
function (2.76 eV) when compared with other surfaces, and
it increases when the O atoms replace the anionic electrons,
which proves that the characteristic of the low work func-
tion of CazPb partially comes from the loosely bound anionic
electrons. The calculations of elastic properties indicate that
CazPb has a strong brittleness. The results of the calculated
dielectric function and optical properties show that the peak of
the imaginary part of the dielectric function comes from the
transition from the Pb-6p band to the Ca-3d band. The present

study will deepen the understanding of OD electride CazPb and
provide theoretical guidance for the potential applications of
this material.
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